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The Elusive History of m = 1.57 — 0.56i for the Refractive
Index of Soot
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Soot volume fractions, number densities, and
particle sizes have been extensively measured
in laboratory flames using combined extinction
and scattering methods. In order to obtain
quantitative results, a value of the complex
refractive index of the soot must be chosen,
appropriate for the wavelength employed in
the experimental measurements. Recent quan-
titative soot volume fraction determinations
using laser-induced incandescence [1-5] also
rely on a proper calibration, which is usually
based on extinction-derived soot concentra-
tions. Soot refractive indices have been re-
ported for over 30 years, during which time
measurement techniques have evolved consid-
erably. Extractive, room-temperature com-
pressed pellet reflectance methods have been
replaced, for example, by in situ determina-
tions using combined classical and dynamic
light scattering. Despite many measurements
of the refractive index of soot (see below),
n = 1.57 — 0.56i is still by far the result most
often cited in the combustion community for
visible wavelengths. This value has been widely
attributed to Dalzell and Sarofim [6], although
it is not included in their experimental data
in either the visible or near-IR wavelength
regions.

Dalzell and Sarofim used a polarization ratio
reflectance technique and found that # was
essentially constant over the wavelength range
435.8-806.5 nm with mean values of 1.56 —
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0.46i and 1.57 — 0.50; for soot collected from
acetylene and propane diffusion flames, re-
spectively [6]. Measurements were also made
in the region 2.5-10.0 pm, and a dispersion
model was formulated for interpolating the
results between 0.8 and 2.5 um and extrapolat-
ing beyond the wavelength range of the experi-
ments. In a subsequent paper, Dalzell et al. {7}
reported # = 1.60 — 0.60¢ for propane soot at
435.8 nm. Thus, for the laser sources typically
employed in soot measurements (488.0 nm and
5145 nm for argon-ion lasers and
632.8 nm for helium-neon lasers), there is no
basis in either the Dalzell and Sarofim [6] or
Dalzell et al. [7] work for the value of m =
1.57 — 0.56i.

D’Alessio et al. [8] were the first to use
m = 157 — 0.56i for the soot refractive index
as “close to the value determined for soot
produced by propane-air flames” by Dalzell et
al. [7]. They chose this result in order to analyze
their data from premixed CH, /O, flames (Ref.
8, Figs. 3-5). It is noteworthy that these au-
thors considered that this selection amounted
to using the values of Dalzell and Sarofim
(Ref. 8, p. 947), and indeed they asserted as
much in two papers written soon thereafter.
D’Alessio and Ambrosio [9] reviewed measure-
ments of the soot refractive index and carried
out an extensive analysis of the optical proper-
ties of soot with m = 1.57 ~ 0.56/ as the
“average value of the determinations of Dalzell
and Sarofim” [6] (the average of all their visi-
ble data is actually #m = 1.57 — 0.48:). In the
Fifteenth Symposium, D’Alessio et al. (includ-
ing Sarofim as a coauthor [10]) referenced m
= 1.57 — 0.56i to Dalzell and Sarofim [6] as
that “reported for propane and acetylene soots
in the visible.” This paper was subsequently
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cited by other groups and seems to be the
main source of the confusion: D’Alessio’s soot
investigations were sufficiently pre-eminent in
the 1970s that most authors adopted his attri-
bution of m = 157 — 0.56/ to Dalzell and
Sarofim without question [3, 11-28]. In later
work, the D’Alessio group both correctly cited
[29] the experimental values of Dalzell and
Sarofim [6] and continued to reference m =
1.57 — 0.56{ as coming from these authors [30].
This value for the soot refractive index has also
been utilized without clearly indicating the
source {31-33]. In addition, other values of the
soot refractive index have been misattributed
to Dalzell and Sarofim [6], specifically & =
1.56 — 0.56/ [34-36], 1.56 — 0.57: [37], 1.59 —
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0.59: [38], 1.55 — 0.56 [39, 40], 1.5 — 0.5 [41],
1.57 + 0.56/ [42-44], 1.56 — 0.54i [45]. Some
of these references may involve typographical
errors. A number of investigators, including us
{2, 5], have used /m = 1.57 — 0.56/ for ease of
comparison with the results from other studies.
Only in relatively few cases have the actual
experimental data of Dalzell and Sarofim [6]
been correctly cited [8, 46-66].

What effect does the choice of 2 = 1.57 —
0.56;/ have on the derived soot volume frac-
tion? The wide range of reported values for
the refractive index of soot has been discussed
recently by several investigators [30, 33, 62].
Figure 1 plots the results of experimental stud-
ies specifically designed to measure the soot
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Fig. 1. Ratio of soot volume fraction to the extinction coefficient (in units of meters) for experimental values
of the soot refractive index at visible wavelengths, compared to the result using #m = 1.57 — 0.56/. The
Dalzell and Sarofim [6] and Mullins and Williams [61} data are shown with multiple symbols in order to
differentiate index of refraction determinations using different fuels. Data from Batten [68] are for
vacuum-treated kerosene flame soot; the indices of refraction derived for the untreated kerosene soot give
f./k.y values which are nearly two times larger. The studies of Charalampopoulos and co-workers (with the
exception of Stagg and Charalampopoulos [72]) involved in situ determinations of the index of refraction at a
number of heights above premixed flat flames. Their data are presented here for the lowest reported height
(generally 6 mm), at which the least extent of agglomeration has occurred. The Charalampopoulos, Chang,
and Stagg [70] value is an average of the determinations for propane flames with three different equivalence
ratios. Soot pellet reflectance results of Stagg and Charalampopoulos [72] are averaged over the three

temperatures at which they were determined.
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refractive index, and Fig. 2 presents the predic-
tions of several semi-empirical expressions. In
the Rayleigh limit, the ratio of the soot volume
fraction, f,, to the extinction coefficient, k.
is given by

. A
k.. 6wE(m)’ W
where

7 et @
E(m) = —Im(m)

The extinction coefficient is usually deter-
mined from experiments as

7]
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where [, and 7 are the incident and transmit-
ted light intensities, respectively, and L is the
pathlength through the soot. Figures 1 and 2
reveal that a substantial range of soot volume
fractions can be derived from a given mea-
sured extinction. For example, at a laser wave-
length near 632.8 nm (HeNe laser) the total
variation of the f,/k.,, ratio from the experi-
mental measurements is 1.4 X 1077 m to 2.5
% 10”7 m, or almost a factor of 2. To some
extent, the measured range in /m at a given
wavelength may reflect actual differences in
the optical properties of the soot due to varia-
tions in soot temperature, C/H ratio, extent of
agglomeration, and sample collection and
preparation (for ex situ determinations). How-
ever, the experiments performed to measure
the magnitudes of these effects [6, 25, 61, 67,

ko = (3) 69-73] have generally found their influence to
ext L be much smaller than the variations in m
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Fig. 2. Ratio of soot volume fraction to the extinction coefficient (in units of meters) for various
semi-empirical expressions and the two most oft-cited indices of refraction at visible wavelengths. All of the
curves except that of Chang and Charalampopoulos [71] and the fixed indices of refraction are determined
from the Drude-Lorentz dispersion model of optical properties, with different values assumed for the
electron number densities, frequencies, and damping constants. The spectral variation given by Chang and
Charalampopoulos is described by Kramers-Kronig relations. Dispersion constants determined at 1450 K by

Lee and Tien [67] are shown here.
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(and f, /k.,,) between different studies. Kdylii
and Faeth [74] have measured the ratio
F(m)/E(m) at 514.5 nm for several hydrocar-
bon fuels, where F(/) is given by

2

b (4)

m? -1
m?+2

and found that their results (0.74 and 0.78)
agree much better with that derived from m =
1.57 — 0.56/ (0.84) than when using more re-
cent determinations for the soot refractive in-
dex. Note that this finding is also consistent
with the actual experimental measurements of
Dalzell and Sarofim [6], where F(in)/E() is
0.84 and 0.83 for propane and acetylene soot,
respectively, in the visible region.

Figures 1 and 2 show that /m = 1.57 — 0.56
yields a curve toward the low end of f,/k.,,
for visible wavelengths. In other words, the
soot volume fraction derived from experimen-
tal extinction data using # = 1.57 — 0.56/ is
lower than would be deduced from a soot
refractive index based on most of the direct
experimental measurements and the several
proposed dispersion and Kramers—Krénig rela-
tions. Compared to the mean Dalzell and
Sarofim values of m = 1.56 — 0.46i and m =
1.57 — 0.50/ for acetylene and propane soot
(6], the use of m = 1.57 — 0.56i gives soot
volume fractions which are low by 17% and
10%, respectively. The Lee and Tien result of
m =190 - 055/ [67] is also often cited in
reporting soot volume fraction results (usually
correctly). With this value of the refractive
index, E(/n) is 26% lower than for m = 1.57
— 0.56/, with a corresponding increase in the
derived soot volume fraction.

Equation 1 is strictly valid only when the
scattering contribution to the total light extinc-
tion is negligible, which is certainly not the
case when using visible light sources with highly
agglomerated soot aggregates (such as in the
overfire region of turbulent diffusion flames
[75 and references therein]). In these in-
stances, measurements of the total scattering
cross sections are required in addition to the
total extinction in order to determine the
amount of soot absorption. In practice, Eq. 1 is
generally assumed to hold, and a light/laser
source is chosen for extinction measurements

F(m) =
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which places the largest expected aggregate
structures close to the Rayleigh limit. For many
cases, the error resulting from the use of Eq. 1
is smaller than that suggested by the wide
range of reported values for the soot refractive
index [75, 76].

Based on the weight of experimental data
(Fig. 1), the value of /M = 1.57 — 0.56 for the
soot refractive index is likely to underestimate
the soot volume fractions deduced from extinc-
tion measurements. However, as mentioned
above, use of Eq. 1 to relate measured extinc-
tions to soot volume fractions tends to overes-
timate the soot volume fraction. For particle
sizes and agglomerate structures which yield
an appreciable scattering contribution to the
measured total extinction, using m = 1.57 —
0.56i gives a soot volume fraction result closer
to the true value. Nevertheless, such a simpli-
fied approach to data analysis may still lead to
significant errors, since the degree to which
scattering affects extinction measurements is
typically unknown and will likely vary within a
flame as the soot field evolves. In summary,
future citation of 1 = 1.57 — 0.56/ may aid in
comparing new results to previous analyses,
but this value should not be used believing that
it is founded on the measurements of Dalzell
and Sarofim [6).
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