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Abstract —A simplified model for the prediction of light extinction through combustion generated smoke
is presented. The model builds upon existing theory and available experimental data to account for the
principal factors that influence light extinction in participating media, including wavelength, primary
particle size distribution, morphological structure of particle aggregation as well as multiple scattering
among particles within a particle aggregation. Good agreement is demonstrated between the model
predictions and experimental data in the visible and IR range. The model illustrates that as the mean
particle size increases, the integral optical property of a soot cloud approaches that of monodisperse
particles. It is postulated in the current study that the number of particles participating in multiple

scattering is around 20 regardless the real size of particle aggregation.
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Nomenclature
Conxt Cross section of extinction (mz) n Real part of m
C,, Mean cross section of extinction (m”) "y Number density of free electrons
) ) n; Number density of j-th bound electrons
d, Most probable particle diameter (m) ] ) )
n, Number of particles in a soot aggregation

Primary particle diameter (m)

) N Number density of primary particles
Dy fractal dimension
p(d,) pdf for particle size distribution

1 Soot mass concentration o
] Do Normalisation constant of p(d,)
g Damping constant of the free electron )
] ] QOus  Absorption efficiency
8y Damping constant of the j-th bound electron
. 2 Q..  Extinction efficiency
1 Irradiance (watt/m”)
. o Extinction efficiency modified by multiple
ky Imaginary part of m !
ke,  Mass specific extinction coefficient (m*/g) scattering
k Prefactor of RDG model Owa  Scattering efficiency
/ length of light path (m) R, Radius of gyration of a particle aggregate
m Refractive index (m)
M;  The i-th moment of the pdf for particle size ~ *m Most probable size parameter
distribution X, particle size parameter
M, Soot mass concentration in unit volume of

smoke (g/m”)
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Greek

O,  Volumetric extinction coefficient (1/m) p  Scattering to absorption ratio of primary

K Wave number particle
Wavelength (m) o Geometric standard deviation

Py Soot density (g/m’) w Angular frequency

o Scattering to absorption ratio of wp  Natural frequency of j-th bound electron
aggregate

Introduction

The scattering of light by particulates has been studied for over a century, commencing with Clebsch in 1861,
even before Maxwell had proposed his electromagnetic theory. Lord Rayleigh applied Maxwell’s equations and
formally established the theory of Rayleigh scattering in 1881. Other notable contributors have included Lorenz
in 1890, Debye in 1909 and Mie in 1908. The latter two extended Rayleigh’s theory to incorporate both larger

and non-spherical particles [1].

As laser based diagnostic techniques have been introduced into combustion engineering, the determination of
the optical properties of soot particles, measurement of particle size and concentration has become increasingly
important. Previous studies have applied Rayleigh’s theory to monitor the mass concentration of particulates
from combustion sources such as diesel engines, for example, Roessler and Faxvog [2], Scherrer, Kittalson and
Dolan [3] and Japar and Szkarlat [4]. Jennings and Pinnick [5] proposed that the mass specific extinction
coefficient for soot particles is only dependent on wavelength, based on the assumption that carbonaceous
smoke particles are small (relative to Rayleigh criteria), homogenous and highly absorptive in the visible and IR

range.

In the last two decades many studies have been reported where the mass specific extinction coefficient of smoke
from hydrocarbon fuels, typical of fires, has been measured under various combustion conditions. Mulholland
has summarised such work in the SFPE hand book [6]. Table 1 presents a summary of published properties of
smoke from which it can be seen that the value of the extinction coefficient, k., varies over a wide range
according to the combustion environment and illumination conditions. This demonstrates that considerable
uncertainty exists when selecting the extinction coefficient, k., , as an input parameter to empirical light

extinction and visibility models.

In this paper existing published theoretical and empirical models for specific sub-phenomena are reviewed and a
more comprehensive model for light extinction is proposed. The resultant model is simpler than a full series
expansion as in traditional Mie theory and more accurate and versatile than assigning constant empirical values.
Such a model is particularly important in applications such as the study of visibility in fire smoke, where there is

a considerable distribution of particle size and the entire visible spectrum needs to be considered.
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Single scattering by small particles and Mie scattering theory

For a single spherical particle that is illuminated by non-polarized light and which satisfies the condition of

X, |m - | < ) the optical efficiencies Q can be determined by Lorenz-Mie theory as [8]
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where the size parameter X, and refractive index m of the particle are defined as
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For smaller particles, where X, << .and xp|m - | << , (1) and (2) reduce to Rayleigh scattering
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Refractive index and Drude-Lorentz model
When applying Mie scattering theory, the value of the complex refractive index, m, is required. Table 2 provides
a summary of values recently reported in the literature. For soot particles, the refractive index may be affected

by factors such as particulate temperature, the hydrogen to carbon ratio of the fuel, particle size distribution, the

3
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form of aggregation of particles and the wavelength of illuminating light. Of these, the influence of temperature
has been reported to be very weak [9, 10]. Charalampopoulos and Felske [11] carried out in-situ measurement of
refractive index at different heights in a premixed methane/oxygen flame. With the geometric width of the
particle distribution up to 1.24, no significant influence of particle size distribution on refractive index was

observed.

Dalzell and Sarofim [12] developed an argument, based on the Drude-Lorentz dispersion model, that an increase
in the hydrogen to carbon ratio in soot results in a decrease of the number of free electrons and a decrease in
both the real and the imaginary part of the refractive index. They reported results with acetylene and propane
however did not show any significant differences to support their argument. Wu, Krishnan and Faeth [13] have
since confirmed that refractive index does not vary significantly between different fuel types. The effect of the

morphology of particle aggregation on the optical properties of soot is discussed in the following section.

The dependence of refractive index on wavelength is evident in both experiments and theoretical models,
including for example, Dalzell and Sarofim [12], Wu, Krishnan and Faeth [13], Lee and Tien [14], Batten [15],
Charalampopoulos [11], Chang and Charalampopoulos [16]. One of the most widely used models that

demonstrates this is the Drude-Lorentz dispersion model [14], which may be defined as

~
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where, e is the electron charge, ¢ is the permittivity, m, is the electron mass in vacuum and 7, is the effective

electron mass. n;’s and n,are the bound and free electron number densities, wy; is the natural frequency of bound
electrons with w,; = 1.25x10"° and w,, = 7.25x10". The values are the same for all the models. w is the
frequency, g and grare the damping constants of the bound and free electrons. Except in the model by Lee and
Tien, m, is used for both the free and bound electrons. Table 4 summarises the values of the number density, #,
and damping constant, g, employed in the above models. A similar model for refractive index was also proposed

by Stull and Plass [9].

The variations of refractive indices with wavelength from the above models are shown in Fig.1. It can be seen
that the model by Lee and Tien [14] is most sensitive and the model by Stull and Plass [9] is least sensitive to
the effect of resonance. Fig.2 compares the resulting extinction efficiency from Mie scattering with the three
dispersion models for refractive index. The model of Dalzell appears to most closely follow the experimental

measurements of Q,,, by Chang and Charalampopoulos [16].
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Light scattering by aggregates of soot particles
In combustion generated smoke, soot particles rarely exist in isolation, rather forming chain-like aggregates [17].

The optical properties of the resulting aggregates are significantly different from those of the individual soot
particles. Berry and Percival [18] studied the theory of fractal aggregate optics and found that the scattering
cross section of the aggregate is different for D,>2 from that of D, <2 where Dy is the fractal dimension. For
)

smoke (D, <2), the scattering per primary particle can exceed that of a solitary particle by a factor of x; )

After neglecting multiple scattering, Berry and Percival found the absorption per primary particle to be
unchanged from Mie scattering theory. A more practical and common model, known as the RDG (Rayleigh—
Debye—Gans) model for light scattering by the aggregation of soot particles has been proposed by Dobbins and
Megaridis [19]. In this model the soot aggregate is modeled as a porous sphere. Applying the Lorenz-Lorentz

relation, the equivalent scattering efficiency is expressed as

Qm=§€Fmﬁ; (12)

In the power-law regime ( X Rgz, >> )
D,
‘(n>\4
_ 2P
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where k=27/1, kyis a prefactor and R, is the radius of gyration of the aggregate. Since multiple scattering has
been ignored, the absorption efficiency continues to be expressed by (6) when the size of the primary particle

satisfies the Rayleigh condition.

A similar analysis was carried out by Koylii and Faeth[21]. Also in the power-law regime, they gave Y, as:

-D I 3 12 1
Y, =k, (4x,)" | - |
[2-D; (6-Dy)4-Dy) |

(14)

Although Dobbins and Megaridis [19] initially proposed a value for k;as 5.8 and for D,between 1.7 — 1.9, other
values also exist either from direct morphological structure measurements or indirect optical measurements as
summarised in Table 3. These suggest some uncertainty in the model itself though may also be the result of the
incompleteness of the extinction model used by ignoring other influential effects such as particle dispersion and

multiple scattering.

Polydisperse particles
In the preceding section, soot particles were assumed to be monodisperse. In reality, they are likely to be

polydisperse [22, 17]. In the following analysis a zeroth-order logarithmic distribution (ZOLD) [1] is adopted,
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which is an alternative form of the more general log-normal distribution function [45], commonly employed in

aerosol science [46]. This may be defined as,

pd,) = poeXpI '€, /d. 1 (15)

mLUfJ

where d,, is the modal value of @, and o is the geometric width of p(d, ), a dimensionless measure of width and
skewness. These two parameters are readily related to the mean and true standard deviation [44]. The

normalization constant , p, is defined as

- - - 16
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Fig.3 shows the comparison between ZOLD prediction and experimental data from Mulholland [6]. The i-th
moment of p(d,,) is
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where Y, is defined by (13) or (14) according to the scattering regime and x,, is defined by d,,. Again, O, is
defined by (3). Rayleigh scattering (¥, = 1.0) and monodisperse particles (M;,=1.0) can be treated as special

cases.

Assessment of extinction coefficient models

Fig.4 collectively presents the experimental data from the sources identified in Table 1, that can be reliably
expressed in the form of Q..,=f(x,). In the same figure, the curves represent predictions from the existing
extinction models with constant refractive indices. The two limiting refractive indices m=1.3+0.3i and
m=2.0+1.5i were chosen from Table 2 while m=1.57+0.56i is the most popularly quoted value in the literature
[13, 19, 21, 28, 29, 30, 31]. All experimental data fall into a region between the curves representing Mie

scattering with m=1.3+0.3i and that representing power-law regime with m=1.57+0.56i.

There are two features of the experimental data that can be recognised in Fig.4. The first are the peaks shown by
the data from Chang and Charalampopoulos [16] due to resonance of the refractive index in the ultraviolet
region (see Fig.2). The second feature is the clear separation of data into two groups. In the first group, x, is
between 0 and 0.4. In the second group x,, is larger than 0.2. The two groups of data overlap between x, =0.2 and

x, =0.4 where Q,,, has multiple values for x,.

It is generally believed that the two groups of data are the result of two morphological regimes: Guinier and
power-law according to their resultant scattering angle. In Fig.4 there is one prediction curve for each regime in
the RDG model with constant refractive index. What is not clear is the condition leading to each regime. The
obvious cause is the change of size parameter x, as demonstrated by the data from Chang and
Charalampopoulos [16]. As x, crosses the value about 0.3, O, changes from one regime to another. In the
transition area, Q,,; is a multiple value function, which indicates other causes behind it. Different fuels and the
types of combustion were considered as they may produce different structure of carbonaceous aggregates.
Examining the data in Fig.4, we can see that the scattering result by soot particles generated from the same kind
of fuel can be seen in both regimes. The typical example is again the data from Chang and Charalampopoulos in
which case soot was produced by rich premixed propane flame. Another example is shown in Fig.5 for a lean
Ethylene turbulent diffusion flame. In this case, the three sets of data were generated by different people, at
different times from the same research group and under otherwise almost identical conditions. The results cross
both regimes. Furthermore, all three sets of result shown have the same primary particle size of 0.32um [13, 21,

32].

Fig.4 has demonstrated that existing models are able to capture the general trend of light scattering except in the
ultraviolet region. The practical problem remains how to select an appropriate refractive index, which for Mie
scattering results in considerable uncertainty in the predicted values. For the RDG model, it can be seen in Fig.4
that the commonly used refractive index (1.57+0.56i) leads to over prediction in the Guinier regime. Multiple
models for refractive index are necessary for prediction over wider practical ranges of x, but the cut-off area is

so wide that the predicted result can be very uncertain.
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A unified composite model for extinction coefficient

As demonstrated in Fig.4, current models are limited in their ability to interpret the peaks and multiple values of
the extinction curve. Even within the infrared and visible wavelength range, errors of 20% to 50% may occur. A
unified model for the prediction of light extinction in combustion generated smoke is proposed. The model
incorporates the existing RDG model of scattering in the Guinier regime as given in (12). The effects of soot

morphology and polydisperse size distributions are included through the correction to Mie scattering as in (21).

In the proposed model, the use of constant refractive indices has been replaced with Dalzell’s version of the
Drude-Lorentz dispersion model as given by equations (10) and (11). This is necessary in practice when the
wavelength is in the visible range, or shorter, as shown in Fig. 1. The model constants are given in Table 4.
Among the 6 constants in Table 4, g, controls the shape of the Q,,, curve. This is demonstrated in Fig.6 where
the predictions with all 4 different values of g, in Table 4 are compared (scaled by a constant scaling factor of

10").

Multiple scattering by soot particles

The models considered so far have assumed that only a single scattering event will occur, implying that the
particles are considered either in isolation or are widely dispersed or stick together to form a larger aggregate.
Experiments [23, 24, 17] have shown that soot particle aggregation results in clusters of non-coalescent particles
close but still geometrically independent to each other. Mackowski [25, 26, 27], by performing multipole
analysis of the scattered electric field from such particle clusters, determined that the conventional dipole
approximation used in the RDG theory may result in error of more than 20% in the predicted absorption cross
section for small x,. Under constant refractive index, Mackowski found the ratio between the single particle
absorption cross section and aggregate value to increase significantly as the number of particles in an aggregate
increases from 1 to 20. As the number of particles in an aggregate increases the ratio gradually becomes
constant [27]. Based on this analysis, a multiplicative scaling factor for the particle absorption efficiency is
proposed to account for multiple scattering. Empirical evidence [27] suggests a logarithmic function of the
number of particles in a soot aggregate n,, resulting in a modified extinction coefficient, which may be

expressed as
O = Dot 02(1,)0,, (22)

Comparison of unified model with experimental data

Charalampopoulos and Chang [28] measured in situ optical properties of soot particles in the visible to
ultraviolet wavelength range. The result has shown that as the average particle size increases the geometric
width of the particle size distribution, o), decreases (see Table 5) and the extinction behaviour of the soot
approaches that of the monodispersion particles observed in the earlier work of Charalampopoulos and Felske
[11]. The same effect of oy on Q. can be predicted with the current model as shown in Fig.7, where the

significant change of the Q.,; curve between x,=0.2 and x,=0.4 as the value of oy changes from 1.0 to 1.2 occurs
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as seen in the measurements by Chang and Charalampopoulos [16]. It can, at least partly, explain the multiple

values of Q,,, function within this region in Fig.4.

The simplified model for multiple scattering in (22) indicates that the number of effectively participating
particles in soot aggregates can leverage the extinction curve. According to Mackowski [27], such leveraging
effect is limited to about 20 particles in an aggregate. Although larger soot aggregates have been seen in
experiment (27 particles per aggregate according to Charalampopoulos and Chang [28]), not all particles in a
soot aggregate may participate in the multiple scattering process, particularly in a chain structure. Fig.8 shows

the effect of n, on Q.,,, demonstrating that the value is indeed about 20.

Finally, the results from the proposed model are presented in Fig.9 in comparison with the experimental data of
Chang and Charalampopoulos [16]. This particular data set was selected as being representative of a wide
spectral range (0.2 — 6.4pm) and common particle sizes (0.0382 — 0.0682um) as well as the availability of the
required parameters such as oy that is required by the model. Up to a particle size parameter, x,=0.6, the model
shows good agreement with the experimental data. A greater discrepancy is apparent in the case of larger
average particle sizes. Even in these cases, the agreement between the prediction and measurement is still very
good for particle size parameters of x,<0.6. This indicates that the deficiency of the model is largely restricted to

the prediction of scattering in the ultraviolet range.

Conclusion

In summarising previous experimental data, it is evident that considerable uncertainty exists in current models
of extinction even within the visible and IR wavelength range. A new unified model for light extinction has been
proposed in this paper that addresses factors such as the dependency of refractive index on wavelength, particle
size distribution, multiple scattering and the morphological structure of soot aggregates. Both experimental data
and the current model prediction have demonstrated that these factors are influential in determine the accuracy
of extinction model. Within the particle size parameter range from 0.2 to 0.4, where the existing RDG model for
Guinier regime overlaps with that for the power-law regime, the current model has accurately predicted the
measured extinction. In its present form, the multiple scattering model is simplistic but has successfully

corrected the otherwise under prediction of light extinction due to multiple scattering.

Not only does the model show good agreement with experimental data in the visible and IR range, but it may
also be used to illustrate some important trends of the extinction curve. Firstly, although on first sight the
experimental data may be correlated by monotonic functions, the unified model illustrates that the extinction
curve is predicted to peak in the ultraviolet region. Secondly, as the mean particle size increases, the integral
optical property of a soot cloud approaches that of monodisperse particles, that is, the effects of particle size

distribution become less important. Both features have been observed in the experimental data.
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No | Real part Imaginary part Source
1 1.56 - 4.8 0.44 -3.82 Dalzell [12]
2 1.9-2.1 04-0.8 Lee & Tien [14]
3 1.2-1.45 0.1-0.27 Batten [15]
4 1.37-1.6 0.41-0.52 Charalampopoulos [11]
5 1.52-1.82 0.65-0.88 Charalampopoulos [28]
6 | 0.78—-4.09 0.32-3.37 Chang & Charalampopoulos [16]
7 1.2-2.0 0.1-1.0 Horvath [44]
8 1.55-2.10 0.55-1.0 Dobbins [19, 29, 30]
9 1.57 0.56 Wu [13]
10 | 1.95-25 0.45-0.51 Van Hulle [33]
9 1.55-1.9 0.55-0.8 Suo-Anttila [35]
Table 2 - Published values of refractive index of soot particles
No | D, ky Source
1 1.89 -2.07 Mountain & Mulholland [20]
2 1.6-1.8 9 Dobbines [29]
3 1.7-1.9 5.8 Dobbins & Megaridis [19]
4 1.77 8.5 Wu, Krishnan and Faeth [13]
5 1.12-2.35 Colbeck, Hardman and Harrison [32]
6 1.4-2 Jones [7]
7 1.75 20 van Hulle et al [33]
8 1.77 - 1.80 8.5 Krishnan, Lin and Faeth [34]
9 1.56 —1.71 7.15-17.59 Suo-Anttila et al [35]

Table 3 - Published values of fractal dimension, Dy, and k;, the imaginary component of the refractive index, m

Number density (n) Damping constant (g)
ng n; n gr g1 82
Dalzell and Sarofim [12] 4.06x10% 2.69x10% 2.86x10% 6.0x10" 6.0x10" 7.25x10"
Lee and Tien [14] 4.0x10% 4.07x10% 4.47x10% 1.2x10" 5.9x10" 5.6x10"
Charalampopoulos [28] 4.82x10% 3.88 x1077 11 n-n¢ 1.2x10" 6.1x10" 9.8 x10"
Present study 4.82x10% 2.69x10” 11 n-ng 6.0x10" 6.1x10" 9.0x10"

Table 4 - Number densities and damping constants in Drude-Lorentz model

Particle diameter 38nm 55nm 68nm
Charalampopoulos and Chang [28] 1.197 1.155 1.142
Present study 1.164 1.118 1.1

Table 5 - Variation of particle size distribution, O
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