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Determination of the wavelength dependence of
refractive indices of flame soot

By H.Cuane aAND T.T. CHARALAMPOPOULOS

Department of Mechanical Engineering, Louisiana State University,
Baton Rouge, Louisiana 70803, U.S.A.

The spectral variation of the optical properties of soot particles is determined by
combining classical and dynamic light scattering measurements with the Kramers—
Kronig relations. Particle size and number densities are determined from scattering/
extinction and autocorrelation measurements at the wavelength of 0.488 pm. This
information is then combined with the spectral extinction measurements in the
wavelength range 0.2 to 6.4 pm to determine the spectral variation of the refractive
indices of flame soot. Results are presented for a premixed propane-oxygen flame
with a fuel equivalence ratio ¢ = 1.8. The sensitivity of the technique and its
advantage over the previous methods are discussed.

1. Introduction

Knowledge of the wavelength dependence of the optical properties of soot over the
entire spectrum is important for radiative transfer calculations. In addition, laser-
based techniques for in situ oxidation and growth studies require accurate refractive
indices at specific wavelengths. Several investigators have dealt with the wavelength
dependence of the refractive index of soots both theoretically and experimentally.
Stull & Plass (1960) derived a set of dispersion equations for the calculation of the
optical properties of carbon at flame temperatures. Foster & Howarth (1983)
measured the reflection of plane polarized light from compressed soot specimens in
the wavelength range 1-10 pm. The refractive indices were then inferred from the
ratio of the intensities in both planes of polarization in three angles of incidence 60°,
70° and 80° of greater accuracy. Dalzell & Sarofim (1969) measured the reflection
coefficients from soot pellet surfaces at 30° from the normal in the wavelength range
0.40-10 pm and inverted the data using the Fresnel equations. The inferred index
spectra were combined with the multivariable Drude—Lorentz dispersion model to
provide values for the dispersion constants. Lee & Tien (1981) utilized in situ
transmission data of plexiglass and polystyrene flames to determine a more rigorous
set of dispersion constants. Tomaselli et al. (1981) used the reflection coefficients of
compressed soot (Mogul L carbon black) to determine the optical constants in the
3-14 pm region. The reflection technique was also used by Felske et al. (1984) to
determine the refractive indices of soot generated in a propane diffusion flame in the
wavelength range 2-10 pm. In that study, it was also demonstrated that the
reflection technique can yield the refractive indices of soot in the infrared region
provided that the pellet surfaces possess high specularity index and that the data are
corrected for voidage effects. Batten (1985) determined the optical constants of
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carbonaceous materials derived from various types of fuels using a polarization ratio
reflectance technique over the spectral range 0.50-0.75 pm. More recently, a
technique was developed by Charalampopoulos & Felske (1987) which can yield the
refractive index of soot under flame conditions by combining scattering/extinction
and dynamic light scattering measurements with the ratio of the real and imaginary
part of the complex electrical permittivity. In a more recent study Charalampopoulos
& Chang (1988) applied the same technique in a premixed propane-oxygen flame to
determine the refractive indices in the visible wavelengths 0.458-0.514 pm. A set of
dispersion constants was also presented by combining the spectral extinction
measurements in the visible wavelengths 0.30-0.65 pm and the known particle
number density and particle size distribution with the Drude-Lorentz dispersion
model. Habib & Vervisch (1988) also used spectral extinction data from premixed
methane, propane and ethylene flames in conjunction with the dispersion model and
proposed a different set of dispersion constants.

Despite the available data for the spectral variation of the indices based on the
estimated values of the dispersion constants there exists a significant uncertainty as
to their actual values. The uncertainty is due both to the questionable validity of the
dispersion model for representing the actual behaviour of the soot refractive indices
and to the limited number of unknowns that can be extracted from a set of
transmission data (see, for example, Latimer 1972; Janzen 1979, 1980). In addition,
as it has been pointed out by Menna & D’Alessio (1982) the existing dispersion
models for soot do not predict correctly the in situ spectral scattering/extinction
measurements in the ultraviolet part of the spectrum. On the other hand, the
reflection technique, although useful in the infrared wavelengths when the voidage
effects are accounted for (see Felske et al. 1984) may yield inaccurate results when the
temperature variation is neglected (see Howarth et al. 1966 ; Charalampopoulos et al.
1989). The present study uses spectral extinction measurements in the wavelength
range 0.20-6.4 pm in combination with the Kramers—Kronig relations to determine
the refractive indices of flame soot over the whole spectrum. The photon correlation
method was used in the autocorrelation mode to determine the particle size
distribution. The particle number density was determined by combining the
scattering/extinction measurements in the wavelength 0.488 pm with the ratio of the
real and imaginary part of the complex electrical permittivity (see Charalampopoulos
& Chang 1988). To illustrate the approach results are presented for a premixed
propane—oxygen flame with fuel equivalence ratio of ¢ = 1.8 in the wavelength range
0.20-30 pm. In addition, to facilitate calculations of the indices relations are
presented that yield accurate values in the wavelength region 0.40-30 um. The
advantages and shortcomings of the method with respect to the previous techniques
as well as its sensitivity are assessed.

2. Theory

The Kramers-Kronig (KK) relations have been applied in the analysis of
reflectance data from graphite by Taft & Philipp (1965) and by Goodwin & Mitchner
(1984) in studying the near infrared optical constants of coal ash. The KK relations
are derived from the principles of causality and require a linear relation between
the input and output of a passive physical system (see, for example, Newton 1966
Nussenzveig 1972; Bohren & Huffman 1983).

Proc. R. Soc. Lond. A (1990)


http://rspa.royalsocietypublishing.org/

Downloaded from rspa.royalsocietypublishing.org on May 23, 2012

Wavelength dependence of refractive indices of flame soot 579

Let the response of such a system be represented by the complex function 4(w) =
A (w)—id;(w). Then, the KK relations imply that the real and imaginary part of the
function may be expressed as

20 (P40, ,
A () =EPL ———w,z_i_wz de’, (1)
25 [Fede)
and Ai(&)) = —EPJ; mdw N (2)

where P indicates the Cauchy principal value of the integral and w is the angular
frequency of the radiation.

For a spherical soot particle of radius r the scattering amplitude function S, in the
forward direction (see Ku & Felske 1986) satisfies the KK relations

A(w) = A (w)—id;(w)
= —i[Re (S,)—iIm (S,)]/?, 3)

where Re and Im signify the real and imaginary part of the complex function 8, and
x represents the size parameter (x = 2nr/A) at the wavelength A of the incident
radiation. The function S, is given by the Mie theory (1908) and depends on the
particle refractive index and size parameter. Furthermore, from the optical theorem
(see Bohren & Huffman 1983) the extinction efficiency @, of a spherical particle is
related to the complex scattering function S, and consequently the imaginary part

of 4(w) may be expressed as Q. = 4 Re (S,)/a?
= 4x 4;(w). (4)

In sooting flames, such as the flame used in this study, a distribution of particle sizes
exists and therefore the measured spectral transmittance 7, through the homo-
geneous pathlength L may be written as

T, = exp[——f nr® Q. NLP(r) dr], (5)
0

where N is the particle number density (cm™%) and P(r) is the zeroth-order lognormal

distribution (zoLp) function (see Kerker 1969) given by

Plr) = exp (—In? 0‘/2)eX [_ln2 (r/ro)]'

v (2n)rylno 2In%o ©

The parameters r, and o represent the average radius and the geometric width of the
distribution and are determined from photon correlation measurements. It is noted
that the zeroth-order lognormal distribution function was selected based on the
results of previous studies. Specifically, as it has been noted by Wersborg et al. (1973)
and Prado et al. (1981) the size distribution of soot in flames similar to the one used
in the present study progresses from being mainly gaussian in the early stages of
particle formation to mainly lognormal in the later stages. Furthermore, previous
studies of soot size distribution in premixed flames using photon correlation (see
Charalampopoulos & Chang 1988 ; Charalampopoulos et al. 1989) utilized the zeroth-
order lognormal distribution function. Combining equations (4) and (5) yields:

T\ = exp [ﬂ J " () P(r) dr]. (7

0
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This equation can be expressed in a more useful form by introducing the volume
weighted mean radius r,, defined as

ro = [ J P drr, 8)
0

T = Toexp (2.5In% o). 9)

which after integration yields

With this definition, the complex part of the function A(w) for the polydisperse
distribution of particles may be expressed as

Ay(w) = J ) (—’l)aAi(w) P(r) dr, (10)

0o \"m
which when substituted into equation (7) yields for the spectral transmittance
7, = exp [ —8n*dexp (7.5In% o) NLA;(w)/A]. (11)

Thus by inferring the parameters (ry, o) from the photon correlation measurements
the function 4;(w) may be computed from the measured spectral transmittance 7, at
each wavelength A using equation (11). It is noted that although the function 4 .(w)
may be evaluated from equation (1) a more useful expression may be obtained using
the subtractive Kramers—Kronig (SKK) technique (Ahrenkiel 1971). This technique
is less sensitive to extrapolation beyond the range of the available experimental data
and possesses better convergence. The SKK relation for 4, (w) is obtained by first
evaluating equation (1) at w = 0 and then subtracting the result from equation (1).
Therefore, the function 4,(w) for the polydisperse system of particles takes the form

- 20 [* A0 ,
Since the function A4;(w’) can be obtained experimentally over a finite range of
wavelengths (0.2 < A < 6.4 um in this study) extrapolation expressions for A4;(w)
were developed to carry out the full integration according to equation (12). The
extrapolation relations are discussed in the next section. With the functions 4;(w)
and A4 (w) determined the left-hand side of equations (3) is completely defined, and
for the polydisperse system of particles it follows that

A (w) = exp (—7.51n? U)%Jw Re (S,) P(r)dr, (13)
“‘0J0
and A, (w) =—exp(—T7.5In? 0)%Jw Im (8,) P(r) dr, (14)
“0J0

where x, = 2nr,/A and the integration is over all possible radii. For monodisperse

system of particles (o = 1) equations (13) and (14) reduce to
A () = 4,(0) = Re (8,)/27, (15)
and A, (0) = A (w) = —1Im (8S,)/>. (16)

Consequently, the refractive indices (n, k) may be determined at each wavelength
A by simultaneously solving equations (13) and (14) for the polydisperse system and
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Figure 1. Plan view of the light scattering system.

equations (15) and (16) for the monodisperse system of particles. In the present study
the data were analysed both for the monodisperse and polydisperse systems.
However, due to the insignificant differences only the polydisperse system results will
be presented. The method of data analysis as well as the experimental technique
along with the results and discussion for a premixed propane—oxygen flame at a fuel
equivalence ratio ¢ = 1.8 are presented in the following sections.

3. Data analysis

The main difficulty associated with the data inversion using the KK relations is
that experimental data can only be obtained for a limited range of wavelengths.
However, as it may be seen from equation (1) measurements are needed over all
wavelengths. In this study the SKK technique was used since it is less sensitive to
the extrapolation beyond the wavelengths of experimental range. To test the KK
method of analysis computations were carried out in the frequency range 0.005 to
30 eV (0.04 < A < 248 um). The required refractive indices (for the computation of
@.) were generated from the dispersion constants obtained from spectral extinction
measurements in a premixed propane—-oxygen flame with fuel equivalence ratio ¢ =
1.8. The function A4;(w) was then obtained in the range 0.2 < A < 27 pm and with
particle radii typical of flame soot 0.01 <7 < 0.10 pm. For the wavelength range
above and below the upper (w,) and lower (w,) limits of integration analytical
expressions were developed. Several functional forms were tried. However, the
expressions that provided the best agreement are the following:

Aj(w) = b/w) (x T +xt+a3+a7?), (17)
Proc. R. Soc. Lond. A (1990)
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for the wavelength range 0.04 to 0.2 pm and

Ay(w) =c,o+c,0*+c 0P+, 0, (18)

for the range 27 to 248 pm. It is noted that for large wavelengths, as it may be seen
from figures 2 and 3, the functions 4; and A, do not depend on the size distribution
parameters (r,, o). This is because for large wavelengths most of the particles in the
distribution behave as Rayleigh scatterers and in the Rayleigh limit 4; and 4, are not
functions of the size distribution parameters. The constant b is computed from the
measured value of 4;(w,) and the constants ¢, (¢ =1,2,3,4) are computed from
measured values of 4; at w, and three other frequencies near w,. On the other hand,
for small wavelengths, it can be seen that both functions 4; and 4, are very sensitive
to the values of the size distribution parameters (r,, o). Specifically, when the particle
radius changes by a factor of ten the value of the function changes by a factor of two.
Thus, special attention is required to obtain the average particle radius and the
geometric width o with the maximum possible accuracy from the photon correlation
measurements. The refractive indices n and k were then reproduced using the KK
method of analysis to within 2.5 % from those predicted by the dispersion models in
the wavelength range 0.25 < A <25 um. The calculations demonstrated that the
inferred refractive index spectra are insensitive to the extrapolations of the function
A; in the region of long wavelengths. Specifically it was found that transmission
measurements in the range of wavelengths 0.2 < A < 6.4 pm should be sufficient to
infer reliable indices.

4. Experimental measurements

The experimental set up for the scattering/extinction and photon correlation
measurements at the single wavelength of 0.488 pum and of the spectral extinction
coefficients in the wavelength range 0.2 to 6.4 pm is shown in figure 1. All
measurements were performed in a premixed propane—oxygen flame with fuel
equivalence ratio ¢ = 1.8 and unburned gas velocity 1.75 cm s7!. The flame was
surrounded by a shroud of nitrogen with velocity of 5.6 cm s™ and supported by a
Corning honeycomb made of cordiorite with 31 cells per square centimetre, 144 mm
in diameter and 76 mm long. A vertically polarized 3 W Argon ion laser was used for
the single wavelength scattering/extinction measurements. The spectral extinetion
coefficients were measured using a 150 W xenon lamp and an infrared glowing
resistor. The light beams in both cases were chopped at 600 Hz and focused onto the
central axis of the burner by the system of lenses (L1 and L3-L5). The scattered light
from the laser was detected at 90° with a photomultiplier tube model 9863B/350
EMI. The scattering coefficients of the soot particles in the vertical-vertical
polarization orientation at 90° (o, 90°, cm™" str™') were determined by measuring
the scattered flux from a stream of high purity methane gas flowing through the
burner. The settings for the optical and electronic components were identical with
those used for the measurement of the scattered fluxes from the sooting flame. The
scattered fluxes in both cases were corrected for the attenuation between the
scattering volume and the detector. The parameters of the particle size distribution
(r9,0) were determined using the photon correlation technique. To minimize the
experimental uncertainties the same detector and detection optics was used for the
autocorrelation measurements at an angle 7° from the forward direction. The flame
temperatures required for the determination of the particle size distribution using
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Figure 2. Variation of the functions 4; and A, with respect to the wavelength
for particle radii in the range 0.01 to 0.1 pm.
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Table 1. Light sources, detectors and wavelength range for monochromator gratings and long pass filters
used for the spectral extinction coefficients

light source... xenon silicon carbide glowbar
detector 1P28 InSb InSb HgCdTe
(RCA) (SBRC)

wavelength range/pm 0.2-0.6 0.6-1.1 1.1-1.8  1.8-3 3-5 5-7
gratings

wavelength region/pm 0.18-0.7 0.6-2 0.6-2 1.2-4 2.4-8 4.8-16
filters

5% cut-on wavelength 0.3 0.55 0.95 1.5 2.5 4.5

Table 2. Temperature (T)), particle radius (r,), geometric width (o), number density (N), scattering
coefficients (o, 90°, em™" str™t) and extinction coefficient (K, ,, cm™) at the wavelength 0.488 pm as a
Sfunction of position above the burner surface (H)

Nx107° o, x 101 K, x10%

H/mm T/K ry/NM o cm™® em™tsr! em™!
6 1330 19.1 1.215 12.2 1.0 5.7

7 1285 21.8 1.207 9.6 1.6 6.7

8 1250 23.7 1.212 8.4 2.6 7.9

9 1225 25.7 1.209 7.1 3.7 8.7

10 1195 27.5 1.200 6.4 4.8 9.6
12 1150 30.0 1.211 52 7.3 10.7
14 1130 32.7 1.204 4.3 9.0 11.5
16 1100 34.1 1.213 4.0 10.8 12.3

the photon correlation measurements were carried out with a Pt-Pt/13% Rd
thermocouple. The required transmission measurement at the single wavelength of
0.488 um was carried out in two different ways. In the first case the transmission was
measured by a power laser meter model 404 Spectra Physics. In the second case the
transmission at the same wavelength was measured by a 150 W xenon lamp. The
beam from the xenon lamp was dispersed by a grating monochromator, ORIEL
model 77250 (see table 1). The transmitted intensities were detected by an RCA 1P28
photomultiplier tube in the ultraviolet and visible wavelengths. Indium antimonide
(InSb) and mercury cadmium telluride (HgCdTe) detectors were used for the infrared
wavelengths. The system for the spectral extinction measurements was calibrated
using the emission lines of a mercury arc lamp and the absorption of polystyrene film
and liquid chloroform. The reference intensities (without flame) were measured
before and after each measurement, at each wavelength, to ensure that the light
intensity remains unchanged throughout the experiment. More details about the
experimental facility, the measurement technique, and the determination of the
number densities from in situ single wavelength scattering/extinction measurements
have been reported previously (Charalampopoulos 1987).

5. Results

The particle radii, geometric width o and the scattering/extinction coefficients
along with the flame temperature (7') as a function of position above the burner
surface are shown in table 2. The magnitudes and trends of the measured quantities
are consistent with previous investigations. Measured spectral extinction coefficients

Proc. R. Soc. Lond. A (1990)
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Figure 4. Measured spectral extinction coefficients for the premixed propane—oxygen
flame with ¢ = 1.8. H (mm): 4, 6; @, 10; o, 16.

for the propane—oxygen flame are shown in figure 4 for three different positions (H)
above the burner surface. A marked maximum of extinction coefficient is observed in
the ultraviolet region 0.25-0.26 pm. The maxima are shifted towards longer
wavelengths as the height above the burner surface increases. This behaviour is
consistent with the results reported by Menna & D’Alessio (1982), who found that the
peaks occur in the wavelength region 0.23-0.250 pm. Although a satisfactory
explanation is not possible at this time, the difference may be attributed to the fact
that different flames were investigated in the two studies. This might have resulted
in particles with slightly different chemical compositions and thus different
absorption characteristics. The spectra of the real and imaginary part of the index
determined from the Kramers-Krdonig analysis are shown in figure 5. Predictions of
the index spectra by the dispersion models proposed by Dalzell & Sarofim (1969) and
Lee & Tien (1981) are also shown. As it may be seen these models predict a monotonic
decrease for the real part of the index in the ultraviolet. The results of the present
study show a behaviour which is similar to the resonance of the glassy carbon and
corresponds probably to m band transitions as in the case of graphite (see, for
example, Taft & Philipp 1965; Haering & Mrozowski 1960). It should be noted that
electron microscopy and X-ray diffraction studies (see Lahaye & Prado 1981) show
that soot particles consist of turbostratic graphitic layers, randomly oriented and
connected to one another by amorphous carbon.

For convenience, values of the inferred indices as a function of the wavelength and
position above the burner surface are shown in table 3. In addition, to facilitate
calculations of the indices, at any wavelength, expressions are provided for the real
and imaginary part of the index that are valid for the wavelength range 0.4 < A <
30 pm. The most accurate expressions are of the form:

n=1.81140.1263In A +0.027In* A +0.0417 In3 A, (19a)
Proc. R. Soc. Lond. A (1990)
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Figure 5. Comparison of spectral refractive index determined in the present study using

Kramers—Kronig analysis with other studies. , This work; ~——, Lee & Tien (1981); ————
Dalzell & Sarofim (1969).

i

Table 3. Optical properties of propane flame soot with fuel equivalence ratio ¢ = 1.8 as a function of
the wavelength and position above the burner surface (H)

height above the burner surface, H/mm

6 8 10
A/pm n k n k n k
0.20 0.78 0.32 0.82 0.40 0.94 0.35
0.26 1.04 0.78 0.97 0.81 1.19 0.79
0.40 1.50 0.65 1.60 0.66 1.64 0.67
0.54 1.63 0.48 1.73 0.58 1.77 0.63
0.71 1.61 0.47 1.76 0.56 1.82 0.57
1.00 1.65 0.50 1.82 0.54 1.92 0.56
2.16 1.83 0.75 1.95 0.80 2.03 0.81
3.89 2.10 1.11 2.18 1.11 2.25 1.18
6.24 2.33 1.41 2.39 1.45 2.47 1.52
10.9 2.78 1.87 2.84 2.02 2.96 2.10
16.8 3.20 2.34 3.35 2.53 3.47 2.60
211 3.47 2.58 3.64 2.83 3.79 2.98
28.4 3.87 3.00 4.09 3.27 4.26 3.37

Proc. R. Soc. Lond. A (1990)
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Table 4. Percentage differences between values of the indices determined from the Kramers-Krinig
analysis and those calculated from the approximate relations (19) as a function of the wavelength (A) and
the height above the burner surface (H)

H/mm 6 8 10

A/pm n k n k n k
0.4 9.8 3.4 5.6 2.9 3.2 1.5
0.54 5.9 14.7 0.5 3.5 2.9 4.2
0.71 9.2 11.9 0.4 5.2 4.9 0.1
1.0 7.5 13.9 2.0 6.4 6.6 0.9
3.89 1.7 3.2 1.8 0.5 53 3.4
6.24 2.7 7.0 0 2.9 3.3 34
10.9 2.5 7.0 0.3 1.4 4.1 3.3
16.8 3.6 7.5 1.2 0 4.3 3.8

21.1 4.7 7.9 1.0 1.1 4.2 4.9

28.4 5.6 5.6 0.8 2.9 3.8 5.6

for the real part and
k=0.5821+0.1213InA+0.2309In>A—0.01 In® A, (19b)

for the imaginary part. These expressions provide indices that agree, on the average,
to within 5 % for n and 6 % for k with the values obtained from the Kramers—Kronig
analysis at the height of 8 mm above the burner surface. The same expressions may
be used for the heights of 6 and 10 mm above the burner surface. The percentage
differences between the inferred indices from the Kramers—Kronig analysis and the
above expressions in the wavelength range 0.40-28.4 um for all three heights above
the burner surface are presented in table 4.

It should be noted that the accuracy of the inferred indices depends on the levels
of the uncertainty associated with the particle diameter, the scattering/extinction
coefficient at the single wavelength as well as on the accuracy of the spectral
extinction coefficients. The sensitivity of the particle radius to the measured
temperature is insignificant due to the weak dependence of the particle diffusion on
temperature (see, for example, Charalampopoulos & Felske 1987). On the other hand,
the uncertainty in the inferred number density depends strongly on the particle
radius. This is because when the scattering or absorption measurements are used to
solve for the number density a dependence on the sixth or third power of the particle
radius arises. Thus, to obtain the particle number density that is needed in the data
inversion with minimum uncertainty, the scattering/extinction coefficients and the
particle radius must be determined with the maximum possible accuracy. It is noted
that in the present study the data analysis was carried out both for monodisperse and
polydisperse system of particles. As it should have been expected the inferred index
spectra in both cases agree very well. Specifically, the percent difference for the real
part of the index in the wavelength range 0.20-25 pm between the monodisperse and
polydisperse results is 1.8 % whereas the corresponding difference for k is 1.3%. In
the KK method of analysis the function 4;(w) is first computed from the measured
transmittance and the index spectra are determined by solving simultaneously
equations (13) and (14) at each wavelength. Thus, the uncertainty in » and & will
depend on the fluctuation of the functions 4;(w) and 4,(w) from their actual values.
It should be noted that the logarithmic nature of the measured transmittance
requires that extreme care should be exercised in obtaining the extinction
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Table 5. Combined root mean square values in the inferred index spectra
wavelength/pm 0.54 1.0 6.24 10.9 16.8 21.1 28.4
combined r.m.s. n 11 12 13 13 14 14 16
k 4 15 14 13 14 14 15

measurements. Towards this end multiple sets of transmittance measurements were
carried out and only the data that possessed the minimum possible fluctuation above
and below the average values were utilized in the data inversion. To assess the
uncertainty in the inferred index spectra a +0.5% fluctuation in the used average
transmittance values and +5% in the particle radius and particle number density
were assumed. The total uncertainty for the reported index spectra based on the
parameters utilized for the data inversion in this study is summarized in table 5.
Further discussion on additional factors influencing the inferred index spectra are
presented in the following section.

6. Discussion

As it was mentioned earlier apart from the error introduced because of the
extrapolation associated with the Kramers—Kronig relations several other factors
may contribute to the uncertainties of the refractive index of the particle as it exists
under flame conditions. It should be noted that reliable data analysis is only possible
for positions in the flame where the ‘diffusional” diameter measured by the photon
correlation can be considered to be the same with the ‘optical’ diameter as required
by the Mie equations. This limits the region in the flame where data analysis can yield
the soot indices with the minimum possible uncertainty. Furthermore, as it has been
noted by several investigators (see, for example, Haynes & Wagner 1980; D’Alessio
1981; Weiner & Harris 1989) the measured extinction in these type of flames is the
sum of the contributions from the molecular species such as polycyclic aromatic
hydrocarbons (paH) as well as soot particles. Haynes & Wagner have shown that
absorption occurs early in a premixed benzene—air flame and estimated the gas-phase
absorption profiles in the wavelength range 0.366-0.808 pm on the assumption that
the extinction at 0.808 pm is due solely to soot. On the other hand, D’Alessio (1981)
attributed the observed ultraviolet absorption peaks entirely to molecular absorbers.
However, it has been pointed out by Menna & D’Alessio (1982) that the soot
contribution to the total measured extinction may not be computed accurately using
the available dispersion models in the ultraviolet. This is because the existing
dispersion models do not account for the resonant behaviour of the optical properties
in this part of the spectrum. Recently, Weiner & Harris (1989) reported molecular
absorbance data in the visible wavelengths obtained by subtracting the absorbance
due to soot particles. As they pointed out, the results of the subtraction depend
strongly on the values used for the refractive index. Similar calculations carried out
in this study corroborate this observation. Thus, knowledge of the absorption and
scattering coefficients corresponding to all species other than the soot particles is
needed to determine the ‘absolute’ scattering and absorption coefficients of soot. In
the present study, as a first step, towards accounting for the gaseous absorption
contribution to the total extinction the percent absorption for a non-sooting
propane—oxygen flame was measured at three different heights in the flame. The
measured absorption spectra (see figure 6) are consistent with previous works (see
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Figure 6. Percentage absorption measurements for a non-sooting propane-oxygen flame
from 0.2 to 0.35 um. H (mm): a, 6; e, 12; 0, 16.

Di Lorenzo et al. 1981) both in terms of wavelength and position above the burner
surface. It is noted that the contribution of the gaseous absorption to the total
extinction becomes more pronounced at the ultraviolet wavelengths. Specifically at
0.20 and 0.26 um the gaseous absorption to the total extinction corresponds to
29% and 2% respectively, at the height of 6 mm above the burner surface. This
results in an increase in the real and imaginary part of the index by 4.0 % and 4.8 %
respectively at 0.26 pum. It should also be pointed out that the single particle
assumption and subsequent analysis using the Mie theory can be called into question.
This is because of the agglomeration of the primary particles into clusters, as well as
random and straight chains. The prediction of the scattering /extinction cross section
for agglomerates consisting of primary particles with size parameters in the Rayleigh
régime can be accomplished using the theory developed by Jones (1979). A
sensitivity analysis was carried out in a previous study for agglomerates with
number of primary particles less than thirty (Charalampopoulos & Chang 1988) and
it was concluded that the difference in the index of the primary particle and that of
the agglomerate was indeed small. For the position in the flame for which data are
presented in this study it is reasonable to expect that the degree of agglomeration is
limited. Nevertheless, the inferred indices can only be considered as ‘effective’ and
not ‘absolute’. However, it should be pointed out that the present method can yield
the ‘effective’ refractive indices over the whole spectrum with the least number of
assumptions as compared with the Drude—Lorentz dispersion model that has been
used so far. The main limitations of the approach are that (1) accurate infrared
transmission measurements under flame conditions are difficult to obtain and (2) the
experimental uncertainty over the whole range of measurements and especially in
the infrared upper limit must be as low as possible.
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7. Conclusion

The spectral variation of the refractive index of soot particles has been determined
by combining classical and dynamic light scattering measurements with the
Kramers—Kronig relations. The optical properties exhibit a resonance in the
ultraviolet which resembles glassy carbon data in band structure. It was also shown
that the present method could yield the refractive index of soot over the whole
spectrum with the least number of assumptions as compared with previous methods.

This research was supported in part by the National Science Foundation through grant CBT-
882-480.
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