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The mass specific extinction coefficient and the polarization ratio at 90° of simulated smoke agglomerates arc
computed for clusters with 3 to 1390 primary spheres and for size parameter from 0.05 to 0.6 using the coupled
electric and magnetic dipole (CEMD) method. For the size paramcter range of intercst for postflame smoke,
the specific extinction cocfficient computed by CEMD is 21% to 36% greater than Rayleigh prediction, and for
this size range for clusters with 100 to 1000 primary spheres, the range in the specific extinction coefficient is
about 12%. Agreement between measured and predicted specific extinction coefficient would require selection
of a refractive index outside the range of values widely used by the combustion community. The polarization
ratio at 90° is found to be a monotonic function of primary sphere size and relatively independent of
agglomerate size. Comparison with the limited experimental results indicates potential for polarization ratio as

a diagnostic for primary sphere size.

INTRODUCTION

In a previous study, the light scattering character-
istics of clusters made up of 2 to 165 spheres were
computed using the coupled electric and magnetic
dipole method (CEMD) [1]. This study focussed
on comparing results with an exact solution and
with a Rayleigh-Debye analysis for fixed orienta-
tions. Here we extend the treatment to include
orientation averaging and larger agglomerates
with up to 1390 spheres to allow comparison with
other models and experiments. The primary focus
of this analysis is to determine the effect of cluster
size and primary sphere size on both the specific
light extinction coefficient and the polarization
ratio for smoke agglomerates.

Specific Extinction Coefficient

Perhaps the most widely used measurement of
smoke is the extinction coefficient k., which is
obtained from the ratio of the transmitted to
incident light intensity, 1/, over a pathlength,
L.

I/ly = exp (—k.L) (1)

The mass concentration of soot, m, is deter-
mined from k, and the mass specific extinction
coefficient o7,
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or' = k.im (2)

The mass concentration is an important prop-
erty for fire safety in terms of reduced visibility
for people escaping from fire situations, the
amount of thermal radiation emitted by a flame,
and for environmental/climate/health effects for
the smoke released from large fires into the
atmosphere. The value of ¢’ must be known
before m can be determined from optical mea-
surements. In general one expects o’ to depend
on the size and structure of the smoke. How-
ever, for one case the value of o7 is indepen-
dent of the size distribution. This is in the small
particle limit of Mie theory for which the fol-
lowing expression is obtained:

_ 6mE(n)
o=, ©
n*—1
En) = «l—Im(n—«——2 " 2). 4

The quantity A is the wavelength of light, p, is
the density of the solid phase of the smoke, and
n is the complex refractive index. This result,
which is valid for size parameter x, < 0.1, is
termed the Rayleigh limit.! The size parameter
x, is defined as the ratio of the particle circum-
ference to the wavelength of light.

'The expression Rayleigh limit is widely used for the small
particle limit for light extinction even though Rayleigh’s
analysis was limited to light scattering by a small sphere.
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TABLE 1

Literature Values of the Complex Refractive Index of Flame-generated Smoke

Date of Publ./Ref. A, nm
1969 [16] 650
650
1980 [15] 488
1981 [17] 633
1983 [18] 633
1987 [19] 633
633
1990 [20] 540
1993 [21] 633

Refractive Index Fuel
1.57 + i0.44 acetylenc
1.56 + i0.52 propanc
1.7 +i0.7 8 pum carbon sphere
1.9 +i0.55
1.7 +i0.8
1.85 + i0.40 toluene
1.85 + i0.39 mcthane
1.77 + i0.63 propanc, 10 mm

above burner

1.53 +i0.38 Propane

The density of postflame smoke is about 1.8
g/cm? [2, 3] with an uncertainty of less than 5%;
the uncertainty in the refractive index is much
greater. A recent review by Smyth and Shaddix
[4] indicates that the range in refractive index
measured for smoke corresponds to a range in
o’ from 2.2 m?/g to 4.0 m%/g for a wavelength
equal to 633 nm and a density of 1.8 g/cm’.

There have been several measurements of o7
at 633 nm in the postflame region with values in
the range 7.5 m%/g to 9.5 m%/g for smoke from a
premixed acetylene air flame [5], from liquid
hydrocarbon fuels and plastics from small-scale
burns [6], and large-scale burns {7, 8]. Of these
studies, the most accurately determined values
are 7.8 m*g + 1.1 m%*g for the premixed
acetylene flame [5] (incorrectly reported as 8.0
m?/g) and 7.8 m%g for crude oil smoke [6, 7].
We see that the measured values of ¢7" are on
the order of twice as large as the largest value
computed above. Recent measurements by Wu
et al. [9] at 633 nm for smoke produced by the
burning of four gaseous hydrocarbon fuels are
about a factor of 2 smaller and mostly in the
range 3.7 m%g to 5.5 m%/g. The reason for the
difference is not known, and studies are in
progress to make measurements using the same
" burner and fuel and to perform an absolute
calibration of the specific extinction measure-
ment in order to resolve the differences.

There are two limitations to applying Eq. 3 to
smoke agglomerates: first, the primary sphere
size must be small enough for the small particle
limit to be applicable; and secondly there is no
accommodation in the theory to account for the
agglomerate structure of the smoke. One of the

primary objectives of this paper is to calculate
the effects of the primary sphere size and ag-
glomerate size on the specific extinction coeffi-
cient based on the CEMD method. The primary
sphere size ranges from as small as 10-20 nm
for in-flame methane soot [10], to 30-50 nm
observed for postflame soot for a range of
laboratory-scale burners including laminar dif-
fusion flames [11, 12] and buoyant turbulent
diffusion flames for a wide range of hydrocar-
bon fuels [13], to about 100 nm for postflame
soot from large pool fires of crude oil [14] with
a pan size of at least 3 m. For these largest
particles the primary sphere size parameter x,
approaches 0.6. A value of the size parameter
approaching 0.6 would also occur for smaller
flames when using a UV light source. One finds
that Eq. 3 underestimates the Mie theory result
for o7 by 8% for x,, equal 0.3 and by 20% at x,
equal 0.6 for a refractive index equal 1.7 +
i0.7, which is based on light scattering measure-
ments for a single spherical carbon particle [15].
A qualitatively similar result would be obtained
for other estimates of the refractive index of
smoke [16-21] (Table 1).

The observed constancy of o7 is thought to
be a result of the low fractal dimension, about
1.8, for the smoke agglomerates. A fractal di-
mension less than 2 implies that most of the
primary spheres making up the agglomerate are
visible on a projected image with few totally
blocked by spheres above or below. This lack of
blockage leads to estimating the absorption as
simply the absorption of one sphere times the
total number of spheres. However, coupled
dipole calculations [1, 22-24}] indicate about a



58 G. W. MULHOLLAND AND R. D. MOUNTAIN

10% increase in the absorption coefficient per
particle for agglomerates with up to 600 parti-
cles for x, = 0.25. This effect, which persists
even for very small primary spheres, is discussed
by Mulholland et al. [1]. For larger primary
sphere sizes shielding becomes an important
effect. For x, = 0.4 these studies indicate at
least a 10% decrease in the absorption coeffi-
cient relative to Eq. 3 in the specific absorption
for clusters with more than 100 primary units.

Farias et al. [24] included a wide range of
cluster sizes up to 512 primary spheres and
orientation averaging. Their method [24] in-
cludes only the electric dipole coupling between
primary spheres and is quantitative for small
primary sphere sizes with x, less than about
0.25. The CEMD method, which includes both
the electric and magnetic dipole coupling, is
quantitative for size parameters up to at least
0.6. The calculations presented here include the
widest range of any calculation for soot in terms
of the number of primary spheres with up to
1390 and over the widest range in primary
sphere size parameter up to 0.6. Such a range in
agglomerate sizes is needed because of the wide
range existing in smoke. Koylu and Faeth [13]
estimate on average 95% of the agglomerates
contain between 30 and 1800 primary spheres
for eight hydrocarbon fuels burning as turbulent
diffusion flames. Even larger agglomerates have
been observed. Agglomerates visible to the eye
with more than a million primary spheres have
been produced by a laminar acetylene flame at
high fuel flow rate [25] and also by the burning
of polystyrene. So it is seen that results are
needed for large agglomerates and ultimately
will be needed for agglomerates larger than our
largest size of 1390.

The light extinction coefficient is the sum of
the light absorption coefficient and the light
scattering coefficient. In the small particle limit
given by Eq. 3 there is no scattering contribu-
tion to the extinction; however, the measured
light scattering coefficient for smoke agglomer-
ates has been found to be mostly in the range of
20% to 30% of the extinction coefficient for
plastics, wood, rubber, and liquid fuels [26] and
for gaseous hydrocarbon fuels [9] at visible
wavelengths. The contribution of the light scat-
tering to the extinction coefficient is expected to
increase with an increase in the number of

primary spheres in the agglomerate for a fixed
primary sphere size. So it is important to com-
pute these optical properties for as large an
agglomerate as possible.

While the mass concentration, m, is the pri-
mary quantity of interest for postflame smoke,
the soot volume fraction p is the primary quan-
tity of interest for in-flame measurements. Most
studies of soot growth and burnout in laminar
flames rely on light extinction measurements
together with tomographic reconstruction to
map out the soot volume fraction as a function
of radial and vertical location. The dimension-
less extinction coefficient, K,, which is analo-
gous to o7, is defined by

K, =kAlp (5)
The coefficients K, and o7 are related by the
following equation:

K. = ol'Aps (6)

For the HeNe laser wavelength of 632.8 nm and
a particle density of 1.800 g/cm” the product Ap,
equals 1.139 g/m?. So the measured value of o’
for acetylene smoke of 7.8 m%g corresponds to
a K, of 8.6 [5].

Polarization Ratio

A second optical property of interest for char-
acterizing smoke is the polarization ratio rp,,(6),
which is defined by the following equation

Cpn(0)
C,n(8) ™

rpol(e) =

The scattering cross sections denoted by C
depend on the state of polarization of the
incident light and on any analyzer placed for-
ward to the detector. This dependence is indi-
cated by appending two subscripts to the cross
sections: the first indicates the state of linear
polarization of the incident light and the second -
indicates the orientation of the linear analyzer.
The subscript v represents the direction perpen-
dicular to the scattering plane and / represents
the direction parallel to this plane.

The measurement of polarization ratio has
been widely used for the measurement of small
spherical particles with size parameter up to
about 2 [27], over which range the polarization
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ratio is monotonic in particle size. This method
has been used for liquid aerosols with small
particle size and for colloidal suspensions made
up of spherical particles. There has been limited
use of polarization ratio measurements for ag-
glomerates in part becausec of a lack of an
adequate theoretical framework for analyzing
the measurements. D’Alessio [28] summarized
the results of polarization ratio measurements
of smoke produced by a variety of fuel chemis-
tries and burner types and found the results to
be inconsistent with predictions based on Mie
theory, on Rayleigh theory both for a prolate
spheroid and for a linear chain agglomerate
theory. He pointed out the need for an optical
model for agglomerated particles. Dobbins et
al. [29] modeled the agglomerate structure as a
porous sphere and were able to obtain fair
agreement between the measured and predicted
polarization ratio at 90°.

In this study we report results for a quantita-
tive model for scattering by agglomerates capa-
ble of describing primary sphere sizes up to x,,
equal 0.6. Our previous study suggested that
7p0/(90°) for the agglomerate was similar in
magnitude to r,,,(90°) for an isolated sphere,
though the results were limited to three agglom-
erate sizes (17, 52, and 165 primary spheres).
This result that r,,,(90°) is directly related to
the primary sphere size is the motivation for the
more extensive analysis presented in this paper.
There have been other analyses for determining
primary sphere size from polarized and depo-
larized light scattering [30] and from a combi-
nation of light extinction and light scattering as
a function of angle [31, 32}, but none based on
only light scattering measurements at a single
angle. Here we extend this analysis to include
orientation average, averaging over the accep-
tance angle of the detector, and a wide range of
agglomerate sizes. The results will be compared
with measured values of polarization ratios for
which there are also primary sphere size mea-
surements.

CALCULATION METHODOLOGY

The Rayleigh-Debye scattering theory for ag-
glomerates neglects multiple scattering within
the agglomerate. The coupled dipole methods

treat the multiple scattering as a coupling be-
tween the dipole fields from the primary parti-
cles. The electric field arising from the nth
dipole (primary sphere) affects the electric field
at every other sphere and, vice versa, the field
arising from every other dipole contributes to
the field at the nth sphere. In the formulation
used here we include the coupling of both the
electric dipole and the magnetic dipole. This
allows us to treat larger primary sphere sizes up
to a size parameter of at least 0.6.

The basic CEMD method involves two steps.
First solving the coupled equations given below
for the field at each primary sphere in the
agglomerate:

N N
El=EP+ ag 2, CiE + ayy >, Ffl; (8)

J# J#i
N N
- _ - 0 - gl -~ =]
H=H®+ ay X CH + ag 2 FiE. (9)
J#Fi J#i

The quantities £} and H] are the electric and
magnetic fields at the ith particle normalized by
the magnitude of the incident field and E?° and
H?® are the incident fields at the ith particle.
The matrix elements C,; and F; incorporate the
r; dependent functions of the dipole fields. The
electric and magnetic polarizabilities, oz and
a,,, are related to the Lorenz-Mie coefficients
a, and b, [33] as follows:

_ bmia,

ap =73 (10)
_ 6mib,

Qg = k3 . (11)

In the original formulation of the coupled di-
pole method by Purcell and Pennypacker [34],
a; was approximated by the first term in the
small x, expansion. Dungey and Bohren [35]
used the full expression for a; to allow treat-
ment of larger primary units and Eq. 11 is an
obvious extension of their method to the mag-
netic dipole term.

Equations 8 and 9 are solved by successive
approximation with the first-order estimate be-
ing the incident fields. Our convergence crite-
rion is that the total scattered intensity at zero
angle differ by less than 0.1% for two successive
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approximations. This procedure converges for
all the agglomerates (largest 1392) for the size
paramecter = 0.6 but diverges for agglomerates
larger than about 100 spheres for a size param-
eter greater than about 1. The equations have a
solution for x,, = 1, but our solution method is
not appropriate.

The second step is to compute the far field
solutions given the local exciting field at each
particle. These solutions are obtained as the 1/r
terms in the general expression from the dipole
fields [1]. From these fields the differential
scattering cross section and extinction cross
section are obtained in the standard manner as
shown by Mulholland et al. [1].

The cxtinction cross section for 2 touching
spheres (x, = 0.11 and 0.6) and 17 touching
spheres (x, = 0.05, 0.15, 0.3, and 0.6) have
been computed by both CEMD method and by
a generalized Mie theory (GMT) [1, 36], which
is an exact formulation for treating the multiple
sphere problem. For both size clusters the
CEMD results differ from the GMT results by
at most 6%.

The agglomerates were produced by Brown-
ian dynamics by the same method as used in
Mulholland et al. [1] but starting with 16,000
primary spheres randomly located in a cubic box
instead of 4000. Calculations were carried out
on 28 agglomerates ranging in size from 3
spheres to 1392 spheres. The calculations were
carried out for 27 orientations of the agglomer-
ates corresponding to three values evenly dis-
tributed for each of the Euler angles. Selected
calculations were performed with as many as
150 orientations. The extinction cross section
was found to be relatively insensitive to the
orientation whereas o,,,(90°) was found to be
very sensitive to particle orientation with the
standard deviation of the cross section based on
the 27 orientations approximately equal to the
cross section.

The calculations were carried out for 5 values
of the size parameter x, over the range from
0.05 to 0.6. This corresponds to a primary
sphere diameter ranging from 10 nm to 120 nm
for the case of a He-Ne laser light source at
632.8 nm. While most calculations were carried
out for a refractive index of 1.7 + 0.7, selected
calculations were carried out for a refractive
index of 1.57 + i0.56, which is perhaps the
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Fig. 1. The specific absorption cocfficient versus number of
primary spheres for n = 1.7 + §0.7. The lines are smooth
fits to the computed points.

most widely used value for inferring soot vol-
ume fraction from light extinction measure-
ments [4].

In computing the total scattering cross sec-
tion, 33 angles were used in the 0 direction and
12 angles in the ¢ direction. Selected calcula-
tions were carried out with as many as 297
values of 8 and as many as 48 values of ¢. The
acceptance angle of the detector was assumed
to be 1° for the calculation of the polarization
ratio at 90°. The detection area was divided into
50 area increments in computing this ratio.

First we present the results for the total cross
sections and then the polarization ratio.

RESULTS
Total Cross Sections

To allow comparison with measurements, the
total cross section results are normalized by the
agglomerate mass assuming a particle density of
1.8 g/em®, which is typical of measured soot
densities. The value of o7 computed based on
Eq. 3 is 4.7 m%/g relative to the range 5.1 m?/g to
5.6 m%g for the peak values computed by
CEMD as indicated in Fig. 1. Two reasons that
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Fig. 2. The ratio of the light scattering cross section to the
extinction cross section versus number of primary sphere.

Eqg. 3 gives an underestimate as discussed in the
Introduction are that significant deviations from
the small particle limit occur for x, > 0.25 and
that the coupling between the dipole fields even
for very small particle sizes increases the ab-
sorption coefficient by about 10%. These effects
are illustrated in Fig. 1 where the 8% and 13%
increases for x,, equal 0.05 and 0.21 are primar-
ily a result of the coupling between the dipole
fields while the 17% increase for x, = 0.6 is a
result of the primary sphere size being too large
for Rayleigh theory to be valid. The large
decrease in o7 of about 35% for large agglom-
erates with x, = 0.6 is a result of screening. As
discussed in the Introduction, this screening
effect is apparent from the results of previous
coupled dipole calculations though not at the
magnitude obtained here, where we have car-
ried out calculations for a larger size parameter
and a larger agglomerate size.

As shown in Fig. 2, the ratio of the total
scattering cross section to the extinction cross
section forx,, = 0.05 and 0.21 initially increases
linearly with the number of spheres in the
agglomerate, a Rayleigh-type behavior, and
then appears to be approaching a constant value
for larger agglomerates. For all but the largest
size parameter, the contribution of the isolated
scatterer is small compared to the value for an
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Fig. 3. The specific extinction coefficient versus number of
primary spheres.

agglomerate. For the smallest primary size pa-
rameter, scattering makes a negligible contribu-
tion to the extinction cross section, at most 3%.
For the parameter range relevant to laboratory-
scale fires—primary spheres diameter from 30
nm to 60 nm—the maximum contribution from
scattering ranges from about 18% to about 30%
of the extinction cross section. This range is
similar to the measured results mentioned in
the Introduction [9, 26]. For the value of the
size parameter characteristic of large crude oil
pool fires, x, = 0.6, the predicted scattering
contribution to the extinction coefficient is
about 45% for the 1392-sphere agglomerate.
The quantity of major interest experimentally
is the specific extinction coefficient, o7, which is
the sum of the absorption coefficient and the
scattering coefficient. For x, = 0.3, o in-
creases with agglomerate size as a result of the
increasing contribution from scattering, while
for x, = 0.6 the screening effect dominates the
scattering effect and o' decreases with increas-
ing agglomerate size (Fig. 3). To compare with
the predictions of Eq. 3, we have plotted o
versus agglomerate size in Fig. 4 for the size
parameter range of postflame smoke corre-
sponding to x,, values of 0.15, 0.21, and 0.30. For
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Fig. 4. The specific extinction coefficient versus number of
primary spheres for a range in the primary sphere parame-
ter, x,, from 0.15 to 0.3, encompassing most of the experi-
mentally observed range.

cluster sizes in the range of 100-1000 primary
spheres, the average value of ¢’ increases from
5.7 m*/g to 6.4 m%/g as x,, increases from 0.15 to
0.3. This range in o, is 21% to 36% greater
than the value predicted by the Rayleigh limit.

The results are sensitive to the refractive
index. In Table 2 a comparison is made for the
cross section obtained for a refractive index of
1.7 + 0.7i and 1.57 + 0.56i. The values of ¢}’
for the larger refractive index range from about
13% larger for x, = 0.05 to about 19% larger
for x, = 0.6 than the values for the smaller
refractive index. The magnitude of this refrac-
tive index effect is almost independent of ag-
glomerate size; in fact, as indicated in Table 2,
the effect for the agglomerates is similar to the

effect for a single sphere computed using Mie
theory.

Polarization Ratio

We compute the polarization ratio for a finite
area detector with acceptance angle 2« located
at a scattering angle of 90°. The circular detec-
tor area is divided into 50 subsectors for com-
puting the light intensity reaching the detector.
The algorithm for computing the scattered in-
tensity for a finite acceptance angle is verified by
comparison of the following analytic expression
for r,,,(90°) for Rayleigh scattering:

1
il 90°) = 4 @ (12)

The orientation averaged r,,,(90°) for the ag-
glomerates is determined by first computing the
Cu,(90°) and the C,,(90°) intensities summed
over all 27 orientations and then taking the
ratio. This is the appropriate method for light
scattering by an ensemble of identical agglom-
erates in all of the 27 different orientations.
Computing r,,,(90°) for each orientation and
then computing an average yields a larger value
with an increase of a few percent for the small-
est value of x,,, 0.05, and an increase by a factor
of 2 or more for the largest value of x,, 0.6.
The acceptance angle of the detector has a
large effect on the measurement of r,,(90°).
The value of C,,, drops precipitously near 90° so
that a slight increase in the acceptance angle
produces a large increase in C,,,(90°) averaged
over the acceptance angle. As illustrated in Fig.
5 for a single sphere, the effect of acceptance
angle on r,,,(90°) is greatest for small x,; for
example, for a size parameter of 0.15, r,,,(90°)
is seven times greater for a 2°(a = 1°) accep-
tance angle relative to a 0.6° acceptance angle.

TABLE 2

Effect of Refractive Index on the Specific Extinction Coefficient

# of Spheres in

ol (n

1.7 + i0.7)/a(n = 1.57 + i0.56)

Agglomerate x, = 0.05 x, = 0.15 x, = 0.30 x, = 0.60
1-Mie Theory 1.100 1.104 1.120 1.179
17 1.124 1.141 1.176 1.205
52 1.126 1.152 1.186 1.193
165 1.131 1.158 1.192 1.183
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polarization ratio versus size parameter for spheres.

The effect of changing from an 0.6° to 2°
acceptance angle is much less for agglomerates
as indicated in Fig. 6 with about a 10% change
at a size parameter of 0.15 and less for larger
particles. The effect increases for smaller size
parameters with about a 50% increase for a size
parameter of 0.05 for a 165 sphere agglomerate.

The original hypothesis was that the polariza-
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Fig. 6. The effect of acceptance angle on the polarization

ratio as a function of agglomerate size and primary sphere
size for a 2° acceptance angle.
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Fig. 7. Comparison of the size dependence of the polariza-
tion ratio of a single sphere and a 17-sphere agglomerate for
a 2° acceptance angle.

tion ratio of the agglomerate would be similar to
that of the primary sphere. As shown in Fig. 7
the polarization ratio is more than a factor of 10
larger than for the single sphere for a size
parameter of 0.15. So this hypothesis is incor-
rect; the agglomerate structure does affect
r00(90°) through the coupled dipole fields,
which may be thought of as multiple scattering
within an agglomerate.

The values of the scattering cross sections at
90° are also very sensitive to the orientation of
the agglomerate. It is found that the standard
deviation of C,,(90°) for different orientations
is comparable to the value itself for all primary
sphere sizes. The large value of the standard
deviation is thought to be a result of the changes
in the coupled dipole fields arising from differ-
ent orientations together with the small magni-
tude of C,,(90°). For small clusters with small
primary sphere sizes, C,,(8) is Rayleigh-like
with intensity proportional to the square of the
number of primary spheres and is relatively
independent of angle. In this regime the orien-
tation has a relatively small effect on the scat-
tering and the standard deviation is on the order
of 109 to 20% of the mean value. However, for
large agglomerates and or large primary spheres
the standard deviation for C,,(90°) approaches
the size of the mean value.
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The number of orientations was increased to
180 for the three 17-sphere agglomerates and to
216 for the 28 sphere agglomerate. The results
were affected by 10% or less except for the
largest size parameter for one of the agglomer-
ates. We see that scattering at a specific angle is
sensitive to the orientation and that 27 orienta-
tions are adequate for obtaining a representa-
tive average. For total scattering cross section
and for the extinction cross section the effect of
orientation is relatively small with a standard
deviation equal to a few percent of the mean.

Even for clusters with the same number of
primary spheres, there are differences in
r,0/(90°); for example, there is a factor of 2
difference in r,,,(90°) for 3 17-sphere agglom-
erates for small x, as shown in Fig. 8. Results for
larger agglomerates with up to 346 spheres
given in Fig. 9 also illustrate this effect of the
detailed structure of the agglomerate; however,
for these agglomerates as well as the 17-sphere
agglomerate, the effect of primary sphere size is
much greater than is the effect of the detailed
structure of the agglomerate.

The effect of the number of primary spheres
onr,,/(90°) is summarized in Fig. 10. The ratio
appears to be independent of agglomerate size
for x, equal 0.21, there is a slight increase forx,
equal 0.6, and a large decrease for x,, equal 0.05

304 Spheres\._*_»"' y

Vv

C, (90°)/C_ (90°)

107" bttt

0.03 0.1 1
Xp of Primary Sphere

Fig. 9. Polarization ratio versus primary sphere size for
agglomerates with 52, 304, and 346 spheres.

though in all cases there is large variability
resulting from the detailed structure of the
agglomerate. This variability is not a result of the
calculation. The estimated effects of the finite
number of orientations (27) and the finite number
of scattering subsectors (50) is less than 10%.
Most postflame smokes have agglomerates
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Fig. 10. Summary plot of the cffects of both size paramcter
and number of spheres in the agglomerate on the polariza-
tion ratio for a 2° acceptance angle.
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with more than 100 primary spheres [13]. The
effect of agglomerate size on r,,,(90°) is rela-
tively small, at most about a factor of 2, for fixed
primary sphere size for agglomerates with more
than 100 spheres. On the other hand, the aver-
age value of r,,,(90°) is very sensitive to pri-
mary sphere size increasing by almost a factor of
100, from 3.7 X 107* to 3.6 X 1072 as x,
increases by a factor of 12 from 0.05 to 0.6.

For actual smoke there is a population of
many different cluster sizes. Koylu and Faeth
[13] find that the smoke agglomerate distribu-
tion for eight hydrocarbon fuels has a log-
normal distribution with a geometric mean clus-
ter size ranging from 160 to 290 and a geometric
standard deviation of about 3. We have com-
puted the polarization ratio summed over all
the clusters and 27 different orientations for
each cluster where we have weighted the con-
tribution for each cluster size based on a log-
normal size distribution, f(N,), with geometric
standard deviation equal 3 and geometric mean
number sizes of 30 and 300.
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Fig. 11. Polarization ratio versus size parameter for a log
normal distribution of agglomerate size for gecometric mean
cluster number of 30 and 300 for a gcometric standard
deviation of 3.0. The experimental data includes laminar
cthene burner (open squares) [29, 37], laminar methane
burner—steady and pulsed (open triangles) [10, 40}, and
turbulent acetylene flame (closed squares) [38].
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Fig. 12. The effect of refractive index on the polarization
ratio.
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This averaged result mimics experiment where
hundreds or thousands of agglomerates are
present in the scattering volume and significant
agglomerate rotation takes place over the mea-
surement time. It is seen in Fig. 11 that there is
almost a two order of magnitude increase in
¥poi(90°) with increasing primary sphere size.
Comparison with experimental results will be
discussed in the next section.

All of the calculations to this point have
assumed a refractive index equal 1.7 + i0.7. As
discussed in the Introduction, there is a large
uncertainty in the value of refractive index.
Figure 12 illustrates that changing the refractive
index to 1.57 + {0.56 results in about a 40%
reduction in r,,,(90°), which is approximately
equal to the reduction in the value based on Mie
theory analysis for a single sphere.

DISCUSSION
Specific Extinction Coefficient

The calculated value of o7 is in the range of 5.6
to 6.4 m?g for agglomerates ranging in sizc
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from 100 to 1392 primary spheres and size
parameters in the range 0.15 to 0.3. This sug-
gests that even if the refractive index of all
smokes were identical there would still be on
the order of a 10 to 15% range in the specific
extinction coefficient because of the range in
primary sphere sizes and agglomerate sizes.

The calculated range of 5.6 to 6.4 m¥/g differs
significantly from the measured values in the
range 7.5 to 9.5 m*/g. Why the diffcrence? We
believe that the major reason for the difference
is that the refractive index of smoke is not 1.7 +
i0.7. As discussed above the value of o) is
sensitive to the refractive index. By changing the
refractive index from 1.7 + 0.7 to 1.57 +
i0.56, the value o}’ decreases by 20% for a
165-sphere agglomerate for size parameter of
0.3. As indicated in Table 1, there is a wide
range of reported values for the refractive index
of flame-generated smoke. The uncertainties in
the measurements are difficult to assess because
of the agglomerate structure of the particles.
Even for widely used reflectance measurements
from a compressed pellet of smoke agglomer-
ates, a validated model for inferring refractive
index from the reflectance measurements does
not exist. Of all the values in Table 1, the one
with the largest imaginary component, n =
1.7 + i0.8, yields the largest specific extinction
coefficient in the Rayleigh limit, which is 12%
larger than for a refractive index of 1.7 + i0.7.
The estimated value of ¢7* for an agglomerate
of 1392 spheres and x, = 0.21 with these
optical properties is 6.9 m*/g, which is near the
low end of the measured values. For refractive
index of 1.55 + 0.8, which is outside the range
of values given in Table 1, the estimated value
of ¢ for these same conditions is 8.0 m%g,
which is in the middle of the experimental
range. Dobbins et al. [4] obtained a similar
value, 7.8 m%/g for n = 1.55 + i0.78, based on
an approximate fractal optics model assuming
the large agglomerate limit for scattering and
including a second-order correction in comput-
ing the specific absorption of the 45-nm-diame-
ter primary spheres.

As pointed out by Dobbins et al. [4], the
values of the refractive index that give agree-
ment are not uniquely determined by solely
matching the specific extinction coefficient.
Equally good agreement would be obtained for

a larger value of the real part of the refractive
index if the imaginary part were also increased
by the appropriate amount. The point is that
none of the values of the refractive index given
in Table 1 are consistent with the measured
specific extinction coefficient. The predicted
specific extinction coefficients based on these
values are all smaller than the measured values.

There are two other differences between the
current model calculations and actual postflame
smoke. For some hydrocarbons including acet-
ylene and aromatics, flaming combustion typi-
cally produces agglomerates with as many as 10*
to 10° primary spheres. Calculations for larger
agglomerates are needed to determine whether
o)’ approaches an asymptotic value with in-
creasing agglomerate size or whether it changes.
Secondly, for actual smoke the “touching”
spheres are in some cases partially fused (i.e.,
necks between primaries). This necking is not
expected to be a major factor for carbonaceous
particles, which have a relatively low conductiv-
ity, but model calculations are needed to quan-
tify this effect for both the light extinction
properties and for the polarization ratio dis-
cussed below. For highly conducting particles
like gold and silver this necking effect is ex-
pected to be more significant.

As discussed in the Introduction, there is also
a need for additional experimental study to
resolve why the results from the turbulent dif-
fusion burning of gaseous hydrocarbon fuels at
an intermediate scale, 3-20 kW, [9] are signifi-
cantly different from results for gaseous and
liquid hydrocarbon fuels along with plastics,
wood, and various petroleum distillate fractions
obtained over a range of fire scales [5-8].

Polarization Ratio

There are several flames where both polariza-
tion ratio and primary sphere size have been
measured. In-flame measurements of the polar- *
ization ratio for a laminar ethene flame were
made by Dobbins et al. [29] using an Ar-ion
laser and photomultiplier detection; thermo-
phoretic sampling and transmission electron
microscopy (TEM) analysis of the soot were
carried out for the same flame system by Me-
garidis and Dobbins {37] (Fig. 11, open
squares). Faeth and Koylu [38] used a similar
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method for characterizing postflame soot ag-
glomerates produced by buoyant turbulent
flames produced by eight hydrocarbon fucls
with results for ethene and acetylene included in
Fig. 11 (closed squares). Measurements were
performed at both the Ar-ion laser wavelength
of 514 nm as well as 351 nm [39]. Shaddix et al.
[40] produced a sheet of light with a pulsed laser
and used charge-coupled device (CCD) detec-
tion so that measurements could be made over
an extended region for both a steady and flick-
cring methane flame. The polarization ratios in
Fig. 11 (open triangles, Shaddix, personal com-
munication) are for heights of 50, 60, and 70
mm for the steady flame and 90 mm for the
flickering flame. Megaridis and Zhang [10] ap-
plied a phase-locked thermophoretic sampling
probe for collecting and sizing the primary
sphere size for this same flame system.

The in-flame measurements show a trend of
increasing 7,,,,(90°) with increasing size param-
eter as does the model calculation. We believe
this similarity in trend points to the potential
utility of polarization ratio measurements as a
diagnostic tool for monitoring the primary
sphere size of agglomerates in flame environ-
ments.

While the trends are similar, the measured
rpoi(90°) is a factor of 5-10 larger than the
model! prediction. Possible reasons for this dif-
ference are discussed below. First, the sizes
measured by electron microscopy are based on
the number average size; however, Rayleigh
scattering is related to the 6th moment of the
size distribution for the primary spheres. So the
light scattering weighted size will be larger than
the number average size obtained by electron
microscopy resulting in a shift of the experimen-
tal data in Fig. 11 toward larger x,,. Second, the
calculations assume that only light with scatter-
ing angles between 89° and 91° and with a solid
angle of 1.0 X 1072 sr reach the detector. The
acceptance angle for the two studies using pho-
tomultiplier tubes had a similar solid angle of
1.2 X 1072 sr, while the third study with a CCD
array had a larger acceptance angle and a larger
scattering volume. So it is not surprising that the
results would differ for this case. Third, if the
primary particles are aspherical, there will be a
contribution to r,,,(90°) not accounted for in
the CEMD model. For small spheroids,

rot(90°) is dependent on the aspect ratio of the
particle and independent of the particle volume
[41]. Fourth the “necking between primary
spheres” observed in actual soot may impact the
value of the polarization ratio.

The experimental status should be viewed as
a helpful first glimpse but not definitive. None
of the papers referenced above focused on the
polarization ratio measurements and the mea-
surement uncertainties for r,,(90°) are not
discussed. One promising application of this
method would be as a diagnostic for relative
changes in primary particle size for one fuel as
the sampling location is varied as well as the
combustion conditions.

Quantitative measurements and calculations
of r,,;(90°) are needed for agglomerates made
up of monodisperse spheres, “necking spheres,”
and spheroids with well-defined aspect ratio to
determine the significance of the primary parti-
cle diameter effect relative to the shape effect.
Also as discussed above, the large dependence
of the polarization ratio on the detailed struc-
ture of the agglomerate suggests that future
studies should include a larger number of ag-
glomerates, ideally 100 per decade, and include
larger agglomerate sizes up to 10* to 10° pri-
mary spheres.

CONCLUSIONS

1. Rayleigh theory underestimates the specific
extinction coefficient by 21% to 36% relative
to CEMD model for agglomerates with 100
1000 primary spheres for primary sphere size
parameter in the range 0.15 to 0.30.

2. For a fixed refractive index, there is a 10% to
15% range in the specific extinction coeffi-
cient of smoke (5.6 m%g to 6.4 m%g) for
agglomerates with 100 to 1392 primary
spheres and size parameters in the range 0.15
to 0.3.

3. For the literature values for the refractive
index of soot, the computed specific extinc-
tion coefficient is smaller than most of the
measured values; for a refractive index of
1.55 + i0.8 the CEMD values agree with the
measured values.

4. The specific absorption coefficient decreases
for large agglomerates for primary size pa-
rameter of 0.21 and larger. For a primary size
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parameter of (0.6, the coefficient decreases by
35% as agglomcrate size increases from 3 to
1000 primary spheres.

. CEMD calculations indicate that polariza-

tion ratio measurcments at 90° has good
potential as a diagnostic for the primary
sphere size in a {lame.
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