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ABSTRACT. while the fractal dimension of cluster-cluster aggregates, D/, appears
to be a well-established property, the fractal prefactor, ftg (also known as structural
coefficient), continues to exhibit a large range of possible values. In the present paper,
an attempt is made to clarify this issue which leads to conclusive results concerning the
value to adopt for the fractal prefactor of simulated aggregates. Starting from a large
population of "free" numerically simulated aggregates (i.e., where no restrictions to
aggregate formation were imposed) the fractal properties obtained were estimated
both using morphological concepts as well as light scattering theories. Furthermore,
studies for aggregates having predefined morphological ft, values (namelg ftu ) 2
and ca. 1) were also performed in order to check the viability of these values. The
results obtained for the three different populations of aggregates considered were
used to infer, through a best-fit analysis, the fractal properties. Our best estimates are
kr = 1.27 and Dy = 1.82, which are approximately independent of aggregate size and
composition. These results are in very good agreement with numerical predictions
reported by previous authors. However, experimental results systematically indicate
ks > 2. This motivated the present authors to identify possible reasons for these large
discrepancies. Present calculations indicate that partial sintering in conjunction with
the polydispersity of aggregates (resulting in a cut-off function coefficient, kp,)l)
contributes to a systematic increase in /rr, possibly justifying the differences between
numerical and experimental results.

INTRODUCTION
Aggregated particles, such as aerosols, are

present in a wide range of engineering fields
such as combustion processes for power gener-
ation and pigment production. These agglomer-
ates are usually composed of fine primary par-
ticles that coagulate to form irregular clusters.

* Corresponding author

Because ofcomplex nucleation and aggregation
processes, most combustion generated agglom-
erates have a broad size distribution (see Koylii
and Faeth 1992; Megaridis and Dobbins 1990
and references cited therein). Although different
in their size, shape, radius of gyration, and par-
ticle density, these aggregates exhibit complex
geometry that fortunately can be characterized
as mass fractals; that is, the number of primary
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particles per aggregate, N, scales with the radius
of gyration, R' as follows:

N:ks(Rsla)Dt, (1)

where ft, is the fractal prefactor (also known as

the structural coefficient), D1 is the fractal di-
mension, and a is the primary particle radius.

Most studies in the past have considered the

fractal dimension as the key property to charac-

terize fractal-like aggregates. However, Wu and

Friedlander (1993), Cai et al. (1995), Kciylii et al.

(1995a), and Sorensen and Robefts (1997)have

shown that both the fractal dimension and the
prefactor must be correctly known in order to
fully define the fractal structure of a specific ag-

gregate. This seems reasonable from Equation l,
which indicates that the fractal dimension alone

is not sufficient to detetmine the radius of gy-

ration of an aggregate assuming that the radius

of the monomers and the number of monomers

within the aggregate are known.
The fractal dimension has received its de-

served attention from the scientific community,
and conclusive values for this property have

been achieved. Megaridis and Dobbins (1990)

have unified most of the experimental and com-
putational results obtained for the fractal dimen-
sion of soot, silica, and carbon black particles,

among other types of materials. Aparl from sin-

gular results, most predictions fall within the

range of 1.6-1.9. More recentiy, Koylti and

Faeth (1994a,b) and Ktiylii et al. (1995a,b,1997)
have confirmed these values numerically and ex-

perimentally both through image analysis and

light scattering predictions of soot and alu-

mina parlicles. Brasil et al. (1999) and Oh and

Sorensen (1991, 1998) have also produced nu-

merical aggregates that lead to D 7 in the range

of I.7-I.9, therefore confirming the range pre-

viously presented. Table 1 summarizes the most

relevant results obtained by independent authors

for the fractal dimensions.
Contrasting with the amount of studies con-

cerning DS, the fractal prefactor was either
ignored or considered as a second class frac-
tal propefiy by most researchers in past years.
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TABLE 1. Fractal dimension and fractal prefactor
reported by several authors.

Authors Method ks D7

Mountain and

Mulholland (1988)

Meakin (1984)

Mountain and

Mulholland (1988)

Wu and Friedlander (1993)

Kdylii et al. (1995b)

Kiiylii et al. (1995b)

Kctyiii et al. ( I 995b)
Koylii et al. (1995b)

Kdylii et al. (1995b)

Kdylii et al. (1995b)

Koylii er al. (1995b)

Puri et al. (1993)

Cai et al. (1995)

Cai et al. (1995)

Samson et al. (1987)

Samson et al. (1987)

Megaridis and Dobbins
(1ee0)

Megaridis and Dobbins
(1990)

Present results

1.69

cs 1.05 1.74

cs 1.31 1.82

cs 1.30 1.84

ALS 2.25 1.86

ALS 2.18 r.15
3-D TEM 2;71 i.65
2-D TEM 2.39 1.67

2-D TEM 2.35 1.66

2-D TEM 2.17 7;t3
2-D TEM 2.18 r.54
ALS 3.50 1.40

3-D TEM 1.23 1.-14

2-D TEM 2.45 1.14

3-D TEM 3.49 1.40

2-D TEM 2.67 1.47

2-D TEM 2.18 1.62

2-D TEM 1.80 l-'/4

1.82L.21

ALS : angular light scattering-

CS : computer simulation.
3-D : tlree-dimensional anall sis.

2-D : projected images.

TEM : transmition electron microscope.

However, according to Equation (1), from the
point of view of fully characterizing fractal-like
aggregates it is necessary to establish values

both for Dy and ftr. Unfortunately, the selec-

tion of universal values for the fractal prefactor
for cluster-cluster (as well as particle-cluster)
aggregates is still a controversial issue. Wu and

Friedlander (1993) and, more recently, Kciylii
et al. (1995a) have unified most of the experi-
mental and numerical data reporled on this prop-
erty (also included in Table 1). For example, for
cluster--cluster aggregates results published in
the literature for ft, indicate values between 1.23

(Cai et al. 1995) and3.41 (Samson et al. 1987).

The range of results published varies by more

than 2007o, indicating that this issue deserves

more attention. In spite of the range of values
published, it was noted that results based on
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numerically simulated aggregates are system-
atically inferior to fr, values inferred from ex-
perimental data. An exception to this trend has
been presented by Cai et al. (1995) when ana-
lyzing the structure of soot particles extracted
from a premixed methane/oxygen flame obtain-
ing DS :1.14 and ft, : 1.23 (see Table l).

Based on the previous considerations, the
main objective of the present paper was to iden-
tify a possible universal value for the fractal pre-
factor of cluster-cluster aggregates. In order to
achieve this objective, the following approach
was adopted:

1. A large population of "free" cluster-cluster
aggregates (ca. 256) was numerically sim-
ulated using computer software previously
used by several authors (Farias et al. 1995;

Brasil et al. 1999; Kciylii et al. 1995b). Aggre-
gates were built without any restrictions con-
cerning fractal dimensions. Results obtained
for the Dp1 and kgv Qefened to as morpho-
logical properties hereafter) were then esti-
mated through Equation (1) for the whole
population.

2. Light scattering predictions were estimated
for the simulated aggregates using typical
values for the primary particle sizes and

complex refractive indices for organic (e.g.,
soot) and inorganic (e.g., alumina) combus-
tion generated particles. Plotted in a proper
manner, light scattering predictions also in-
dicate the fractal dimension and prefactor
of the aggregates. Results obtained (Dp6
and krui were compared with the morpho-
logical predictions described in the previous
point.

3. Aggregates were built restricting the frac-
tal dimension within the expected values
(ca. 1.7-1.8) and varying the prefactor. Val-
ues selected for Dy and ft, were then con-
firmed through Equation (1) for the whole
population and compared with the ones ob-
tained through light scattering predictions.

4. For the range of Dy and ft, covered, mor-
phological and light scattering fractal predic-
tions were compared and conclusions were
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obtained concerning the most adequate val-
ues ofk, and D1.

Finally, an attempt was made to identify pos-
sible reasons for the large discrepancies between
the experimental and numerical values reported
for ftr.

The paper begins with a description of the nu-
merical simulation procedure adopted to gener-
ate the fractal-like aggregates. The light scat-
tering theory used to characterize the optical
properties of the simulated aggregates is then
described. Furlher on, the population of aggre-
gates used for the present investigation is char-
acterized, in particular, their fractal properlies.
An analysis of the fractal dimensions obtained
for the populations using morphological and
light scattering approaches follows. An attempt
is then made to identify a reason for the large
discrepancies between the experimental and nu-
merical values reported for kr. Finally, major
conclusions of the present work are summa-
rized.

NUMERICAL SIMULATION OF'
CLUSTER-CLUSTER AGGREGATES

Simulatio n of Ag gre g at e s

Various procedures to construct agglomerates
composed of spherical primary units have been
discussed by Jullien and Botet (1987) and Botet
and Jullien (1988). These methods are based
on simple algorithms that mimic cluster-cluster
or particle-cluster aggregation processes due to
Brownian motion. Due to their relative sim-
plicity, several investigators (e.g., Vold 1963;
Hutchinson and Sutherland 1965; Witten and
Sander 1981, 1983; Meakin 1983a,b) have ad-
opted particle-cluster methods; howeveq the ag-
gregates obtained cannot be considered fractals
(Jullien and Botet 1987). A more physically-
based method was developed by Mountain
et al. (1986), who generated soot aggregates us-
ing a numerical simulation involving cluster-
cluster aggregation based on the solution of
the Langevin equations. This approach yields
fractal-like aggregates that satisfy the power-law
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relationship of Equation (1); however, for the
present study it was required that the aggregates

had, when necessary, speciflc predefined frac-
tal dimensions. As a result, an alternative sim-

ulation method previously used by Farias et al.

(1995,1996), Kdylii et al. (1995b), and Brasil
et al. (1999) was applied during the present in-
vestigation.

The aggregate simulation method involved
creating a population of aggregates by cluster-
cluster aggregation using a sequential algorithm
that satisfies Equation (l) intrinsically, rather

than performing numerical simulations based

on Langevin dynamics along the lines of the

approach used by Mountain et al. (1986). For
prespecified values of D1 and ftr, the aggre-
gate generation process was initiated by ran-

domly attaching individual and pairs of particles

to each other, assuming uniform distributions of
the point and orientation of attachment, while
rejecting configurations where primary parti-

cles intersected. Further on, ifthe control ofthe
fractal dimensions, Dy and kr, was desired, the

radius of gyration of the new aggregate was cal-
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culated based on the known positions of the pri-
mary parlicles and checked to see if Equation (l)
was satisfied for the fractal dimension and pref-
actor selected. This procedure was continued in
order to form progressively larger aggregates

that obeyed the statistical relationships of mass

fractal objects. As a default a hierarchical ap-

proach was used where only clusters having the
same number of primary parlicles (or a simi-
lar number if N was odd) were joined together
(Jullien and Botet 1987). Nevertheless, if de-

sired the model was capable of creating non-

hierarchical aggregates.

In the present study we starled by creating a
population of aggregates where no restrictions
on the fractal dimensions were imposed. Further
on, while trying to check the validity of different
solutions for DS, and ftr, prespecified values

were assigned. The population of simulated

aggregates involved N in the range 8-1024, con-

sidering 8 different aggregate size classes and

32 aggregates per class (Figure 1 shows a log-
log plot of Rrla versus N for the population
of aggregates generated). This sample size was

/R"\N=k-l " I"\ u /

10

Rr/a

FIGURE L. Number of particles per aggregate versus radius of gyration normalized by particle radius yielding the

morphological fractal dimension and fractal prefactor for "free" simulated aggregates.
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established in order to obtain a numerical un-
certainty (95% confidence) <l)Vo for the differ-
ent variables investigated throughout the present

study.

LIGHT SCATTERING PREDICTIONS OF
AGGREGATED SPHERICAI- PARTICLES
One of the earliest versions of a scattering the-
ory for aggregates formed by small particles

was developed by Jones (1979a,b) and based

on the original integral equation formulation of
Saxon (1974). Purcell and Pennypacker (1973)

developed a similar approach to the aggre-
gate scattering problem. Several others, includ-
ing Beny and Percival (1986), Goedecke and

O'Brien (1988), Draine (1988), Nelson (1989),

and Iskander et al. (1989), followed these stud-

ies. More recently, Lou and Charalampopoulos
(1994) presented a general form ofthe governing

equation of the electric intemal field of an as-

sembly of particles for conditions where in-
dividual particles satisfied the Rayleigh limit.
Although different in their mathematical ap-

proach, the fundamental light scattering formu-
lations mentioned above all involve the solution
of the same set of linear equations (Equation (2))

to obtain the internal electric field of the pri-
mary particles. Among them, the formulation
of Lou and Charalampopoulos (1994)-denoted
the Integral Equations Formulation for Scatter-

ing (IEFS)-is the most complete formulation,
while the remaining formulations can be ob-

tained by introducing simplifications in some

of the terms. In addition, IEFS satisfies en-

ergy conservation required among extinction,
absorption, and total scattering. Because IEFS

involves no additional computational effort, it
was employed in this study to compute the light
scattering characteristics of the aggregates.

The Integral Equatian Formulution

for Scattering

The following description of this theoretical

method is brief; additional details can be found
in Farias et al. (1998, 1996) and Lou and

Charalampopoulos (1994).
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The IEFS method divides an aggregate into
sufficiently small units (the primary particles)
so that the intemal field within each particle
is assumed to be uniform. By considering not
only the phase differences but also the multiple
scattering and self-interaction terms, the inter-
nal electrical field of each particle, .E;, is then
obtained from the following system of 3N x 31y'

linear equations:

/ 3 \ /rn2-l\.
E' : l*r 1z)Ei,, i *'\;a11xrlt'ot

N

,. I 71Et * sp1i i :1,2,..., N,
t:1,+.i

(2)

where nz : n + lr represents the complex re-
fractive index of each small particle; Ei,, :
E,exp(ikz) represents the incident electric field
propagating along the z axis with a wave number

of k : 2n l)'; j{x) is the flrst-order spherical
Bessel function of the first kind; s; is the self
interaction term; and f is the scattering matrix.
Once the internal fleld of each spherical parti-
cle is known from Equation (2), various optical
cross sections can be obtained for an aggregate

with N uniform size particles (see, e.g., Farias

et al. 1998 and references cited therein). Rele-

vant for the present study is the vertical-vertical
differential scattering cross section, Cl,, given
by

t"
Cl,ro.Qt: nrlilurl^' - tl'

I exp(-ikr; cos B;)
j:1

It
x (E1.e0 * E1aQl,,l . (3)

I

where the direction of the scattered field is rep-

resented by spherical coordinates 0 and d (unit
vectors by 6 ana6),the position of each individ-
ual unit by (r i, 0 i, Q i), the direction of polariza-
tionbysubscriptuu,andcos Fj : cos0j cos0*
sin 0; sin Ocos(d; - d).

This property contains important information
regarding the fractal nature of the aggregates.
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In fact, fractals exhibit a large angle scattering
regime (also known as power-law regime) in
such a form that both Dy and k, can be ex-

tracted as follows (see Julien and Botet 1987;

Koylii and Faeth, l994a,b):

Ci,f NCl,: kskp(qa)-Dr, thus (4)

ny : -tn(Ci,fNCP,,kskp)l ln(oa), (5)

k, : Ci,l(koNcf,) for qa : 7, (6)

where q is the modulus of the scattering vec-

tor (q : (4tt l),)sin(O 12)), a the radius of the

particle, ko the cut-off function coefficient (see

Sorensen and Wang 1999), and Cf, is the scat-

tering cross section of a single particle.
In summary, on a log-log plot the slope of

the normalized scattering curve obtained in the

large angle regime should be equal to - Dprs',
while the light scattering fractal prefactor, kgrLS,

can be inferred from the power-law slope where

QA:7.
The cut-off function coefficient ko, has been

ignored in the past by most researchers. For-

tunately, Sorensen and Wang (.1999) indicate
that this coefficient is one for monodisperse ag-

gregate populations. While in the present study

only monodisperse populations have been con-

sidered, in most experimental situations this is
seldom the case. For example, Koylii and Faeth

(1994a,b) have shown that soot aggregate pop-

ulations follow log-normal distribution func-
tions with standard deviations > 1.5. For these

types of polydisperse populations, Sorensen and

Wang (1999) indicate kp > 1.5. This implies

that past experimental determinations of the

fractal prefactor using light scattering measure-

ments may have a systematic gap of this order

of magnitude, i.e., experimental results could be

over-estimated by more than 50Vo.

It is important to notice that the accuracy

of the IEFS solutions depends on the ratio be-

tween the primary pafiicle size and the wave-

length because the approximation of uniform
electric field within each primary pafticle stafis

failing when this size parameter is not consid-

erably <1. Farias et al. (1995) state that IEFS

is applicable for primary particle size parameter
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x : 2ral)" < 0.4. Fortunately, most combus-
tion generated aggregates fall within the nano-
size parlicle domain with primary particle mean
diameter between 10-50 nm. Therefore, for typ-
ical wavelengths in the visible range used in light
scattering experiments (e.g., 514.5 or 632.8 nm),
primary particle size parameter x:ndl), is

comforlably below 0.4.

RESULTS AND DISCUSSION
The following questions will be analyzed

throughout the present section: i) what should
be a reference value for the fractal prefactor, kr,
of cluster-cluster aggregates ? ii) experimental
predictions of k, can exceed numerical results
by more than l00%o. To what degree are both
predictions correct? Can experimental and nu-
merical results be correlated?

Evaluation of the Fractal Dimensions
of "Free" Cluster-Cluster Aggregates

To establish a reference value for the fractal
dimension and prefactor, a large popuiation of
cluster-cluster aggregates was generated with-
out imposing any restrictions on the fractal
properties (presently denoted as "free" aggre-
gates). As seen in Figure 1, results obtained

for this population of 256 aggregates having
N : 8 - 1024 satisfy the power-law relation-
ship of Equation (1) with Dy ca. 1.88 and ft,
roughly 1.45. These results are in very good

agreement with several independent numerical
predictions reported by previous authors; see

Table 1. However, they only suggest that our
numerically simulated aggregates exhibit fractal
concepts. They do not guarantee that these frac-
tal results should become a reference. To con-

firm the validity of these predictions, we have

investigated what these variables would be when

inferred from laser light scattering predictions.
As previously mentioned, fractal theories

suggest that the slope of C, versus qa in a

1og-log plot in the large angle regime should

be equal to - D y. We have calculated this
slope using the IEFS formulation for the present

population of aggregates. Thirty-two different
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FIGURE 2. Normalized yv differential scattering cross sections as a function of the radiation momentum, q4, for 'free"
simulated aggregates having N: 64, 128, and 256 using IEFS theory (l : 514.5 nm' xp : 0.4)' a) m:1.57 i_0-571;

and b) rz :0.7 + 0r).

realizations of the same aggregate size, each

sampled at 16 different orientations, were av-

eraged to obtain statistically significant IEFS

predictions with <l}Vo numerical uncertainties

(9 5 7o confi dence interval).
Results obtained for aggregate size classes

having N:64, 128, and 256 are shown in

Figure 2. Two types of aggregates were con-

sidered. Organic combustion generated parti-

cles (e.g., soot) with a complex refractive index

m - 1.56 + 0.56, and inorganic nonabsorb-

ing particles (such as alumina) with m:1.7 .

Calculations were performed using a typical

wavelength employed in light scattering exper-

iments (). : 514.5 nm) and a primary parli-

cle within the range that usually characterizes

these nanosize particles (a : 50 nm). These

values lead to a primary particle size parameter

x : rdl)': 0.3 and are therefore within the

range ofvalidity ofthe IEFS theory (Farias et al.

1996).

Unfortunately, the values obtained for the

fractal dimensions, DTzrs and kgrr"s, are not

very similar to the ones obtained using the

morphological fractal concept based on Equa-

tion (l). Table 2 includes the results obtained

using these two techniques for comparison.

It appears that the fractal dimension obtained

through light scattering consistently overesti-

mates results based on the radius of gyration.

On the contrary, the fractal prefactor devia-

tions are in the order of 20-30Vo, clearly out-

side the uncertainties of the present predictions.

Results obtained also seem to be fairly insensi-

tive to aggregate size and composition, at least

within the range of number of primary pani-
cles, N, and complex refractive indices con-

sidered.
l
I

l
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TABLE 2. Fractal dimension and fractal prefactor for'free" simulated aggregates using light scattering and mor-
phological predictions.

Organic Particles Inorganic Particles

krtLs D Stts keu Dfu krtLs DlrLs kgu Dfu

64
128
256

2.30
2.30
2.20

1.44

1.44

1.44

1.89

1.89

r.89

i.15
f.i0
1.10

2.t0
2.t0
2.05

t.M
r.44
r.44

1.89

1.89

1.89

1.10

1.05

1.05

The question to be raised now is as follows:
would aggregates having a morphological frac-
tal prefactor different from our estimates based

on "free" simulations (i.e., k, > 1.45 or < 1.45)

perform in a different way? In particular, could
they exhibit a better agreement between light
scattering and morphological predictions? This
issue will be addressed in the next section.

Evuluation of Aggregates Having
Pre e stablishe d Fractal Prop ertie s

One advantage of the model used in the present

work to simulate aggregates is the possibility
of selecting the morphological fractal proper-

ties desired for the population. The control of
these properties is done during the construction
of the aggregate. To be more precise, when two
clusters are attached, the radius ofgyration ofthe
new cluster is calculated based on the known po-

sitions of the primary particles and Equation (1)

is checked to see if it is satisfied for the fractal di-
mension and prefactor selected. This step guar-

antees that the final aggregate (as well as each

intermediate cluster) will have the appropriate

fractal dimensions. This possibility was used

in the present work to investigate two families
of aggregates, one having k, , 2 and another

with ft, ca. I (representing the lower limit of
the values shown in Table 1). In both cases Dy
was selected to fall in the range of 1.7-1.9 as

predicted by the majority of researchers (see

Table 1). The morphological fractal dimension
and fractal prefactor of these simulated aggre-

gates resulted from log-log plots of N versus ra-

dius of gyration (similar to Figure 1). However,

in these cases, aggregates perfectly satisfy Equa-

tion (1)-a direct consequence of the numerical
procedure adopted-and therefore the plots (not
shown) were almost perfect straight lines.

Population of Aggregates Having kru > 2. Ow
morphological calculation indicate kgu : 2.23
and D1u of 1.81. This comes as no surprise
as they were forced while constructing the ag-
gregates. Therefore, a way of conflrming their
validity is through the light scattering prediction
in the power-law regime. Results for these pre-

dictions are shown in Figure 3 for aggregates

having N : 64, 128, and 256 primary parti-
cles and typical refractive indices of organic and

inorganic particles. Fractal properties inferred
from these plots are summarized in Table 3. The
fractal dimension inferred from the power-law
slope systematically overestimates the preestab-
lished value of 1.8 1. This tendency is general for
all situations considered with deviations falling
in the range of 20407o. The fractal prefactor
predictions exhibit even larger deviations. Light
scattering predictions indicate kg1s ca. 1 .0-1.4,
while the morphological value defined is 2.23,
i.e., roughly 1007o more. These results have

been observed in the past by Farias et al. (1995)

when investigating the validity of light scatter-
ing theories for soot aggregates. In summary,
there is a clear lack of consistency between mor-
phological and light scattering predictions indi-
cating that large values of k, based on Equa-
tion (1) appear to be incapable of satisfying
independent characteristics of fractals.

Population of Aggregates Having kgu ca. l. The
opposite scenario is now considered: A pop-
ulation of aggregates having kgu : 1.0 and

t



448 A. M. Brasil et al.

U
R

t)

(J 100

k
:5 10

0.01

a) Organic Particles

Q
!

lr-

10

1 0.01 0.10 1.00
qa

N: 64

10.00 0.01 0.10 1.00
qa

N: 128

1 0,00

Aerosol Science and Technology
33:5 November 2000

0.10 1 .00 10.00
qa

N:256
b) Inorganic Particles

1

0.01 0.10 1.00 10.00 0.01 0_10 1.00 10.00 0.01qa qa

N: 64 N: 128

FIGURE 3. Normalized vv differential scattering cross sections as a function of the radiation momentum, 4a, for
simulated aggregates having preestablished morphological fractal dimensions /c, > 2 and D I :1.7-1.9.
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D y14 :1.8 is now taken into consideration. Fol-
lowing the same procedure, we have estimated
the fractal properties inferred from light scatter-
ing predictions and compared with the preestab-
lished morphological values. Figure 4 shows the
light scattering results obtained for the same
aggregate sizes and refractive indices. Values
extracted from these plots are summarized in
Table 4. The opposite tendencies are now veri-

0.10 1.00 10.00
qa

N:256

fied, i.e., the fractal dimensions, D1, estimated
from light scattering predictions, slightly un-
derestimate the predefined morphological value.
Deviations are very small (ca. 5%) and within
our numerical uncertainties. The fractal prefac-
tor, k* is now roughly 25-507o above the pre-
defined value of 1.

From the results presented so far it appears
that there should be a specific value ofk, where

TABLE 3, Fractal dimension and fractal prefactor for simulated aggregates having preestablished morphological
fractal dimensions (kgu :2.23 and D y m : 1.7-1,9).

Organic Particles Inorganic Particles

N kgrts D ytts ksrur D1 u ktrts D1u,s ksu Dfu

64
128
256

1.20

0.95
0.9s

2.35

2.50
2.30

2.23

z -z-)

2.23

1.81

I .81

I.8r

1.30

1.20

1.10

2.23

2.23

2.23

1.81

1 .81

1.81

2.20
2.20
2.20

\



Aerosol Science and Technology
33:5 November 2000

a) Organic Particles
1

0.01 0.10 1.00

ra
': 10

sl
U

Fractal Properties of Cluster Aggregates 449

Uk
-a
\)

0.'10 1.00 10.00
qa

N:256
qa

N: 64

0.10 1.00
qa

N: 128

b) Inorganic Particles
'100

{=
U
R
ci
U

Uk
*a
U

(.,,r

lro
ni

N-64
FIGURE 4. Normalized yr differential scattering cross sections as a function of the radiation momentum' qa, for

simulated having preestablished morphological fractal dimensions ft, = 1 and D 7 :1.7-1.9.

0.0'1 0.10 1.00 10.00
qa

both morphological and light scattering predic-

tions would match. In order to investigate this

value, Figures 5 and 6 summarize the results ob-

tained for the fractal dimensions using the two

methods adopted in the present work. Included

in those figures are trend lines as well as the

line where both values would match. From these

plots, our best estimates suggest ke: I '2'7 *O.l
and Dy:1.82+0.05. To make a final confir-

0.01 0.10 1.00 10.00
qa

N:128
0.01 0.10 1.00 10.00

qa

N:256

mation of these values we have generated a pop-

ulation of aggregates having ksu x I.26 and

DJu - 1.8 and compared these predefined val-

ues with light scattering predictions. Results ob-

tained (ks2s : 1.3 and D1r,rs : 1.84) were

very consistent leading to deviations of <5Va

and 37a, respectively, i.e., within our numeri-

cal uncertainties. These values are very similar

to the ones presented by Wu and Friedlander

TABLE 4. Fractal dimension and fractal prefactor for simulated aggregates having preestablished morphological

fractal dimensions (kgu x I and D 7 : l-7-1.9).

Organic Particles Inorganic Particles

kgtts D yrLs kgu Df v kgtrs D yns ksu Dfu

64
128
256

1.50

1.50

r.60

t.24
r.39
1.28

1.80

1.78

2.80

1.O2

1.02

t.02

1.80

1.80

1.80

'70 1.02 1.80

'70 1.02 1.80

T0 r.02 1.80

t
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FIGURE5. ftgpredictionsresultingfrommorphologicalanalysis(t"4a)andLaserLightScatteringpredictions(tgzzs).

(1993),Mountainetal.(1986),andMulholland Table 1. Apart from this exception, our pre-
and Mulholland (1988); which were all ob- dictions are consistently smaller than the ones
tained from computer simulated aggregates. based on experimental results. Potential reasons
They also follow very closely the experimen- for these discrepancies are discussed in the fol-
tal predictions reported by Cai et al. (1995); see lowing section.
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Evaluation of the Fractal Dimensions of
Aggregates with Partial Sintering

One pertinent question that may arise is related

to the systematic gap between the numerical and

experimental predictions of the fractal dimen-

sions. In particular, why do results published

for ft, based on real aggregates (e.g., soot, sil-

ica, or alumina) tend to over predict numeri-

cal estimates? One possible reason is the cut-

off function coefficient that is > 1.5 for typical
polydisperse combustion generated aggregates

but has been consistently ignored (which means

imposing the ko values - 1). An addition or

completely possible reason is analyzed below.

Most numerical models that simulate ag-

glomerates of spherical particles assume that

neighboring monomers touch on a single point.

Real aggregates do not satisfy this theoretical

condition. In fact. there are several different
physical and environmental effects that con-

tribute to a certain degree ofpenetration leading

to more compact and rigid aggregates, namely,

strorlg attraction forces between particles, lack

of rigidity of the particle matter, aggregates

crossing high temperature environments, or the

impact between the monomers when attaching

to each other. Thus, one possible reason for this

problem is the fact that in real aggregates neigh-

boring particles do notjust touch each other, i.e.,

a certain degree of penetration occurs between

touching particles.

Fractal Properties ofCluster Aggregates 451

In the present paper the term partial sintering
will be related to this degree of penetration of
primary particles. A penetration coefficient, Co,

was deflned as follows:

Cr(To): (dp - dij)l@p), (7)

wherc dii represents the distance between two
touching particles whlle d, is the diameters of
primary particles. If C p : 0, the primary par-

ticles are in point contact while Co : 1 total
sintering took place, indicating that every cou-

ple of neighbors merged into a single par-ticle.

Numerically, parlial sintering was accounted

for by progressively increasing the diameters of
the primary particles within an aggregate while
maintaining the position of the center of the par-

ticle, followed by a scaling colrection to keep

the same reference value for particle diameter. In
Figure 7, projected images of a numerically sim-

ulated aggregate having N : 64 and Co : Q,

0.15, and 0.25 are shown. This figure highlights

the effect of partial sintering on the aggregate

size, compactness, and, more important, radius

of gyration.
Figure 8 shows a log-1og plot of Rr/a versus

N for the population of aggregates generated

(with the different degrees of partial sintering).

Results obtained for kolq and Dyu are also in-
cluded in Figure 8. It is interesting to note that

partial sintering does not affect the fractal di-
mension, D1, while the fractal prefactor varies

N:64

cp:0.15 cp: 0.25

,

J}
co: o

FIGURE 7. Projecled image of a typical simulated aggregate having N : 64 and co : 0' 0'15' and 0.25.
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1000 -

10

Rg/a

by more than a factor of 2. From the present

results it can be concluded that a penetration co-

efficient of l5-20%o increases k, to values rela-

tively closer to the experimental results reported

by several independent authors (i.e., >2). It is
interesting to see that the only experimental pre-

dictions that match our numerical conclusions

belong to Cai et al. (1995). Relevant (or not)
to this comparison, their aggregates were gen-

erated from a methane oxygen enriched flame

while the remaining authors-namely, Kciylti
et al. (1995a), Puri et al. (1993), and Megaridis
and Dobbins (1990)-used either acetylene or
ethylene nonpremixed flames, i.e., heavy soot-

ing flames. [t would be interesting to compare

the morphology, in particular, the differences of
partial sintering that may exist between these

aggregates.

In summary, partial sintering that occurs be-

tween neighboring particles may be responsible

for the systematic gap between experimental and

numerical results reported for ftr. This effect can

be complimented by the fact that real aggregate

populations are polydisperse and therefore have

a cut-off function coefficient,ko, >1. However,

it is clear that these results are insufficient to out-

Aerosol Science and Technology
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FIGURE L Number of particles per
aggregate versus radius of gyration
normalized by particle radius for sim-
ulated aggregates with different pene-
tration coefficients, Co.

line any deflnitive conclusions. Additional stud-
ies regarding the high experimental value for k,
should be foreseen.

CONCLUSIONS
The main conclusions of the present study can

be summarized as follows:

l. Results obtained for "free" simulated aggre-
gates (i.e., without restricting the fractal di-
mensions) are in agreement with several in-
dependent results reported by previous au-

thors, namely, ksM : I .45 and DyTa ca. 1.89 .

However, light scattering prediction of ft, and

D y are inconsistent with these morphologi-
cal values.

2. Aggregates having predefined values for
kr>2 as proposed by most experimental
studies exhibit light scattering curves that are

even more inconsistent with fractal concepts.
3. Our suggestions for the fractal properties (D7

and fts) of simulated cluster-cluster aggre-
gates were obtained from a best fit between
the results obtained for the different popu-

lations of aggregates considered (i.e., hav-
ing kr x 1.0, 1.45, and 2.2 and D y : 1.82).

100

10

'100

C Df symbol

0 1.27=0.0'1 1.82t0.02

0.15 1.70=0.09 1.87t0.02

0.25 2.21t0.13 1.84r0.02 Gn
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Best estimates are k8 ^r 1.21 and D y x 1.82,
which seem to be approximately independent
of aggregate size and composition. These re-
sults are in very good agreement with re-
sults reported by Wu and Friedlander (1993),

Mountain et al. (1986), and Cai et al. (1995),

among others.
4. Finally, partial sintering that unavoidably oc-

curs between neighboring particles of aggre-
gates appears to contribute to a systematic
increase in ftr, while keeping Dy approxi-
mately constant. This effect, complimented
by the fact that real aggregate populations
are polydisperse (having a cut-off function
coefficient, kr,>1) may justify the differ-
ences usually found between numerical and

experimental results reported in the literature
for kr.

A. M. Brasil would like to acknowledge the scholarship
of Conselho Nacional de Desenvolvimento Cienttrtco e

kcnol6gico-CNPq.
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NOMENCLATURE
d primary particle radius;

Cp penetrationcoefficient;
C 3, vertical-vertical differential scattering

cfoss section of an aggregate;

C {, vertical-vertical differential scattering
cross section of a primary particle;

D 7 aggregate fractal dimension;
DJ, morphological fractal dimension;

Dprs laser light scattering fractal dimen-
sion;

dp primary particle diameter;
kB fractal prelacton

keu morphological fractal prefactor;
krus laser light scattering fractal prefactor;

kp cut-off function coefficient;
m complex refractive index (m - n I

i rc);

N number of primary particles in an ag-

gregate;

4 modulus of the scattering vector;
Rs radius of gyration of an aggregate;

xp primary particle size parameter,
r dr l)..

Greek Symbols

.1, wavelength;
0,0 coordinates of the scattered field.
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