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The optical properties of particulate emitted from fires burning two distinct polydimeth-

George Mulholland ylsiloxane fluids () and M, or MM, where D=(CHj;),SiO and M=(CH3);Si0,) were
obtained using a transmission cell-reciprocal nephelometer in conjunction with gravimet-
Takashi Kashiwagi ric sampling. The specific absorption coefficient of particulate ash from fires burnjng D
and MM is significantly lower than that of particulate soot from an acetylene (hydrocar-
National Institute of Standards and Technology, bon) flame. Scattering is the dominant part of extinction in fires burning the silicone
Gaithersburg, MD 20899 fluids. This is very different from extinction by soot particles in hydrocarbon fires, where

absorption is approximately five times greater than scattering. Temperatures and particu-
late volume fractions along the axis of a silicone fii®,) were measured using multi-

Robert Buch wavelength absorption/emission spectroscopy. The structure of tlilaes is markedly
Dow Corning Corporation, different from hydrocarbon flames. The temperatures and particulate volume fractions
Auburn, M1 48611 very close to the burner surface are much higher than in comparably sized hydrocarbon
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Introduction Light scattering/extinction measurements in silane flames show

. . - that the particle diameters are rather large, varying from 50 nm to
Fires fueled by silicones exhibit low heat release rates and f 0 nm [5]. Information, however, on the refractive indices,

sev_erlty_[l,Z]. T_he low heat release rates make the_m sgnable f.Which are needed to obtain specific absorption coefficients are not
various industrial products such as transformer fluids, flre-barrlg{/a”able In addition, Zacharias] performed measurements at
foam and thermal_abl_atwe[:‘._%]. Also, silane gnd °‘hef silicon one wavelength, while two wavelength pyrometry requires ab-
based fuels are_belng |nve§t|gateq for s_ub-mlcror_] partlclg synt rption coefficients at two wavelengths. Refractive indices and
sis[4,5]. In semiconductor industries, silane and its chlorides af& . .ific extinction coefficients in the infrared wavelengfhsm 2
used to deposit thin dielectric films on substrates using thermal I to 40 um) for silica aerogel are availablgL2]. However
plasma dissociation of the vapor. A better understanding of tgyaining absorption coefficients from these measurements is not
structure and properties of silicone fueled fires is needed for igggginie without knowing the scattering to extinction ratio. In ad-
proved fire safety as well as to exploit their potential for particjtion there is no information available in the literature on the
late synthesis. _ . o . absorption coefficients in the near infrared region of the ash
The burning velocity6], chemical kinetic$7], and combustion ¢med during the burning of siloxane flames.
hazardq 8] associated with silicones have been studied in recentr,q objective of this study was to obtain the absorption coeffi-
years. In addition, combustion models have been proposed {Qcnis of silicate ash in the near infrared region, and to utilize this

polydimethylsiloxaneq9]. The radiative emission fraction andintormation to obtain the temperature and ash volume fraction in a
ash composition of pool fires burning silicone fluids have beefjioxane pool fire.

studied by Buch et al[3]. The ash is composed of varying
anjl%unts of carbon d(_ep_endlng on the |n|t|a_1l fuel strucfdie _Experimental Methods
e measured radiative heat loss fraction to the surroundings

for silicone pool fires with diameters from 0.1 m to 0.4 m is The specific absorption coefficients of the particulate volume
comparable to those of hydrocarbon flarf@k In addition, longer fraction (referred to here as the ash volume fractiorere mea-
chain length silicon fluids have lower radiative heat loss comparggred using a transmission cell reciprocal nephelometer in con-
to the short chain silicones. The main reason for this behaviibinction with gravimetric sampling. The schematic diagram of the
could be the lower silica ash volume fractions associated with thstrument is shown in Fig. 1. This new measurement method was
long-chain silicone fluids. However, there are very few studiggcently quantified and represents a unique capability for simulta-
that provide information on the ash volume fraction or the tenfleous measurements of the specific extinction and single scatter-
perature distributions within siloxane flames. Ing albedo with low uncertaintﬁ/l3]. The nephelometer is similar

In flames containing particles, obtaining temperature informQ the one used by Patterson et f14] and Mulholland and
tion using either conventional techniques such as thermocoupfiyner[15]. The exhaust gas fro a 5 cmdiameter siloxane pool
or laser based techniques such as Raman Scattering is not ed§iji¢ was mixed with diluting nitrogen and passed through a
accomplished. Temperature and soot volume fraction informatigi@hsmission cell. The specific absorption and extinction coeffi-
in hydrocarbon based fuels have been routinely obtained usifi§nts for particulate from fires burning two polydimethylsiloxane
intrusive emission/absorption pyromet$0,11]. The crucial in- flUids (D4 andMM) were obtained wher®,= ((CHs),SiO), and
formation required to obtain temperature and ash-volume fracti$hM = ((CHy)3SiO),. The optical cell was oriented vertically and

from siloxane flames is the specific absorption coefficients of th® Significant deposition of particulate onto the glass walls of the
particulate. nephelometer occurred.

The extinction (/1,) of a He-Ne laser was measured using a
Contributed by the Heat Transfer Division for publication in tf@JBNAL OF detector. The light Scatt.emd by.the particles a.‘long the optical path
HEAT TRANSFER Manuscript received by the Heat Transfer Division February 6VasS f"ll_so me_asured using a wide angle cosine sensor, Who_se re-
2000; revision received November 3, 2000. Associate Editor: Y. Sivathanu. ponsivity varies as the cosine of the angle between the incident
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Fig. 1 Schematic diagram of the transmission cell reciprocal

nephelometer Fig. 2 Experimental arrangement used for multi-wavelength

transmittance measurements

radiation and the normal. The mass flux of particles through the
transmission cell was obtained by collecting and weighing t
particulate on a filter.

The spectral mass specific extinction coefficiery, () of ash
particles is given by

hfﬁm diameter heated tube. Figure 2 is a schematic drawing of the
experimental configuration. The radiation emitted by a mercury

arc lamp was collimated through a stainless steel tube, and fre-
quency modulated using a mechanical chopper. The radiation tra-

In(r,) (/1)) versed a 10 mm path in the flame, and was then split into three
Ky m= Mo = (1) parts using two beam splitters. The parts were incident on three
oomL mL photo-detectors, which had narrow band pass fi(fali-width

wherer, is the spectral transmittande js the length of the trans- half-maximum of 10 nmin front of them centered at 700 nm, 800
mission cell, andn is the mass concentration of particulate. Th&@M, and 1000 nm. The detected signal was phase-locked using a
extinction coefficient is composed of two parts, the absorptidﬁCk"n amplifier to eliminate the emission dqe to radiation from
coefficient @, ) and total scattering coefficientr( ,). The total the flame. The data was stored at 100 Hz using\é&D converter

scattering coefficient is given by and a personal computer. o
The conditional mean of extinction at 800 nm and 1000 nm,

conditioned on the extinction at 700 nm was calculated from the
measurements. The ratio of the natural logarithm of the extinction

) ) ] o was used along with Eq1) to obtain the modeled spectral depen-
whered is the scattering angle defined by the direction of propafence ofx, as

gation of the incident beam and direction of the scatter be&is,
the azimuthal angle varying from 0 torZor a fixed 6, and o(6, In(7y2) _ K ﬂ " 4
¢) is the scattering function. The total scattering coefficient was In(1y1) K1 \Aa “)
obtained by calibration with the non-absorbing aerosol diQ|:h . ific ab . . -
ctylphthalate(DOP) for which the scattering and extinction coef- e ratio of specific absorptiotemission coefficients was as-
ficients are equal. From the light extinction measurement, the céHme.'d. to have_ the same wavelength dependen_ce as the extinction
bration factors for the light scattering measurements was obtai %beffICIent: T.h's ratio was subsequently_used in the two wave-
[15]. A combined expanded measurement uncertainty of approg'9th emission measurements along with E8. o obtain the
mately 6 percent is expected for the absorption and scatteri gal temperatur@lO]. The local ash VO'UF“e frac.tlonfl() in the
coefficients based on a detailed analysis using the transmissioh POC! Was obtained from HeNe laser light extinction measure-
cell nephelometelrl5,16. All uncertainties reported in this paperrnents
represent the combined standard uncertainty with a coverage fac- —In(7)
tor of 2 equal to two times the value of the standard deviation v g
[17]. Uncertainty due to laser drift in the transmittance measure- Kx,mb-p
ment was less than 1 percent. wherep is the density of particulate, arid is the length of the
The above procedure provides an estimate of the extinctipnobe volume. The density of silica agfaken to be equal to that
coefficient («, ) and the absorption coefficienay ,,) at 632 nm of bulk amorphous silicawas taken to equal 2200 Kgfnbased
for the silicate ash. The temperatu/® and the volume fraction on the study by Zeng et dl12].
of the ash particulate in a 10 cm diameter pool fire burning silox- Particulate was collected using iso-kinetic sampling for subse-
ane was measured using three-wavelength absorption/emissjoent analysis using TEM. Samples were collected in the flame
probe measurements, similar to the techniques described by Si10 cm above the fuel surface on the central pxdbove the
vathanu et al[10] and Choi et al[18]. Utilizing the measured flame in the plumé~20 cm above the fuel surface on the central
emission intensity at two wavelengtkid00 nm and 800 nimthe axig), and in the liquid fuel bed from a 10 cm diameter steadily
temperature of the ash particulate can be obtained as burning pool fire ofD,. Samples collected in the fuel were dis-
5 persed in methanol and subjected to sonic treatment for 10 min.
h_C i,i /In exihy ('A_Z ) The dispersion was dropped onto a carbon coated Cu grid for
KNy Ny s)\z)\? Ma/ |’ TEM analysis. Samples collected in the flame were not subjected

. . - . . .to a liquid medium or sonic treatment. Samples were also sent to
wheree, is the specific emission coefficient, which for an arbi q P

trary volume in thermodynamic equilibriutand in the absence of testing laboratories for elemental analysis.
self absorption within the volumeés equivalent to the absorption . .
coefficient,a, [19]. I, is the measured spectral radiation intensit)ReSLthS and Discussion
at wavelength), h andk are the Planck and Boltzmann constants A sample TEM photograph of silica ash collected in the plume
respectively, and is the speed of light in vacuum. To obtain theof a 10 cm diameteb, flame is shown in Fig. 3. The primary
temperature using Eq3) an estimate of the ratia,;/a,, (or particles have fused together to form clusters of various sizes.
equivalently,e,;/e),) is needed. However, the transmission celDnly a few primary particles are seen. Figure 3 shows that the
nephelometer provides an absorption coefficient only at one waygimary particles vary in sizes ranging from 20 nm to 300 nm.
length. Therefore, the ratia,/a,, was obtained as describedLarge primary particles were typical of particulate collected
below. throughout the fire including within the flame, above the flame in
Multi-wavelength transmittance measurements were conductib@ plume, and in the liquid fuel bed. The largest primary particle
above a burningpre-vaporizedl stream ofD, exiting from a 5 sizes were approximately 500 nm for samples collected from the

27 [
Trm= J J (0, ¢)sin 6dod ¢, )
0 0

®)
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Fig. 4 Conditional mean and RMS of spectral extinction

to their relatively minor role in hydrocarbon fires. For hydrocar-
bon fires, there is some controversy on the variation of refractive
indices with theC/H ratio of the fuel[20,21], however, the maxi-
Fig. 3 TEM data obtained in the plume of a 10 cm diameter D, mum v_ariation for the extinction or the abs_orpti(_)!’] coef‘fic_ient Is
fire approximately 30 percent. For the fires burning silicone fluids, the
variation of extinction and absorption coefficients with C/Si ratio
is very high. The specific absorption coefficier, () of MM,
which has an initial C/Si ratigby mas$ of 1.29 is 0.18(*+6
gercenl m?/g, whereas that ob, (initial C/Si ratio of 0.86 is

B9 (6 percent m?g. Elemental analysis of actual particulate
Sample collected from th®, plume and from theD, fuel bed

liquid fuel. This is a much wider distribution of primary particle
sizes than observed in soot particles. Clusters of primary partic
of approximately 100 nm to 200 nm form the bulk of the particu

late ash. The clusters are linked to form aggregates of sizes r 1ded a C/Si mass ratio of 0.24-26 percentand 0.23(+19

ing from 1 um to 3 um. The cluster and aggregate sizes anfjocony respectively{22,23. The fact that the value of the C/Si
shapes are similar to those observed in soot particles, although ltglﬁ,o for samples taken above the flarfie the plumé and
primary particles are generally much larger. samples from the fuel bed were nearly identical suggests that the

. . . . "&Si ratio does not vary significantly throughout the flame. Par-
and the uncertainty obtained from measurements using the trafs;

mission cell nephelometer f@,, MM, and Acetylene. The spe-
cific extinction coefficient k, ,) of the silicate ash fronb, and

MM is approximately 5 and 2.5 times smaller than that of so
particles from acetylene flames. In addition, the scattering albe 9
(the ratio of the scattering to extinction coefficieat,/ «,) of the

somewhat higher values of the C/Si ratio. Therefore, to model the
radiative transfer in flames burning silicone fluids, the specific
sorption and extinction coefficients have to be measured for
ch individual fuel. The specific extinction coefficient of 764

@ercen} m?/g for the acetylene soot is much higher than the value

silicate ash is also shown in Table 1 and is approximately follfyaineq by Dalzell and Sarofifi24], but is within 2 percent of
times larger than that of the hydrocarbon soot particles. This MAYe value reported recently by Zhu'et E16].

be due to the small imaginary component of the refractive index-l-he second set of measurements conducted for this study in-

of silica compared to that of soot. Therefore, scattering has, 8)eq multi-wavelength extinction measurements performed on a
major role in the radiative transfer in silicone fluid fires compareﬁglOO mm diameter pool fire burning,. Simultaneous extinction

measurements at 700 nm, 800 nm, and 1000 nm were conducted
using the experimental arrangement shown in Fig. 2. The radiative

Table 1 Specific extinction, absorption, and scattering coeffi- fraction from this pool fire is approximately 30 percgBi. The
cients and their uncertainties obtained from the transmission measurements were obtained at a height of 5 cm above the burner.
cell nephelometer The conditional mean and the conditional RMS of extinction at
Fuel K3, (m/g) 2y m (m/g) G1.m (/) o) /xa 800 nm and 1000 nm, conditioned on the extinction at 700 nm are
Ds 17:8% 018£6% 152%6% 090£10% shown in the top and bottom panel of Fig. 4. The mean extinction
MM T0EE% 0910 % T1126% X TESTIR at 800 nm and at 1000 nm increases linearly with the extinction at
Acetyion T SETI ETeT TR 700_nm. The conditional RMS of extinction at 800 nm and 1000
nm is less than 7 percent of the mean. Therefore, the measure-
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Fig. 5 Mean temperatures along the centerline as a function of

distance above a 10 cm diameter D, pool fire. Measurements

from a 10 cm heptane pool fire are also shown  [18]. Fig. 7 PDF of ash volume fraction at an axial location 2 cm

above the 10 cm diameter pool fire burning D,

ments can be used to obtain a reasonable estimate of the speéined, which also have fuel bound oxygen. Radial profiles in the
dependence of the extinction coefficients, using &g. Results siloxane flame are expected to show steep gradients only near the
obtained using a linear regression fit to the data and(&qgare flame edge.
shown in Fig. 4. The spectral extinction coefficient varies in- The time-averaged particulate volume fractions as a function of
versely to the 1.13 power of the ratio of wavelengths between 7@&ation on the axis of th®, pool fire are shown in Fig. 6. For
nm and 800 nm. This information was used in E&).to obtain the comparison, measurements from a 10 cm heptane pool fire are
local temperatures in thB, pool fire. also showr[18]. At an axial location 2 cm above the burner, the
The mean temperatures along the axis dDa pool fire are mean soot volume fraction is less than 0.1 pfanuL/L) for the
shown in Fig. 5. The measurements were obtained at three atiaptane pool fire. On the other hand, the mean ash volume frac-
locations. For comparison, the mean temperatures along the dids at 2 cm above the burner is 26 ppm for g pool fire. The
of a heptane pool fir¢18] are also shown in Fig. 5. The poolmean soot volume fraction increases from a value less than 0.1
diameter in both cases was 100 mm. The mean temperatures apjm (=10 percentat an axial location of 2 cm to approximately
axial location of 2 cm are approximately 1620(k100 K) and 0.5 ppm (+10 percent at an axial location of 12 cm for the
1020 K (=50 K) for the D, and heptane pool fires respectivelyheptane pool fire. This is the expected soot structure for a diffu-
This difference is in contrast to the similarity in the calculatedion flame. However, the ash volume fraction decreases from ap-
adiabatic flame temperature determined using the NASA Cherproximately 26 ppm at 2 cm, to 15 ppm at 10 cm for g pool
cal Equilibrium Codd 25] for the D, and heptane flames, whichfire. The existence of high levels of particulate volume fractions
equals 2370 K and 2290 K, respectively. The heptane pool fire hasd high levels of temperatures close to the surface explains the
a fuel rich zone close to the burner, leading to lower temperatursgnilarity in the radiative heat loss fractions of silicone and hy-
The structure of the heptane pool fire is similar to a laminar difirocarbon based pool fires, despite the very low emissivity of
fusion flame. On the other hand, the mean temperature close to $iieate ash in comparison to soot. Both the temperature and soot
surface of theD, pool fire is much higher, and the temperatureolume fraction profiles confirm that a flame burning siloxane has
profile resembles that of a partially premixed flame. This effeet very different structure as compared to a flame burning a hydro-
could be due the fuel-bound oxygen preserDipparticipating in carbon fuel.
chemical reactions close to the fuel surface. Visual photographsThe probability density functiotPDF) of ash volume fraction
show that the heptane pool fire bulges outwards, whileDhe at a height of 2 cm above the burner for g pool fire is shown
pool fire necks inwards. This structure is similar to alcohol podh Fig. 7. The ash volume fractions at 2 cm above the burner range
from 2 ppm to 50 ppm, with a mean value of 22 ppm, and a RMS
value of 11 ppm. This indicates that the flow is turbulent very
close to the burner surface. This behavior is different from hydro-
"w—— - carbon pool fires, where the PDF of soot volume fraction close to

_ r e Heptane| ] the burner surface typically shows a lognormal distribufidé.
% LA A D, ]
g r 3 Conclusions
§ i A ] The major conclusions of the present study are:
=] L
Ea 1k i 1 The specific absorption coefficient of ash generated from
E E ] flames burningdd, is 30 times smaller than that of soot generated
S .}.,'/0—’/"——' ] from flames burning acetylene.
2 1 2 The specific absorption and extinction coefficients of the ash
01—t from fires burning silicone fluids increase significantly with in-
0 5 10 15 creasing C/Si ratio of the fuel.

3 Scattering in fires burning silicone fluids is the dominant
mechanism for light extinction.
Fig. 6 Mean particulate volume fractions along the centerline 4 The structure of fires burning silicone fluids are different
as a function of distance above a 10 cm diameter D, pool fire. ~ fom those burning hydrocarbons in that higher temperatures and
Measurements from a 10 cm heptane pool fire are also shown particulate concentrations are observed very close to the burner
[18]. surface. The higher particulate concentrations and higher tempera-

Axial Position (cm)
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tures in fires burning silicone fluids lead to the same radiative heat_ Disilane-Oxygen-Nitrogen Flames,” Combust. FlarBa, pp. 317-324.

loss fractiongas hydrocarbon flamgslespite the lower emission

coefficient of silicate ash.
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