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Abstract

Flame radiation, the dominant heat transfer mechanism in many combustion
and fire safety related probiems, is priméri]y_contro]]ed by the fracfion.of
flame volume occupied by solid carbon pafticu]ate.. A multi-wavelength laser
transmission technique is used here to measure carbon particulate volume
fractions and approximate particle size distributions in ten common solid,
ce]]u]qr and liquid fueled small scale, 0 (10 cm dia)? pooi fire diffusioh
flames.  The most probable particle radius, Cmax, and concentration, N, |
are two pa;amefers in the assumed gamma function size distribution form which
are determined fof each fuel by simultaneously measuring light transmission of
two superimposed laser wavelengths. The resulting soot volume fractions range
from €V'V4X10'6 for cellular polystyrene to va7x]0'8 for

alcohol. Cellular polystyrene has the largest particles, Fmax ~ 60nm

while wood has the smallest, .. ~ 20nm. The carbon particulate optical

:properties used in the analysis are shown to be representative of actual flame

soot and are more accurate than the soot refractive index usually assumed in

the literature. Finally, mean particle sizes obtained for all fuels indicate

‘that the small particle absorption limit assumption is a reasonable

~ approximation for infrared flame radiation calculations.
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INTRODUCTION

Flame radiation, the dominant heat trénsfer mode in many combustion
problems [1],Ais sprong1y influenced by the fraction of flame volume occupied
by solid carbon particulate. Carbon particulafe formation processes havé been
studied for many years but it is not yet possible to predict flame particle
size distributions and concentrations. Thus, experimental methods for
characterizing flame soot are necessary and important. A multi-wavelength
laser transmission technique is reported here to detefmine "in situ" carbdn
particulate volume fractions and size distributions. Ten common solid,
cellular, and liquid hydrocarbon fueled, small scale 0 (10 cm) buoyant

diffusion flames are studied.

‘Optical techniques for, characterizing particﬁlates are attractive due to
their non-intrusive nafure. However, accurate sogt refractive indices as a
function of wavelength are required in any light scattering [2-8]tréhsmission
[9, 1@ or radiance [11, 12] experiment from which particulate volume fractions
and size distributions are to be deduced. There has existed some uncertainty
regarding the soot refractive index, m = n(1 - ik). Diffusion flame soot
volume fractions and size distributions previously reported [3, 8, 10, 12]
were based on the refractive indices reported by Dalzell and Sarofim [13]
based on reflectance measurements from compressed soof samples, (é.g., m =,
1.57 - 0.56 i at 488nm). HoweVer, the Ref. 13 values may be in error due-to
the presence of unavoidable voids in the compressed soot. Meda]ia and
Richards Ud]'estimate from compressibility data that the compressed soot of
‘Ref. 13 s actually 1/3 air by volume. Based on this void volume fractioﬁ,

Graham ﬁS)estimates that Dalzell and Sarofim's n and nk may be 20% Tow.
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Also, Chippet and Gray [16] combined e]ectrdnmicrographic particle sizé
~analysis and spectral transmission measdrements to obtain an average m =
1.9-0.35i in the visible wavelength range. Absorption of incident radiation
by gaseous molecules or radicals may have slightly affected the results
obtained from their premixed acetylene flames [8, ]7]. Recently, in situ soot
optical propérties, improved over Ref. 13 in the direction suggested

above [14-16] , have been reported by Lee and Tien [1&]; They propose a
dispersion model based on a rigorous consideration of carbon particle electron
band structlure. Dispersion constants are determined from independent |
transmissién measurements in polymethylmethacrylate and polystyrene fueled
flames at visible {1d] and infrared wavelengths [12]. Their soot optical
properties, reflecting values of actual flame soot, are summarized in Table 1

for several wavelengths.

There is good agreement of the Table 1 optical properties with the Chippet
and Gray ]16] results and with the corrections to Ref. 13 indicated by
Graham {15]. The soot refractive index was shown in Ref. []3] to be rather
insensitive to fuel hydrogen/carbon fatio and to temperature, in the range of
typicé] flame temperatures. The multiwavelength 1aser_transmis$ion techniqued
developed here determines particulate volume fractions ahd size distributions
from the ratios of experimentally measured extinction coefficients at several
different wavelengths. This technique is used [18] to deménstrate that the
Ref. 13 optical properties pfoduce particle sizes and volume fractions.'which are
not consistent at different wavelength combinations. In some cases the
extinction coéfficieht ratios actba]]y exceed the theoretical limit []8].
However, when Lee and Tien's optical properties (Table 1) are used, the

resulting volume fractions and size distributions are consistent at every
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extinction coefficient ratio. The previous argUments lead to the conclusion
that the Table 1 soot optical properties are valid as mean values

representative of the full range of fue]s.studied here.

The experiments to measure extinction coefficients are described in the
next section.' Use of this data in the analysis described in the following
section enables accurate determination of soot volume fractions. Finally, the

use of the soot volume fréctions to make infrared flame radiation calculations

is discussed.
EXPERIMENT

.Mﬁ]tiwavelength laser transm{ssion experiments are performed with the
apparatus shown shematically in Fig. 1. A CW Coherent (model CR-MG)
argon/krypton laser operating at either A= 0.4579 um, 0.488 um, or 0.5145 um
with ~250 mW output and a Spectra-Physics (model 125) helium/neon laser
emitting af 2= 0.6328 um anq‘~50 mW are used. The beams from each laser are
superimeSed with a beam sp1{tter cube and océupy the same physical path
through the flame. After traveling through the flame, the two wave]engths are
separated with an equi1atera]yprism. ‘Each beam is then~passed through a
narrow band pass filter at its own wavelength (0.003 um bandwidth) to
eliminate noise and stray light from the other beam. The beams are each
focused with an f = 147 mm lens onto two photodiode detectors (Newport
Research Co., model 820 power meter). A reference intensity frdm each laser:
is also monitored. The output signals from the detectors are sent through a
d.c. amplifier and input to a (Digital Equipment Corp.) AR1l 16-channel, 10

-bit A/D converter and stored in a PDP-11/34 minicomputer. Data is read from
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the detectors when triggered by a clock tﬁck from the variable frequency
timer. The digital display of the timer is filmed with an RCA (model CC002)

color video camera connected to a Sanyo (model VTC 8200) video tape recorder.

| For each fuel 100 instantaneous stored intensity measurements at each
wavelength are correlated with the simultaneous laser pathlengths measured
' separately for each data point.A The laser beam pathlength, L, is taken as the
width of the continuous luminosity on a videotapé frame. It will be shown in
the next section that superposition of the two beams enables determination of
mean partié]e sizes without knowing L, therefore reducing the experimental

error.
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ANALYSTS

‘Extinction Coefficient

When a monochromatic beam passes through a homogeneous po]ydisperée

aerosol, the transmitted intensity, I, is related to the initial intensity,

IOs by

L) I, ) = exp (-T(A) L) (1)

The intensity and pathlength data I, I, and L are used to ca]cu]éte
instantaneous extinction coefficients at each wavelength, T (), which are
then averaged. Results at each of two wavelengths give two independent values .
for fhe extinction coefficient, . These two vélues are used to find the two
Vparameters in the size distfibution, N(r), as éxp]ained below. Physically,
one would not expect T to be homogeneously distributed along the pathlength.
Thus, it is the average extinction coefficient and average soot volume
fraction, along a line of sight which is actually obtained here. From the
viewpoint of calculating flame radiation, these averages are pfecise]y the

information required.

The ektinctioh coefficient is related to the extinction efficiency,
- Q(.,m,r), of each individual particle of radius r; and to the partic]e

concentration, N(r)dr, by

t(x, mr) = N0 Q (2, m, r)wr2 dr, (2)
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If spherical particles are assumed, then Q(A,nu r) is well known from Mie
scattering theory [10, 19, 20]. A randomly oriehtéd aerosol of chain-1like
particles, which is probably the situation in turbulent buoyant plumes above
pool fires, is not expected to give transmission measurements significantly

different from a spnerical particle aerosol (10, 21). -

Size Distribution

No previous in situ carbon particulate detailed size distribution
measurements in diffusion flames are known. Most studies use a monodisperse
particulate [4,7,9,22). Size measurements in premixed flames (23] and
pfevious studies here [10] suggest a Gamma distribution (24] with the

constraint of a specified ratio of standard deviation to mean particle

radius, O°/r = 1/2, as a reasonable functional form. In terms of the most

probable radius, r .. . and the total particle concentration, Ny, the

distribution form is

N(r)/No = (27r3/2r8 ) exp (-3r/rp.) (3)

Note this is a general two parameter distribution. For each fuel, the two
extinction coefficients independently measured at separate wavelengths

provide two equations for the two unknown size distribution paraméters, No

and rp v

The soot volume fraction is

‘rr 5N(r)r3dr. | | (4)
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Substituting Eq; (3) into Eq. (4) yields

| | 3
f, = SAL D(TINGRL, = 18.62 Nt ()

The width choosen for the distribution does not strongly affect fv- For

example, choosing «/ry, = 1/5 instead of 1/2 cause only ~15% change in f,

fe1] .

Normalized Extinction Coefficient Ratio

The Mie theory extinction coefficient {10, 19, 2d] and the size
distribution of Eq. (3) are substituted into Eq. (5) which is then integrated
numerically. The result is shown in Fig. 2 in terms of a non-dimensiona]

extinction coefficient,

,
El A, m) = T/ ()

for the four wavelengths used in the experiment. The parameter o =21r/a

describes the interaction of radiation at wavelength X with a particle of
radius r. In the small particle absorption limit, x<<l, T is independent of

the size distribufion and the ratio of two different wavelength ?'s becomes

Y

T/ T3) absorption = XROWARGG) 5 (7)



where‘the optical properties information is all contained in

- | ntk ' A (8)
Fa(k§ [hz'—(ﬂk)zf Z]’L + 4?\4 kl .

In the large particle limit, =>>1, Q - 2 and Ti/Tﬁ » 1. Thus, the

normalized extinction coefficient ratio [10],

J T - QbSo‘.—_p;‘_ior;

is adopted as being most convenient for extracting size distribution
information from experimental extinction coefficients. Figure 3 shows ’I{j as

a function of most probable radius, Fmax, for the six different possible

wavelength combinations used here.
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Using the measured T{ and Tj's, the experimenta]'xﬁj js obtained

from Eqs. (1, 7, 8 and 9). The experimenta].xij is used to extract rpax

from Fig. 3. Note that since the T's were superimposed, "max is known

independent from L, thereby 'eliminating a large source of possible error

. . I . R N .
(~10%). T’is then determined from max and Fig. 2. No is obtained from

Eq. (6) and one of the experimental extinction coefficients. Knowing " max

and N, gives f, from Eq. (5). Note that since L must be known to obtain

T, the error in measurement of L does affect the accuracy of No and f,.

RESULTS

Experimental Summary

Table 2 presents the measured extinction coefficients and extinction
coefficient ratios at several wavelengths for the ten fuels examined. The

sample diameter or length in the beam direction, Lo, and laser beam height

above each fuel surfacg, Hy, is also given.  The GM designation refers to

the well described [25} Products Résearch~Committee cellular plastics
material bank. More than one wavelength pair was run when it was necessary to
isolate the correct r .. in the double valued region of the X;Vs. Tpax
curves. The experimental standard deviations are shown, calculated from 2100
data points for each fuel, Tab]é 2 thus gives the useful raw data needed }p

the multiwavelength technique.
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Table 3 applies the data in Table 2 and shows the resulting calculatons

of xij, the most probable radius, the total particle concentration and the

soot volume fraction obtained from each wavelength pair run for every fuel.
Table 3 demonstrates the consistency of the results among different wavelength

pairs run for each fuel. No common pathlength experimental value lies above

the theoretical limit for Xij. This is in contrast to the Ref. 10 results
based on the soot optical properties of Dalzell and Sarofim [13] (see Table 3

of Ref. 18). The I/Id and L data from separate single wavelength

experiments 'previously reported [10] are reinterpreted using Table 1 and ére
included in Table 3 for comparison with the new common pathlength
muitiwavelength data for polystyrene foam, polypropylene, acetone and
alcohol. The discrepency between the seperate pathlength and common
pafh]ength experiments for polypropylene is due to the low laser light
attenuation in this relatively clean flame. The new simultaneous wavelength'
pair results, which contain less error from pathlength uncertainty, agree very .
well for different wavelength combinations. Tﬁe separate pathlength
polystyrene foam results are quite compatible with the new common path values,
but only the more accurate simultaneous multiwavelength data are included fn

averages reported for these fuels in Table 4. Note the consistency of the

fv values among different, common path wavelength pairs for all fuels.

" Of the fuels which reside in the double valued region of Fig. 3 (i.e.%.

X3 R 1), all except acetone and alcohol lie in the single valued region -

for at least one alternate wavelength pair. The correct Tmax for the double
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valued case is chosen as closest to the single valued result. For acetone and

alcohol, the correct r_ .. s resolved as previously described [10], i.e., by

choosing that r_ .. of the double value which is most common among the

results from different wavelength pairs.
Discussion

The averages over the'wavelength pair resu]fs for each fuel in Table 3 aré
summarized ih Table 4. The primary output of this study are the soot vo]ume
fractions in the fourth column for the fuels in the first column. The most
_ probable radius and total particle concentration obtained from the
multiwavelength technique are listed in the seéond andvthird coiumns,
respectively. This table replaces previously reported results [10]. The
volume.fraction ranking wiphin each fuel type remains unchanged and is
consistent with observations of flame luminosity and smokiness. The newly

tested'WOOd sample has al"'l fv and Fmax very close to that of

polypropylene. A detailed uncertainty analysis shows that the experimental

error in f s + ~10% [24, 21]..

In the final column of Table 4 are estimates of the fraction of fuel
carbon converted to soot (see Ref. 21 for calculation details). A large
.fraction of the carbon in po]ystyrené, ~15%, is converted to soot. Thé .
respectivé values for polyurethane and isooctane are ~3% and the remaining .
fuels result in £ 0(1%) fuel carbon corversion to solid particulate. There %s
reasonable agreement with de Ris (1) who estimated carbon to soot conversion
of 18% for polystyrene, 1.9% for PMMA and 5.5% for polypfopy1ene, with a high

uncertainty in the latter value. Good quantitative agreement is obtained with
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the infrared transmittance and radiance results reported by Buckius and Tien:
{12] when the more accurate Lee aﬁd Tien [18] optical pfoperties are used.
Agreement is also achieved with Markstein's soot volume fractions [11] if the
larger size of his flames is taken into account. This scaling effect is
addressed in a seperate experiment performed here and the results are reported

elsewhere -{26].

Figure 4 shows detailed size distributions given by Eq. (3), using the
experimenta]iy measured parameters in Table 4 for the ten fue]s_considéredf
Note that the semi-log plot broadens the actué]]y rather narrow
distributions. No fuel was-observed to have average particle sizes within the
Ray]eigh absorption limit for visible radiatioh. ‘The most probable particle
radii are generally twice as large as those calculated in Ref. 10 due to
using the revised optical properties in Table 1 instead of the usually [8-12]
assumed refractive index from Ref. 13. Only the anamolous foam polystyrene
"max has not been substantially altered. The foam samples interestingly

have the largest r .. = with the two polyurethanes not found to be

~significantly different.

Infrared Extinction Coefficient

~ The ability to predict flame radiation from the soot volume fraction

results is of primary interest here. In most flames of practical scale sool
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emission dominates gas species emission [27]. The nongray soot emissivity can

- often be repreéented [28] within 10% by the simple gray expression,
e=1-exp (-kL) o = - (10)

where L is the pathlength or mean beam length and x is the absorption

coefficient or soot emission parameter, defined as

K=T (i) = 36w Fa\(X) fV/X _ (11)
where |

TTgy = cp/3.6=040cmk . ' (12)
sz is an edui?a]ent,homogeneous flame temperature and

c, = hco/K = 1.44 cm-°K is Planck's second constant. The derivation of

Eq. (10) is based on an empirical fit to the Rayleigh 1imit nongray

emiésivity [27,28] which assumes that thé spectral extinction coefficient
varies.as»l/k [],27,29], This is valid as long as a << 1 in the infrared

spectral region where most of the flame emissiSn occurs. The Mie theory spectral
extinction céefficient based on Eq. (2), the experimental size distributions, and
f; for each fuel, is cdhpared in Fig. 5 to the small particle limit extinction
coefficient approximation of Eq; (11). Only thé foam mattress result is shown for
the two polyurethanes since they are so similar. For fuels with*rm < 40 nm, the
“approximation is reasonable from A = 2 um to A = 3 um, where the flame emission

spectfa peak. The approximation underpredicts the Mie theory t by ~20% for
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polystyrene foam, by ~15% for po1yurethaﬂe foam , and by £0(10%) for the
remaining fuels. However, the effect of thislerfor on the flame emissivity
may be small. For polystyrene foam with a pathlength of 30 cm and a soot
emission temperature of 1200 K, Egs. (10 and 11) give a soot
absorption-emission coefficient of ¥ = 0.05 cm-1 and é soot emissivity of

€ = 0.78. If actually K= 0.06 cm-1 (20% higher) then € = 0.83, i.e., a 20% '

underestimate of X causes only ~6% underestimate of €. Because emissivity
determines flame emission, it is significant that propagation of soot emissioﬁ
coefficient.érror into € is small. It is also important to note that the Mie
theory T is dependent on the size distribﬁ%ion. If the actual size
distribution differed, and was narrower than the assumed form in Eq. (3), then
the Mie theory T would be closer to the approxfmate T. The volume fraction
results are not strongly dependent on the assumed form of the size
distribution and hse of the approximate expression for T, which depends on

fv and not on the size distribution, may be even more accurate than it seems
from Fig. 5. Within the assumptions qnd experimental uncertainties, it is
reasonable for typical engineering applications to consider all the fué]s
examined here to generate soot particles which are within the small particle

absorption limit for infrared flame radiation calculations and thus permit use

of Eqs. (10 and 11).

CONCLUSIONS

Table 4 presents carbon particulate volume fractions of 0(10-5) and
approximate size distributions measured "in situ" for 10 common solid,
cellular, and liquid fue]ed, small scale buoyant diffusion flames. A
multiwavelength laser transmission technique [10] has been refined so that
beams of two wavelengths from seperate lasers now occupy the same physical

path through the flames, thereby reducing experimental errors.
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The analysis uses the soot optical propértiés obtained by Lee and Tien
[18] (see T;b]e l)f They were determined from a rigorous consideration of
electron band structure and the dispersioﬁ constants, in conjunction with
independent transmjssion'measurements at visible [10] and infrared {}2]
wavelengths, and are thus considered to be repfesentative of actual flame
soot. These soot refractive indeces are shown here to yield theoretical
extinction coefficient ratios as large as experimental values and give
consistent results for different wavelength pairs for each fuel. This is in
contrast to:previous results [10] based on the usually assumed {3, 8, 12]'§oot
refractive indices measured by Dalzell and Sarofim [13] in collected and

compressed soot samples.

'Pb]ystyrene flames have the largest soot volume fraction
'(fv ~3.5 X 10'6) and the largest estimate of fuel carbon converted to soot
(~15%). The cellular foam fuels, polystyrene and two polyurethanes, are
observed to have the largest size particles of all the fuels studied
. (rmax=‘5-2 X 10‘2‘um and 5.2.x 10‘2‘pm, respectively). The ranked order

of the f, values is consistent with observed flame luminosity and is in

agreement with literature data [11, 12) , including results obtained here
previously [10]. However, due to use of the new optical properties of Table
1, the values for most probable particulate radii have increased at least
twofold and the soot volume fractions have decreased significantly from th

original results [10] for all the fuels except the foam polystyrene.

Finally, the mean particle sizes obtained for all fuels indicate that the

small particle absorption 1imit assumption may cause only slight-
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* underestimates (¢20% for po]ystyrehe,élS% for polyurethane, and £0(10%) for
the remaining fuels) Qf infrared flame absorption-emission coefficients, but

is a reasonable approximaton for flame radiation calculations.
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NOMENCLATURE

~ speed of propagation of electromagnetic radiation in vacuum
Planck's second radiation constant, 1.4388 cm oK

particulate carbon volume/flame volume

optical properties function
height aone fuel surface
radiant intensity

Boltzmann constant

mean beam length or length
complex index of refraction
real index of refraction
imaginary index of refraction
particle concentration
extinction efficiency

particle radius

experimental standard deviation

temperature

an/x

emissivity

soot emission parametér -
wavelength

extinction coefficient

normalized extinction coefficient ratio, Eq. (9)



Subscript .

f1

max

abso?ptioﬁ

beam

flame

first wavelength
second wavelength
meaﬁ

most probable
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Table 1 Soot optica1 properties, m(2) = n(x)[1 - ik(Aﬂ

Wavelength, . n{x) nk(x) Fa(R)
(am) - .
0.4579 1.94 0.58 0.033
0.4880 1.94 0.54 0.031
0.5145 1.93 0.52 0.030
0.6328 1.89 0.48 0.029
1.6 1.9 0.80 0.045
2.5 2.1 1.1 0.048-
3.0 2.3 1.3 . 0.046
4.0 2.5 1.5 0.040

5.0 2.7 1.6

0.035

Lee, D. and Tien, C.L.: to be published in the Eighteenth
Symposium (International) on Combustion, 1980.
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Tatle -2  Measured extinction coefficients, Ty and extinction coefficient ratios,
’ihj' with their experimental standard deviations, s.

Fuel Beam Experimental Wave- Experimental

Tength ht. Wave- Standard length Standard
Lo “b length' . Devi::ion paird Deviation
i 1 -3 11173 511/1"
-1 -1
om cm L] [ cm
solids
Polystyrene 7.5 2 1 0.60 0.034 -3 1asd 0.08®
(CeHg)y . : 0.52 0.028 -4 1sod 0.12°
0.40 0.084 -4 1.3 0.16°
Wood, ASTM Class B 150 - 4 1 0.044 0.012 -4 2.00 0.26
Fire Brand, (cuzo) 4 0.023 0.007
Polypropylene 7. 2 ) 0.036 0.010 - 8 1. 0.2%
(CqHe) 2 0.0355 0.009 3-4 1.5% . 0.30
;L 73%6'n b b
3 0.032 0.008 -2 10 0.42
¢ 0.0n 0.005 -3 0.43°
-4 1N 0.63°
223 " oadd
Polymethylmethacrylate 7.5 2 1 - 0.080 0.007 -3 e 0.33"
(CgHgO, e PHA 3 0.034 0.000 -4 1.8 0.23°
3 0.026 0.004 34 .29 0.32°
Foams
Polystyrene, GN-48 : 1.0 2 1059 - 0.060 1-3 1o o.n®
(CH) 3 0.576 0.027 -4 .28 0.10
8°8'n 4 0484 0.040 -4 1.2 0.10°
Polyurethane, w;mess ‘ 15.0 2 1 0.097 0.008 -3 112 0.13
(Co Mo AON 3 : . - . )
3.2°5.370.23'n 3 0.068 0.004 -4 1.28 0.
Polyurethane, GM-21 ' 15.0 2 2 0.083 . 0.020 -4 1.3 0.19
(C3 4¥5.1%N 167n 4 0.061 0.015
Liquids . b
Iso Octane : 15.0 4 1 0.083 0.004 -3 118 0.06°
(G Hg) 3 0.0 0.003 -4 s 0.0
: s 0.055 0.008 -4 1 0.08®
Acetone 15.0 & 2 0.017 0.004 -4 1.54 0.32
(C.H_0) 3 0.016 0.004 -4 1.46 0.16
36 4 o.on 0,003 - 2-3 1.0 0.36
Alcohol 150 4 2 0.010 0.002 2-4 L7 0.30 -
(C,H.0) . 3 0.009 0.002 4 1.5 0.18
2’6 H 0.006 0.001 2- 3

1.15 0.34

a = { refers to Xy “1 = 0.4578 ym, xz = 0.4880 um, Ay 0.5145 1m, Ayt 0.6328 um).

b = computed with separate paths for each wavelength.

-
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Table ‘3 Experimental flame soot volume fractions
C and size distributions from multiwavelength
- experiments. . :

Wave-

length’ 2 -9
Pair? Xij Tmax X 100 Ny x 10 6
i-J - am . em? fyx 10
~ Solids - . :
Polystyrene 1-3 0.6&7‘ 4.4 = 2.1 3.3
| S 1=k 0.864° 4.7 1.7 3.3
) 3"” 1008 500 . 1:’4 3.3
Wood -4 1,72 2.3 1.3 0.29
_ Polypropylene 2-4  1.82 2.4 . 1.0 0.27
3-4  1.88 2.5 0.90 0.26
-4 .1.23 * 3.7  0.21 0.20
Polymethylmethacrylate 1-3 0.758° 4.0  0.18 0.22
- - ~ 1-4  0.928% 4.5 0.13 0.22
3-4. 1.09 * 5.0 0.09 0.23
Foams ~> | . . . «
‘Polystyrene, GM-48 . 1=3 0.231 6.6 0.75 4.0
Polyurethane 1-3 ° o.ugu: 5.0 0.24. 0.55
: 1-4 - 0.735% 5.2 0.21 0.56
‘ "~ 3-4  0.9917 5.3 0.20 0.56
_ PolYQrethane, GM-21 2-4 0.938 5.2 0.19 .0.51
. Liquids - § b
.Iso Octane : 1-3 0.656 4.4 0.29 0.46
- : 1= 0.877° 4.7 0.24 0.46
3-4  1.10 P 4.9  0.21 0.46
- Acetone 2-4 1.40 3.9  0.09 0. 10
| - 3-4  1.62 3.5 0.14 0.11
" Alcohol 2-4  1.87 2.4  0.30 0.077

a- 1 refers TO Same a; as Tablel.

b- computed with seperate paths for each wavelength.
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TABLE 4 Summary of soot volume fractions
and size distributions

Fuel Ymax x 102 No x 10~8 fy x 106 % Carbon
converted
M cm™? - to soot
Solids
Polystyrene 4.7 1.7 3.3 15,
Wood 2.3 1.3 0.29 1.4
Polypropylene 2.5 0.93 0.27 0.7
Polymethylmethacrylate 4.5 0.13 0.22 . 1.2
Foamé
Polystyrene, GM-48 6.2 0.85 3.8 15.
Polyurethane 5.2 0.21 _ 0.56 3.1
Polyurethane, GM-21 5.2 0.19 . 0.51 3.1
Liquids
Iso Octane | 4.7 0.24 0.46 3.1
Acetone 3.7 0.12 0.11 0.7

Alcohol : 2.7 0.19 0.071 0.5
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Figbre Captidns

Schematic Of.apparatus for simultaneous multiwavelength
laser transmission measurements.

41-&;.[-;5 -Laser at 2A; or Aj

Mirror ' .
. Beamsplitter ’

Prism

Digital timer

Video camera

Focusing lens (f=147 mm)

-Bandpass filter (30 A) bandwidth
DTy, ,DT,, - Detector for transmitted intensity
DR,(,DRq Detector for reference intensity
0sS - Output signal to amplifier and computer

FL™
F

Nondimepsional extinction coefficient, f':T/Non: ,
versus the most probable particle radius, parameterized
in ¥agfle?gth, with the soot optical properties 1listed

Normalized: extinction coefficient ratio,
Aiy =0 Ci/C =-13/0% /¢y =1)a5 , versus the most probable
particle  radius with A, =0.4579 um, 2,=0.4880 um,
2;=0.5145 um, and A,=0.6328 um, usiny the soot optical
properties of Ref [18] listed in Table 1.. ,

Approximate particulate size distribution, N(r), versus

~particle radius for several fuels.

Mie theory and-Rayleigh small particle limit extinction

- coefficient as a function of wavelength with the
. particulate size distributions and soot volume

fractions in Table 4,
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Figure 2
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