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Abstract — Optical cross-sections of carbonaceous aggregates (smoke) formed by combustion sources have
been computed based on fractal concepts. Specific extinction depends upon the primary particle size, the
structure of the aggregate as represented by the fractal dimension, the fractal prefactor, and the real and
imaginary components of the refractive index of the particle material. While the fractal dimension and
primary particle diameter are narrowly defined, the refractive index, to which the results are highly
sensitive, are disputed. Specific extinction was measured at =450, 630 and 1000 nm in a smoke-filled
chamber with an optical path length of 1.0 m that was equipped to continuously monitor both particle mass
and number concentration as the smoke aged during a 90-120 min interval. The smoke was gencrated by
the burning of crude oil in a pool fire. Specific extinction at all three values of 1 was found to be constant
even though the aggregate number concentration decreases by a factor of 24 owing to cluster—cluster
aggregation. The refractive indices at several wavelengths that are required to give agreement with the
measured specific extinction are compared with literature values. The inadequacy of Mie theory for spheres
in predicting the optical properties of soot aggregates is reiterated.

Key word index: Absorption cross-sections, aging (materials), carbonaceous smoke, fractals, scattering
cross-sections, smoke, specific extinction.

NOMENCLATURE R, radius of gyration of an aggregate
) R? mean square radius of gyration of a population of

aggregate mass per unit volurpe polydisperse aggregates
aggregate number concentration X; the ith independent variable
diameter of primary particles composing the Xy ndy/ A

aggregate ) y the dependent variable, a function of the variable x;
volume equivalent diameter of an aggregate Z,,  probable error divided by the mean of the indepen-
fractal or Hausdorff dimension dent variable x;
function of refractive index given by equation (6) A wavelength of light
function of refractive index given by equation (10) Pp density of particle material
function of refractive index given by equation (6) Oabs  specific absorption for polydisperse aggregates
influence coeflicient of the ith independent variable (m2g™1)
Fragsmlm.ed light o specific extinction for polydisperse aggregates
incident light (m2g™1)
wave number=2n /4 Osa  specific for polydisperse aggregates (m? g
prefactor in th.e fractal power law . wa  albedo or ratio of scattering to extinction for the
monochromatic attenuating coefficient defined by aggregate population.

equation (2)
optical path length
complex refractive index of the soot material

imaginary portion of the refractive index of the soot 1. INTRODUCTION

material
real portion of the refractive index of the soot . .

material The optical properties of carbonaceous smoke have
number of primary particles in an aggregate an important bearing on atmospheric visibility be-

value of # which must be exceeded in order for the  cause mobile and stationary power plants are sources
aggregate to be large as deﬁn_ed b}’ equation ® of this type of particulate pollutant. The optical cross-
first moment of the aggregate size distribution sections of the smoke produced by diesel engines in

function which is the average number of icular h . : .
primary particles in a population of polydisperse particular have been of interest in monitoring the

aggregates smoke concentration in the engine exhaust pipe. Thus
second moment of the aggregate size distribution an extensive literature already exists on this topic. In
function the more recent past there has been recognition that
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the smoke produced by combustion processes consists
of aggregates which are fractal-like in that they obey
the fractal power law relation between the number of
primary particles and the radius of gyration of the
aggregate. This has resulted in important theoretical
understanding that now provides the basis of a more
complete description of the optical behavior of these
materials.

Atmospheric visibility is determined by the scatter-
ing and extinction components of all the molecular
and particulate species. In this work we describe
measurements of the specific extinction by carbon-
aceous smoke. The theoretical calculations afford in-
sight into the values of both the extinction and the
scattering component and thus to the absorption and
the albedo of the smoke aggregates. The theoretical
calculations also reveal the input parameters which
more strongly influence these optical properties.

2. PROPERTIES OF CARBONACEOUS SOOT
AGGREGATES

Properties of the soot material that are relevant to
this work are the material density and refractive in-
dex. The observations of the density of soot from
several sources are listed in Table 1, and these obser-
vations are in reasonable agreement. We use the wide-
ly quoted value of 1.86 gcm ™2 which is consistent
with the data conveyed in Table 1. It is noted that soot
emitted from diesel engines in particular may consist
of a volatile hydrocarbon component as well as a car-
bonaceous component. Such soots are expected to
have values of both density and refractive index that
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study we measure the specific extinction coefficient for
smoke produced by the burning of crude oil. Benner
et al. (1990) report that more than 90% of the smoke
particle mass produced during the steady burning
phase of this same crude oil was carbonaceous.

The consistency of the data for the density of soot is
in sharp contrast to the seemingly contradictory in-
formation on the complex refractive index. Several
summaries of values of the complex refractive index
recommended by various investigators are available
(Roessler and Faxvog, 1980; Janzen, 1980; Simons and
Williams, 1988). Two works of particular interest
(Dalzell and Sarofim, 1969; Lee and Tien, 1981) pres-
ent the results of experiments and provide dispersion
models that extend their observations over a signifi-
cant range of wavelength (see Table 2). While the
values of the real portion of the refractive index are
disparate in these two works, the imaginary compo-
nents agree more closely. Both results predict an in-
crease in the imaginary component in the IR spectral
regions.

Recent experimental results using TEM analysis of
samples from within flames or above smoking flames
confirm the use of the fractal-like nature of soot ag-
gregates in describing their complex morphology
(Samson et al., 1987; Mulholland et al., 1988; Mega-
ridis and Dobbins, 1990; Koylii and Faeth, 1992,
1993). Simultaneously, fractal concepts were adopted
in describing the optical behavior of soot aggregates
(Berry and Percival, 1986; Mountain and Mulholland,
1988; Chen et al., 1990; Nelson, 1989a; Dobbins and
Megaridis, 1991; Sorensen et al., 1992a). These ad-
vances have provided important insight in the de-
scription of the optics of aggregate clusters that will be
utilized in this work.

Table 1. Measurements of the density of carbonaceous soot

p, (gem™3) Source Reference

1.95 Acetylene black Le Chatelier (1926)

1.84 Acetylene black Rossman and Smith (1943)
1.82-1.85 “Carbon black” Janzen (1980)

2.05 Acetylene flame Roessler and Faxvog (1980)
1.9-2.0 Propane flame Nishida and Mukohava (1983)
1.90 Acetylene flame J. R. Nelson (1989b)

Table 2. Refractive index of soot at several wavelengths of light

A(nm) 450 630 1000 Reference
1.56 +i0.48 1.57+i0.44 1.65+4i0.72  Dalzell and Sarofim (1969)
(Note 1)
2.14+i0.40 1.9+i0.45 1.9+i0.80 Lee and Tien (1981)
(Note 2)

1. From Table 1 of the cited reference for acetylene soot from typical tests on pellets at
room temperature. Values of m for 2=1000 nm found by interpolation.
2. From fig. 5 of the cited reference for 300 K.
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The fractal power law that is applicable to soot

aggregates is
R, \D;
=k =2 1
n f( dp) (1

where R, is its radius of gyration, d, is the diameter of
the primary particles, D; is the fractal or Hausdorff
dimension, k¢ is the prefactor and » is the number of
primary particles in the aggregate. Equation (1) ap-
plies to soot generated in the laboratory for values of
n as small as 10 or less. Such small aggregates cannot
display scale similarity that is a fundamental attribute
of true mass fractals and are said to be fractal-like
aggregates.

Extensive TEM measurements of the value of D; of
hydrocarbon soots sampled from within or above
smoking flames are now available (Samson et al.,
1987; Mullholland et al., 1988; Megaridis and Dob-
bins, 1990; K&yli and Faeth, 1992; Sorensen et al.,
1992b). These works yield values of D; in the range of
1.6-1.8, a remarkably narrow range considering the
diversity of flame types and fuels in these tests. The
values given from samples taken in the plume of
turbulent flames for a variety of fuels (Koyli and
Faeth, 1992) are also close to 1.75 which is the value
employed herein. The TEM-derived values of D; are
supported by observation of the angular distribution
of scattering (Zhang et al., 1988; Charalampopoulos
and Chang, 1991; Puri et al., 1993) of soot in premixed
or diffusion flames. The values of D; reported from
both sampling and optical experiments are in close
agreement with computational simulations in which
the primary particle size is constant (e.g. Mountain
and Mulholland, 1988). This agreement indicates the
cluster—cluster aggregation is a dominant growth pro-
cess of the soot aggregates both within flames where
the processes of surface growth and/or surface oxida-
tion simultaneously occur, and in the plume above
smoking flames where surface reactions are absent.

The value of prefactor k; in equation (1) is less well
documented. Although additional information on the
value of k; is desired, analysis of experimental optical
data (Ko6yli and Faeth, 1993), and TEM observations
(Puri et al., 1993) leads to values that are substantially
higher than that found from computational simula-
tions of the cluster—cluster aggregation process. Here
the value k; =9.0 (Puri et al., 1993) is employed. With
the values of D; and k; available, equation (1) serves as
a relationship between the quantities d,, n and
R, which applies in a statistical sense to the members
of a population of aggregates.

Aggregates produced by combustion processes in-
variably occur in diverse chain lengths or values of
n as a result of the cluster—cluster aggregation process.
Certain population-averaged quantities are therefore
relevant. Thus, the average number of primary par-
ticles in an aggregate, n!, is the first moment of the

aggregate size probability distribution function
(PDF). The ratio of the second moment of the PDF to

the square of the first moment is a measure of the
width of the size PDF that reduces to unity when the
aggregate population is monodisperse—consisting of

a single value of n with n'—n. Each aggregate has
a volume equivalent diameter D that is given by

n'*d,. The mean square radius of gyration R? is
a population-weighted quantity which is convenient
for optical observations. The population-averaged
quantities are discussed in more detail elsewhere
(Megaridis and Dobbins, 1990; Dobbins and Mega-
ridis, 1991).

3. SPECIFIC EXTINCTION AND ABSORPTION OF
CARBONACEOUS AGGREGATES

The optical cross-sections for aggregates have been
the subject of a number of recent studies (e.g. Berry
and Percival, 1986; Mountain and Mulholland, 1988;
Chen et al., 1990; Nelson, 1989a; Dobbins and Mega-
ridis, 1991; Sorensen, 1992a). The results of these
studies have been recently compared with one another
(Koylii and Faeth, 1992; Sorensen et al., 1992a). The
optical cross-sections for polydisperse aggregates
have been formulated (Dobbins and Megaridis, 1991)
in terms of the relevant moment ratios of the aggreg-
ate size PDF and are in agreement with numerical
simulations using Rayleigh—Debye theory (Mountain
and Mulholland, 1988). This formulation employs
moment ratios that often can be estimated in the
inevitable absence of detailed information on aggreg-
ate size PDF. Many facets of the optical properties of
absorbing aggregates remain to be explored in greater
detail. These include interactive effects between pri-
mary particies, the influence of strong connecting
necks between monomers, the optical behavior of very
large aggregates, etc.

The light extinction coefficient k; for monochro-
matic light is related to the light transmittance, I/1,,
via Bouguer—Lambert’s law

I

~ —e~kL p)
1o=e )
where L is the path length. The specific extinction
.y 15 Obtained by dividing k; by the mass concentra-

tion, ¢y, of smoke aggregates
Oext = kA/Cm' (3)

Extinction is the sum of the effects of scattering (re-
direction of the light) and absorption (conversion of
light to heat). The specific absorption can be ex-
pressed as
6nE(m)
Tabs = _/1— (4)
Pp

This expression is based on investigations which lead
to the conclusion that the primary particles compos-
ing an aggregate act independently in absorption.
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The specific scattering o, given by (Dobbins and
Megaridis, 1991, equation (33) divided by the mass of
the aggregate)

_47rn2ng(m)l: | +i

_ . -bi/2
= k*R? . 5
Osca 3Df g:| ( )

lppﬁ

Here n' and n? are the first and the second moments
of the aggregate size distribution function, k is the
wave number equal to 2n/4, 4 is the wavelength of
light, the primary particle size number, x,, is nd,/4,
and the functions of complex refractive index are
defined by

2y
E(m)=1m<:2+2> F(m)=

Equations (4) and (5) neglect multiple scattering with-
in the aggregates which has been shown by Berry and
Percival (1986) to be a valid approximation for D; <2.
The above equations, which apply for polydisperse

2 2

(6)

m?+2

aggregates, require a relationship between n' and R?
as discussed elsewhere. An important simplification
results when the case of the large monodisperse ag-

gregate is considered. In this instance n2on? nlon,

RZ—RZ, and with k?R2> 1 the second term in equa-

tion (5) is large compared to unity. The expression for
scattering then reduces to

dnxkeF(m) [ 3D, \~P/2

Ogeq=— .

“ APy 16x3
The criterion in terms of n>n, for the applicability of
equation (7) can be found using equations (1) and (5)

which yields
3D -Dy/2
e~k (—i> . (8)

2
4x,

7

Combining equations (4) and (7), we find the following
expression for the specific extinction

3 —D¢j2
61zE(m)+47zxp kfF(m)< 3Df2> o
APy App 16x;
Thus, provided the inequality n>n, is fulfilled, the
expression for o, is independent of n and the size
PDF. For d,=45nm and the previously quoted
values of k; and Dy we find n,~ 100 primary particles
per aggregate when the wavelength of light corres-
ponds to the visible spectrum. Since equation (9) is
independent of n it applies to a polydisperse popula-
tion of large aggregates for which n>n, for each
member. This is found to be the case for the experi-
ments described below. Examination of equation (9)
shows that the scattering contribution to the specific
extinction varies directly with k¢, x2 =P and with F(m).
On the other hand, the specific absorption is propor-
tional to E(m) and is independent of n and the fractal
attributes, k; and Dy.

From equations (7) and (9) the aggregate albedo
w,, which is the ratio of specific scattering to specific
extinction is calculated. For large aggregates, n>n,,

Gext =
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the value of albedo is independent of n but does
depend on both E(m) and F(m).

For larger primary particles or shorter
wavelengths the absorption cross-section is improved
by the use of a second order correction in x,. In this
case E(m) in equations (4) and (9) is replaced by E'(m)
which can be found to be (Bohren and Huffman, 1983)

x2/m?—1\2/m*+2Tm*+38

E(m)=E Im| =2 .
(m)=Em)+ m[15<m2+2>< m+3 )]
(10

Equation (4) for absorption is applicable for
nd,/A<0.1. The use of E'(m) in lieu of E(m) extends
the usefulness of equation (4) to the values of
nd,/A=x0.5. This improvement is employed in calcu-
lations of 6.y, 6.1, and w, quoted below where the
wavelengths considered extend to the violet region of
the visible spectrum. (The values of 6,p, 0., and
Gex given by equations (4), (5) and (9) are expressed in
the customary units of m2g ™! if a factor of 1000 is
included in their numerators, 4 is in nm, and p,, is in
gem™3)

4. SENSITIVITY ANALYSIS

A sensitivity analysis can be performed to deter-
mine the extent to which the several variables influ-
ence the specific extinction and absorption. Thus if
y=f(x;) for i=1 to n independent variables, then the
total error ¢, is given by

where the influence coefficients .#; are denoted by

_dlny)
fi_ﬁ(ln x;) (12)

(11)

and ¢,, represents the probable error divided by the
mean for the several independent variables. The influ-
ence coefficients #; for y equal to o,,, 0., and
w, given in Table 3 were evaluated numerically for
the case of A=630 nm with the values of the other
inputs as stated. It is apparent that both ¢,,, and
Oex Are sensitive to the real component of the refrac-
tive index m, and the imaginary part m; as well. The

Table 3. Influence coefficients %, for error propogation in
determination of 6,4, 0., and w, (based on A=630 nm,
d,=45nm, D;=1.75, k;=9.0, m=1.55+i0.78)

Xi jxi’ jx;s jx‘-a

Y =0abs VY =0ex y=wy
m, —1.22 —0.78 +1.62
m; +0.88 +1.01 +0.40
d, +0.08 +0.36 +0.49
D¢ 0 +0.67 +2.10
k¢ 0 +0.24 +0.74
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opposite signs of these coefficients imply, for example,
that when m, is increased incrementally the value of
Oex 1s reduced since 4, is negative. On the other hand,
if m; is increased incrementally, then the value of
Gexw Would be increased since %, is positive. The
quantities %, and .4, influence only ¢, but not a,.
The value of 0,5, depends weakly on d, through the
second order term given by equation (10). From the
values of £, for o, given in Table 3 we find the
uncertainty &, of o.,, would equal +7.5% if all five
input quantities were uncertain to + 5%.

5. THE MEASUREMENT OF SPECIFIC EXTINCTION
BY AGING SMOKE

The fuel used in this study was Alberta Sweet crude
oil with a boiling point range during distillation from
37 to 350°C, density at 20°C, 0.84 gcm ™3, and flash
point, 7°C. The crude oil was burned in a 0.6 m-
diameter pan positioned under a 2.4 x 2.4 m collection
hood. A propane torch was used to ignite the 1 cm
thick layer of oil floating on about 4 cm of water.
A “tripper” orifice plate at the base of the exhaust
stack ensured good mixing five diameters down-
stream where the smoke was drawn into the aging
chamber.

The chamber is a 1 m? aluminum box which has
been lined with stainless steel to reduce corrosion
from the hot combustion gases. Forty-eight mica res-
istance strip heaters are attached to the aluminum
wall which evenly distribute the heat for wall temper-
atures up to 150°C. In our study, the wall temper-
ature was either at ambient conditions or near 100 °C,
which is approximately equal to the exhaust duct

EXHAUST
STACK

1000 LITER
VOLUME '
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temperature. An exhaust fan draws the smoke
through the chamber at a flow of 0.13m?>s™!. The
chamber is connected to the exhaust stack via 10 cm
diameter stainless steel tubing (Fig. 1). After the cham-
ber is filled, two stainless steel butterfly valves, one on
the inlet and one on the outlet, are stmultaneously
closed to capture a 1 m3 sample. Ports at opposite
ends of the chamber allow use of a three wavelength
photometer for light extinction measurements.

The photometer, similar to the one previously de-
scribed (Cashdollar et al.,, 1979), consists of a white
light source, two beam splitters, three interference
filters, and three photodiodes as illustrated in Fig. 1.
The path length through the smoke is 1.0 m. To min-
imize forward scattered light from reaching the de-
tector, a 1 cm diameter 20 cm long tube is positioned
just outside the chamber before the detector assembly.
Purged air is used to prevent smoke deposition on the
optical components. The interference filters allow
measurement of the light extinction coefficient at 450,
630, and 1000 nm. The ratio of the transmitted to
incident light was about 0.35 for A=450 nm, 0.45 for
A=630 nm, and 0.60 at 1= 1000 nm for the chamber
filled with smoke.

The accuracy of the monochromatic attenuation
coefficient, k;, can be affected by both smoke depos-
ition on the optical components and by a drift in the
photometer light intensity measurement. The com-
bined impact of both of these effects was determined
by measuring the light intensity at each of three
wavelengths before collecting smoke and then at the
end of the experiment after the smoke had been
cleared from the chamber. The value of k, was com-
puted based on using each of these values for I, in
equation (2), and then the fractional difference,

3-A PHOTOMETER

r
’
’
’
’

‘THERMOCOUPLE

Vooreveorsoes Pl

450, 630 and 1000 nm

—

SAMPLES TO:

TEOM

(Mass Concentration )
CNC

{Number Concentration)

Fig. 1. Schematic diagram of smoke aging apparatus with three wavelength photometer.
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Ak, /k;, was computed for each wavelength for three
experiments. The average fractional change was
0.0122 + 0.008 indicating that smoke deposition and
the drift in light intensity had a minor effect on the
measured values of k;.

In order to compute the mass specific light extinc-
tion coefficient, the mass concentration of the
¢m Smoke in the chamber was determined with
a Tapered Element Oscillating Microbalance
(TEOM). A continuous flow condensation nucleus
counter (CNC) was used to monitor the number con-
centration ¢, during an aging experiment. Because of
the high initial number concentration, the smoke was
diluted about 50-fold before entering the nucleus
counter. The initial mass concentration of the smoke
was typically on the order of 100 mgm ™3 and the
concentration decreased by about a factor of two over
a 2 h aging experiment as a result of particle sedi-
mentation and wall loss. The filtered air introduced to
balance the air being withdrawn for the TEOM and
CNC is less than 5% of the chamber volume and is
not corrected for in these experiments.

In Fig. 2 we present a graph of the measured mass
¢m and number concentration ¢,, and o, at
A=1000 nm vs time for one test of 90 min duration.
These results show that the mass concentration de-
creases in that time interval by 30% owing to gravi-
tational settling or diffusion to the chamber walls. On
the other hand, the aggregate number concentration
decreases by a factor of 24 caused mainly by clus-
ter—cluster aggregation. The specific extinction at
A=1000 nm remains essentially constant despite the
dramatic change in ¢,. The values of o, are in general
agreement with several that have appeared in the
literature as summarized in Table 4. There the low
values (Bruce et al, 1991) may be influenced by the
presence of a volatile component. The values of
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Table 4. Selected measurements of specific extinction of car-
bonaceous soot aggregates

A Oext Source Reference

(nm)  (m’g™")
5145 9.81+08 (a) Roessler and Faxvog (1980)
5145 89105 (b)  Japar and Szkarlat (1981)
555 79445 (c) Scherrer et al. (1982)
632 10-12 (d)  Colbeck er al. (1989)
488 10 (e) Patterson et al. (1991)
633 8
488 6.971+0.31 (f)  Bruce et al. (1991)

1060 3.59+0.16
450 9.7+1.5 (g)  Present work (1993)
630 78+1.2

1000 51+0.8

(a) Acetylene smoke.

(b) Graphitic component of diesel smoke.

(¢) Diesel smoke.

(d) Liquefied petroleum gas, mainly butane.

(e) Hydrocarbon fuels and plastics.

(f) Diesel fuel burning on wick supported flame.
(g) Crude oil pool fire.

0. Obtained from a butane flame (Colbeck et al.,
1989) are noted to be higher than most others for
reasons that are not clear at this time.

6. COMPARISON OF THEORY AND EXPERIMENTS

Based on the measured ¢, and ¢, given in Fig. 2, the
density of soot material, and using an estimated pri-
mary particle size of d,=45nm, we calculate the in-
itial average number of primary particles per aggreg-
ate n! to be 190 and the final value to be 4400. The
experimental observations thus indicate that the spe-
cific extinction remains constant during the time in-

10 *- 0- 0 T

0 10 20

30 40 50 60 70 80 90
H{min)

Fig. 2. Soot mass concentration, number concentration and specific extinction
vs time.
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Spec. Ext. (m?/g)

A;=1000nm

0 10 20 30 40 50 60 70 80 90

t(min)

Fig. 3. Specific extinction at three wavelengths vs time.

Table 5. Values of m that give agreement between experimental (exp) values of
Oex and theoretical (th) values with 6,,, 0,4, and w,

A Oexq (CXP) m aexl(th) ascn(th) aabs(th) W (th)

(nm)  (m*g™!) m?g”")  (m*g™!) (mig”') (%)
450 9.7 1.55+i0.609 9.70 2.81 6.89 28.9
630 7.8 1.55+i0.780 7.80 1.78 6.00 23.1

1000 5.1 1.55+i0.929 5.10 0.82 4.28 16.1

terval that the average aggregate chain size n! in-
creases by a factor of 24. The constancy of ., is
confirmed in Fig. 3 where values of a.,, for all three
wavelengths are presented and are shown to be re-
markably constant with time. These results are in
agreement with the theoretical predictions for the
large aggregates that are observed in these experi-
ments. The results also agree with a number of experi-
ments in which an exponential dependence of trans-
mission is observed over a wide range of particle
concentration even for widely varying size distribu-
tion—a prediction that would not be supported by
Mie theory based on the volume equivalent diameter
of the aggregates.

In Table 5 we list the values of refractive index that
yield agreement between the measured and the ob-
served values of specific extinction. In this calculation
Di=175, k=90, p,=186gcm™? and d,=45nm,
The latter number is used based on sizes shown in
a micrograph of soot aggregates formed in a crude oil
pool fire conducted at NIST before the current tests.
The values of refractive index for soot that are given in
Table 4 are closer to the values of refractive index
reported (Dalzell and Sarofim, 1969) although the
imaginary component is somewhat larger than these
authors found in their work. Uncertainties in the
quantities that were not measured may possibly ac-

AE(A) 28:5-J

count for this discrepancy. For example, the uncer-
tainty analysis indicates that specific extinction is
moderately sensitive to the quantities d,, D; and k.
Thus an underestimation of these quantities by 10%
would reduce the imaginary portion of the refractive
index m; that is required for agreement between
theory and experiment by about 10%.

The albedos that are yielded by the theory for the
best fit values of m are in general agreement with
the limited observations in the existing literature.
These values range from 0.16 (Scherrer et al., 1982),
0.25-0.30 (Colbeck et al., 1989), to 0.34% (Bruce et al.,
1991).

The values of refractive index that give agreement
are not uniquely determined by solely matching the
specific extinction. Thus equally good agreement is
found if m=1.90+i0.949 when an albedo of 32.6% is
recovered for A=630 nm. The value of m, is then in
agreement with Lee and Tien (1981) but the imaginary
portion is much larger. To resolve these uncertainties
it is apparent that both the specific extinction and the
specific absorption must be measured and better esti-
mates of d, and D; are also needed.

In Fig. 4 6., is plotted vs the number of primary
particles per aggregate from equations (1), (4) and (5)
for the case of monodisperse aggregates with
A=630 nm, d,=45 nm, D;=1.75, and m=1.55+i0.78.
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Fig. 4. Specific extinction vs number of primary particles,
n for A=630nm, d,=45nm, m=155+i0.78, D;=1.75,
k;=9.0. The dotted line is the Mie theory prediction for the
volume equivalent diameter of the aggregate of n primary
particles with the same value of refractive index.

The solid line shows the specific extinction increasing
from the component due to absorption to a plateau
that includes the increment due to scattering. The
prediction of Mie theory for a sphere of the volume
equivalent diameter D=n'd, for the same
wavelength and refractive index is also shown. In this
case ., decreases monotonically from its maximum

near nD/A near unity. With the estimates of n! given
above we would find o, to decrease by a factor of two
if Mie theory were to be employed. Additionally, the
albedo for a large partially absorbing sphere exceeds
50%. Thus, the present experiments generally support
the use of the aggregate cross-sections, and they refute
attempts to apply Mie theory for spheres in describing
the optical behavior of filous structures.

From the decay of ¢, with time a cluster—cluster
aggregation rate of 15x 107 '°cm?3s ™! is calculated.
This compares with a value of 8x 107 !°cm?3s™!
found in similar experiments (Colbeck et al., 1989).

7. SUMMARY

A theoretical description of the specific extinction
of light by randomly oriented absorbing aggregates
has been presented which specifically accommodates
the polydispersity resulting from cluster—cluster ag-
gregation. Specific extinction was measured at three
wavelengths of light for aging smokes over
90-120 min time intervals. Aggregate number concen-
trations and mass concentrations decreased as would
be expected when cluster—cluster aggregation is pres-
ent and when aggregates are lost by diffusion or by
settling. However, the specific extinction at all three
wavelengths remained essentially constant through-
out the duration of the tests even though aggregate
growth amounted to a factor of three in terms of
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volume equivalent diameter or a factor of 24 in terms
of the average number of primary particles per ag-
gregate. These results are in agreement with the theo-
retical prediction that specific extinction is indepen-
dent of aggregate size in the large size limit (n>n,).
The mass extinction coefficients so measured agree
with the theoretical predictions if the real part of the
refractive index is near 1.55 and the imaginary part
varies systematically with the wavelength of light from
the violet to IR spectral regions. However, the real
and imaginary portions of the refractive index are
uniquely defined only when both specific extinction
and specific absorption are prescribed.

There exist several claims in the literature that the
volume equivalent diameter of an aggregate can be
used with Mie theory to calculate the optical behavior
of aggregates. This claim is refuted by the present
experimental results that show specific extinction to
be independent of the volume equivalent diameter of
the aggregates. The results are in agreement with
a model formulated in terms of fractal-like aggregates.
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