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Abstract—The effects of soot shape on radiative transfer predictions in soot-containing flames were
quantitatively analyzed by using a realistic simulation of the aggregation process. Various spectral proper-
ties (phase function, albedo, extinction coefficient, and emissivity) of fractal soot aggregates were computed
using the integral equation formulation for scattering (IEFS) for a broad wavelength spectrum from
ultraviolet (0.2 um) to infrared (6.2 um). Total emissions from uniform clouds of aggregates of small
spherical particles were then estimated for typical soot volume fractions and flame temperatures. All
spectral and total radiative transfer properties computed using IEFS were normalized by the predictions
based on thz primary (unaggregated) particles. The spectral variation of the extinction coefficient of
aggregates relative to that of primary particles has a somewhat unexpected and complex behavior in the
ultraviolet and infrared wavelength regions due to the opposite effects of morphology and soot refractive
indices. The effects of soot aggregation on spectral and total emissivities are found to be less than 25 and
13%, respectively, for typical particle volume fractions and flame temperatures. The results suggest that
the shape effects on emission predictions in soot-laden flames can be neglected, vastly simplifying the
engineering treatment of radiation modeling of combustion devices. © 1998 Elsevier Science Ltd. All rights
reserved.

1. INTRODUCTION

Radiative energy transfer in absorbing, emitting, and
scattering media at high temperatures is of particular
interest to those involved in many engineering tech-
nologies, including internal combustion engines, gas
turbines, industrial furnaces, fire safety, and at-
mospheric radiation [1, 2]. It is well known that the
presence of soot in most practical combustion systems
enhances heat transfer rates significantly due to the
continuum radiation in the visible and infrared
regions of the wavelength spectrum. In addition to
soot concentration and temperature distributions in
such particulate-laden media, radiation predictions
require information about the spectral radiative
properties of soot, such as phase function, albedo, and
emissivity, which are characterized in terms of the
refractive index and size/morphology [3].

Early literature on soot radiation analysis in flames
generally considered soot shape as spherical, so that
simple predictions based on the Mie theory with a
volume-equivalent diameter were possible. Unfor-
tunately, ultra fine particles (including soot) produced
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in combustion systems form aggregates with a wide
range of sizes and shapes [4, 5]. As a result of this
complex morphology, the overall shape of aggregates
was initially modeled as spheres, cylinders, prolate
spheroids, etc. [6]. Because this permitted an ana-
lytical assessment of morphology effects on radiative
properties of soot, several investigators also further
explored similar limiting shapes {7, 8]. Such models
obviously did not provide a quantitative description
of soot radiation in flames. Consequently, Char-
alampopoulos and Chang [9], and Ku and Shim [10]
investigated the effect of soot morphology on flame
radiation by considering aggregates of small primary
particles. Reference [9] demonstrated that the effect
of shape on soot radiation for small aggregates of
chain-like morphologies was relatively unimportant.
Both of these studies, however, considered unrealistic
chain-like small aggregates (less than 32 particles in an
aggregate), which may not properly represent fractal-
like soot morphologies [11]. Radiative properties of
fractal soot aggregates have recently received con-
siderable attention (see Koylii and Faeth [12], Farias
et al. [13] and the references cited therein). These
investigations, however, were generally limited to fun-
damental optical cross sections at visible wavelengths
because of their specific interest in developing tools
for laser diagnostics in particulate-laden media.
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NOMENCLATURE
C optical cross section vV particle/aggregate volume
d, diameter of a soot primary particle Xp optical size parameter of a soot
D; mass fractal dimension of soot primary particle, nd,/A
aggregates z propagation direction of electrical
E internal electrical field of each particle field.
within an aggregate
€hs spectral hemispherical blackbody Greek symbols
flux &, spectral soot emissivity
E,. incident electric field &r total soot emissivity
1o soot volume fraction 7 real part of soot refractive index
i ~ 1 0 scattering angle
j index variable K imaginary part of soot refractive index
h first-order spherical Bessel function of A wavelength of radiation
the first kind (6] phase function
k wave number, 2r/4 Q single-scattering albedo.
K optical coefficient
k¢ fractal prefactor Subscripts
[ index variable a absorption
L optical path length d differential scattering
m complex refractive index of soot e extinction
N number of primary particles in an ] total scattering.
aggregate
R, radius of gyration Superscripts
s self-interaction coefficient a aggregate
T scattering matrix p particle.

The main objective of the present study was to
quantitatively analyze the effects of the soot shape
on radiative transfer predictions in soot-containing
flames by using a realistic simulation of the aggre-
gation process. Various spectral properties (phase
function, albedo, extinction coefficient, and emiss-
ivity) of fractal soot aggregates were computed for a
broad wavelength spectrum from ultraviolet (0.2 um)
to infrared (6.2 um). Total emissions from uniform
clouds of aggregates of spherical particles were then
estimated for typical volume fractions and flame tem-
peratures. The computations for aggregates were per-
formed based on the integral equation formulation
for scattering (IEFS), which accounts for multiple
scattering and interactions among small spherical par-
ticles [14, 15]. IEFS formulation was applied to simu-
lated aggregates having a prescribed primary particle
diameter, a number of primary particles in an aggre-
gate, and a fractal dimension that are representative
of soot-like morphologies typically found in flame
environments [5, 16]. All radiative properties of soot
aggregates computed from IEFS were normalized by
the predictions based on the same formulation for
primary (unaggregated) particles using the spectral
refractive indices determined by Chang and Char-
alampopoulos [17]. This normalization allowed a
quantitative comparison between the radiative
properties of complex shape aggregates and those of

simple spherical particles composing them and led
to the possible development of simple tools for the
engineering treatment of radiative modeling of com-
bustion devices.

2. THEORETICAL METHODS

2.1. General

In order to apply the fundamental equation of radi-
ative transfer to absorbing, emitting and scattering
media of particulate-containing combustion systems
(excluding the effects of gas radiation), it is necessary
to know several spectral properties, namely the extinc-
tion coefficient (X.,), albedo (Q,), and phase function
(®,), which are defined in terms of optical coefficients
as follows:

K,
Ko=Kut+Ko=1"%5 ()
zs
Ksl
Q=2 @
©,0) = 4an—I:,(0—). 3)

On the other hand, radiation heat-flux rates along
a uniform column of suspended aerosols require an
estimate of total emissivity, defined as:
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where the spectral emissivity for an absorbing and
scattering medium is given by

g = 1l—exp [—— (%)va] (5)

2.2. Radiative predictions for aggregated spherical
particles

The integral equation formulation for scattering
(IEFS) was employed in this study to compute the
radiative characteristics of soot aggregates. The fol-
lowing description of this theoretical method is brief;
additional details can be found in refs. [10, 13-15].

The IEFS method divides an aggregate into
sufficiently small urits so that the internal 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 internal elec-
trical field of each particle, E, is then obtained from
the following system of 3N x 3N linear equations:

3 mr =1\ .
£y = () Bt (o

N
x Y T,E+sE; j=12,....,N (6)

I=1,%#j

where m = n+ix represents the complex refractive
index of each small particle, E,,. = Ejexp(ikz) rep-
resents the incident electric field propagating along
the z axis with a wave number of k = 2n/4, ji(x,) is
the first-order spherical Bessel function of the first
kind, and T is the scattering matrix. Once the internal
field of each spherical particle is known from equation
(6), various optical cross sections that are needed in
the calculation of the extinction coefficient, albedo,
phase function, and emissivity [equations (1)—(5)] can
be obtained for an aggregate with N uniform size
particles (see, e.g., Farias et al. [15] and references
cited therein). For example, the spectral extinction
coefficient, K,; normalized by the soot volume frac-
tion, £, is expressed as follows:

Kcl 3k]l (xp) 2 & * .
7‘ = W —xp—‘ Im I:(m - l)jgl Einc Ej]. (7)

This formulation satisfies the optical theorem, i.e.,
the sum of the total scattering and absorption cross
sections is exactly equal to the extinction cross section
of an aggregate [18]. Unfortunately, the IEFS method
is computationally intensive for treating relatively
large and/or polydisperse soot aggregates. Notice that
the accuracy of the solution will be somewhat influ-
enced at very short wavelengths (0.2-0.4 um) because
the approximation of uniform electric field within each
primary particle starts failing in this ultraviolet
portion of the spectrum. Furthermore, the uniform-
field assumption may be less accurate for aggregates of
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touching spheres that have large nk, e.g., soot optical
characteristics in the far-infrared wavelengths (see
Mackowski [19, 20] and references cited therein).

To compute the radiative properties of complex
aggregate structures, it was necessary to know the
primary particle positions within each aggregate. It
has been shown that soot aggregates follow a mass
fractal-like morphology that can be represented by
N = ki(R,/d,)", where N is the number of primary
particles in an aggregate, R, is the radius of gyration,
d, is the primary particle diameter, and Dy is the fractal
dimension [4, 5]. Aggregates were created using a
practical sequential algorithm that models this stat-
istical fractal relationship rather than the formal
diffusion-limited cluster-cluster (DLCC) simulations
[13, 15]. Briefly, the aggregation process was initiated
by randomly attaching individual and pairs of par-
ticles to each other. The radius of gyration of the
new aggregate was calculated by definition from the
positions of each primary particle and checked if it
satisfied the above-mentioned fractal relationship
with D; ~ 1.8. This procedure was continued in order
to form progressively larger clusters. Thirty-two
different realizations of the same aggregate size, each
sampled at 16 different orientations, were averaged to
obtain statistically significant IEFS predictions with
less than 10% numerical uncertainties (95% con-
fidence interval).

The computational parameters of the present inves-
tigation were chosen based on the previous exper-
imental results within soot-containing flames. In spite
of the complex appearance, various size and shape
soot aggregates have been found to have a universal
morphology with D= 1.6-1.9 and k; = 7-9, almost
independent of the fuel source and flame position.
Additionally, it has been observed that the size of soot
particles could be adequately represented by a mean
diameter (generally between 20 and 50 nm) because
of the relatively narrow size distribution at a particular
flame location. As a result, only aggregates with
D; ~ 1.8, k; = 8, and d, = 30 nm were considered dur-
ing this study. The number of primary particles within
an aggregate, N, was varied from 1-256, typical of
soot in various combustion environments. It must be
emphasized that our objective was to investigate only
the real soot aggregates found in real flames, i.c.,
fractal-like aggregates formed from uniform-size
small spherical particles. Thus, unrealistic shapes,
such as cylinder-like and sphere-like aggregates, will
not be considered here.

Soot refractive indices inferred by Chang and Char-
alampopoulos [17] were employed in this study
because of their consistency with numerous exper-
iments as well as because of their spectral accuracy in
the ultraviolet wavelengths. Table 1 summarizes these
spectral values of # and « for soot at the lowest pos-
ition in a propane-fueled premixed flame with fuel
equivalence ratio of 1.8. These values reported in ref.
[17] have also been supported by recent independent
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Table 1. Spectral refractive indices of soot used in this work
(as inferred by Chang and Charalampopoulos [17])

A (pm) ] K
0.20 0.78 0.32
0.26 1.04 0.78
0.40 1.50 0.65
0.54 1.63 0.48
0.71 1.61 0.47
1.00 1.65 0.50
2.16 1.83 0.75
3.89 2.10 1.11
6.24 2.33 1.41

investigations involving diverse flame conditions (see
Koylii and Faeth [21] and references cited therein).

3. RESULTS AND DISCUSSION

Spectral radiative properties of soot, namely phase
function, albedo, extinction coefficient and emissivity,
were computed for a wide range of wavelengths from
0.2-6.2 ym. The numerical IEFS results were nor-
malized by the primary particle properties using the
same scattering theory so that the effects of the aggre-
gation process on the soot radiation transport can be
presented. Spectral extinction and emissivity com-
putations involved uniform clouds (optical path
length, L) of monodisperse aggregates (soot volume
fraction, f,) having f,L = 107%-10¢ at typical flame
temperatures of 7 = 1500-2000 K. Note that the con-
sideration of non-uniform path lengths will not affect
our findings. A brief discussion of the phase function
and albedo at various wavelengths were also included
for completeness with respect to all the fundamental
properties appearing in the radiative transfer equa-
tion.

3.1. Phase function and albedo

Figure 1 illustrates the ratio of the phase function
of soot aggregates to that of primary particles at two
wavelengths, 0.4 and 1.0 pym. It is evident that this
ratio depends strongly on the number of primary par-
ticles in an aggregate, N, and the scattering angle, 6,
especially in the ultraviolet (UV) and visible (VIS)
portions of the wavelength spectrum. For example,
the phase function for the case of N = 256 is enhanced
by almost an order of magnitude in the forward direc-
tion for 4 =0.4 um as a result of the aggregation
process. However, the phase function ratio, ®*/@®,
flattens out with increasing wavelength, eventually
becoming unity in the infrared (IR) region.

The ratio of albedo of soot aggregates to that of
primary particles as a function of wavelength is shown
in Fig. 2 for various aggregation levels. The albedo
certainly increases with increasing N, reaching one to
two orders of magnitude enhancement for N = 256
over that of unaggregated primary particles. More-
over, Q°/QP also increases with A before saturating in
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EFFECT OF AGGREGATION ON THE
PHASE FUNCTION
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Fig. 1. The effect of aggregation of small spherical soot
particles on the phase function at two wavelengths of 0.4 and
1.0 ym.

EFFECT OF AGGREGATION ON THE ALBEDO
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Fig. 2. The effect of aggregation of small spherical soot
particles on the single-scattering albedo at wavelengths rang-
ing from 0.2-6.2 pm.
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EFFECT OF AGGREGATION ON THE
EXTINCTION COEFFICIENT
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Fig. 3. The effect of aggregation of small spherical soot
particles on the spectral extinction coefficient.

the IR portion of the wavelength spectrum, in which
the effect of scattering is negligible. It should be
noticed that, in the IR region, the albedo of aggregates
relative to that of primary particles approaches the
value N, independent of the refractive index, primary
particle diameter, and wavelength. In other words,
because K, ~ V and K, ~ V7 for particles in the Ray-
leigh limit, it is expected that Q*/QP ~ J?/VP ~ N in
the IR. In general, these results related to the phase
function and albedo have important consequences in
the interpretation of in situ optical measurements.

3.2. Spectral extinction coefficient

The effect of aggregation of small soot particles on
the spectral extinction coefficient is presented in Fig.
3 for various N in the range 1-256. The ratio, K2/K?,
corresponds to the aggregate extinction normalized by
that calculated for N independent (non-interacting)
spherical particles. As can be seen from Fig. 3, the
ratio of the extinction coefficient of aggregates to that
of primary particles noticeably deviates more from
unity as the coagulation of soot particles leads to
larger clusters. On the other hand, the spectral vari-
ation of the relative aggregate extinction coefficient
has an interesting and somewhat unexpected
behavior : K3/K? is less than one for 4 < 0.3 um, after
which it increases to reach a maximum value of 25%
at A = 0.54 um for N = 256. Then, it shows a declining
trend from VIS to near-IR before increasing again in
the IR region. The complicated behavior of the spec-
tral extinction coefficient can be understood by con-
sidering the effect of the soot refractive index in par-
alle! to the aggregate growth process.

Similar to the trends in the VIS, the extinction
coefficient of aggregates was expected to keep increas-
ing in the UV because of the continuous effect of
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aggregate scattering enhancement with decreasing
wavelength. However, after 1=0.54 um, K2/K?
decreases, reaching a minimum at 0.26 um, apparently
related to a resonance effect of soot refractive indices
at this wavelength range [17, 21, 22]. This interesting
behavior of extinction in the UV is a result of the fact
that the absorption cross section of an aggregate is less
than that of separate (non-touching) primary particles
with the same number, that is C* < NCE. Therefore,
reduced absorption balances enhanced scattering,
attenuating the extinction coefficient of aggregates
relative to that of individual particles composing
them. These observations have significant impli-
cations with respect to the extinction measurements
at short wavelengths because they suggest that the
aggregation process causes less than 25% deviation in
the extinction coefficient, rather than having a notori-
ous effect for short wavelengths.

Another striking feature of the extinction coefficient
can be found in the IR region, in which K2/K? starts
increasing. This is also somewhat against the antici-
pation that the extinction coefficient of aggregates
should be identical to that of primary particles as the
wavelength increases. The underlying logic behind this
expectation is that aggregate scattering becomes neg-
ligible in the IR and absorption is not affected by
aggregation. Nevertheless, as observed in the UV, the
spectral variation of the soot refractive indices also
plays an important role in the IR. There are con-
trasting effects of wavelength and soot refractive indi-
ces on K2/K? at large wavelengths: larger A reducing
the effect of scattering due to the decrease in x,, while
larger m leads to more deviations in the absorption
coefficient. In other words, as the wavelength starts
increasing in the near-IR, extinction coefficient is to
decrease due to a decline in x,, but at the same time
there will be an increase in K, due to an increase in
both  and k. These opposite effects appear to balance
in the near-IR, resulting in a minimum at about A = 2
um in Fig. 3. It is anticipated that the aggregation of
primary particles into fractal clusters will lead to a
further enhancement in the extinction coefficient for
larger wavelengths because the continuous increase in
the soot refractive indices in the IR will substantially
influence the electric field inside the particles [19, 20].

3.3. Spectral emissivity

Figure 4 illustrates the ratio of spectral emissivity
of soot aggregates to that of primary particles for
various uniform clouds of soot with f,L = 10*-10"°,
Although only emissivities for small (N = 16) and
large (N = 256) aggregate sizes were shown, the
results for other sizes in between were similar. Because
of the relationship between ¢; and K, given by equation
(5), the spectral behavior of soot emissivity follows
closely that of the extinction coefficient (see Fig. 3).
For a specific aggregate size, the ratios of spectral
emissivities of soot aggregates to those of unag-
gregated primary particles generally increase from UV
to VIS and decrease from VIS to near-IR before a
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EFFECT OF AGGREGATION ON THE SPECTRAL
EMISSIVITY
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Fig. 4. The ratio of spectral emissivity of aggregates to that

of primary particles for various uniform clouds of suspended
soot with f,L = 10~%-10"°.

10.0

continuous increase in the IR. The reasons for this
relatively complex behavior are related to the total
scattering and absorption properties of aggregates
that are also functions of soot refractive indices, as
discussed in the previous section. &5/e deviates more
from unity as the clusters grow as a result of the
aggregation process. Additionally, the relative spec-
tral emissivity of a uniform path length of soot aggre-
gates approaches unity as the product of f, and L
becomes large. This is consistent with equation (5),
which states that ¢; — 1 in the case of optically thick
limit, independent of the soot particle shape. In all the
cases considered in this investigation, the effect of
aggregation on the spectral emissivity of soot never
exceeded 25% for typical flame conditions.

3.4. Total emissivity

Total emissivities of isothermal clouds of soot
aggregates relative to that of unaggregated primary
particles are shown in Fig. 5 for various degrees of
aggregation and typical flame temperatures of
T = 1500 and 2000 K. It is clear that the results are
relatively insensitive to the flame temperature. More-
over, the ratio &}/e] is always in the range of 1.00-
1.13 for the parameters considered in this study. In
other words, the difference between the total emiss-
ivities of soot aggregates and individual particles com-
posing them is usually less than 13%, implying that
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EFFECT OF AGGREGATION ON THE TOTAL
EMISSIVITY
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Fig. 5. The ratio of total emissivity of aggregates to that of

primary particles as a function of the aggregation level for

isothermal clouds of soot with typical volume fractions and
flame temperatures.

radiation properties of soot aggregates can be treated
by considering only the unaggregated primary
particles. At this point, it is timely to mention the
sensitivity of the results to the uncertainties in # and x
because of the long-standing controversy surrounding
the soot refractive index in the literature. For example,
if the data from ref. [6] rather than ref. [17] were used,
the spectral emissivity would differ somewhat (5—
50%), especially in the UV to VIS wavelengths. On
the other hand, the total emissivity of an aggregate
cloud relative to that of a particle cloud would not
exceed 16%. In view of these uncertainties in the soot
refractive indices, the consideration of soot aggre-
gation appears to be unnecessary for rational emiss-
ivity calculations in luminous flames. This suggests
that the shape effects on emission predictions in soot-
laden flames can be neglected, i.e., complex aggregates
of various shape and size can be approximated as
independent (non-interacting) small spherical par-
ticles for predictions of spectral and total emissivity
in flames. These findings have significant implications
in many engineering applications because they vastly
simplify the treatment of radiation modeling of com-
bustion devices.

4. SUMMARY AND CONCLUSIONS

The effects of soot shape on radiative transfer pre-
dictions in soot-containing flames were quantitatively
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analyzed by using a realistic simulation of the aggre-
gation process. Various spectral properties (phase
function, albedo, extinction coefficient, and emiss-
ivity) of fractal soot aggregates were computed using
the integral equation formulation for scattering
(IEFS) for a broad wavelength spectrum from ultra-
violet (0.2 um) to infrared (6.2 um). Total emissions
from uniform clouds of aggregates of spherical par-
ticles were then estimated for typical volume fractions
and flame temperatures. Using typical soot refractive
indices, all spectral and total radiative transfer proper-
ties computed using IEFS were normalized by the
predictions based on the same formulation for pri-
mary (unaggregated) particles. Main conclusions of
the present study can be summarized as follows :

(1) The spectral variation of the extinction coefficient
of aggregates relative to that of primary particles
has a somewhat unexpected and complex
behavior in the ultraviolet and infrared wave-
length regions due to the opposite effects of aggre-
gation and soot refractive indices.

The effects of soot morphology on spectral and
total emissivities are found to be relatively small
(less than 25 and 13%, respectively), for typical
soot volume fractions and flame temperatures.
The results clearly suggest that the shape effects
on emission predictions in soot-laden flames can
be neglected, vastly simplifying the engineering
treatment of radiation modeling of combustion
devices.
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