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The morphological evolution of flame-generated “primary”spheru1es and inorganic 
aggregates was studied at low particle volume fractions [O(lO- ppm)] in a well- 
defined/characterized laminar nonpremixed combustion environment which produces 
particle heating rates of lo4 K/s. Pure A1,03 particles synthesized in an Al(CH,), 
(TMA-) seeded atmospheric pressure laminar counterfow di@sion flame “@eled”with 
CH4/02/N2 were used as the model material/combustion system. Experimental tech- 
niques included spatially resolved laser light scattering (LLS) and thermophoretic sam- 
pling/transmission electron microscopy. Local aggregate morphology was characterized 
in terms of spherule (“grain ’3 size, aggregate size, aggregate shape and fractal structure. 
Effects of flame temperature and TMA concentrations on particle inception location, 
sizes and morphology studied systematically were interpreted based on parallel theoreti- 
cal studies. LLS signals and TEM images show particle/aggregate size and morphology 
evolution as a result of two competing rate processes. Mean spherule diameters prior to 
high-temperature coalescence are explained in terms of the strong size dependence of 
nanoparticle restructuring kinetics due to sugace melting, even at 500 K Mean fractal 
aggregate sizes reached only 15- 27 spherules near a local temperature of only 1,250 K. 
Final particulate products were isolated spherical particles resulting from complete “col- 
1apse”of the aggregates in an interval of only 24 ms immediately upstream of the maxi- 
mum gas temperature (2,280 K). Experimental results are compatible with the charac- 
teristic times governing each participating “unit” rate process. Some of these methods 
can be applied in controlling the larger-scale synthesis of valuable nanopowders and 
guide rational extensions into the domain of turbulent nonpremkd combustors generat- 
ing ultrafine particles of tailored composition and morphology at high mass loadings. 

Introduction 
Inorganic particles produced during combustion are fre- 

quently comprised of coagulated spherules often partially sin- 
tered due to high temperatures (Helble and Sarofim, 1989; 
Koch and Friedlander, 1990). The resulting aggregates can 
be quite different in their morphologies, sizes, and specific 
surface areas according to the flame conditions under which 
they are generated and processed. In the case of flame- 
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generated Al,O, particles considered below, the spherule 
formation process could not be spatially resolved, but at gas 
temperatures between about 400 K and 1,500 K, particle 
morphology and size evolution is dominated by aggregate- 
aggregate Brownian coagulation, leading to tenuously- 
structured aggregates well described using fractal concepts 
(Megaridis and Dobbins, 1990; Koylii et al., 1995). However, 
these coagulating aggregates find themselves in a local envi- 
ronment which is heating up at rates which exceed 10,OOO 
K/s. When the temperature level is high enough (ca. > 1,500 
K in the present case) such aggregates undergo surface-en- 
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ergy-driven restructuring processes leading to more compact 
morphologies. Because particle morphology and aggregate 
mass-, momentum- and energy-transport properties are inter- 
related (Tandon and Rosner, 1996), it is important to under- 
stand not only the formation of spherules and aggregates but 
also their morphological evolution in flames. The principal ob- 
jective of the present work is to gain a quantitative under- 
standing of the factors governing primary spherule size and 
the morphological evolution of flame-generated aggregates in 
a well-defined/characterized laminar nonpremixed combus- 
tion environment, using the experimental techniques of spa- 
tially resolved LLS, thermophoretic sampling, TEM image 
analysis and ancillary particle thermophoresis-based tech- 
niques (McEnally et al., 1997; Koylu et al., 1997). A,O, par- 
ticles synthesized in an Al(CH,), (TMA-) seeded atmo- 
spheric pressure steady laminar CDF (Dixon-Lewis, 1990) 
were used as the model material/combustion system (Xing et 
al., 1996a,b) for several reasons: (1) the kinetics of fine parti- 
cle nucleation (from the rapid hydrolysis of trimethyl alu- 
minum (TMA)) is far simpler than, say, the formation of car- 
bonaceous soot from even simple hydrocarbon vapor fuels via 
polycyclic aromatic hydrocarbon intermediates (Frenklach 
and Wang, 1990); (2) the thermophysical properties of pure 
macroscopic Al,O,(c) are relatively well known, even at the 
high temperatures achieved here; (3) ultrafine particles of 
Al,O,(c) and other metal oxides are of technological impor- 
tance in many areas, including materials synthesis (Ulrich, 
1984; Pratsinis, 1997), power generation (Rosner and Tan- 
don, 19951, and chemical propulsion (Sambramurthi and Al- 
varado, 1996); (4) laminar CDF structure is not only amenable 
to detailed experimental probing, but also comprehensive 
theoretical modeling via the solution of coupled ordinary dif- 
ferential equations (ODES) (Dixon-Lewis, 1990) or integro- 
ODES (Zacharaiah and Semerjian, 1989; Hall et al., 1997; 
this work, cf. Figure 9). Finally, as noted below, we view this 
work as a logical and necessary step in the understanding of 
particle formation/evolution in turbulent nonpremixed syn- 
thesis flames-that is, an important evolving branch of sol 
reaction engineering. 

In keeping with these objectives, the effects of tempera- 
ture, residence time, and precursor TMA concentration on 
local spherule sizes and aggregate morphology are being in- 
vestigated systematically and compared with quantitative the- 
oretical predictions. Indeed, while the present environment is 
admittedly more complicated to study than highly idealized 
laminar duct-in-furnace steady flow reactors, it will be seen 
that this steady CDF environment not only lends itself to ex- 
perimental probing and a quantitative model of the detailed 
structure of two-phase synthesis flames, but, also, through 
extended flamelet concepts (Bilger, 1988; Peters, 1984) or 
alternative microflow models (Magel et al., 1996), our meth- 
ods/results will open the door to a better understanding of 
particle production/restructuring in initially nonpremixed 
turbulent diffusion flame reactors. 

I - 

Experimental Methods 
Because many of the relevant experimental techniques are 

described in Xing et al. (1996) and Koylu et al. (1995), this 
section only outlines the most essential features. A water- 
cooled CDF reactor was constructed and used to synthesize 

PC 

MF 

Figure 1. Rectangular counterflow diffusion flame (CDF) 
burner assembly and associated systems 
(after Xing, 1997). 

ultrafine inorganic particles with specific surface areas ex- 
ceeding 100 m2/g. The bench-scale reactor consisted of two 
opposed identical rectangular slots (64 mm x 13 mm) (see 
Figure 1 for burner, feed system and associated instrumenta- 
tion) separated by 15 mm (cf. Chung and Katz, 1985). 
Methane was used as the gaseous fuel and oxygen was the 
oxidizer, both diluted by nitrogen. Combustion gas-flow rates 
were selected such that suitable flat horizontal flames (FL) 
could be stabilized for studying not only nanosphemle forma- 
tion, but also the morphological evolution of alumina aggre- 
gates. Liquid TMA particle precursor was fed into an evapo- 
rator using a calibrated syringe/piston pump at rates corre- 
sponding to alumina particle volume fractions between about 
0.07 and 0.3 ppm, that is, deliberately low enough to negligi- 
bly alter the CH,/O, counterflow host flame characteristics. 
For the cases shown below, flame conditions were: fuel/air 
momentum flux ratio 3.5, equivalence ratio 0.68, and nominal 
strain rate 13 s-'. Alumina particles were formed by TMA 
hydrolysis on the fuel side of the flame, coagulated among 
themselves to form fractal aggregates, moved on to higher 
temperature regions and ultimately through the flame (FL), 
only to be ejected at/before the plane marked: particle stag- 
nation plane (PSP) (Gomez and Rosner, 1993; Miquel, 19951, 
estimated to be only about 1.4 mm, beyond the gas stagna- 
tion plane (GSP) ( vz( zGsp) = 0). As quantified below, this 
history causes the morphology of the particles to change dra- 
matically due to the high prevailing flame temperatures [ther- 
mocouple-measured; radiation-corrected (Figure 211, TFL = 

2,280 K, somewhat lower than the equilibrium melting point 
(about 2,330 K) of bulk alumina. 

A thermophoretic particle sampling technique (Dobbins 
and Megaridis, 1987), unbiased with respect to aggregate size 
and morphology (Rosner et al., 1991), was used to extract 
and examine alumina particles from the reactor at four 
equally spaced positions along the vertical z axis ( x  = 0, y = 
0). The morphologies of alumina aggregates (Figures 3-5, 
giving, respectively, TEM images, spherule and equivalent 
aggregate diameters and fractal dimension) were obtained us- 
ing TEM photographs and image processing software. De- 
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Figure 2. Thermocouple-measured/ inferred gas tem- 
peratures in the reference CHJO, counter- 
flow flame (FL). 
Fuel/air momentum flux ratio 3.5; equivalence ratio 0.68; 
and nominal strain rate 13 s - l  (after Xing et al., 1996a). 

tails of these image analysis procedures are presented else- 
where (Koylii et al., 1995). The particle inception plane (PIP) 
locations, the coagulation and restructuring processes, and the 
particle stagnation (ejection) plane (PSP) were also moni- 
tored using nonintrusive laser light scattering (LLS) tech- 
niques at a wavelength of 514.5 nm (Figures 1 and 6). 
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Figure 4. Observed mean spherule (primary particle) 
diameter (Xing et al., 1996a) and TEM 
area-equivalent aggregate diameter as func- 
tions of position z in counterflow diffusion 
flame for various TMA seed levels. 

Results and Discussion 
Spherule diameters measured directly from digitized TEM 

(micrographs) by detecting the profiles of the constituent pri- 
mary particles are shown in Figure 3 at four TMA seed levels 
(liquid pumping rates). Even at our first sampling location 
(z = 2 mm) beyond PIP, A,O, spherules are 2 10 nm dia. 
and are found in relatively small aggregates (10 < N < 19 
spherules, depending on the seed level). As expected for a 

Figure 3. TEM photographs of thermophoretically extracted particles from 4 positions along the axis of the laminar 
counterflow diffusion flame (after Xing et al., 1996a). 
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Figure 5. Number of spherules in aggregate vs. maxi- 
mum projected (TEM) length (in spherule di- 
ameters) for aggregates thermophoretically 
extracted from TMA-seeded counterflow diffu- 
sion flame at z = 2 and 4 mm (after Xing et al., 
1996a). 

nearly diffusion-controlled TMA hydrolysis reaction, PIP 
locations moved closer to the flame zone (source of back- 
diffusing H,O(g)) at the higher seed levels (see Figure 6). As 
discussed below, the low temperatures at the location of 
Al,O,-formation from TMA hydrolysis ( < 500 K) is respon- 
sible for the small spherule diameters (and correspondingly 
high specific surface areas) observed in these experiments. 
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Figure 6. Laser light scattering (LLS) intensity at 90 de- 

grees (converted to volumetric differential 
cross-sections) as a function of vertical posi- 
tion z in the CDF for various TMA seed levels 
(after Xing et al., 1997). 

While we were not able to spatially resolve the spherule 
formation process in these experiments, in Xing and Rosner 
(1997) we quantitatively consider the size dependence of the 
near-PIP restructuring rate processes and its implications for 
the observed trends in spherule (grain) size (Figure 4). It ap- 
pears that the observed small spherule sizes (say, at z = 2 
mm) are the result of the size-dependence of nanosphere co- 
alescence at these low temperatures (Xing and Rosner, 19971, 
that is, beyond the observed size (approximately 13 nm at a 
TMA-feed rate of 0.2 mL/h) restructuring with the help of 
nanosphere “surface melting” at ca. 500 K, it is unable to 
keep up with spherule Brownian coagulation. This remains 
true during aggregate formation even in the rising tempera- 
ture host-gas environment, at least until above 1,500 K. 
Also shown in Figure 4 are the corresponding trends in the 
aggregate area-equivalent diameter (d,) calculated from: 
(4A,/r)” using the projected area ( A , )  of each sampled 
aggregate (directly measured from 2-D TEM images). In- 
creased TMA-seed level is also seen to lead to larger aggre- 
gate sizes. Log-normal distributions (Figure 7) have been 
observed for d ,  with geometric standard deviations in the 
range 1.43-1.90. Prior to their restructuring in the higher 
temperature zone of our CDF, the alumina aggregates are 
observed to lie mostly in the projected area-equivalent diam-. 
eter range: 30 nm to 90 nm that can be treated as being in 
the near free-molecular regime in our present atmospheric 
pressure flames. Thus, d ,  is approximately the mobility diam- 
eter of the Df < 2 alumina aggregates in these combustion 
environments (Sorensen et al., 1992; Rogak et al., 1993). In 
the present case we estimate (see below) that the number N 
of spherules in an aggregate of area-equivalent diameter 
scales like N-“,)’.’’ (Koylii et al., 1995) so that the N- 
distribution probability density function pdf( N )  is also 
approximately log-normal, with u,-values near 3 (cf. 3.5, the 
estimated self-preserving spread, ug of Of = 1.6 fractal ag- 
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Figure 7. Thermophoretically sampled/TEM image- 
derived alumina aggregate projected area- 
equivalent size distributions at several posi- 
tions within the flame. 
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gregate populations (see below) in the free-molecule Brown- 
ian coagulation domain; Tandon, 1995). Even if all spherules 
in such aggregates were the same diameter this p d f ( N )  en- 
tering the restructuring zone would be associated with a 
spread in the expected high-temperature restructuring times 
-however, this particular effect is quite small because of the 
expected weak dependence of restructuring time on N 
(Tandon and Rosner, 1996). 
As mentioned above, prior to the onset of high-tempera- 

ture sintering, the thermophoretically sampled Al,O, aggre- 
gates (at z = 2 and 4 mm) exhibited tenuous structures that 
can be conveniently described as mass fractal, in the sense 
that: N = k,-(R,/u)Df, where N is the number of individual 
spherules in the aggregate, k, is the prefactor, R, the 3-D 
radius of gyration about the aggregate center-of-mass, a,  the 
local mean spherule radius, and the exponent Of is the so- 
called fractal “dimension.” Since R, is not directly accessible 
from the unidirectional projected TEM images, the fractal 
dimension and prefactor were obtained using the practical 
methods proposed/implemented by Koylu et al. (1995), with 
the results shown in Figure 3. Values of k, and Of for these 
Al,O,-aggregates were found to be in the same ranges as for 
many other flame-generated high-area materials, including 
carbonaceous soot, as shown in Table 1 (Koylu et al., 1995; 
Megaridis and Dobbins, 1990). However, an interesting find- 
ing is that these flame-generated aggregates differ from dif- 
fusion-limited cluster-cluster computer-simulated aggregates 
(Meakin et al., 1989; Wu and Friedlander, 1993) in two po- 
tentially important respects-viz., their prefactors k, are 
larger (2.2 cf. 1.3; see e.g., Koylu et al., 1995), and they are 
self-afine rather than self-similar, tending toward larger us- 
pect ratio at larger N-values (Neimark et al., 1996). The radia- 
tive and transport property implications of these systematic 
differences are presently under investigation. 

Significant morphological changes for alumina particles ev- 
idently occurred between the PIP and PSP in this flame. This 
was clear in our TEM images (see, e.g., Figure 3) and can be 
quantified via trends observed in the particle shape factors 
Csf = P2/(47rA,), where P is the perimeter of the projected 
(Of < 2) aggregate TEM image (Figure 8). Changes in this 
parameter reveal the combined effects of coagulation and 
sintering on the morphology of the alumina aggregates- 
trends now a focus of our modeling efforts (see below). Near 
PIP coagulation presumably starts from a burst of quasi- 
spherical monomers, with Csf + 1. As low temperature 
spherule Brownian coagulation proceeds, the nanospherules 

Table 1. Morphological Descriptors* for Inorganic and 
Organic Flame-Generated Aggregates** 

Carbonaceous 
Soot Alumina* * 

Fractal dimension, Of 1.7k0.1 1.5 k 0.1 
Fractal pre-factor, k ,  2.4 2.2 

*Values of D and k ,  appearing in: N = k,.(R (dJ2DDf. 
** Based on IaLratory measurements of over 1dAI,O, aggregates ther- 

mophoretically extracted from a well-characterized TMA-seeded 
methane laminar counterflow flame, values of the parameters Of and 
k,  are remarkably close to those characterizing carbonaceous soot ag- 
gregates in hydrocarbon/air flames. Underlying cause is the similarity 
between the aggregate-aggregate Brownian coagulation mechanism in 
the two cases (under flame conditions of negligible restructuring or 
spherule growth from the vapor). 
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Figure 8. Alumina aggregate shape factor (sphericity) 
C,, via TEM image analysis as a function of 
axial position in TMA seeded methane-fueled 
laminar counterflow diffusion flame. 

grow until their coalescence rate cannot keep up with the 
spherule coagulation rate and small aggregates are formed 
with mean C, values passing through a maximum (here near 
6), downstream of which (for T, > 1,500 K) high-temperature 
sintering effects dominated. Indeed, C again approached 
unity near the particle stagnation (ejection) plane. We have 
demonstrated (Xing, 1997) using LLS and a recently devel- 
oped thermocouple response technique (McEnally et al., 
1997) that, despite the important role of axial therrnophoresis 
(Gomez and Rosner, 1993), the restructuring process evident 
in Figures 3, 4, and 8 is associated with an alumina particle 
mass fraction nearly constant and equal to that expected from 
the aluminum element mass fraction (Rosner, 1986) corre- 
sponding to the initial TMA seed level. Moreover, the ulti- 
mate coalescence of such aggregates during their rapid ap- 
proach to the flame temperature is expected based on a co- 
agulation model which assumes Brownian coagulation in en- 
vironments with constant heating rates (of the order of 10,OOO 
K/s). These preliminary simulations which, for simplicity, as- 
sumed negligible streamwise diffusion, suggested that this is 
indeed an environment in which there are two disparate lo- 
cations at which the coalescence rate can keep up with Brow- 
nian coagulation (cf. Figure 10)-one at low temperature (due 
to very small spherule size) and one at high temperature (due 
to the much higher condensed phase near-surface molecular 
mobilities) closer to the “bulk” melting temperature. 

Our work on the use of 90” laser light scattering data to 
interpret the progress of restructuring is not yet complete 
(Farias et al., 1996; Xing, 1997), but it is informative and more 
straightforward to apply LLS-theory to our data both up- 
stream and ‘downstream of the aggregate restructuring zone. 
This is being done assuming Rayleigh-Debye-Gans “fractal 
scatterers” upstream, and isolated (but larger) Rayleigh scat- 
terers downstream, since the final products are larger diame- 
ter compact spherical particles (resulting from complete col- 

sf 

AIChE Journal Ceramics Processing 1997 Vol. 43, No. 11A 2645 



10 0 

i 0 - 3  

PIP 
I T  

VOL. FRACTION 

NUMBER DENSITY 

1\18 I 
0 0.2 0.4 0 6 0.8 1. 1.2 1.4 

AXIAL DISTANCE ( From Fuel +TMA Source), ( C m  ) 

Figure 9. Predicted profiles (normalized) of light scat- 
tering intensity, alumina particle volume frac- 
tion and number density in a TMA-seeded 
laminar CDF including axial Brownian diffu- 
sion and thermophoresis if all particles coag- 
ulated and rapidly coalesced downstream of 
the hydrolysis (PIP-) location (near 0.1 cm). 
Fuel/air momentum flux ratio 3.5; equivalence ratio 0.68; 
and nominal strain rate 13 s-’. 

lapse of aggregates; see below) observed near PSP at all seed 
levels. Figure 6 shows the LLS transition between these two 
restructuring zone asymptotes (Of = 1.6, 3) as modified by 
volume fraction changes associated with axial thermophoresis 
(cf. Figure 9). Moreover, judging by the apparent “widths” of 
the restructuring zone (Figures 6 and 8) the total time re- 
quired to complete restructuring (evidently at most about 24 
ms, the time for each particle to traverse the axial distance is 
between about 4.1 mm to 5.8 mm) is rather insensitive to seed 
level, despite the fact that the mean spherule diameter in the 
initial aggregates differed by a factor of about two over this 
eightfold change in seed level (Figure 4). Assuming that the 
LLS signal is sufficiently sensitive to the onset and termina- 
tion of restructuring, this apparent insensitivity of restructur- 
ing time to seed level, at first sight, seems inconsistent with a 
surface diffusion sintering mechanism (see Xing et al., 1996, 
and next section). In this connection, the abovementioned 
C,(z) trends do suggest a noticeably longer restructuring 
time at the largest seed levels (that is, at larger initial spherule 
diameters), roughly in accord with expectations based on a 
surface-energy driven viscous flow isothermal restructuring 
mechanism. However, in these CDF-experiments aggregate 
restructuring is occurring in a rapidly rising temperature en- 
vironment. Because of the Arrhenius-like dependence of 
condensed phase diffusivities this will tend to suppress the 
spherule diameter dependence since larger spherules will in- 
evitably experience higher temperatures. Thus, our present 
LLS and TEM measurements are not inconsistent with sur- 
fuce-di&sion as the dominant aggregate restructuring mecha- 
nism above 1,500 K. These, and related matters, discussed 
briefly below, will be the subject of our follow-on research. 

Sol-Reaction-Engineering Aspects 
Aggregate evolution observed here is evidently the result 

of two identifiable rate processes: aggregate coagulation and 
intra-aggregate coalescence. Accordingly, it has been instruc- 
tive to examine the characteristic times associated with these, 
and other, possibly relevant counterflow flame unit processes 
(see, for example, Rosner, 1986; Xing et al., 1996a) and Fig- 
ure 5, using log,, (time) vs. reciprocal absolute temperature 
coordinates). These estimates revealed that the TMA vapor 
hydrolysis time (less than lop2 ms) and the aggregate mo- 
mentum response time ( < 1 ms) are negligible compared to 
the characteristic flow (residence) time in these flames ( > 10 
ms). Thus, we have succeeded in creating a well-defined flame 
environment in which the chemical processes of methane 
oxygen combustion (O(1 ms) (0 is the order-of-magnitude 
operator) based on the sharp peak in Figure 2) and alumina 
particle precursor formation via TMA hydrolysis can be con- 
sidered instantaneous on the time scale of the physical proc- 
esses of particle Brownian coagulation and surface-energy 
driven aggregate restructuring, of principal concern here. 
Moreover, the estimated time between aggregate-aggregate 
coagulation events crossed the estimated characteristic grain a 

surface-diffusion sintering time (nearly a straight line on these 
coordinates) somewhat below 2,000 K. At any one seed level, 
this crossover temperature is consistent with the evidence for 
aggregate pre-flame collapse from both our light scattering 
results (Figure 4) and the abovementioned TEM-image- 
derived shape factors Cs<. Moreover, the weak dependence 
of restructuring time on initial spherule diameter (which at 
first sight might argue for a viscous flow model) is probably 
the result of restructuring by surface diffusion occurring in a 
rapidly rising temperature environment (Rosner et al., 1997). 
(Despite our pre-flame heating rates in excess of 10,000 K/s, 
these flame-generated nano-particles are small enough to 
have no difficulty “tracking” these local temperatures (see 
Xing et al., 1996a). In terms of molecular mixing theory 
(Peters, 1984; Bilger, 1988) the scalar dissipation rates in our 
flames are of the order of 10 s-l.) Incidentally, had the 
spherules behaved throughout like ordinary supercooled vis- 
cous alumina, we estimated that aggregate collapse via sur- 
face-tension driven viscous flow (Koch and Friedlander, 1990; 
Tandon and Rosner, 1996) should have occurred even below 
700 K (see dashed nearly straight line of Figure 10). Thus, 
despite their external shape, evidently these nano-spherules 
do not behave like homogeneous spherules of viscous super- 
cooled molten alumina, even above 1,500 K. Evidently, 
spherules much smaller than those observed at z = 2 mm were 
able to restructure at even below 500 K, probably due to the 
phenomenon of “surface melting” (Xing and Rosner, 1996). 
This is indicated by the nearly straight line which intersects 
the characteristic coagulation time shortly after PIP (Figure 
10). 

Development of a more comprehensive mathematical mod- 
el of particle size/morphological evolution in dilute TMA- 
seeded laminar CDFs is underway in our research group 
(Rosner et al., 1995, 1996, 1997). As a first step (briefly de- 
scribed above), we have computed the expected CDF particle 
normalized light scattering profile if: (a) coalescence were 
rapid enough to keep all Brownian coagulated particles 
spherical (Csf = 1) in the Rayleigh regime (Figure 9, which 
also contains the corresponding profiles of particle number 
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Figure 10. Relevant characteristic times (log-scale) as 
a function of lo4/ Tg for comparing the rela- 
tive importance of simultaneous chemical 
and physical rate processes in a methane/ 
oxygen CDF (after Xing et al., 1996a), but in- 
cluding estimates for ordinary supercooled 
liquid ( L )  alumina, and surface diffusion 
across nanometer-range spherules with sur- 
face melting (Sm) near PIP (Xing and Ros- 
ner, 1996; Xing, 1997). 
Also shown are minimum local times associated with ap- 
preciable fractional changes in axial velocity or tempera- 
ture (after Xing et al., 1996a). 

density and volume fraction, and (b) (not shown in Figure 9) 
the coalescence rate were always negligible, leading to aggre- 
gates of nearly constant fractal dimension (ca. 1.6) (cf. Figure 
5). For this purpose, an equal molecular diffusivity non- 
premixed “flame sheet” approximation is adequate to gener- 
ate the host gas flow field (see, for example, Rosner, 1986). 
Comparing available results (Figure 9, Part a) with our exper- 
imental LLS measurements (Figure 61, it is observed that 
some of the principal features are similar. A more detailed 
quantitative examination of these thermophoretically modi- 
fied two-phase laminar CDF-structures (see, also, Gomez and 
Rosner, 1993; Garcia-Ybarra and Castillo, 1997) will be part 
of our future research, along with their expected implications 
for turbulent nonpremixed synthesis flames. 

Particle population balance methods (see, for example, 
Zacharaiah and Semejian, 1989; Hall et al., 19971, but which 
allow for the observed “arrest” in spherule size, fractal aggre- 
gate formation upon Brownian coagulation (Tandon, 19951, 
and finite-rate intra-particle sintering (Koch and Friedlander, 
1990; Xiong and Pratsinis, 1993; Tandon and Rosner, 1997) 
in such variable density CDFs with non-negligible streamwise 
(Biownian + thermophoretic) diffusion are currently being 
implemented, using the unique thermophysical/transport 
properties of fractal aggregates (Rosner and Tandon, 1994; 
Tandon and Rosner, 1995, 1996). When combined with the 

anticipated light scattering properties of aggregates contain- 
ing such partially sintered particles (Koylu et al., 1995, 1997), 
our methods will provide instructive predictions to compare 
in detail with experimental data of the type shown in Figures 
6 and 8. We view this laminar, dilute two-phase CDF labora- 
tory research as a necessary prelude to understanding turbu- 
lent nonpremired nanoparticle synthesis flames of industrial 
interest. 

Conclusions and Implications 
We are using lightly seeded laminar counterflow diffusion 

flames as prototypical systems to understand the competition 
between Brownian coagulation and surface energy-driven co- 
alescence-sintering in determining the size and morphology 
of flame-generated metal oxides. The experimental and theo- 
retical methods/results described above, pertinent to alu- 
mina particle volume fractions of the order of lo-’ ppm in 
atmospheric pressure diffusion flames, have led us to the fol- 
lowing conclusions: 

(a) As desired, in these highly nonisothermal steady lami- 
nar flame environments the chemical processes of methane 
oxygen combustion and alumina particle precursor formation 
via Th4A hydrolysis can be considered instantaneous on the 
time scale of the physical processes of particle Brownian co- 
agulation and surface-energy driven aggregate restructuring, of 
primary concern here. 

(b) Spatially-resolved static laser light scattering (LLS) 
combined with local thermophoretic sampling/TEM image 
analysis and thermocouple response techniques are able to 
economically and quantitatively track the dynamics of the 
morphological evolution of alumina nano-sphere assemblies 
in steady atmospheric pressure counterflow diffusion flames 
at strain rates IduJdzl, and scalar dissipation rates of the or- 
der of 10 s-’, and preflame heating rates which exceed 10,OOO 
K/s. 

(c) The observed sequence of alumina nano-spherule 
formation, fractal aggregate formation above a threshold 
spherule size, and ultimate aggregate collapse appears to be 
consistent with the size- and temperature-sensitive competi- 
tion between Brownian coagulation and surface-energy driven 
restructuring kinetics, provided one accounts for the non- 
macroscopic properties of nano-particles and the changing mor- 
phology of the coagulating particles. 

(d) Despite the observed weak (at most linear) depend- 
ence of aggregate restructuring time (ca. tens of milliseconds) 
on initial spherule diameter (via changes in seed level) sug- 
gested by our shape-factor results (Figure 8), the alumina ag- 
gregate restructuring mechanism above 1,500 K is probably 
not viscous flow-like. While the surface-dijj%swn‘ mechanism 
would lead to restructuring times proportional to (d,)4 in an 
isothermal environment, this is not observed in the (present) 
case of rapidly rising temperatures. Indeed, the present CDF 
environment is ideal to restructure aggregates comprised of 
disparate sized spherules in nearly the same time. 

(e) Prior to restructuring during their rapid approach to 
the flame temperature, N,O,  aggregates extracted from 
these A(CH,),-seeded CDFs, when compared with organic 
“soot” aggregates from a wide variety of hydrocarbon/air 
flames, appear to be morphologically similar with respect to 
both fractal dimension Of = 1.6 and prefactor k ,  = 2.2-cf. 
Table 1. 
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Information on alumina spherule microstructure and 
spherule surface charactektics are important objectives of 
studies in progress. The principles/laws that emerge from this 
combined bench-scale experimental and modeling research 
effort are expected to find applications in controlling the 
large-scale synthesis of valuable nano-powders, as well as fa- 
cilitate rational extensions into the industrially significant do- 
main of highly-loaded (Rosner and Park, 1988; Park and Ros- 
ner, 1989), turbulent, nonpremixed combustors (Pope, 1990, 
1991; Fox, 1992) generating ultrafine particles of tailored size, 
composition, and morphology. 
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