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An experimental apparatus for the measurement of optical extinction coefficients of postflame soot
aerosol in the infrared region of the electromagnetic spectrum is presented. Reproducible soot
aerosol is generated using a laminar diffusion burner, and the mass concentration of the aerosol is
determined gravimetrically. The instrument, which utilizes an infrared spectrograph for the
extinction measurements, provides data over the wavelength range 2.a#b6.0he infrared
spectrograph, which provides a near-instantaneous measurement of the incident radiation over a
range of wavelengths, is ideal for applications in which the deposition of soot over time on the
optical windows can interfere with the measurement. Furthermore, the wavelength dependence of
the extinction coefficient can be determined independently of the gravimetric measurements, which
represents the dominant source of uncertainty in the measurement of the mass specific extinction
coefficient. The spectrograph reported herein has been characterized using a well-characterized
sodium heat pipe blackbody, and the responsivity of the instrument has been quantified as a function
of wavelength. [DOI: 10.1063/1.1533102

I. INTRODUCTION | f,
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Accurate determination of the optical properties of soot 0

aerosol are essential for the interpretation of laser-based diherely and | correspond to the incident and transmitted

agnostic measurements and the prediction of radiation tran#itensities, respectively. Herey is the mass specific extinc-

port through smoke. For example, the Fire Dynamics Simution coefficient,mg is the mass of aerosol per unit volume,

lator developed at the National Institute of Standards an@ndL is the path length. In generaks may be a function of

Technology is used to predict large-scale fire phenomena the radiation wavelengthn, and the aerosol properties

in a wide variety of fire scenarios. However, to include the(chemical composition, temperature, morphology, and size

effect of radiation transport through smoke filled enclosureglistribution. Accurate knowledge otrs permits measure-

on the fire dynamics it is necessary to provide optical charments ofms using nonintrusive laser extinction techniques

acteristics of the soot aerosol. Numerous studies of the optRrovided the particle size dependencevgfis neglected and

cal extinction coefficients of soot particles in the visible andthe aerosol dispersion is assumed homogeneous along the

near-infrared regions of the electromagnetic spectrum havgath length. Furthermore, reliable values &ayare required

been conducted® however, such measurements have not0 include the effect of particulates in radiation transport cal-

been obtained in the mid-infrared. Radiative heat transfefulations in fires and combustion systems. The second ex-

within fires is dominated by radiation transport over thePression in Eq(1) is expressed in terms of the soot volume

wavelength range from 2 to mm, and thus the accurate fraction f, and the dimensionless extinction coefficient. This

measurement of soot optical properties in this range is critiform is widely used for radiative heat transfer calculations.

cal for the prediction of fire phenomena. This article providesT he two extinction coefficients are related by

a detailed description of a facility that can be used to obtain K =g\ pq, 2

such measurements. ) )

The transmissiofT of radiation through an aerosol dis- Whereps is the density of the condensed phase.
persion can be quantified using the expression

II. EXPERIMENTAL APPARATUS

aAuthor to whom correspondence should be addressed: electronic mail: | N€ e€xperimental apparatu_s, pre_sen'Fed in Fig. 1, consists
widmann@nist.gov of a flow control system, a laminar diffusion burner, a black-
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dows. Calcium fluoride windows are used on the ends of the
optical cell due to the superior transmission characteristics of
FIG. 1. Schematic of the experimental apparatus. Cak in this wavelength range. The optical cell is wrapped
with resistive heating tape, and the temperature is maintained
at 50°C to prevent moisture condensation and minimize
body source, and an infrared spectrograph to quantify théhermophoretic deposition of soot particles on the tube wall.
extinction of radiation due to the aerosol. The soot is gener-  The extinction measurements are obtained by comparing
ated in the burner, diluted with nitrogen, and carried by thethe transmission of radiation through the optical cell with
combustion gases and,¥b the optical cell. The apparatus is and without soot aerosol present. A blackbody is used to
equipped with a number of filters to remove particulatesprovide radiation with a well-characterized distribution of
from the gas stream prior to the measurement, or to measuspectral intensity. The intensity of the radiation is measured
gravimetrically the mass of soot aerosol present upstrearas a function of wavelength using a unigque imaging spec-
and downstream of the optical cell. An optional sedimentatrograph. The spectrograph contains a two-dimensional PtSi
tion cell is also in line to remove the largest soot agglomercharge coupled devic6CCD) array. The 32& 244 element
ates from the aerosol. The sedimentation cell is to reducarray is situated in a Stirling cooled package, and the tem-
soot deposition in the optical cell and associated tubingperature of the array is maintained at 77 K. A personal com-
Downstream of the optical cell, the particulate is filteredputer with an IT? frame grabber boardl2-bit resolution
from the gas stream prior to the gas entering the pump. Avas implemented to acquire and store the raw pixel voltages.
mass flow controller is used to regulate the gas flow rat&he CCD array was combined with the necessary optics to
through the apparatus. obtain spectral information along one axis of the two-
The laminar diffusion burner consists of two concentricdimensional array and spatial information along the other
tubes, with fuel and air flowing through the inner and outeraxis.
tubes, respectively. The data presented here correspond to The imaging system of the spectrograph, shown in Fig.
experiments in which ethene was used as the fuel. The inn&, is comprised of two independent optical subsystems: a
diameters of the fuel and air tubes are 9 and 35 mm, respetelescope and a prism spectrograph. The telescope consists of
tively. The combustion products flow through a Pyréxbe  an object lens and a collimating lens. A 50 mm object located
with an inner diameter of 26 mm that extends 27 cm down-500 mm from the first lens results in a 9.6 mm image located
stream of the fuel and air ducts. An outer Pyrex tube sur30 mm behind the last lens. A slit is placed at this interme-
rounds the 27 cm long Pyrex tube as shown in Fig. 1. Thigliate image. The resulting exit pupil of the telescope matches
tube has an inner diameter of 50 mm and extends 61 crthe entrance pupil of the prism spectrograph. An object lens
downstream of the fuel and air ducts. Nitrogen is added beand two collimating lenses to one side of the dispersing ele-
tween the inner and outer Pyrex tubes to dilute the aerosehents image light from a line source approximately 35 mm
downstream of the inner Pyrex tulisee Fig. 1 A tripper  in length. To control the size of the source, an iris and a slit
plate located 30 cm downstream of the fuel and air ducts igre implemented as shown in Fig. 2. A fold mirror is used to
used to instigate turbulent mixing to produce a more homo+educe the size of the package. An imaging lens focuses the
geneous aerosol dispersion. spectrally dispersed image of the line source onto the infra-
The data presented here correspond to fuel and air flowed array detector. The four lens assemblies are combination
rates of 6.2 and 87.4 chs !, respectively. The Ndiluent  germanium-silicon achromatic lenses. Using the prism spec-
flow rate was maintained at 221 ési1 1, and the flow rate of trograph consisting of three Cafprisms between the two
combustion gases through the optical cell was fixed at 11.Achromatic doublets, &fi6 beam in image space results, and
cm s~ L. The experimental conditions correspond to a globalprovides the dispersion necessary to spread the 1.948.0
equivalence ratigactual fuel-air ratio divided by the sto- spectrum across the 7.3 mm short axis of the detector array.
ichiometric fuel-air ratip of 1.0. The cooled PtSi detector array, which consists of /380
The combustion gases and Miluent transport the par- square pixels, is mounted on a two-axis positioning stage to
ticulate to the optical cell, where the extinction measure-allow for optimal alignment® Although the spectrograph has
ments are obtained. The Pyrex optical cell has a 25 mm inndseen used for radiation emission measuremeritss instru-
diameter and a path length &f=38 cm between the win- ment has not been used previously in transmission mode in
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an aerosol-laden environment for extinction measurements.
The calculation of the mass specific extinction coeffi-
ciento requires the determination of the concentration on a
mass basis of the aerosol dispersinpas shown in Eq(1).
The mass concentration of particulate in the optical cell is
determined gravimetically by alternately collecting the soot
on membrane filters upstream and downstream of the optical
cell. The filters used for the gravimetric measurements are
labeled filter 1 and filter 2 in Fig. 1. Further characterization
of the soot aerosdisize distribution, fractal dimension, and
primary particle sizecan be performed using transmission
electron microscopy.
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Characterization of the spectrograph was performed us-
ing a sodium heat-pipe blackbodiNa-HPBB. The main FIG. 3. Intensity calibration at six representative pixels of the PtSi CCD
inconel cavity of the Na-HPBB is 22 mm in diameter. Sur- anay.
rounding the cylindrical cavity is a 90 mm diam tube, which
contains the sodium liquid/vapor mixture. A condensing tubeThe center wavelength of the narrow band filters were deter-
at the rear of the blackbody allows the metal vapor to conimined to be 2.56 and 4.3am using a Fourier transform
dense, and also serves as the conduit through which the tuligfrared spectrometer. For each of the filters, the location on
is pressurized with helium. The temperature of the Nathe CCD array corresponding to the center wavelerigth
HPBB, which is measured with a gold—platinum thermo-determined from the mid point of the peak width at half the
couple, is computer-controlled by regulating the pressure ofmaximum height was determined by linear interpolation.
the helium. The Au/Pt thermocouple links the Na-HPBB Thus, the wavelength calibration corresponds to subpixel ac-
temperature to the international temperature scale of 199@uracy.
(ITS-90.12 The emissitivity e for the Na-HPBB has been The calibration of the signal intensitypixel voltage to
determined to be 0.999%,and the uncertaint{} in the tem-  radiation intensity was performed by imaging the aperture
perature calibration is 0.62 °€.Further details of the Na- of the blackbody at various temperatures, and using Planck’s
HPBB are available elsewhet?. law to relate the blackbody temperature to a radiant intensity.
The Na-HPBB was stabilized at a preset temperature byecause the spectrograph images a line 35 mm in length and
controlling the pressure of the helium gasd thus the dew the blackbody aperture is only 22 mm, it was necessary to
point temperature of the Na vapoimmediately before and calibrate the array in three sections. The spectrograph was
after each data point, a background measurement was aititially aligned so that the center of the CCD array imaged
quired by blocking the aperture of the blackbody using sevihe center of the aperture. Three images were obtained at this
eral layers of cardboard at ambient temperature. The cargsosition and used to calibrate the center 1/3 of the array. The
board had air between each layer to prevent the layer adpectrograph was then translated 11 mm downward to cali-
cardboard facing the spectrograph from heating during thérate the top 1/3 of the array. The bottom 1/3 of the array
background measurement. The data were accepted if theas calibrated in the same manner. The procedure was re-
background images obtained before and after data collectiopeated for each temperature, and a quadratic function was
displayed negligible variation. To profile the blackbody ap-obtained relating the incident intensity to the pixel voltage at
erture, the vertical line imaged by the spectrograph wa®ach pixel. Following the initial characterization of the spec-
scanned horizontally across the 22 mm aperture diameter kyograph with the Na-HPBB, subsequent calibrations were
moving the spectrograph in 2 mm increments. performed using a Mikrohblackbody with a 50.8 mm aper-
The position axis of the CCD array was calibrated byture, thus eliminating the need to perform the calibration in
imaging a precisely positioned wire suspended horizontallfthree sections. A sample calibration showing the relationship
in front of the blackbody aperture at predetermined locationsbetween signalin arbitrary unit3 and radiant intensity is
The wire resulted in a single row of pixels being shadowedpresented in Fig. 3 corresponding to six representative pixels
and thus the location of the wire could be inferred from theof the CCD array.
location of the pixel row in which the intensity decreased  The radiance calibration revealed that the transmission
dramatically. A linear calibration was employed to relate thecharacteristics of the spectrograph were poor over the wave-
vertical position in millimeters to the pixel columns. length range from 1.9 to 2.am. Thus, the useful spectral
The spectral dimension of the CCD array was calibratedange of the spectrograph is limited to 2.5—mnf. A useful
by positioning a narrow band filter in front of the blackbody method of presenting the calibration results is to plot the
aperture. The resulting image corresponds to a narrow bangsponsivity(ratio of the signal to the radiancas a function
of high intensity signal centered at the center wavelength obf wavelength, as shown in Fig. 4. The data in Fig. 4 corre-
the filter. Using two narrow band filters, a linear wavelengthspond to the 100th position row of the CCD array. Three
calibration was developed for each position row of the arrayreplicated data sets are presented at each temperature, show-
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ing excellent repeatability. It should be noted, however, that E,
. . 2 31} .
the responsivity for the two different temperatures matched ] T =693.0°C
well below 4 um, but exhibited a disparity abovem. The Z 30} €=1028(calculated) .
disparity is likely due to the nonlinearity of the calibration 20

curves that results from the CCD array and the transmission 26 28 30 32 34 36 38 40 42
characteristics of the optics. Note that the variation in the © U WAVELENGTH,pm
responsivity data presented in Fig. 4 indicate that the uncer-

tainty in the data obtained with the spectrograph will be aF!G. 5. Comparison of experimental measurement of radiation from the
function of wavelength. The dips in the responsivity Curvessodium heat pipe blackbody with Planck’s curve for the case§Adfe

) . assumed to be unity an@) e calculated.
near 2.7 and 4.2um are a result of absorption by ambient

HZOA?tndtﬁQ. librati btained for th it ._temperature obtained from the other two methods but is
th ert Ieca}l ra (IjoS]S were o f"“.rt]e thorN el_pl)g;léon axt's’within 5°C of the Na-HPBB temperature. The discrepancy
€ spectral axis, and the responsivity, the Na- apertiuifaiveen the two approaches in which the data were fit to the

was imaged to ensure that the spectrograph data could lCfﬁanck function is related to the difficulty in utilizing multi-
used to determine accurately the temperature of the blact:b

: yarameter least-squares optimization techniques for highly
tquy'd Thg ter?r?eraturetr\]/vzs_determm(_adt from th? d?ta O onlinear functiond® The above procedure for determining
ained ‘using three metno #) one-point pyrome ry (i) the temperature of the blackbody aperture from the measured
n-point pyrometry withe=1, and (iii) n-point pyrometry

h . . ; emission provides confidence in the spectrograph calibration
with e unknown. The first approach involves using Planck’s P P grap

I . . . K . and assists in the estimation of the uncertainties in the mea-
aw and the intensity calibration to relate the pl'xel vo!tage toSured extinction coefficients as discussed below.
the blackbody temperature, and thus results in an indepen-
dent temperature measurement at each pixel. Using this aR; RESULTS AND DISCUSSION
proach, the mean temperature across the aperture was mea-
sured to beu=698.9°C with a standard deviation of To determine the extinction coefficient of the soot aero-
=0.88°C when the Na-HPBB temperature was 697.5°Csol, the intensity of radiation reaching the CCD detector
Thus, the uniformity of the spectrograph expressed/asis  from the blackbody is measured with and without aerosol
0.13%. present in the optical cell. Figure 6 presents representative
The second two approaches to determine the temperaturseasurements of radiant intensity as a function of wave-
of the blackbody aperture correspond to fitting the experidength when soot aerosol is and is not present. The black-
mental data to Planck’s law at each position row. Figu#)5 body was set at a nominal temperature of 900 °C, which
presents a comparison of the experimental data at one pogifovided sufficient intensity without saturating the CCD ar-
tion row with the theoretical Planck curve assuming theray when soot was not present. The data in Fig. 6 correspond
emissivity e=1. The computed temperature resulting fromto the mean measured intensity from approximately 50 to 60
the least-squares optimization of the Planck function and theosition rows in the center of the aperture image, and the
experimental data is 698.8 °C, which is in excellent agreeerror bars correspond to the standard deviation at each wave-
ment with the temperature obtained from the first methodlength. The ratio of the two curves in Fig. 6 can be used to
Figure 5B) presents the results of the third method in whichcalculate the transmissidhin Eq. (1). Note that the reliabil-
least-squares optimization of the Planck function is perdity of the data is compromised in regions of strong gas ab-
formed on the experimental data when both the temperaturgorption (e.g., 4.2—4.4um). Also, as noted previously, the
and emissivity are unknown parameters. In this case, theesponsivity of the spectrograph is low below 2, which
computed temperature is 693.0 °C, which is lower than thes evident from Fig. 4.
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The measurements described above correspond to a
steady-state experiment in which the experimental paranﬁ'G- 8 Cal_culated val_ues_ of the mass specific extinction coefficigrind
eters do not vary with time. However, there is one time-1€ dimensioniess extinction coefficiet .
varying aspect of the experiment that must be considered
when interpreting the data. Due to soot deposition on théhen used to calculate the transmission. The infrared spec-
windows of the optical cell that occurs during the course oftrograph described herein permits data over a range of wave-
the measurement, the radiation extinction increases witlengths to be rapidly obtained, which is essential when there
time. This is illustrated in Fig. 7, where the normalized radi-is non-negligible soot deposition on the windows. An experi-
ant intensity is presented with respect to time. The radiantnental apparatus that requires a long time to collect data,
intensity has been normalized by the first data pdiinte t such as a scanning monochromator, would not be suitable for
<0). The data in the figure correspond to the mean measuch a time-varying experiment.
sured intensity of five position rows in the center of the CCD ~ The open squares symbols correspond to data obtained
array. The filled diamonds correspond to data obtained whewith the sedimentation cell. The sedimentation cell, which
soot was not introduced into the cell, and show the steadineggeatly improves the reproducibility of the gravimetric mea-
of the measurement. The solid circles correspond to experBurements by removing the largest soot agglomerates from
mental data obtained when soot was introduced into the oghe aerosol dispersion, also reduces the soot deposition on
tical cell at time zero, but the sedimentation cell shown inthe windows. The improvement in the gravimetric measure-
Fig. 1 was not in line. The data obtained without the sedi-ments and decrease in soot deposition on the windows comes
mentation cell show a marked decrease in radiant intensitgit & cost, however, as the decrease in intensity due to extinc-
with time due to soot deposition. To calculate the intensitytion by the aerosol is less with the sedimentation cell present.
with the soot present, a line was fit through the experimental his results in increased uncertainty in the extinction mea-
data(neglecting the first point at<0) and extrapolated to Surement. However, this can be remedied by increasing the

time zero. The extrapolated value of the radiant intensity wapath lengthL or increasing the mass concentration of
particulate(by decreasing the flow rate of,N

Figure 8 presents the calculated mass extinction coeffi-

1 ' ' ' ' ' ' cient o5 and the dimensionless extinction coefficidhy ob-
10 o & o« s s s - tained from the experimental data. Note that the sedimenta-
E tion cell was used in the measurements presented. The mean
2 oef 1 soot concentrations obtained from the gravimetric measure-
E sl =f et e e ments were 0.3560.036 and 0.2620.012 gm ° for filters
é ) . 1 and 2, respectively. The uncertainty reported here corre-
N o710 . i sponds to the standard deviation of replicated measurements.
g o . The dimensionless extinction coefficient was obtained from
S o6f ] Eq. (2) using a value ofps=1860 gm 2 for the density of
< + NOsooT ¢ the soot particlesand the mean soot concentration obtained
051 . ggg:‘”“ SEDIMENTATION CELL 7 from the upstream and downstream filters. Tables | and II
0.4 00T w/ SEDIMENTATION CELL present the individual components of the uncertainty analysis
-100 0 100 200 300 400 500 600 for the calculated mass specific extinction coefficient and
TIME, s dimensionless extinction coefficient, respectively.

FIG. 7. Effect of soot deposition on the windows of the optical cell. Open The extinction coefficients presented in Fig. 8 represent

and filled squares correspond to data obtained with and without the sedihe first reportgd me'asurementls ir'] this ng.elength region.
mentation cell, respectively. However, the dimensionless extinction coefficiektscan be
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TABLE I. Uncertianty budget for the mass specific extinction coefficient  ported extinction coefficients is due to the uncertainty in the
(¢=1, A=3.5um). gravimetric measurements, which results from soot losses in

Standard uncertainty the optical cell and tubing, and uncertainties in the collection
(m2g™?) time and total flow during the measurements. As noted
_ above, the uncertainty in the measurements varies with
Source of uncertainty Type A Type B

wavelength due to the wavelength dependence of the respon-

Intensity ratio,/lo 0.022 sivity of the infrared spectrograph. In particular, the uncer-
Wavelengthn 0.014 tainty increases outside the wavelength range of 2.8—4.0
PathlengthL 0.0073 Within th | th f2.8 th
Mass concentration of soat, pm. Within the wavelength range of 2. —40n, the com-
Optical cell temperature 0.013 bined standard uncertainty is appro_X|_matet310% of the
Soot losses in optical cell 0.0069 reported value of the extinction coefficient.
Filter weight 0.084 In summary, an experimental apparatus has been pre-
Collection time 0.023 sented to measure the mass specific extinction coefficient of
Gas flow rate 0.0069

post-flame soot aerosol in the wavelength range of 2.5-5.0
pm, with the lowest uncertainties corresponding to the range
2.8 um<\<4.0 um. This wavelength range represents a
critical range for the prediction of radiation transport in fires,
and has not been previously explored. The infrared spec-

infrared Waveliengths. Zhet al. measured(e of SQOt in the trograph permits the rapid collection of extinction data over a
postflame region produced by the laminar burning of ethen?ange of wavelengths, which would not be feasible using
and acetylene. The values are reported for wavelengths Q)fther techniques

543.5, 632.8, 856, 1314, and 1565 nm. For ethenekthe
varies slightly with wavelength with a minimum value of
9.17 and a maximum of 9.62. For acetylet@, increases ACKNOWLEDGMENTS
monotonically with wavelength from 7.95 at 543.5 nm to
10.0 at 1565 nm. The nominal expanded uncertaif§%

Combined standard uncertainty=2): 0.186 i g *
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