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Soot Morphology in a Liquid-Fueled, 
Swirl-Stabilized Combustor 

T. C. FANG 

The morphology of particulate wet formed in a liquid-fueled. complex-flow (ix., tttrhtdent. recirculating) 
cnmbustor has hecn studied using IhermophorFdc sampling ilnd transmkion clcctron micrwopy. Soot size 
information wa\ rlhrained via wmpoter-aided image amllpia. pilrticlc morphohgy WBS ohsewed tn be similar 
to that found in other combustion devices (i.e.. nearly spherical primary perticles fused into aggregate chains 
and clusters). Axial regions wherr swt nucleation, growth. agglomeration, und oxidation wcur wxc 
identified. Primary particle size was observed to incrcasc with combustor height. hut thr: largest primary size 
reached is small compared to that obsctved in laminar diffusion Barnes. From calculated estimxtcs of the 
specific wut surface growth and oxidation rtttes, the growth rate WBS found to be lower and the oxidation raw 
comparable to those for laminar diffusion Ramcs. Aggregate sizes were also observed 10 increw with 
comhustor axial location, and were found to he distributed in a lognurmal manner during the partick 
inccprion zmd growth stages. Fractal dimcnsiuns for charxtcristic aggregate populations were detcrmincd to 
he around 1.8. and were independent of combustor axial twation. The results ruggcst that duster-to-cluster 
aggregation-and not surface growth-i. thy- domimwl svot aggrcgatc grwth mechanism in the mmpkx-flmu 
KBC~OT. Comparisons with mwc traditional methods for soot six determination wwu made with mode&e 
success. 0 1998 by The Combustion Institute 

NOMENCLATURE 

A, projected area of an aggregate 

A, mean cross-sectional area of primary 
particle 

d e9.11 aggregate area-equivalent diameter 
d eq. y aggregate volume-equivalent diameter 

4 primary particle diameter 

r 
fractal or Hausdorff dimension 
specific surface growth rate 

LX 
prefactor constant, Eq. 3 
projected maximum dimension of an 
aggregate 

n number of primary particles per 
aggregate 

“B geometric mean number of primary par- 
ticles per aggregate 

-- 
* Corresponding author. 

Wttl-2180/98/$19.CNl 
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N number of particles measured in 
a sample 

f’(n) equivalent lognormal distribution 
function 

R full radius of burner = 40 mm 

RR radius of gyration of an aggregate 
1’ axial component of velocity 
ts sampling time 
v, total aggregate volume 
x burner height above nozzle plane 

Greek Symbols 

u projected area exponent 
P soot material density 
ir standard deviation 

5 mean geometric standard deviation 
4 equivalence ratio 
0 specific oxidation rate 
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INTRODUCTION 

Particulate soot is a product of incomplete 
combustion which can create a host of ptob- 
lens for both combustion hardware and the 
atmospheric environment. In combustion de- 
vices, soot increases radiative heat load to the 
combustor walls, and degrades materials in 
subsequent components through surface depo- 
sition. In the atmosphere, submicron soot par- 
ticles pose a human health hazard, hamper 
visibility, and can modify meteorological condi- 
tions. A large body of literature exists on soot 
formation in classical Rames [I. 21, and a few 
studies [3, 41 are avrailable in configurations 
relevant to practical combustors. 

While this group of studies has provided 
information on particle size and particle con- 
centration, details of the morphology of soot 
and its spatial variation are limited. Intrusive 
sampling techniques have been recently revi- 
talized due to their capability to provide partic- 
ulate morphological data in classical Ramcs 
and high-temperature aerosols. In this paper, 
we present the application of a thermophoretic 
sampling technique to a model gas turbine 
combustor. Our purpose is to provide morpho- 
logical data that are valuable: I) for the inter- 
pretation of optical measurcmcnts. and 2) to 
develop an understanding of the soot forma- 
tion processes in a complex-flow combustor. 

THERMOPHORETIC SOOT SAMPLING 

The approach of this study is to: I) directly 
sample soot in the game using thermophoretic 
sampling, and 2) subsequently analyze the sam- 
ples using transmission electron microscopy 
(TEM) and computer-assisted image analysis. 
Thermophoretic sampling is an intrusive sam- 
pling technique for soot extraction from high- 
temperature environments. Developed by Dob- 
bins and Megaridis, its use has been applied to 
laminar diffusion flames [S-9], as well as un- 
steady buoyancy-dominated flames [lo]. Ther- 
mophoretic sampling has also been used 
successfully to determine the morphological 
character of soot aggregates in the fuel-lean 
(overftre) region of turbulent gaseous flames 
[ll]. The procedure collects soot particles sus- 

pcndcd in hot gases onto a cold surface intro- 
duced in the aerosol field. The technique is 
especially attractive for soot morphology stud- 
ies because its underlying mechanism of ther- 
mophoretic transport is independent of parti- 
cle size and morphology for aerosols in the 
free-molecular and transition regimes 112-141. 

This study represents a unique application 
of the thermophoretic sampling technique since 
the soot aerosol is transported in a highly 
turbulent flow in which a spray flame is stabi- 
lized by aerodynamically induced recirculation. 
Previous studies addressing soot size and mor- 
phology from practical combuston have been 
limited in number, and their soot size anaiysii 
is commonly preceded by complex extraction 
processes that manipulate and possibly alter 
the soot particles from their in-flame state. 
Soot sampling through flow tubes/probes, til- 
tration. wdter dispersion, and/or aerodynamic 
impaction before EM analysis has been an 
accepted protocol [IS-171. Thermophoretic 
sampling has the advantage over these more 
traditional techniques in that flame-borne par- 
ticles are directly deposited on a substrate sur- 
face that is subsequently analyzed by TEM 
without arty further specimen preparation. 
Transport of submicron soot particles to the 
sampling surface is most affected by the soot 
volume fraction, the temperature gradient 
(which is transient according to the heat trans- 
fer and boundary layer flow characteristics), 
and the time duration that the grid is im- 
mersed inside the flame gases. In practice, the 
time of sampling is optimized by trial and error 
to cause a light collection (roughly 10% sub- 
strate area coverage), which helps to preclude 
particle stack-up and preserve the original 
identity of individual aggregates. 

Results from the TEM analysis are twodi- 
mensional images of the three-dimensional soot 
particles, from which projected areas and other 
related quantities can be found. Particle vol- 
umes are determined by assuming uniform pri- 
mary particles, and by using an established 
empirical formula that relates the observed 
aggregate projected areas to the number of 
primary particles per aggregate. Large num- 
bers of aggregates and primary particles 
(> 100) are measured in order to yield reliable 
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size distributions, fractal dimension (D, I, geo- 
metric mean diameter (0,). and geometric 
standard deviation co;.). 

EXPERIMENT 

Combustor and Soot-Sampling System 

The burner employed in this work was a verti- 
cally tired, 80 mm ID, swirl-stabilized combus- 
tion chamber, and is shown in Fig. 1. In past 
studies, the flow field of the combustor has 
been characterized using laser anemometty, 
and its sooting structure interrogated using 
light-scattering intensity ratioing and interfer- 
ometry techniques 118, 3, 41. The burner fea- 
tures a hollow-cone liquid-fuel spray, reaction 
stabilized by a swirl-induced recirculation zone, 
and an unswirled annular air shroud coaxial to 
the swirl air. The combustor has the turbulent, 
recirculating dome region characteristic of 
those found in gas turbine combustors. The 
annular air helps to provide closure to the 
recirculation zone and to restrain the reaction 
from contacting the combustor walls, thus pro- 
viding a clean boundary condition that makes 
the reactor amenable to laser diagnostic mea- 
surements and modeling. 

T. C. FANG ET AL. 

In this study, the fuel (petroleum-derived 
JP-4) was centrally injected via a Parker- 
Hannifin air-assist research atomizer that was 
maintained at an atomizer air-to-liquid mass 
ratio (ALR) of 2.5. The combustor was oper- 
ated at atmospheric pressure, with an unre- 
acted reference velocity of 7.5 m/s and an 
overall equivalence ratio of 4 = 0.3. The ratio 
of swirl to dilution air was 1.67. The nozzle air 
flow (which ranged from 2.4 to 4.85 scfm and 
constituted 3-6% of the total air flow) was not 
included in the reference velocity and stoi- 
chiometty calculations. 

The combustor was lengthened in the pre- 
sent study to allow sampling access well down- 
stream of the normal combustor exit (x/R = 8, 
radius R = 40 mm). The axial sampling loca- 
tions accessible through ports on the combus- 
tor walls were x/R = 3.0, 5.0, 7.0, 10.0, and 
15.1. These sampling heights, as well as the 
combustor configuration and soot-sampling 
system, are depicted in Fig. 1. The combustor 
was kept stationary, while the probe platform 
translated on a vertical guide. 

Figure 2 is a still color photograph of the 
reactor at nozzle ALR = 2.5 (exposure of 250 
ms). It shows the visibly sooty flame in the 
swirl-stabilized combustor at this operating 

Fig. 1. Combustor and themmphoreric 
sampling system. 



Fig. 2. Still photograph of the swirl-stahilizcd reaction at nozzle ALR = 2.5. A 
quartz pipe section is used. 



SOOT MORPHOLOGY IN A LIQUID-FUELED COMBUSTOR 315 

condition. To obtain the photograph, the two- 
stage stainless steel comb&or was removed 
and replaced with a quartz pipe, the length of 
which was about IOR. Three flame regions can 
be seen in Fig. 2. The first is a blue region 
(r/R = O-2) where the fuel vaporization and 
flame stabilization takes place. As shown in 
results that follow, soot inception is also occur- 
ring in this region. The following section from 
about x/R = 2-10 is a luminous core indicat- 
ing the presence of radiating soot. This soot 
experiences significant burnout in the third 
region (x/R > IO) where the flame becomes 
unconfined and entrains ambient air. 

Soot sampling was accomplished with a ther- 
mophoretic sampling system patterned after 
that used by Dobbins and Megaridis [5,6]. The 
system includes a special sample collection sur- 
face, a rod probe, a pneumatic piston, a sole- 
noid valve, and an electronic controller (see 
Fig. 1). T~IC sampling surface is a standard 
TEM specimen grid coaied with an elemental 
carbon substrate (200 A nominal thickness). 
This provides the cold surface needed for ther- 
mophoretic deposition of soot. The specimen 
grid is mounted by a holding screw on a flat, 
vertical section at the tip of the cylindrical rod 
probe (l/8 in diameter). This rod probe is 
attached to a double-acting air piston which is 
powered by pressurized air from an electroni- 
cally controlled solenoid valve. The sampling is 
accomplished by quickly inserting and retract- 
ing the rod probe with a specimen grid through 
the l/4 in combustor ports. The time that the 
probe pauses inside the reactor (fully extended 
position) is the sampling time fs, which can be 
varied using the electronic controller. 

For the present study, a sampling time of 
I, = 60 ms was adopted. The specimen grids 
were in transit to the reactor centerline, and 
thus exposed to the flame for approximately an 
extra 15 ms. The ratio of 4 to 1 in the sampling 
time at the center versus noncenterline posi- 
tions was deemed sufficient to assume that the 
collected particles represented primarily the 
soot at the combustor centerline. 

Different arrangements of the sample grid 
and probe that were tested included mounting 
the grid off the tip of the probe rod, as well as 
a horizontal orientation of the grid. Results 
with the vertical orientation of the grid were 

the best in the Sense that grid survival and soot 
collection were the most consistent. Eveh 
though flow perturbation by the insertion and 
presence of the probe cannot be ruled out 
during soot sampling, consistent results oh- 
tained throughout our observations suggest thrlt 
the intrusive nature of the sampling process 
does not alter the in-flame condition of the 
soot phase. 

Snot Particle Size Analysis 

Transmission electron microscopy @EM) was 
used to examine the collected wt. TEM is 
especially suited for soot size and morphology 
observations with its high-resolution capability 
(down to 0.5 nm). Magnifications of 50,000 x 
and 115,000 x were used during soot observa- 
tions with a Philips model CM20 TEM. Fur- 
ther photographic magnification resulted in the 
TEM micrograph prints used in soot size im- 
age analysis, with aggregate information ex- 
tracted from micrographs of 133,000 x magni- 
fication and primaty sizes from micrographs of 
307,ooO X magnification. 

The quantitative analysis of the TEM elec- 
tron micrographs was accomplished with the 
aid of a computer image analysis package called 
ImageSet (Dapple Systems, Inc., Sunnyvale, 
CA). The system was used to render micro- 
graphs of soot on a gray background into 
binary black/white images according to a 
threshold setting. Size and shape measure- 
ments produced by the prcgram for an object 
of arbitrary shape included equivalent diame- 
ter based on projected area d,,,. and maxi- 
mum linear dimension L,,. Due to insum- 
cient contrast between the soot flocculates and 
the micrograph background, manual tracing of 
the particle outlines was carried out before 
digitization and measurement took place. 

As reported in similar studies, soot primarily 
consists of primary units that are almost spher- 
ical, and are bonded together to form cluster- 
like particles known as aggregates or agglom- 
erates. The first step in soot size analysis was 
the measurement of primary particle size. This 
consisted of manually outlining unagglomer- 
ated particles or primary particles visible for 
each aggregate (usually around its perimeter), 
performing image analysis on the outline, and 
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then repeating the process for the aggregate 
itself. The respective results are equivalent- 
area diameters for primaries dp and aggre- 
gates d+ It is important to note that d,, is 
an arithmetic mean value over the number of 
primaries traced for aggregates sampled from 
one flame location. On the other hand, d,,,, is 
a single value associated with each aggregate. 
Further analysis of the three-dimensional char- 
acter of the particles was conducted by esti- 
mating the number of primary particles in each 
soot cluster, and then calculating its equiva- 
lent-volume sphere diameter. 

The primaries per aggregate were estimated 
by using an empirical relation originally devel- 
oped for carbon black morphology characteri- 
zation and subsequently used for flame gener- 
ated soot (see Refs. 9, 17): 

n = L4J.q” 

= (d,,,,/d,,)‘” (1) 

where n is the number of primary particles in 
each aggregate, A, is the observed projected 
area of the aggregate, A,, is the mean pro- 
jected area of a primary particle, and (Y is a 
power factor accounting for the three-dimen- 
sionality of aggregates. A value of a = 1.09 
determined by Megaridis and Dobbins [9] was 
applied in this study, and reflects rather minor 
particle branching out of the plane of projec- 
tion. This value is consistent with results of 
past computer simulations and TEM obsetva- 
tions of soot and fractal carbon aggregates [9, 
171. The value of u adopted herein is almost 
identical to the value of (Y = 1.08 determined 
by Koylu and Faeth [ll] for their overflre soot 
aggregates. This approach was not directly vali- 
dated for this study, but was deemed reason- 
able following visual inspection of the particle 
morphology. 

The equivalent-volume diameter d,,, ,, for 
each aggregate was calculated from n by as- 
suming spherical primary particles in point 
contact: 

v. = n(p/6)d,,’ 

4,. v = (Sv,/p)“’ = dp(n)“3 (2) 

where V, is the volume of the aggregate. Uni- 
form primary particles were assumed, with the 
average d,, of a population used in the calcula- 
tion. 

It is well established [9, 111 that soot aggre- 
gates exbibi: mass fractal-like behavior, even 
though they do not strictly satisfy all conditions 
for fractal behavior. The number of primaries 
per aggregate n is thus related to the radius of 
gyration R, of the aggregate and the fractal 
(or Hausdorff) dimension 0, through the 
power law expression 

n = k CR /d 1”’ I Y P (3) 

where k, is a prefactor. The radius of gyration 
R, of an aggregate containing n primaries is 
defined in terms of the distance r, of the 
center of each primary particle from the center 
of mass of the aggregate: 

R,’ = ; &r, 
I 

It is apparent that R, data are difficult to 
obtain for soot aggregates since the exact 
three-dimensional structure of each aggregate 
is not known. However, it has been shown [19] 
that several alternate dimensions can be used 
in Eq. 3 instead of Rg in order to determine 
the fractal dimension. Since the maximum pro- 
jected length L,,, of each aggregate was deter- 
mined by the image analysis automatically, we 
used this quantity to determine 0,. In princi- 
ple, the fractal dimension can bc detemtined 
graphically for two or more aggregates by 
defining the slope of a In n vs In(L,,/d,) plot. 
Note that the prefactor in Eq. 3 is not requhd 
for 0, determination. 

Our discussion so far has concentrated on 
individual aggregates as collections of primary 
units that comprise them. Each position within 
the combustor investigated herein is character- 
ized by a set of parameters defining the popu- 
lation of aggregates transported through this 
location. A representative sample of these ag- 
gregates is captured by accurately positioning 
the sampling grid at a specific flame location, 
and is subsequently analyzed by image analysis. 
To this end, the expressions involving quanti- 
ties defined previously for individual aggrc- 
gates h, d,, Qar V,. &,.,,, R,, of, etc.) are 
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also applicable for the mean quantities over 
the aggregate population characteristic of each 
location within the reactor. It is the primary 
goal of this work to examine the aggregate 
distribution parameters and their dependence 
on flame location. 

Validation of thermophoretic soot sampling 
and the image analysis procedure was also 
conducted by evaluating the possible random 
and systematic errors. This included repeat 
measurements as well as comparison measure- 
ments using continuous sampling and size 
analysis using an electrical aerosol analyzer 
(EAA, TSI Model 3030) and scanning electron 
microscopy (SEM). 

RESULTS AND DISCUSSION 

TEM Micrographs 

Figure 3 shows a series of TEM micrographs 
depicting soot sampled from five locations 
along the axis of symmetry of the reactor. 
These micrographs show soot aggregates that 
increase in size and display an increased dc- 
gree of agglomeration as the sampling position 
moves downstream. There is modcratc uni- 
formity in the primary particle size at each 
axial location, although some variation does 
exist at all locations. An increase in primary 
particle sizes by heterogeneous surface growth 
is particularly visible bchvecn x,/R = 5.0 and 
10.0. Between x/R = 10.0 and 15.1. the quali- 
tative observation cdu be made that agglomer- 
ation continues while the size of the primary 
particles diminishes somewhat. The above ob- 
servations are quantified through computer 
analysis results presented in the following sec- 
tions. 

The polydisperse solitaty particles present at 
the lower x/Rs (especially x/R = 3 and 5) 
have also been observed on the fuel-rich side 
of buoyancy dominated, gaseous flames [IO], 
and conform to the description of the particles 
observed in low-pressure premixed flames [20]. 
These particles, also known as micropnt?icks 
HO], vary in size up to 15 nm, are typically 
singlets or doublets, and appear rather trans- 
parent to the electron beam, possibly a result 
of their higher hydrogen content. As reported 
in Ref. 10, these particles possibly consist of 

mixtures of polyaromatic hydrocarbon frag- 
mcnts, and are likely precursors to carbona- 
ceous soot. As dehydrogenation proceeds for 
soot transported along the axis of the reactor, 
the aging soot aggregates appear to be less 
transparent to the electron beam (compare 
micrographs at x/R = 3.0 and 15.1). 

The relative absence of unagglomerated pri- 
mary particles in the downstream regions of 
the combustor suggests that the inception of 
soot is restricted to the lower or dome regions 
of the reactor. The number of soot aggregates 
on each micrograph declines with comb&or 
height,’ suggesting a lower soot number den- 
sity. consistent with expectations of an aerosol 
system undergoing agglomeration without con- 
tinued nucleation. 

Primary Particle Size 

Figure 4 shows the progression of primary par- 
ticle size distribution with burner height along 
the axis of the flame. Each of the histograms 
represents II,, measured from one micrograph. 
Other data sets from this study agree well with 
the information presented here (see Section 
4.5.2 on data repeatability). The mean d,, 
standard deviation (r, and number of prt- 
marirs N measured for each distribution are 
indicated. This histogram series shows no size 
increase from x/R = 3.0 to 5.0, a significant 
increase from r/R = 5.0 to 10.0 (from 9.6 to 
13.2 nm) due to surface growth reactions, and 
the onset of size decrease due to oxidation 
bchsccn x/R = 10.0 and 15.1. In addition, the 
ratio of u//d,, is confined in a narrow region 
(0.1550.241, which is in agreement with the 
values reported by Megaridis [6], as well as by 
Koylu and Faeth [I I]. However, our values of 
rr/rf,, increase with burner height, opposite to 
results from the laminar diffusion and diffu- 
sion Hames of Refs. 6 and 11. The observed 
trend for primary size is presented in Fig. 5, 
which is a plot of the mean d,, values versus 

that a conccntratim of - II)” particles/cm’ & f&d 
for a tlsmc with ALR = 3.0. whose blue moearance 
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0.1 pm 0.1 pm 
IC) Cd) 

Fig. 3. TEM micrographs of soot sampled from the model combustor operating st B nozzle air-to-liquid ratio 
(ALR) of 2.5 at tiw locations along the axis. (a) x/K = 3.0, (b) r/R = 5.0, Cc) x/R = 7.0, (d) r/R = 10.0, 
(19 x/R = 15.1. 
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Fig. 3. 

axial distance. Thus, the determination of n,, 
for this comhustor has revealed the regions 
where soot nucleation prevails, and where sur- 
face growth and oxidation occur. The error 
bars in Fig. 5 represent electron microscope 
magnification uncertainty of 3%. 

The magnitude of the mean values of d,, 
observed along the axis of symmetry of the 
spray flame investigated herein covers the lower 
range of primary sizes observed in a wide vari- 
ety of combustion systems. The entire range as 
reported in the literature is remarkably “nar- 
rowly confined” between lo-50 nm [9]. For 
example, the values of d, reported by 
Megaridis and Dobbins [5, 91 for laminar, 
coannular diffusion flames are in the range of 
12-35 nm. Koylu and Faeth [ill reported mean 
values of dp between 30 and 50 nm in their 
overtire soot measurements. Wey et al. [Zll 
found primaty sphentle sizes of 14-20 nm in a 
Gaydon and Wolfhard propane diffusion flame. 
Samson et al. [17] measured soot primary sizes 
to be 20-30 nm in a coannular diffusion acety- 
lene flame. Vuk et al. [22] found primary parti- 
cle diameters to he within 20-30 nm for diesel 
engine particulates. All of these determina- 

tions were conducted through TEM observ;l- 
tions. Other comparable results are available 
in the compilation of previously reported val- 
ues by Mcgaridis and Dobbins [91. The narrow 
range of primary sizes, including those found 
in the current study, su&yest similar mt for- 
mation mechanisms in widely different com- 
bustion systems. 

The growth in primary particle sizes ob- 
served along the axis of the comhustor consid- 
ered herein is small compared to that observed 
in laminar hydrocarbon diffusion flames 15l. 
This is likely due to the low residence times in 
this complex-flow reactor. Residence times for 
this swirling flow are estimated from previous 
flow velocity measurements 1231 to be 17 and 
24 ms at x/R = 10 and 15, respectively. These 
times are only about a third of the residence 
times (about 70 ms) reached by soot particles 
in the laminar flame studied by Megaridis 161. 

Other factors that can account for the dif- 
ference observed in soot primary sizes include 
a difference in the soot growth rate of the two 
flames. An estimation of the growth and oxida- 
tion rates is made below. 

Surface Growth and Oxidation Rates 

From Ref. 8, we find that given the variation of 
d,, with avial distance and the axial particle 
velocity, one can calculate the specific surface 
growth rate f and specific oxidation rate o for 
soot along the combustor centerline by the 
formula 

f= --w= !?$g 

where p is the soot material density and u is 
the axial particle velocity. This formula for the 
growth and oxidation rates of primary particles 
also gives the rates of growth and oxidation for 
aggregates, when one assumes monodispersed 
primary particles, and that the presence of 
multiple particles within an aggregate does not 
affect their individual variations (point contact 
assumption). 

A soot material density value of 1.86 g/cm’ 
was used, and an estimate for the axial particle 
velocity was taken from laser anemometry 
measurements of the mean, reacting flow ve- 
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locity. With the same information that allowed sented in Fig. 5, produced the values of f and 
for estimates of the flow residence times [23], w given in Table 1. Acceleration of the flow 
we averaged the axial flow velocities measured downstream of x/R = 5 is likely, but velocity 
at the plane of x/R = 5, and assumed that to data were not available. Therefore, we take the 
be equal to the particle velocity (a justifiable value of f to be characteristic of the centerline 
assumption given the submicron size of the region from x/R = 5-i0, while the calculated 
soot). The velocity was thus determined to be w can only be viewed as a first-order approxi- 
rr = 25 m/s which, along with d,, data pre- mation for the region of x/R = 10-15. 

0.25 
i N=14l t 

0.30 - 
(b) 

0.25 - 

0.20 - 
0.15 - 

o.,o- 
0.05 - 
0.00 - 

0.30 - 

0.25 - 
N=132 

0.20 - mean= 11.2nm - 
0.15 - SD=Z.lmn _ 

0.10 - 
0.05 - 
0.00 - 

N=166 
meal=9.6nm - 
SD= 1.8 nm 

mean=9.6nm - 
SD=l.4nm _ 

Fig. 4. Particle size distributions of soot primaly particles measured from TEM micro- 
graphs. (a) x/R = 3.0, (b) x/R = 5.0, (c) x/R = 7.0. Cd) x/R = 10.0, Cc) x/R = 15.1. 
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0 3 6 9 12 15 16 
Height. x/R 

Comparison of these results with those found 
in laminar diffusion flames reveals that the 
growth rate is somewhat lower, while the oxi- 
dation rate is comparable. The growth rate of 
4.2 X lo-’ g/cm’ s is roughly a factor of 2 
below that reported by Megaridis and Dobbins 
[S], while being comparable to growth rates 
reported by Harris and Weiner [24] for a pre- 
mixed flat flame (see Ref. 8 for comparison). 
The oxidation rate determined in the current 
study is comparable to the values of 3-5 X 
10-s g/cm’ s reported in [8] for a soot-releas- 
ing, smoking, laminar diffusion flame. How- 
ever, this rate is substantially lower than those 
reported in [8] for a nonsmoking diffusion 
flame. 

The lower surface growth rate in this com- 
plex-flow combustor compared to laminar dif- 
fusion flames likely contributed to the smaller 
primary particles sizes observed. Factors that 
can affect the surface growth rate include the 
amount of soot (i.e.. particle surface area) 

TABLE I 

Specific Swt Growth and Oxidation Rates for Soot 
Sam&d from the Conhu~tor Centerline 

X/R Spscilic Rates. g/cm’ s 

s-10 f = 4.2 x 10-r 
IO-15 0 = 3.1 x x lo-~ 

formed in the inception stage [2.51, the temper- 
ature history of the particles, and the conceh- 
trations of the precursor and oxidizer spe~i$s. 
Because intense mixing of fuel and air OCCUIS 
in the dome region (x/R = O-3). soot growth 
may also be slower due to competition with 
oxidation reactions throughout the pyrolysis. 
inception, and surface growth stages. 

Aggregate Statistics 

Figure 6 presents histograms of the equivalent- 
area diameter deq,. distributions of the soot 
transported along the combustor axis with re- 
spect to combustor axial height. Bin widths of 
5 nm were used in the histograms, and the sum 
of all the areas of the bars has been normal- 
ized to unity. The number cf aggregates N 
used for the determination of each histogram 
is also listed in that figure. The histogram 
series shows a shift toward larger sixes with 
axial distances between x/R = 3 and x/R = 
10. This is a result of soot particle growth by 
both agglomeration and surface growth in the 
swirl-stabilized combustor. Between x/R = 10 
and 15.1. agglomeration continues, but the oxi- 
dation mentioned earlier is also taking place, 
thus resulting in a wider distribution including 
large aggregates as well as a pronounced peak 
at smaller aggregate sizes (lo-15 nm). The 
small sample size (N < 100) at the two higher 
axial locations means that the distributions 
measured at these heights are not as statisti- 
cally sound as those at lower regions. In partic- 
ular, data for x/R = 15.1 reported here and 
elsewhere in this paper are used to reveal 
trends. but their reliability is limited. 

Equation 1 was employed to calculate the 
number of primary particles per soot aggregate 
measured. This procedure was repeated at each 
axial location. The resulting distributions of n 
are plotted in Fig. 7. Mean values of n were 
observed to increase by nearly threefold from 
x/R = 3 to x/R = 10, and are tabulated in 
Table 2 as )rwg. These results again demon- 
strate the trends of aggregate growth with axial 
distance and the development of broader dis- 
tributions at the upper burner positions. 

Soot aggregate distribution information is 
important for both the interpretation of optical 
measurements and the modeling of soot for- 
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Fig. 6. Variation of soot aggregw equivalent-area diameter distributions d,,,, wdh burner 
height. Equivalent area diameters were measured from TEM micrographs. 

mation. Past studies have used assumptions of axial location. The resulting distributions are 
self-preserving 1241 and lognormal [261 distribu- plotted in Fig. 7 (solid black bars). These again 
tions in their modeling or analysis. Lognormal demonstrate the trends of aggregate growth 
soot size distributions have been suggested by with axial distance and the development of 
past experimental evidence as well L20.27, 281. broader distributions at the far downstream 
Equation 1 was employed to calculate the upper positions. Figure 7 also makes a qualita- 
number of primary particles per soot aggregate tive comparison of the experimental data with 
measured. This procedure was repeated at each the equivalent lognormal distribution and the 
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Fig. 7. Comparison of number of primaries per scat agpegate d~stnbutmn wfh the 
equivalent lognormsl distribution and the scaling distrihutiw from Sorensen et al. 1311. 

scaling distribution that is described by Soren- the distributions of n corresponding to the five 
son et al. 1311. The scaling distribution used is heights considered herein. 
the simplest form which is applicable to coa- The geometric mean number of primaries 
lescing particles in the free molecular regime 
(e-“‘“=). The equivalent lognormal compari- 

per aggregate na of the distribution of aggre- 
gates at each location was calculated by 

son is accomplished by first determining the 
geometric mean number of primary particles X,ln ni 

per aggregate nx and standard deviation O~ of 
In ng = - 

N 
(6) 
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where the summation extends over all aggrc- 
gates according to the procedure described 
earlier. N is the total number of aggregates 
measured at each combustor height. 

The mean standard deviation erg of the ag- 
gregate distritution at the same location was 
dctcrmined from 

The equivalent lognormal distribution of n 
corresponding to each pair of nB, rrK is then 
given by 

f(n) = 
exp( -[Q$q) (8) 

3,q,-,(2rr)“’ 

where ?I is the mean value within each bin. 
In Fig. 7, there is modest agreement be- 

twcen the experimentally obtained soot aggre- 
gate distribution and the corresponding equiv- 
alent lognormal distributions. This agreement 
is better than that with the scaling distribution, 
particularly early in the reaction. Note that the 
small (N < 100) aggregate samples at higher 
axial locations (w/R = 10 and 5.1) are par- 
tially responsible for the low smoothness of the 
experimentally obtained distributions. For this 
system and operating condition, the lognormal 
distribution is a fair estimate of the soot aggre- 
gate size distribution in the nucleation and 
surface growth zones of the model combustor. 
The lognormal curve becomes less accurate for 

representing the size distribution at the upper 
regions of the combustor where agglomeration 
occurs simultaneously with oxidation. 

The geometric mean value of nR and stan- 
dard deviation Us of the aggregate distribu- 
tions are also key parameters used for compar- 
ison between soot populations from various 
combustion systems. The values of n6. and Pi 
calculated for the conditions investigated 
herein are tabulated in Table 2 as a function of 
height x/R above the nozzle. In comparison, 
as values determined for laminar, diffusion 
flames are in the range of 0.3 and 0.4 [9]. The 
corresponding values for overtire soot also fall 
within this range [ll]. Mean values of dp, n, 
and &,.a from x/R = 3-15 are also tabulated 
in Table 2. 

Figure 8 depicts the determination of fractal 
dimension 0, by a log-log plot of n vs L&d, 
(maximum linear dimension of aggregate over 
mean primary size). The straight line fitted 
through the aggregate data represents the best 
fit. The slope of this line (see Eq. 3) defines the 
fractal dimension at each location (slso tabu- 
lated in Table 2). There is no trend observed 
with x/R in the D, results, as expected. As 
with numerous previous studies (see summary 
of earlier measurements in Ref. 9), which found 
D, for soot or carbon black aggregates, our 
values of about 1.8 suggest the dominance of 
diffusion-limited, cluster-to-cluster agglomera- 
tion. This means that diffusional factors out- 
weigh factors of free-molecular collision or 
chemical reaction in the agglomeration pro- 
cesses, and that aggregation is dominated by 
collisions between aggregates mostly, instead 
of collisions between primaty particles with 
aggregates. 

TABLE 2 

Swt Aggregate Parameters as a Function of Nondimensional Flame Height: Values at x/R = 15.1 Are Not as Reliable as 
Those at Lower Heights Due to Limited Sample Size 

x/R 

; 
7 
10 
15.1 

d/wp 
(nm) 

9.6 9.6 
11.2 
13.2 
ID.5 

4”s 

7.55 9.37 
15.2 
19.8 
53.9 

d eq,&r”b 
hm) 

22.0 21.4 
31.3 
41.1 
45.8 

5 5 Df 

5.14 4.07 0.28 0.38 1.75 1.85 
5.97 0.45 1.85 
7.15 0.48 l.Rl 
9.63 0.66 1.84 
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(Cl (4 
Fig. 8. Plots of Inn vs Ml ,./d,) at four diffcwnt he&h& alon~l the xxi% of the flame. The fractal dimension D, for 
each heieht is defined hv the slwx of the corresoondine straight line lirs. a) x/R = 5.0. b) x/R = 7.0, c) x/R = 10.0, 
d)x/R = 15.1. . . 

. - 

Error Analysis 

Both random and systematic errors were con- 
sidered as sources of possible inaccuracies or 
biases in the -:mpling and data analysis pro- 
cesses. Erroz due to random factors in ther- 
mophoretic soot sampling and the image analy- 
sis procedure were estimated through repeat 
tests, or replication. Efforts to identify system- 
atic errors consisted of independent size mea- 
surements using EAA and SEM analysis (Sec- 
tion 4.6). 

Errors in individual values of d,, and d,,,. 
are related to the resolution accuracy of the 
technique, and were evaluated by identifying 
error sources in the image analysis steps and 
considering their propagation (Section 4.5.1). 
The random errors of statistical quantities such 
as mean r$, and de,,, were estimated using a 
statistical treatment as follows. The error asso- 
ciated with the mean dp was computed from 

the standard deviation cr of the size distribu- 
tions according to the following equation [29k 

Sd, = u/N’/= (9) 

where N is the number of samples included in 
the mean and standard deviation calculation. 
Results of Sd, using the data presented in Fig. 
4 range from 0.1 to 0.3 nm. Similarly. uncer- 
tainty in the means of d,,,, range from 0.6 to 
6.0, the iarger errors being associated with 
higher axial regions that are characterized by 
wider distributions and smaller values of N. 

Errors in Image Analysis 

Errors introduced during the computer image 
analysis tended to be random in nature, with 
the possible exception of the TEM magnifica- 
tion. As seen in Fig. 5, an estimate of this error 
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on any given day is 3%. This uncertainty is 
variable, or random, from day to day, but is a 
source of systematic error for a data set ac- 
quired during any single day. 

A systematic bias in the tracing process (i.e., 
over- or undertracing of the particle outline) 
was carefully avoided. Furthermore, evaluation 
of possible operator bias in the particle tracing 
process was conducted by having two operators 
trace approximately 70 aggregates from the 
same micrograph. The discrepancy in the mean 
equivalent area diameter resulting from the 
two data sets was only about 3% in the evalua- 
tion. 

Two possible sources of error arising from 
the computer image analysis are inaccuracies 
due to the coarseness of the pixel grid, and 
manual selection of a threshold grayness level 
for binary digitization. Multiple measurements 
of 17 particles with two pixel size units gave 
discrepancies as high as 7%, with the finer 
pixel sizes (more pixels per unit length) being 
more accurate. For the data presented in this 
paper, pixel sizes of about 1600 pixels/mm 
were used for d,, determination, and about 700 
pixels/mm were used for aggregate size deter- 
mination (due to different magnification). For 
the issue of gray threshold selection, this has a 
bearing on particle size since it affects the 
definition of the perimeters. Repeat tests of 
manually using different yet reasonable thresh- 
old levels for one micrograph gave results that 
agreed within 3%. 

Errors from both limited pixels and subjec- 
tive threshold selection were evaluated using a 
computer-derived set of 110 round dots. The 
mean size of the dots obtained under similar 
pixel size and threshold conditions as was used 
for the soot analysis deviated about 1% from 
the exact value. 

Repeatability of Results 

The repeatability of the results was checked by 
taking aggregate size data from eight micro- 
graphs originating from three different grids 
sampled at x/R = 10, and performing the 
equal@ of means test on this data set [30]. The 
test results suggested that the d,,., data sets 
resemble one another closely enough to be 

considered as belonging to the same popula- 
tion. The consistency between micrographs im- 
plies that data from one micrograph are likely 
representative of the in-flame sampled soot 
population. 

SEM and EAA Comparison 

Attempts to pinpoint possible systematic errors 
in the thermophoretic sampling and TEM 
analysis by using scanning electron microscope 
(SEM) observations and an electrical aerosol 
analyzer (E&A) had limited success. We note 
that the SEM and EAA measurements in- 
volved a continuous extraction of the particles 
from the flame environment using a stainless 
steel probe and subsequently cooled with dilu- 
tion air. Quenching at the probe tip was not 
accomplished. SEM data gave similar qualita- 
tive data on particle morphology, but gave re- 
sults biased toward larger sizes. This was pri- 
marily due to a conductive gold/palladium 
coating (nominally 10 nm thick) required by 
SEM analysis, which increased the particle size 
and limited the useful resolution of the SEM. 
In addition, SEM measurements were per- 
formed by collecting the soot on porous filters 
(Nucleopore 0.2 mm pores) that might have 
caused biasing in the size distributions of the 
particles captured since smaller particles would 
have tended to follow the flow better through 
the filter. 

The EAA analysis gave results that verified 
the range and average sizes of the soot ag- 
gregates. The EAA measured the average 
aggregate size as being around 30 nm, which 
corresponds to the range of mean aggregate 
diameters from the TEM analysis. This rough 
agreement is considered valuable in view of 
the divergent methods of sampling and size 
analysis being compared. From these compara- 
tive measurements, it was concluded that no 
systematic bias was identifiable for the ther- 
mophoretic sampling procedure and the image 
analysis technique. 

SUMMARY 

The thermophoretic sampling technique em- 
ploying transmission electron microscopy has 
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been used to reveal the morphology of soot 
along the axis of a liquid-fueled. complex-flow 
reactor. Particle morphology typical of those 
from other combustion devices was observed. 
The results were repeatable, and comparison 
measurements suggest that the sampling and 
size analysis techniques are free of any system- 
atic bias. The conclusions of this study are as 
follows. 

I. The dominant mechanisms of soot forma- 
tion with respect to axial distance in the 
model combustor are, for the condition con- 
sidered: 
x/R = O-5: particle nucleation without sig- 

nificant surface growth 
x/R = 5-10: surface growth occurring with 

agglomeration 
x/R = IO- 15: oxidation with agglomcra- 

tion. 
2. The average primary particle size for this 

condition is observed to grow from approxi- 
mately 10 nm at the first appearance of 
unagglomeratcd soot (x/R = 3) to 13.2 nm 
near the plane of x/R = 10. The range of 
these sizes is near the low end of the pri- 
mary sizes observed in laminar diffusion 
flames, and signifies surface growth occur- 
ring from the middle to upper regions of the 
combustor. The extent of primary particle 
growth is low due to the comparatively short 
residence times of this comhustor and possi- 
bly to competing oxidative reactions. Oxida- 
tion finally prevails from x/R = 10-15. as 
indicated by the gradudl reduction of pri- 
mary particle sizes along these heights. 

3. Agglomeration of particles is revealed by 
increasing aggregate mean size and mean II 
(number of primaries per aggregdte) from 
x/R = 3-15. The soot aggregate size distri- 
bution as defined by n is found to compare 
well with an equivalent lognormal distribu- 
tion during the surface growth stage, but 
less so at the upper portions of the game 
where oxidation and agglomeration domi- 
nate. 

4. Fractal dimensions for the soot population 
at all five axial locations was determined to 
be approximately 1.8, suggesting the domi- 
nance of cluster-cluster agglomeration in 

the soot growth processes in the complcx- 
flow comhustor. 
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