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The structure of soot aggregates was investigated, emphasizing the fractal properties as well as the 
relationships between the properties of actual and projected soot images. This information was developed by 
considering numerically simulated soot aggregates based on cluster-cluster aggregation as well as measured 
soot aggregates based on thermophoretic sampling and analysis by transmission electron microscopy (TEM) 
of soot for a variety of fuels (acetylene, propylene, ethylene, and propane) and both laminar and turbulent 
diffusion flame conditions. It was found that soot aggregate fractal properties are relatively independent of 
fuel type and flame condition, yielding a fractal dimension of 1.82 and a fractal prefactor of 8.5, with 
experimental uncertainties (95% confidence) of 0.08 and 0.5, respectively. Relationships between the actual 
and projected structure properties of soot, e.g., between the number of primary particles and the projected 
area and between the radius of gyration of an aggregate and its projected image, also are relatively 
independent of fuel type and flame condition. 
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projected area of an aggregate 
cross-sectional area of a primary 
particle, ndj/4 

burner diameter 
diameter of primary particle 
aggregate fractal dimension 
projected area prefactor, Eq. 2 
fractal prefactor based on R,, 
Eq. 1 
fractal prefactor based on 
(LW>“*, Eq. 5 
projected maximum length of ag- 
gregate 
number of primary particles in 
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radius of gyration of an aggre- 
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radius of gyration of projected 
aggregate image 
maximum projected aggregate 
width normal to L 
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xP 

Y 
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primary particle size parameter, 
rdp/h 
coordinate direction 
coordinate direction 

Greek Symbols 

(Y projected area exponent 
h wavelength of light 

INTRODUCTION 

Practical hydrocarbon fueled flames generally 
contain and emit soot, which affects their 
radiation, structure, and pollutant emission 
properties. These effects have motivated con- 
siderable interest in the structure and optical 
properties of soot, in order to develop nonin- 
trusive methods for measuring soot properties 
and to estimate the continuum radiation and 
heterogeneous reaction properties of soot in 
flame environments. The present investigation 
seeks to contribute to a better understanding 
of soot structure, by undertaking a computa- 
tional and experimental study of the structure 
of soot aggregates, emphasizing characteristics 
needed to define soot optical and fractal prop- 
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erties, and to understand the relationships be- 
tween actual and projected soot images. 

Earlier work concerning the structure and 
optical properties of soot has been reviewed by 
Tien and Lee [l], Viskanta and Mengiic [2], 
Jullien and Botet [3], and Kiiy1i.i and Faeth [4]; 
therefore, consideration of past studies will be 
brief. Initial studies of the structure of soot by 
Williams and coworkers [5-71 involved ther- 
mophoretic and molecular beam sampling of 
premixed acetylene, benzene and propane 
flames, followed by analysis using transmis- 
sion electron microscopy (TEM). The results 
showed that soot consisted of small spherical 
primary particles, having nearly constant diam- 
eters, collected into open structured aggre- 
gates that had broad distributions of the 
number of primary particles per aggregate. 
Subsequent work using thermophoretic sam- 
pling and TEM established similar behavior 
for a variety of fuels and flame conditions, e.g., 
laminar and turbulent flames as well as pre- 
mixed and diffusion flames [8-211. In general, 
the distributions of primary particle diameters 
had standard deviations of 15%-25% of the 
mean primary particle diameter, supporting the 
observations of nearly uniform primary particle 
sizes [4]. Additionally, primary particle diame- 
ters generally were less than 60 nm, with the 
largest diameters associated with heavily soot- 
ing fuels [4]. This behavior yields primary parti- 
cle size diameters, xP < 0.4, for wavelengths of 
interest for optical measurements of soot prop- 
erties and estimates of continuum radiation 
from soot (A > 500 nm). As a result, it is 
reasonable to assume that individual primary 
particles approximate Rayleigh scattering par- 
ticles, e.g., their total scattering and absorption 
cross-sections typically are within 1% and 5%, 
respectively, of estimates based on Mie scatter- 
ing theory for h > 500 nm [41. 

Soot aggregates are small near the soot in- 
ception point in flames but they aggregate 
rapidly with the mean number of primary par- 
ticles per aggregate reaching values in the 
range 200-600 for soot emitted from large 
buoyant turbulent diffusion flames 141. As noted 
earlier, unlike primary particle diameters, ag- 
gregate size distributions are broad; in fact, the 
standard deviations of aggregate size are com- 
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parable to the mean value of the number of 
primary particles in an aggregate. Thus, aggre- 
gate size distributions generally are repre- 
sented by the log normal size distribution func- 
tion while 95% of the soot aggregates emitted 
from large turbulent diffusion flames contain 
30-1800 primary particles [4,19]. This com- 
plexity of aggregate size distributions, however, 
is mitigated by the observation that soot aggre- 
gates exhibit mass fractal-like behavior with a 
Hausdorf or mass fractal dimension, Or < 2, 
even when the number of primary particles in 
an aggregate is small [3,4,10-211. The mass 
fractal approximation implies the following re- 
lationship between the primary particle diame- 
ter, the number of primary particles in an 
aggregate and the radius of gyration of an 
aggregate [31: 

N = kf(Rg/d,)Df, (1) 
where kf is a constant fractal prefactor and 
the aggregates are assumed to consist of 
monodisperse nonoverlapping spherical pri- 
mary particles, i.e., the mean value of dp is 
used in Eq. 1. This fractal-like behavior has 
important implications for the optical proper- 
ties of soot which will be discussed next. 

Measurements show that flame-generated 
soot ranges from small aggregates (dimensions 
on the order of 10 nm) near the start of soot 
formation, to large aggregates (dimensions on 
the order of 1 pm> emitted from large buoyant 
turbulent diffusion flames [3-211. The larger- 
sized aggregates are too large for reasonable 
application of the Rayleigh scattering approxi- 
mation and are too open structured for proper 
representation as equivalent compact spheres 
using the Mie scattering approximation [4]. 
These difficulties were established by direct 
measurements of soot scattering properties 
during early work [5-71. For example, strong 
forward scattering was observed which is not 
representative of Rayleigh scattering behavior, 
while use of the Mie scattering approximation 
for an equivalent sphere still did not provide 
an adequate fit of scattering measurements 
[5-71. The former behavior follows because the 
large soot aggregates in the size distribution 
dominate scattering properties and are too 
large to be approximated as Rayleigh scatter- 
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ing objects. Additionally, the fact that soot 
aggregates have fractal dimensions less than 2 
implies that their structure is too open to be 
represented by a compact object such as an 
equivalent Mie scattering sphere [22]. The lim- 
itations of the Rayleigh and Mie scattering 
theories prompted subsequent development of 
optical theories of soot aggregates based on 
the Rayleigh-Debye-Gans (RDG) scattering 
approximation for mass fractal objects involv- 
ing monodisperse spherical primary particles 
that just touch one another [3,4,11,171. The 
large refractive indices of soot raised questions 
about the validity of the RDG scattering ap- 
proximation [4], however, recent work where 
both soot structure and scattering properties 
were known, has demonstrated performance of 
the RDG scattering theory for polydisperse 
fractal soot aggregates within experimental and 
computational uncertainties [20,21,23]. 

The reasonably successful evaluation of the 
RDG scattering theory for soot aggregates 
provides potential for resolving long-standing 
problems of the accurate determination of the 
refractive indices of soot [4,24,25], as well as 
for developing methods of solving the inverse 
problem so that soot structure properties 
can be found nonintrusively from scattering 
measurements [4,20,21,24,25]. Both these ob- 
jectives, however, are inhibited by current limi- 
tations about the fractal and polydisperse 
properties of practical soot aggregates in 
flames. In particular, RDG theory requires val- 
ues of R, as a function of N but this determi- 
nation is inhibited by current uncertainties 
concerning Df and more particularly kf 
[20,21,26]. Additionally, information about k, 
requires analysis of actual three-dimensional 
soot aggregates, which can be facilitated by the 
availability of relationships between the pro- 
jected and the actual properties of soot aggre- 
gates. Unfortunately, currently available infor- 
mation along these lines is rather limited. In 
particular, evaluation of relationships between 
projected and true three-dimensional proper- 
ties of soot aggregates have only involved small 
aggregate samples and a few flame conditions 
[ll, 12,191. Recent work by Sorensen and 
coworkers [24,25] has sought to extend under- 
standing of the projected and fractal properties 

of soot aggregates, but more development of 
their experimental methods will be needed for 
definitive results. Finally, Wu and Friedlander 
[26] address the fractal properties of aggre- 
gates based on existing results for numerically 
simulated populations of aggregates of spheri- 
cal primary particles; however, the relevance of 
these findings to practical soot aggregates must 
still be established. 

In view of current limitations about the 
structure and optical properties of soot aggre- 
gates, the objective of the present investigation 
was to study soot structure in order to define 
soot optical and fractal properties, as well as 
the relationships between actual and projected 
soot images. This work involved direct evalua- 
tion of the relationships between the number 
of primary particles and the projected image of 
an- aggregate, the relationships between the 
radius of gyration of an aggregate and proper- 
ties of its projected image, and the values of 
the Hausdorf or mass fractal dimensions and 
prefactors of soot in flame environments. The 
new information was developed by considering 
both numerically simulated and experimentally 
measured soot aggregates. The numerical sim- 
ulations to create soot aggregates were based 
on cluster-cluster aggregation along the lines 
of Jullien and Botet [3], Mountain and 
Mulholland [13], and Farias et al. [23]. The 
experimental soot aggregates were obtained 
from two sources, as follows: the large soot 
aggregates found in the fuel-lean region of 
buoyant turbulent diffusion flames in the long 
residence time regime, where soot generation 
factors and soot structure are independent of 
flame position and residence time 
[19,20,27,28]; and soot aggregates collected in 
both the fuel-rich and fuel-lean regions of lam- 
inar jet diffusion flames [29]. Taken together, 
the experimental soot properties involve a vari- 
ety of fuels-acetylene, propylene, ethylene, 
and propane-burning in air within diffusion 
flames. 

The paper begins with consideration of nu- 
merically simulated soot aggregates in order to 
establish relationships between actual and pro- 
jected soot aggregate properties. Measured 
soot aggregate properties are then considered, 
emphasizing soot fractal properties. 
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NUMERICALLY SIMULATED 
AGGREGATES 

Aggregate Simulation 

Mountain and Mulholland [13] generated soot 
aggregates using a simulation involving clus- 
ter-cluster aggregation based on a solution of 
the Langevin equations. This approach yields 
fractal-like aggregates that satisfy the power- 
law relationship of Eq. 1 with 1.7 < Df < 1.9 
and k, ca. 5.5 for N > 10. However, a larger 
sample of aggregates was required for present 
work, and it was desired to have 1.7 < Df < 1.8 
and k, ca. 8.0 in order to correspond to recent 
experimental observations of the fractal prop- 
erties of soot aggregates [19-211. As a result, 
an alternative aggregate simulation, based on 
the approach used by Farias et al. [23], was 
used during the present investigation. 

The present aggregate simulation involved 
creating a population of aggregates by 
cluster-cluster aggregation, following Jullien 
and Botet [3]. The simulation began with indi- 
vidual and pairs of primary particles which 
were attached to each other randomly, assum- 
ing uniform distributions of the point and ori- 
entation of attachment, while rejecting con- 
figurations where primary particles intersected. 
This procedure was continued in order to form 
progressively larger aggregates, but with the 
additional restriction that the aggregates 
should have 1.7 < Df < 1.8 with k, of 8 for 
N > 8, based on Eq. 1 applied to the computed 
value of R, for the aggregate. It was observed 
that Of fell naturally in the range 1.6-1.9 for 
N > 48 during these simulations; therefore, few 
cluster-cluster combinations were rejected for 
inappropriate fractal properties when larger 
aggregates were constructed. Similarly, for Dr 
in the range 1.7-1.8, the value of k, fell natu- 
rally near k, = 8.0 for statistically significant 
populations of aggregates. Naturally, the nu- 
merically simulated aggregates were not useful 
for investigating aggregate fractal properties 
because their fractal properties had been pre- 
scribed. Nevertheless, these objects were use- 
ful for investigating relationships between pro- 
jected and actual aggregate properties because 
the simulated aggregates were very similar to 
actual aggregates while their known geometry 

vastly simplified determinations of actual and 
projected aggregate properties. 

The population of simulated aggregates in- 
volved N in the range 20-1000, considering 20 
aggregate sizes. Results for each aggregate size 
were averaged over 20 different aggregates to 
yield a total sample of 400 aggregates. In order 
to fix ideas, a primary particle diameter of 50 
nm was used for the simulations, which is 
typical of soot aggregates for heavily sooting 
materials [191. Present results are normalized 
by dp or A,, however, and such normalized 
results are independent of d,,, at least for dp 
less than 60 nm [20,211. 

Projected images of typical aggregates con- 
structed using the present simulation are illus- 
trated elsewhere for N = 16, 64, and 256 [231. 
An example involving projected images of a 
given aggregate in three orthogonal directions 
for N = 100, is illustrated in Fig. 1. This partic- 
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Fig. 1. Projected images of a numerically simulated soot 
aggregate. N = 100. Note that the primary particle diame- 
ter used in this simulation was 50 nm. 



STRUCTURE PROPERTIES OF SOOT AGGREGATES 625 

ular aggregate had Df = 1.76 while d, = 50 
nm as noted earlier. Even though the value of 
N used in Fig. 1 is relatively modest, the di- 
mensions of the aggregate are substantial, 
reaching maximum projected lengths greater 
than 1 pm. It is evident that the appearance of 
an aggregate varies considerably with the di- 
rection of the projection; it also varies substan- 
tially from aggregate to aggregate within a 
population of given size [23]. Nevertheless, the 
present simulated aggregates are qualitatively 
similar to both past experimental observations 
of soot aggregates [3, 6, 19-211 and other 
numerical simulations of soot aggregates 
[3,13,23]. Combined with their prescribed 
fractal properties, this behavior suggests that 
the present simulated aggregate populations 
are reasonably representative of the structure 
of soot aggregates found in flame environ- 
ments. 

Results and Discussion 

The first property studied using the numeri- 
cally simulated aggregates was the relationship 
between the number of primary particles in an 
aggregate and the projected area of the aggre- 
gate. Several workers have suggested the fol- 
lowing relationship between the projected area 
of a soot aggregate, A,, and N [12,15-17,191: 

N = k,(A,/Ap)a, (2) 

where (Y is an empirical projected area expo- 
nent and k, is a constant normally taken to be 
unity. Results for the present simulated aggre- 
gates, based on random projections of the ag- 
gregates, are plotted according to Eq. 2 in Fig. 
2. The power-law correlation of Eq. 2 is seen 
to provide an excellent fit of the data. The 
least-squares fit values of the correlation of 
Eq. 2 are LY = 1.10 and k, = 1.16 with stan- 
dard deviations of 0.002 and 0.01, respectively. 
The value of (Y is in reasonable agreement 
with earlier assessments although the present 
value of k, exceeds the value of unity used in 
earlier work [12,15-17,191. Further considera- 
tion of these differences will be undertaken 
when the experimental results are discussed. 

t 
9 

7- 

6- 

5- 

4- 

3- 

2- 
f? 

simulated Aggregates 

3 4 5 6 7 

Ln(Aa$J 

Fig. 2. Number of primary particles as a function of pro- 
jected area ratio for simulated soot aggregates. 

As noted earlier, the radius of gyration is an 
important aggregate property because it di- 
rectly affects scattering properties computed 
using RDG theory. Thus, the simulated aggre- 
gates were used to compare actual values of 
the radius of gyration with values found from 
projected images of the aggregates. These 
results are illustrated in Fig. 3 where 
R,(3D)/R,(2D) is plotted as a function of N 
for N in the range 20-1000. Remarkably, the 
ratio of the actual to projected radius of gyra- 
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Fig. 3. Ratio of actual to projected radius of gyration as a 
function of aggregate size for simulated soot aggregates. 
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tion is essentially independent of N and has a 
value of 1.24 with a standard deviation less 
than 0.01, i.e., 

R,(3D) = 1.24R,(20). (3) 

Thus, Eqs. 2 and 3 provide convenient rela- 
tionships between the properties of projected 
images of aggregates, and the values of N and 
R, needed to assess the fractal properties of 
aggregates that are defined in Eq. 1. 

Direct evaluation of fractal properties from 
Eq. 1 requires either extensive data reduction 
of stereopair images or the alternative evalua- 
tion from the properties of projected images 
through Eqs. 2 and 3 that was just discussed. 
Information of this type is not often available 
so that several simplified methods based on 
projected aggregate dimensions have been de- 
veloped, as discussed by Jullien and coworkers 
[3,101. One approach involves the use of the 
maximum projected length of the aggregate, L, 
as follows [3, lo]: 

of N = kfJL/dJ . (4) 

An alternative approach, used during earlier 
work in this laboratory 1193, involves use of the 
geometric mean of L, and the maximum pro- 
jected width normal to L, W, as follows [3,101: 

N = kfLW((LWF2/d&JD’, (5) 

where the mean value of d, is used in the 
correlations of Eqs. 4 and 5, similar to Eq. 1. 

Comparing Eqs. 1, 4 and 5 indicates that L 
and (LW>li2 in Eqs. 4 and 5, act as surrogates 
for R, in the fundamental fractal relationship 
of Eq. 1. Thus, the relationship between these 
various lengths is of interest and is illustrated 
in Fig. 4. These results involve plots of 
L/(2R,) and (LW)‘/2/(2R,1 as a function of 
N. Unlike R (3D)/R,(2D), the ratios of either 
L or (LW) 172 and R, are seen to decrease as 
N increases and only approach relatively con- 
stant values for N > 100, where 

L/(2R,) = 1.49, (6) 

(LW)1’2/(2R,) = 1.17, (7) 
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Fig. 4. Number of primary particles as a function of aggre- 
gate characteristic dimensions for simulated soot aggre- 
gates. 

with standard deviations of 0.02 and 0.03, re- 
spectively. The smaller value of this ratio for 
(LW) ‘I2 than for L is quite reasonable be- 
cause (LWP2 involves W, which is less than 
L by definition, for each aggregate. The effect 
of the variation of this ratio with N is of 
course negligible when data for large aggre- 
gates are processed to find Of. However, this 
rarely is the case and the progressive reduction 
of the ratios generally acts to increase the 
apparent value of Df when either L or 
( LW)‘12 is used as a surrogate for R,. Fortu- 
nately, the effect of this variation on determi- 
nations of Df is not large, ca. 5%, as discussed 
subsequently in connection with experimental 
measurements of aggregate properties. 

Puri et al. 1181 also have considered values of 
L/(2R,) based on the measurements of 
Samson et al. [12]. These results were obtained 
using a 36-aggregate sample of overflre soot 
from a laminar acetylene flame and yield 
L/(2R,) = 1.78 [18], which is roughly 20% 
larger than the present large N results. This 
behavior probably is caused by the relatively 
small aggregate sample used by Puri et al. 1181, 
e.g., these results also exhibit an unusually 
small value of Or as discussed later. 
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FLAME-GENERATED AGGREGATES 

Experimental Methods 

Soot structure also was observed using flame- 
generated aggregates collected by ther- 
mophoretic sampling. Sampling procedures 
were based on the methods of Dobbins and 
Megaridis [14-161 with specific techniques 
identical to past work in this laboratory [19]. 
The sampling surfaces were the carbon-sup- 
ported copper grids used to hold TEM speci- 
mens (3-mm-diameter 200-mesh copper grids 
supported by a 20-nm-thick elemental carbon 
film, SPI Supplies, Philadelphia, part no. 
35200, aligned parallel to the mean flow di- 
rection. The probes were stored outside the 
flame and were inserted briefly into the flame 
environment using a double-acting pneumatic 
cylinder. Sampling times were controlled so 
that soot aggregates covered no more than 
10% of the TEM grid in order to avoid over- 
lapping aggregates on the grid. The time of 
transit of the grids to and from the sampling 
location through the flame environment was 
less than 5% of the sampling time so that soot 
on the grid was representative of the sampling 
location. This effect is not of any consequence 
for the soot sampled in the fuel-lean region of 
buoyant turbulent diffusion flames, however, 
because the properties of this soot are inde- 
pendent of position in any event [19]. 

The principles of thermophoretic sampling 
are discussed elsewhere [15-17,30-321. For 
present conditions, primary particle diameters 
were less than 60 nm, which implies that pri- 
mary particle dimensions are smaller than the 
mean free path for all sampling conditions, so 
that the thermophoretic velocities of individual 
primary particles are identical. In addition, 
Rosner et al. [32] have shown that the ther- 
mophoretic velocities of aggregates and indi- 
vidual primary particles agree within 20%, even 
when the aggregates are larger than mean free 
path lengths. Thus, effects of intrinsic bias with 
respect to aggregate size for the present ther- 
mophoretic sampling technique are small. 

The samples were observed using a JEOL 
2000FX analytical electron microscope system 
with a 1-nm edge-to-edge resolution and sam- 
ple tilting angles up to f45”. Magnifications 

used for the present measurements were in the 
range 20,000-300,000. The procedure involved 
selecting aggregates randomly at low magnifi- 
cation, and then increasing the magnification 
in order to analyze them. The images were 
processed using the IMAGE computer algo- 
rithm to find projected aggregate areas and 
dimensions, as well as the projected positions 
and sizes of primary particles. Images at vari- 
ous angles of projection, as well as ster- 
eopairs, were then analyzed independently to 
find the corresponding three-dimensional 
properties of aggregates. Latex spheres having 
a diameter of 91 nm (with a standard deviation 
of 5.8 nm) were used to calibrate the TEM 
images. Specific sampling procedures and the 
experimental uncertainties of the soot struc- 
ture parameters derived from these measure- 
ments will be considered when the results are 
discussed. 

Typical TEM images of a soot aggregate 
found in the fuel-lean region of a buoyant 
turbulent ethylene/air diffusion flame are il- 
lustrated in Fig. 5. This particular aggregate 
has a primary particle diameter of 32 nm and 
contains 295 primary particles, based on obser- 
vations at various angles of projection, which 
yields maximum projected dimensions of 
roughly 900 nm. The results shown in the pho- 
tographs are for tilt angles of -45”) 0” and 
45”) which provides a means of locating each 
primary particle in space for absolute analysis 
of aggregate structure properties. Other prop- 
erties of this aggregate are typical of earlier 
observations in the literature [g-21], as well as 
the numerically simulated aggregate of similar 
size illustrated in Fig. 1. In particular, the 
object is open-structured and consists of pri- 
mary particles having a nearly constant diame- 
ter 141. 

Results and Discussion: Turbulent Flames 

The most extensive measurements of soot ag- 
gregate properties were made for the soot in 
the fuel-lean region of buoyant turbulent dif- 
fusion flames in the long residence time regime. 
As noted earlier, soot for a particular fuel at 
these conditions does not depend on position 
in the fuel-lean region or residence time [19]. 
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(a) (b) 

(4 
Fig. 5. T!3M photographs of a typical soot aggregate from the fuel-lean region of a buoyant turbulent ethylene/air 
diffusion flame. Angles of projection (a) - 49, (b) 0" , and (c) 45”. Note, TEM length label is 100 nm long. 
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Specific measurements involved soot within 
acetylene, propylene, ethylene, and propane 
flames, see Ref. [19] for a complete description 
of experimental conditions. The measurements 
involved a total of 127 aggregates which con- 
tained lo-500 primary particles per aggregate. 

The first issue to be considered using the 
measured aggregate structure properties was 
the relationship between the number of pri- 
mary particles in an aggregate and its pro- 
jected area on a TEM image. These results are 
illustrated in Fig. 6, for aggregates in the fuel- 
lean region of buoyant turbulent diffusion 
flames at long residence times. Composite re- 
sults for soot from all the fuels are illustrated 
in Fig. 6. However, even though specific aggre- 
gate properties differ for the various flame 
systems, all the flames yield the same relation- 
ship between the number of primary particles 
in an aggregate and its projected area. 

Similar to the simulated results illustrated in 
Fig. 2, the measured results illustrated in Fig. 6 
suggest a correlation between the number of 
primary particles in an aggregate and its pro- 
jected area. In fact, the empirical correlation 
found from the results illustrated in Fig. 6 is 

N = 1.15L4/A,)1.0Y. (8) 

with standard deviations of a and k, of 0.02 
and 0.18, respectively. Within statistical signif- 
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The major effort of the present investigation 
was the determination of fractal prefactor, k,, 
in Eq. 1 by measurements of N and R, for the 
fuel-lean soot aggregates within buoyant turbu- 
lent diffusion flames in the long residence time 
regime. Similar to the results illustrated in Fig. 
6, the fractal properties of aggregates for the 
various fuels-acetylene, propylene, ethylene 
and propane-were identical within experi- 
mental uncertainties, even though other prop- 
erties-such as dI, and the mean number of 
primary particles per aggregate-differed con- 
siderably. The measured variation of N with 
R,/dp for the fuel-lean soot aggregates is illus- 
trated in Fig. 7. The scatter of this data is 
appreciable, reflecting the problems of measur- 
ing R, from projected images of aggregates at 
various angles. The fractal properties of the 
aggregates are clearly independent of fuel type, 
however, even though other properties of the 
aggregates (e.g., d,, the mean number of pri- 
mary particles per aggregate, etc.) differ con- 
siderably for soot formed from combustion of 
the various fuels. The best fit correlation of the 
measurements in Fig. 7 yields 

1.09 N = 8.5(R,,‘d,)“65, 

2’ 
2 3 4 5 6 

LNAdAp) 
Fig. 6. Number of primary particles as a function of pro- 
jected area ratio for soot aggregates from the overfire 
region of buoyant turbulent diffusion flames at long resi- 
dence times. 

icance, these values are identical to the results 
found for the numerically simulated aggregates 
which yielded (Y = 1.10 and k, = 1.16 with 
smaller standard deviations. Based on these 
findings it appears that the original correlation 
of Eq. 2 from Refs. 12, 15-17, and 19 is rea- 
sonable, except that k, should be increased 
from unity to roughly 1.15. This effect implies 
that N was somewhat underestimated during 
earlier evaluations of fractal dimensions, based 
on expressions similar to Eqs. 4 and 5. This 
effect modifies values of k, and kfLW in- 
ferred from these measurements but does not 
influence the determination of the fractal di- 
mension, Of. 

(9) 

with standard deviations of Df and kf of 0.06 
and 2.6, respectively. The standard deviation of 
k, is relatively large; nevertheless, due to the 
relatively large data sample the corresponding 
uncertainty of the mean value of k, is modest, 
i.e., the experimental uncertainty of the mean 
value of k, (95% confidence) is 0.45 while the 
corresponding uncertainty of Df is 0.12. 
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Fig. 7. Number of primary particles as a function of radius 
of gyration for soot aggregates from the overfire region of 
buoyant turbulent diffusion flames at long residence times. 

The value of the fractal dimension found 
directly from the results of Fig. 7, Of = 1.65, is 
somewhat low in comparison to earlier mea- 
surements of the same soot based on sampling 
and scattering determinations [19,20]. For ex- 
ample, sampling and TEM measurements 
based on correlations of N as a function of 
(LW)‘12 yielded Dr = 1.75 with an experi- 
mental uncertainty (95% confidence) of 0.07 
over the four fuels 1191. The difference be- 
tween the earlier and present values of Of 
merits some explanation even though its statis- 
tical significance is marginal. This behavior fol- 
lows from the discussion of Fig. 4; namely, that 
values of Df based on (LW)“’ are somewhat 
larger than those based on R, for a similar 
range of aggregate sizes, due to the progressive 
reduction of (LW)‘/2/R, with increasing ag- 
gregate size. 

A more significant difference between the 
present value of Df from Eq. 9, and other 
results, involves determinations of Df based on 
light-scattering measurements [20]. For exam- 
ple, Df found from the light-scattering mea- 
surements yielded a value of 1.82 with an ex- 
perimental uncertainty (95% confidence) of 
0.08 which is significantly greater than the pre- 
sent determination given by Eq. 9. This differ- 
ence can be explained, however, by noting that 
the present sampling and TEM analysis yielded 
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a progressive increase of Of as both the size of 
largest aggregates and the sample size were 
increased. This behavior is consistent with 
larger observed values of Df for the light- 
scattering measurements because these results 
emphasize the largest aggregates in the aggre- 
gate size distribution, as well, and clearly in- 
volve averages over a large number of aggre- 
gates [20]. Based on this observation, the effect 
of aggregate size on the present determination 
of Df was estimated by Richardson extrapola- 
tion of the available variation of Df with maxi- 
mum aggregate size in the sample from the 
present data. This procedure involved plotting 
Df found for samples containing aggregates 
smaller than a particular size N, as a function 
of l/N. The resulting plot was nearly linear for 
N > 40 and was extrapolated to N + 03 in 
order to obtain an estimate of Df = 1.83 from 
the present sampling and TEM measurements 
1201. Clearly, this value is in good agreement 
with the light-scattering determinations of Df 
= 1.82, which also emphasize the largest ag- 
gregates in the distribution, as noted earlier. 

The variation of k, with maximum aggregate 
size in the present samples was less significant 
than the variation of Df; therefore, k, = 8.5 
from Eq. 9 represents the present best esti- 
mate of this parameter. This value agrees 
within experimental uncertainties with recent 
estimates of Puri et al. [18] based on measure- 
ments of Samson et al. [12] and Megaridis and 
Dobbins [16]. In particular, analysis of mea- 
surements of N and R, for a 36-aggregate 
sample of overhre soot from a laminar acet- 
ylene flame reported by Samson et al. 1121 
yielded k, = 9.22 [18]. However, Df = 1.40 for 
this sample, which is unusually low, so that the 
value of kf was questioned based on potential 
sampling limitations [181. Other estimates were 
obtained from measurements of Megaridis and 
Dobbins [16] for a nonsmoking laminar eth- 
ylene/air flame, taking L/(2R,) = 1.78, to 
yield kf = 8.3 and 8.9 for the two available 
aggregate samples from Ref. 16. As noted ear- 
lier, in connection with the discussion of Fig. 4, 
this value of L/(2&,) is somewhat larger than 
the present findings, although the correspond- 
ing values of k, agree with present results 
within experimental uncertainties. Other ear- 
lier estimates of kf are based on numerical 
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simulations of aggregation processes and gen- 
erally yield values of k, that are smaller than 
present estimates; see Wu and Freidlander [261 
and references cited therein. An example of 
this behavior is k, = 5.8, found by Puri et al. 
[18] based on the cluster-cluster aggregation 
simulation of Mountain and Mulholland 1131. 
The reasons for the low values of k, from 
these simulations in comparison to subsequent 
measurements are not understood at the pre- 
sent time. 

The fractal properties of the soot in the 
fuel-lean region of the buoyant turbulent dif- 
fusion flames at long residence times also can 
be considered from the results illustrated in 
Fig. 8. In this case, N is plotted as a function 
of the geometric mean projected aggregate size 
(LW)‘/* for the four fuels over the same 
range of conditions as Fig. 7. The least-squares 
correlation of the measurements yields D/ = 
1.73 and kfLW = 1.54 with standard deviations 
of 0.04 and 0.30, respectively. As discussed in 
connection with Fig. 4, the apparent value of 
Df is somewhat larger when found from 
(,!,W)‘/2, 1.73, than the value found from R,, 
1.65, for the same sample. All things consid- 
ered, however, suggests the following estimates 
of the fractal properties of the fuel-lean soot: 
Dr = 1.82 with an uncertainty (95% confi- 
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dence) of 0.08 from the light scattering mea- 
surements [201, supported by the extrapolated 
sampling results of Fig. 7; and k, = 8.5 with an 
uncertainty (95% confidence) of 0.5, based on 
the sampling results of Fig. 7. 

Results and Discussion: Laminar Flames 

The final experimental results involved soot 
found in a laminar diffusion flame. In this case, 
samples were obtained at seven different loca- 
tions along the axis of a weakly-buoyant acetyl- 
ene/air laminar jet flame at a pressure of 0.25 
atm. The test condition involved a burner di- 
ameter of 3.3 mm, and a burner exit Reynolds 
number of 80, which yielded a luminous soot- 
containing region roughly 50 mm long. Soot 
was sampled in both the fuel-rich and fuel-lean 
regions of the flame, over the range x/d of 
1.92-13.42, to obtain a total of 618 aggregates 
with N in the range 5-1500. 

The main results considered for soot in the 
laminar flame involved fractal properties. Mea- 
surements to find fractal properties are illus- 
trated in Fig. 9, where N is plotted as a func- 
tion of (LW) 1/2 Similar to results obtained . 
from turbulent flames, the fractal properties of 
the soot illustrated in Fig. 9 were independent 
of the point where the soot was sampled, even 
though a range of fuel-lean and fuel-rich con- 

Acetylene/Air @ 114 amt. 
?- 

tid=1.92-13.42 
6 18 aggregates 

6- 

Fig. 8. Number of primary particles as a function of aggre- 
gate characteristic dimensions for soot aggregates from the 
overfire region of buoyant turbulent diffusion flames at 
long residence times. 

‘0 1 2 3 4 

Ln[(LW)1/2/dp] 

Fig. 9. Number of primary particles as a function of aggre- 
gate characteristic dimensions for soot aggregates from the 
underfire region of a laminar acetylene/air diffusion flame. 
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ditions were used and properties such as dr, 
and the mean number of primary particles per 
aggregate varied considerably with position in 
the flame. Then, treating all the laminar flame 
soot as a single sample population with respect 
to fractal properties yielded a best fit correla- 
tion of the measurements according to Eq. 5 
with Df = 1.78 and k,, of 1.33 with standard 
deviations of 0.012 and 0.23, respectively. The 
value of Of for this soot is somewhat larger 
than the value for overfne soot found in Fig. 8 
but this is felt to be due to the progressive 
increase of Dr with aggregate and sample size 
discussed in connection with Fig. 7, noting that 
both the sample size and the maximum value 
of N is larger for Fig. 9 than Fig. 8. Addition- 
ally, the difference between the results of Figs. 
8 and 9 are relatively small so that properties 
of the laminar flame soot are identical to those 
of the soot within the fuel-lean region of buoy- 
ant turbulent diffusion flames at long resi- 
dence times, within present experimental un- 
certainties. This finding suggests that the main 
fractal properties of soot, Dr and k/, are rela- 
tively independent of the fuel and the flame 
condition. 

CONCLUSIONS 

Study of the structure of soot aggregates, con- 
sidering aggregates obtained from numerical 
simulations using cluster-cluster aggregation, 
measured properties of soot aggregates from 
the fuel-lean region of buoyant turbulent dif- 
fusion flames at long residence times, and 
measured properties of soot aggregates from 
both the fuel-rich and fuel-lean regions of 
weakly buoyant laminar jet diffusion flames, 
yielded the following major conclusions: 

1. In contrast to primary particle diameters 
and aggregate size, which vary considerably 
depending on flame conditions and fuel type, 
both the fractal properties, and the relation- 
ships between actual and projected soot ag- 
gregate structure properties, appear to be 
durable properties of soot that are relatively 
independent of fuel type and flame condi- 
tion. 

2. The best estimates of the fractal properties 
of soot aggregates based on present mea- 
surements yield Or = 1.82 and k, = 8.5 with 

experimental uncertainties (95% confi- 
dence) of 0.08 and 0.5, respectively. These 
results agree within experimental uncertain- 
ties with earlier determinations from sam- 
pling and TEM measurements 
[12,16,18-211. 

3. Both computer simulations and experimen- 
tal measurements indicated that it is possi- 
ble to characterize soot aggregate structure 
properties from projected images, yielding 
k, = 1.15, cr = 1.09 and R,(3D)/R,(2D) 
= 1.24, with standard deviations of these 
properties of 0.01, 0.002, and 0.01, respec- 
tively. The value of LY is in good agreement 
with earlier estimates of this property 
[l, 15-17,191. In contrast, the present value 
of k, is significantly larger than earlier esti- 
mates of unity for this parameter. 

4. Values of the fractal dimension based on 
the geometric mean aggregate dimension, 
(LW>‘/2, were roughly 5% larger than val- 
ues based on R, for the aggregate samples 
considered here. This behavior is caused by 
a progressive reduction of (LW>‘12/R, with 
increasing aggregate size. Additionally, val- 
ues of Df from sampling progressively in- 
creased as the sample size and the size of 
the largest aggregate were increased; in 
contrast, kr exhibited a relatively small vari- 
ation with sample and maximum aggregate 
size over the present range of conditions. 
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