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ABSTRACT

Burn facilities have been developed at NIST to measure the yield and optical
properties of smoke at two fire scales. The small scale apparatus is used for
burning samples about 10 cm in diameter (soup bowl size) and an intermediate
scale apparatus is used for objects up to about 70 em in diameter (bird bath
size). Each of these facilities monitor the mass loss rate of the fuel with a
load cell, the heat release rate by oxygen consumption calorimetry, mass
concentration of smoke particulate with a filter, laser transmittance through
the smoke, and the concentration of the major combustion gases. For the small
scale apparatus, the radiant flux to the sample can be increased with a conical
radiant heater and the composition of the alr can be varied to study vitiated
burning. Illustrative results for a variety of materials at the two scales are
presented. Planned experiments involving vitiated burning and field scale
measurements will be described.

Goupled with the intermediate scale facility is a speclally designed aging
and dilution chamber, which allows simulation of the smoke aging that occurs as
a smoke plume rises in the atmosphere. Results on the effect of aging on the
agglomerate size and optical properties are presented and compared with theory.

A transmission cell - reciprocal nephelometer has been developed to study
the light scattering and absorption of smoke agglomerates. On-going efforts to
quantify the instrument performance are discussed and recent results on the
effect of cloud-processing on optical properties of smoke are presented,

1. INTRODUCTION

This paper describes laboratory scale facilities developed at NIST for
characterizing the burning rate of liquid and solid fuels and properties of the
resulting smoke. Before describing these facilities and some of the
experimental results, a general perspective is provided regarding the effects of
fire phenomena on the visibility of an object through a combustion generated
smoke cloud., In the case of fire research directed at civilian safety, the
baslc issue is the visibility of an exit sign or a door in a smoke filled
enclosure. A radiative transfer model for visibility including the effects of
background lighting, the smoke distribution, the optical properties of the
smoke, and multiple scattering has not been developed by the fire community,
Still, there is a body of information in the fire research community that could
be useful to the Army as input parameters for modeling target visibility through
fire generated smoke.

! This research has been funded in part by Defense Nuclear Agency with
Major Richard Hartley serving as scientific officer.
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The burning rate of the fuel, the chemistry of the fuel, and the availabil-
ity of oxygen for burning control the smoke emission (Mulholland et al,, 1989
and Dod et al., 1989). The smoke emission is a key factor affecting visibility.
The effect of the fire scale on the burning rate and smoke emission is an active
area of research in the fire community. Fuels being studied include liquid
hydrocarbons such as JP-4 and crude oil, wood, and plastics.

The spatial distribution of the smoke as it rises from the source will be
strongly effected by the heat release rate of the fire, but it will also be
affected by the wind velocity and the local topography. The modeling and
characterization of fire plumes has in the past focused on the near field; that
is, the plume has been characterized up to a height equal to sevcral times the
visible flame helight. Because of recent interest in the envivonmental and
climatic impact of fires, there are now several efforts in the fire research
community including one at NIST by H. Baum (Evans gt al., 1989) to develop a
large eddy simulation of a wind blown plume. This information on both the
concentration and distribution of the smoke is required for a full radiative
transport model of visibility.

There is a data bank (Bankston et al,, 1981; Seader and Einhorn, 1977) on
the specific extinction coefficients of smoke obtained by the fire vresearch
community, though it is primarily limited to visible wavelengths. The eavlier
data were for small sample sizes, on the order of 10 em length, but more recent
experiments performed at NIST and elsewhere extended the laboratory scale
measurements to burning objects on the order of 0.5 to 1 meter for a variety of
fuels, For selected fuels including JP-4 and vegetative fuels, field scale
burns involving 30 meter pool fires in the first case and more than 100 hectaves
slash fires in the latter case have been carried out.

Accurate measurement techniques are just being developed for routinely
measuring the specific absorption and scattering coefficlent of smoke. One of
these instruments, the transmission cell - reciprocal nephelometer, is being
developed at NIST to provide state of the art measurement accuracy. In addition
to optical data on the smoke leaving the flame, there is also data for liquid
fuels on the infrared radiant emission, which primarily arises from the near
black-body radiation of the smoke in the flame. This information may be useful
to the Army in regard to detection of fires and to the effect on target
visibility. For example, the visibility of an object as viewed by an infrared
scanner may be greatly reduced by the presence of an intense infrared emitter,

The optical theory of fractal smoke (Berry and Percival, 1986) is belng used
by a number of fire research investigators for interpreting optical measurements
at visible wavelengths., There is a great potential for using this theory to
model the optical properties of smoke over the much greater wavelength region of
interest to the Army (visible to microwave wavelengths).

Before describing the facilities developed at NIST for measuring burning
rate, smoke emission and smoke properties, there is a brief section defining the
terminology used in the paper.

2. DEFINITION OF SMOKE PROPERTIES

The most rudimentary smoke quantity is the smoke yield, ¢, which is defined
as the mass of smoke aerosol generated per mass of fuel consumed, This quantity
can be determined by a flux method or by a carbon balance method. The flux
method simply consists of measuring the smoke collected on a filter, m ; the




wass loss of the sample, ?g; and the ratio of the mass flow of alr through the
exhaust duct . to the mass flow through the fllter sampler, 4. The smoke yleld
obtained by the flux method ix denoted by «, .

€ = (m,/m,)é %

The carbon balance method {nvelves the determination of ¥, the carbon mass
in the smoke aerosol, as a fractlon of the carbon mass In the total combustion
products (CO,, CO, and wmoke aorosols). Theswe represent the major carbon
containing products of cosbustion for overventilated combustion, The contribu-
tion of unburned gaseous hydrocarbons to the carbon balance war of order 2% oy
less based on selected tests. By this method, the smoke yleld, « ., {s obtaired
as the product of ¥, and the mass fraction of carbon in the fuel, F .

€, « ¥, F. )

Two specific light extinction areas are measured. The {ight extinetion
coefficient k is relaved to the light transmittance, 171, via Bougust's law,

1/1, - e ¥, 3

where L is the path length in meters. The specific extinetion ares on s fusl
pyrolysates basis, o,, is defined by

op = k/(B, /) (4)

where i, is the fuel mass loss rate and ¥ is the volusetric flow rate of the
combustion products through the exhausc duct, As & heuristic example, @& value
of 1 n*/g for o, means that if the smoke produced by one gram of fuel were

collected over a 1 w® area, the light incident on this ares would be reducsd by
a factor of e.

The specific extinction avea on a smoke particulate mass basis, ¢, is
defined by

o, - k/M,, , (%3
where M, 1s the mass concentration of the smoke where the transmittance
measurement is belng made. The quantity o, is an intrinsic property of the
smoke depending on the wavelungth of light, the refractive index of the smoke,

and on the size and structure of the smoke particulate. The quantities o, and
g, are related through the aquation

Oy = € 0. (6)

The ‘specific extinction area is equal to the sum of the seattering area,
o{scat), and the absorption area, v{abs).

v, = o(scat) + o{abs) : {7)

The transmission cell - reciprocal nephelometer discussed belov measures o, and
o{scat) simultaneously.
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. SNORE OOLLBCTION PACILITIES

3.1 CONE CALORINETER

Te Conwe Calotimeter Ve drouloped by Dabrauskas (19823 1o peasure Che heat
relesse tate and related conrunt Lom propesties of aterials as a funct fon of
cadiant  §lux T comical talilant wource Lhee Fig. 1) provides a uniform
cadiant (lux ower the 0.01 it sunple for (luses up 1o 100 wWet . Alter a warmup
period for the radlant ssuroe Lo resch xteady siste, the sample is ingkertoed and
tanited via spark. The smoke aorosol and conbustion gases rise, pass through

opsning in the conical beater {*or specinens in the horizontal orlentation),
then through s nixing orifice imts the oxhaust bood, evd sre finally sampled
frem a horizontal seation of plpe. a8 (ndicated §n figure 1, Tho fuel Lurning
rate is monitersd vith a lead ce 17 the hest release vate of the fuel ia deter-

- gined from moniteriag the O, conwanpt fon in e oxhaust pasea (luggetr, 1980).

The gases monitored Imelade OO, O, O, 0, HeE, ard 1o al hvarevarbons.
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The smoke purticulate s collscted on & Pallflex? 47 am diameter fiber

s filter comted with polytetralluosrosthylene {(PITE).  The {low through the
fliter systen is servo-controllied to mmiotein a flxed-fraction mass flow rate
relative to the aain duct flow rate.

The opticsl estinction teasurement is based on 4 He No lasger, A«633 mm,
with two stilicon photodiodes, one for monitoring the laser ifotensity and the
sscond to monitor the transwitted Inteusity. This svsten compensates for any
vacistion in the laser intensity. This compersacion {& cruclal to applying the
instrument o weakly smoking Cusls becsuse of the swall optiral path length,
about D11 », wnd the mopmal drife fn the laser output, Othet important design
festures include & cigld mounting teolated from the fan vibrations and the e
of purge air to nininise smoke doposition on the optical components,

3.2 INTURMEDIATE SCALE TEST PACILITY

This facility sccomsodates fire sizes up Lo about 400 KM, which corcesponds
to about & 0.6 m heptang pool five. The Tires are situated undor 4 2.4 0 x 2.4
m collection hond (Fig. 23 with an edjustable exhaust rate up to sbout 7 w'/a
(A000 £17 7mind A “sripper orifice plate with a 0.4% o diameter i located &t
the hase of the exhaust durt, 0.49 o dlapeter, 1o inmure good miving five duct
dianeters downstresn 4t the sapliog point.  The wmass logs rate of the burning
fusl is sonitored with » water cooled lead cell with o sensitivity of sbowt
three grams. The hoat release rate 13 deternined (rom oxygon consumption
calorimetyy, 45 is dome (n the Cone Calorimetec; €O and €O, sre messured In
order to apply the carbon balance method to detersine the swoke omission,

The fliter collection aysten allows for the sequentisl collection of thres
fileer sanples over the course of & tesy. The transfer line, sunifald, and
“filter bholders are all hosted to spproximately masteh the steack temperature
during the burn. This s done to minlaize the svapovsiionscondensation of the
seoke scrpsol duriog trapsport or on the filver and to winioize the thermo.
phoretic deposition of particles on the valle. The «ample flow, ab -t 10 L/win,
ard the rozsle Iinlet, 4.8 mn, vere selected to snsurs lsokinetic saspling. The
all-glass construction of the fllter colivction system sllowed ready Inspection
of deposition and case o cleaning. The major depoesits are found to he gt the
tve hends. Belore sach sxperiment, the heated fliter systen is lesk-tested by
attaching & Acy test seter to the sempling probe.

C The estinction seasuresent s obtained using essentislly the same optics
anti electronics as i the Coue Celorimster. The only conceptual difference s
an 048 » pathlength, conpared to 2 0.11 u pethlength in the Cone Calorimeter.
A alightly different mechanicel mpunting arrangement, lnvelving a supporting
ring strecture, nesded to be evolwed to properly support the optics over the
longer distanes. Bocause of the loager pathlongth, howewver, the ssnsitivity of
the extinetion measvrement is groster for the Intersediste scnle apparatus.

¥ Certaln  comwrcial eguipment, Instousents, and materialzx  ave  identified
o soder to sdegearely specify the experimental procedure,  Such ldentification
dows ot Imply recompendstion or endorxement by the Hationa!] lostitute of Stas.
dards and Techmology, wvor does It Japly that the esterials or equipment
fdentified are seceszarily the best for the purpose.
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Figure 2. Intermediate scale smoke fapility, (After Mulholland gt al. . 1989)




1.3 RESULTS FROM SMALL AND INTERMEDIATE SCALE FACILITIES

As an fllustrative example, the specific extinction avea for the smoke
produced by burning a 10 cm by 10 em by 2.5 om thick somple of red oak in the
Cone Calorimeter is plotted in Figure 3. Both the smoke yleld (see Table 1) and
the specific extinction area Increased by almost a decade with incveasing

radiant flux. The major peaks in o, miyror the same peaks scen in the burning
rate. The enhanced burning at the laver stage results from reduced conductive
Meat loss swhen the thermal "wave® propagates through the entive sample, The

values of « and o, for wood burned in a horizontal configuration ave
approximarely twice as large as those burned in a vertical configuration. The
values (n Table 1. correspond to an averapge of horizontal and vertical results,

RED OAK, HORIZONTAL

0.3 1 1 T I ]
oo 26 KW/M 2
becr- mw-musg o
e £ 1
.- 100

i

oy, m?/g

el
e 4 »/"
G

TIME (s)

Figure 3. Specific extinction avea, o,, ve, time for a sample of red oak lumber
burning in the horizontal configuration. (After Mulholland gt al..
1989)

far the intermediate scale burn, the wood was cut into sticks and assembled
inte layered “erid® structures. The wvalue of ¢ for the larger scale tests,
0.004, is similar to the Cone Calorimeter result, 0.003, for comparable specific
burning rate, m{" {indicated by bold print in Table 1). Results for heptane, ¢
« 0,012, and crude oil, ¢ = 0.085, given in Table 1, indicate the sensitivity of
the smoke yield to the chemistry of the fuel. The mean large scale results
agree with the small scale results for the comparable specific burning rate:
heptane 0.011 vs 0.013, Prudhoe Bay crude oil 0.088 vs 0.090, and wood 0.004 vs
¢.003. The agreement between large and swall scale tests for o, is similar.

1200 1440
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TABLE 1. CUMPARISON OF SMALL AND INTERMEDIATE SCALE SMOKE PROPERTIES

Fuel/Conditions Irrad,  Q mg’ Gomb .

[+ 0.
(ki/mi) (KW) (g/st-s) EFE. ¢ (ni/g)  (wi/g)
Large Scale
310 mu pool 70 25 0.89 0.009 0.07 7
500 mm pool 240 28 0.94 0.012 0.10 8
Small Scale
85 mm pool 0 3 10 0.99 0.010 0,06 8
10 7 24 0.94 0.013 0.08 7 -
20 10 35 0.97 0.010 0.07 8
10 15 58 0.98 0.006 0,05 7
60 mm pool 0 i 9 0,015 0.15 10
10 3 18 0.016 0.14 9
20 5 38 0.013 0.12 9
30 7 %9 0.013 0.12 9
Large Scale
400 wm pool 65 14 348 0,090 0.96 9.%
600 mm pool 185 {(18) 0.08% - 8.7
Small Scale
85 mm pool 0 1 5 41 0.098 1,06 11.7
25 2 11 18 0,096 1.01 10.8
40 4 18 37 0.083 1.00 12.5
50 5 24 34 0.084 0,98 11.7
Hood
Large Scale
sugar pine
1 erid ’ 56 9 0.66 0.004 0.03 9
3 ceribs 254 13 0.69 0.004 0.04 9
Small Scale
Red oak, 100 mm 23 1 9 0.55 0.002 0.02 11
S0 1 12 0.56 0.004 0.04 11
75 2 15 0.56 0.006 0.07 13
100 2 19 0.60 0.011 0.09 10

8 _. The heat of combustion in MJ/kg.
-+ The effective surface area for combustion is taken as half the total
surface area of all the individual stieks.

The average value of the specific extinction area, o, for each fuel is in

. the range 8 to 12 m?/g for the Cone Calorimeter data, while for the large scale

tests the range is less, 8 to 9 m?/g. The thermophoretic deposition in the Cone

Calorimeter sampling probe is possibly responsible for the larger wvariability in

o, for the Cone. The fact that o, is independent of the fuel burning is a key
result of our study.
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Currently, the effect of vitiated air on the combustion products including
smoke particulate 1s being studied using a Cone Calorimeter with an enclosed
burn area. Measurements are being made at oxygen concentration. down to the
flammable limit, on the order of 12 to 15% depending on the fuel.

A major study is underway to characterize the smoke yleld of burning crude
0il at large scale. Preliminary measurements performed by Mulholland and Koseki
at the Fire Research Institute {n Japan indicate that the smoke yield for crude
oil increased by about a factor of two as the fire scale was increased from 0.6
m to about 3 m diameter pools. plans arve being made to perform field
experiments with crude oll for pool diameters up Lo about 100 meters with
support from the Mineral Management Service.

4. AGING AND DILUTION GHAMBER

In & smoke plume, the optical and physical properties of smoke change as the
smoke ages. Close to the fire source, these changes occur in hot, fresh smoke,
but downstream in the plume, changes also occur in the cooler smoke which may or
may not be diluted. In order to study how these changes affect properties, such
as the light extinction and size distribution of the smoke particles, an Aging
and Dilution chamber has been fabricated (Evans et al., 1989).

The chamber illustrated in Figure 4 is a 1 w® aluninum box which has been
lined with stainless steel to reduce corrosion from the hot combustion gases,.
Forty-eight mica xesistance strip heaters are attached to the aluminum walls
which evenly distribute the heat for wall temperatures up to 150 °C. The intake
ductwork and valve can also be electrically heated. For experiments which
require cooler or more dilute smoke, dilution alr can be added via a port in the
intake line. The port is desipned to allow adequate mixing of the dilution alr
and smoke before entering the chamber. Orifice flowmeters permit measurement of
the inlet, exhaust and dilution air flow rates. To allow for rapid filling of
the chamber, a variable speed exhaust fan pulls smoke through the chamber at
flow rates up to 8 m® per minute. Using the varisble speed fan and inlet tips
of diameters ranging from 1.5 to 10 cm, the inlet velocity can be matched with
the stack velocity for {sokinetic sampling. The smoke enters and exits the
chamber through 10 em diameter stainless steel ductwork. After the chamber 1is
filled and well mixed, two stainless steel butterfly valves, one on the inlet
and one on the outlet, are simultaneously closed to capture a 1 m® sample. A
100 liter piston which is located on top of the chamber allows the volume of the
chamber to be reduced as samples of smoke are withdrawn from any of the 20
sampling ports. A pair of the sampling ports have been adapted for a three
wavelength photometer for extinction measurements. Some of the other instru-
ments used with the chamber include the tapered element oscillating microbalan-
ce, a seven stage cascade impactor, a condensation nuclei counter and the
transmission cell-reciprocal nephelometer.

In a preliminary study with crude oil fires, light extinction, mass
concentration, and number concentration were measured with a photometer,

microbalance, and nuclei counter. The photometer, which is similar to the
design by Cashdollar et al. (1979), consists of a white light source, two beam
splitters, three interference filters and three photodiodes. Mounted on

opposite walls of the chamber, the light source and the receiving optics are
separated by pathlength of 1.1 meters. The light extinction coefficient at 450,
£30 and 1000 nm is determined from the per cent transmission at each wavelength.
In order to calculate the extinction coefficient per unit mass concentration of
smoke, o, the mass concentration of the smoke in the chamber is determined with
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the Tdpered Element Oscillating Microbalance (TEOM). Approximately two liters of
smoke are necessary to make a mass concentration measurement.

A series of experiments were performed to look at the effect of aging on
smoke properties. Samples of crude oil smoke were collected and aged for up to
150 minutes, during which time the concentration and light extinction measure-
ments were obtained. The mass concentration peaked at about 200 mg/m® just
after the chamber was filled with smoke. Generally, the mass concentration
decreased by a factor of about 2 over the %0 minute aging period while the
number concentration decreased by about a factor of 60 implying a 30 fold
increase in the mass per smoke agglomerate as a result of agglomeration of
particles. Even though there was this large increase in agglomerate mass, the
specific extinction area, o,, at 450, 630 and 1000 nm did not change sig-
nificantly over a 90 minute aging experiment (Figure 5). Threc wavelength
extinction data were collected every 10 minutes throughout the aging period.
The mean value for o, were 5.1 (1000 nm), 7.8 (630 nm), and 9.7 (450 nm). The
independence of the specific extinetion area to aging is consistent with the
optics of fractal agglomerate (Berry and Percival, 1986 and Nelson, 1989).

:CMAMSERWALL !
,CROBS SECTION :
FURNITURE : :
CALORIMETER ' '
EXHAUST X .
STACK - !
; L\._ ;
X STANLERS aTEE _t ‘
' HEA me cuma ' .
Heon / """""""" '
| L —~ 3-A_PHOTOMETER
N ['F [:El ‘N
! ‘!
450, 630 and 1000 nm
=
N
' THERMOCQUPLE i
SAMPLE
FLOW |
| 1000 LITER =» SAMPLES TO:
VOLUME TEOM (Mass Concentration ;
CNC Number Concentratlon
THERMAL PRECIPITATO
CASCADE IMPACTOR (Slza Dist)

Figure 4. Smoke Aging and Dilution Chamber (CNC - Condensation Nucleus Counter,
TEOM - Tapered Element Oscillating Microbalance),
(After Evans et al., 1989)
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Figure 5. The specific extinction area, o,, at 450 nm, 630 nm, and 1000 nun

vs. time for aging of crude oil smoke at ambient and elevated
temperature., (After Evans et al., 1990)

5. TRANSMISSION CELL - RECIPROCAL NEPHELOMETER

A one meter path length transmission cell-reciprocal nephelometer (TCRN)
similar to Gerber's design (1982) has been developed to measure simultaneously
the extinction and total scattering cross sections of the smoke., A schematic of
the instrument design is shown in Figure 6. The novel feature of the instrument
is the use of a cosine sensor to collect light scattered along the 1 meter
pathlength with scattering angles between 5°and 175°. As shown by Gerber
(1982), the cosine sensor yields an output proportional to the total scattering
intensity over the angle range from 5° to 175°. Other design features include
measurement of percent transmission at a sensitivity of 0.03% by monitoring the
intensity of both the incident and transmitted beam, purge air on windows to
minimizé smoke deposition, and absolute calibration of scattering coefficient by
measuring the extinction coefficient for a non-absorbing aerosol. A unique
capability of thls instrument is the measurement of the absorption cross section
of the aerosol by taking the difference between the extinction and total
scattering. We are not aware of any other instrument capeble of performing an
accurate measurement of the specifiec absorption coefficient.
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Figure 6. Schematic diagram of the Transmission Cell - Reciprocal Nephelometer.

Preliminary results have been obtained for the optical properties of “fresh"
and "cloud-processed smoke." Cloud-like conditions are likely to occur above a
large fire and it is of interest to know the effect of these conditions on the
optical properties of the smoke. The smoke was produced by burning acetylene
with a laminar diffusion burner. A Pollak type expansion cloud chamber
(dimensions scaled up to 9 liter, 7.5 cm diameter) fabricated at Desert Research
Institute was filled with smoke and pressurized to 2.1x10* Pa above ambient. A
sudden expansion produced a cloud of water droplets with the smoke particles
acting as nuclei. The droplets were evaporated, and the "processed" smoke was
passed into the 9 liter TCRN. The light transmission through the cell, the
total scattering (both monitored at A=633 nm), and the mass concentration of the
smoke by an oscillatory microbalance were measured simultaneously as the cloud-
processed smoke moved through the cell.

As indicated in Table 2, the specific scattering area and the single
scattering albedo, w, defined as the ratio of the scattering area to the
extinction area, increased by about a factor of two as a result of the cloud-
processing. Electron micrograph of the cloud processed soot indicates that the
low density agglomerate structure of the fresh soot has been compacted by the
cloud-processing. The increase in scattering for this soot with a mass averaged
cluster size of 420 spherules with diameter of about 30 nm is consistent with
the Berry - Percival Theory of the optics of fractal smoke (1986).




TABLE 2. OPTICAL PROPERTIES OF FRESH AND CLOUD-PROCESSED
ACETYLENE SMOKE

Type of o o(scat) o(abs) w
Smoke m!/g m? /g m /g

Fresh 9.1+0.4 2.210.1 6.9+0.2 0.2410.01
2.1X10* Pa 10,810.8 4,0+0,7 6.7%0.7 0.37£0.06

above ambient/130%2

¢ Estimated maximum supersaturation:

A detailed radiative transport model is being developed for the transmission
cell - reciprocal nephelometer to include both the finite size effect of the
cosine sensor and its position dependent transmission coefficient. This will
lead to the state of the art accuracy in the measurement of single scattering
albede and specific absorption area.

6. CONCLUSION

Unique laboratory scale facilities have been developed for studying the
burning rate of fuels and the smoke properties including the smoke yield and the

optical properties of fresh, aged, and cloud-processed smoke. Major results
include:

1. While the smoke yield has been shown to be sensitive to fuel type and
burning condition, a near universal specific extinction coefficient, o,, of
8-9 m?/g at 630 nm is obtained independent of the fuel type.

2. It has been shown that aging of crude oil smoke to the point where the
average agglomerate mass has increased 30 fold has 1little effect on the
specific extinction coefficient.

3. The structure and optical properties of smoke are changed by cloud-
processing. ‘

4, The optical theory of fractal agglomerates developed by Berry and
Percival (1986) and Nelson (1989) is consistent with the measured effects of
aging and cloud-processing on the optical properties of smoke.
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