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Size Distribution and Light Scattering Properties of Test Smokes

1. Introduction

It is well documented that the response of a detector to smoke depends on the detector
design and the particular smoke that it is exposed to. Detailed measurements of smoke
particle size distributions and optical properties from fires could yield a better
understanding of existing detector designs and facilitate design improvements; NIST is
making such measurements now on smokes produced in the fire emulator/detector
evaluator (FEDE) [1,2]. One flaming (propylene) and two non-flaming tests smokes
(cotton smolder and wood pyrolysis) are studied in this paper. The smokes produced by
the non-flaming fuels are similar to two of the smokes produced by the EN54 test fires.
The work presented here complement previous measurements of test smoke size
distributions and various moments of the distributions [3,4], as well as light scattering
studies [5,6]. Our results provide the size distribution using a cascade impactor and an
optical particle counter. Our light scattering measurements provide the first differential
cross sections for these three smokes on a per mass basis. In addition light scattering
data for ethylene and acetylene smoke are expressed in terms of the scattering parameter
g to assess the generality of the fractal description of such smokes. An approach based

on the scattering parameter for discrimination between smoke particles from flaming and

non-flaming fires is discussed.

2. Smoke Generationand Sampling

The smokes are generated in the FEDE and extracted for size distribution and light
scattering analysis. A detailed description of the FEDE and its operation is presented in
another paper at this conference [2]. The flaming test smoke is soot from a propylene




diffusion flame burner attached to the FEDE duct. Due to the high soot yield from
propylene diffusion flames, the burner can output a large amount of soot at moderate
fuel flow. Smoke concentration in the FE/DE is controlled by varying the burner fuel
flow and the amount of smoke directed to the duct. The smoke concentration is constant
over the aerosol extraction time. One of the non-flaming fuel smokes, cotton wicks used
in EN54 (part 9, test fire 3) is generated by a staged-wick-ignition-smolderdevice inside
the FE/DE. Wicks are smoldered and smoke was collected when the light extinction
measurement indicated a steady smoke concentration in the duct. The wood pyrolysis
smoke is generated by heating wood blocks identical to those specified in EN54 (part 9,
test fire 2) on an electrically heated hot plate. The rate of smoke evolution from the
wood is characterized by a gradually increasing concentration as the wood block heats
up followed by a period of quasi-steady-state smoke production.

For size distribution measurements of the smokes two instruments were used; an optical
particle counter (OPC) and a cascade impactor. The smoke produced in the FE/DE is
sampled directly into a MOUDI cascade impactor [7] at 30 L min™ for determining the
mass distribution, while for the other measurements the smokes were collected in a
particle-free drum (0.24 m®) by drawing smoke from the test section of the FEDE into
the drum. For the OPC about 20 L of smoke was drawn in to the drum at a nominal rate
of 10L min"! and in the case of the scattering cross section, about 120 L of smoke was
sampled into the drum at a rate of 20 L min'. The smoke filled drum was then
transported to the laboratory where the light scattering instruments used in the smoke
characterization were situated. These instruments were an OPC used to measure the
number distribution and the large agglomerate optical facility (LAOF) developed at
NIST [8] for measuring differential scattering cross sections of smoke particles. During
the 10 to 30 minutes for obtaining the light scattering data there was little change in the
differential scattering cross section.

3. Size Distribution Measurements
The optical particle counter (OPC) utilizes an active cavity laser scattering cell and
focused jet of particles to determine the particle’s number size distribution from the



scattered light signal of individual particles. The instrument is calibrated with
monodisperse polystyrene spheres to relate the detector output to the particle size. An
additional dilution by about a factor of 50 was required to dilute the smoke
concentration below the 10* particles cm™ operating threshold; above this level there
would be more than one particle in the scattering volume causing coincidence errors.

The cascade impactor makes use of an airborne particle’s inertiato impact large particles
in preference to small particles as they pass through the impactor. Each stage of the
impactor collects the particles of a given range of aerodynamic diameter, which is the
diameter of a sphere of unit density having the same settling velocity as the particle. The
impactor stages are covered by aluminum foil which is weighed before being placed on
the stage. After the smoke is sampled through the impactor the foils are removed and
their weight measured again. The weight of the collected particles is divided by AlogD
of the two adjacent 50 % cut points, then plotted against the stages mid-range diameter
to give the mass distribution as a function of aerodynamic diameter. Figure 1 shows the
mass distribution results from the impactor and the calculation of the volume
distribution from the number distribution data of the OPC. The large spikes in the OPC
volume distribution are a result of changes in the width of the size channel from as small

as 0.005 pum for 0.07 um particles to 0.1 um width for 0.7 um particles.

Almost half, 48 %, of the total mass of the cotton wick smoke was found to be below the
last stage of the impactor, i.e. less than 0.056 pm in aerodynamic diameter, implying that
the cotton lamp wick smoke is bimodal, The volume distribution OPC data and
impactor mass distribution, both shown in Figure 1, agree well for cotton wick smoke
for particle sizes larger than 0.07 pm. In the case of the wood smoke, the comparison is
incomplete because of the lack of the OPC data above 1 pm. The fact that only 2.2 % of
the total wood smoke mass was found below 0.056 pm indicates that the mass size

distribution is unimodal.

The wood smoke examined in these experiments were found to have a mass mean
aerodynamic diameter (MMAD) of about 1.6 um and a geometric standard deviation

(GSD) of about 2. If the mode of the distribution of the cotton wick smoke is treated as




a single log-normal distribution then it has a MMAD of about 0.3 um and a GSD of
about 1.9. The GSD values are typical of polydisperse aerosol systems. The cotton wick
smoke has a substantially smaller mean aerodynamic diameter compared to the wood
smoke when consideringthe single mode of cotton wick smoke measured. The number

8 - 30 T ' - 100
| S
25

a | g
S 6 | * '<'1'
2 ] , —— wood N
E 1 & 201 | — " Cotton* <
v 1 9 | —=— wood** | 15 4
.é 4 E 15 } —— Cotton** | =
2 | &
§E 1 3 | 5

g ] I
§ . 1 g 19 | g

5 2 |

S | 3
]
5 | - 1 =

L :

!

n _ 0 ey [

0.01

Aerodynamic Diameter (um)

Figure 1: Mass distribution from impactor data (*- outlined bar graph, separate scales
on left) and Volume distribution calculated from OPC data (** - line connects data
points, scale on right) for non-flaming wood and cotton lamp wick smokes.

distribution from the OPC (not shown) gives a mean number diameter for wood and
cotton wick smokes as 0.14 pm. Helsper et al. [3] used a bimodal log-normal
distribution to describe the size distribution of smoke from EN 54 test fuels. Our results
are close to the median size of the second (i.e. highest) mode of the distribution of [3],
0.14 um and 0.13 pum for smoldering wood and smoldered cotton wick respectively.
Our cascade impactor data is consistent with [3] for the cotton wick as it indicates a
second peak below 0.056 um, but is inconclusive when considering a second peak

below 0.056 pum for the wood smoke.



The cotton wick smoke particles less than 0.056 um will contribute very little to light
extinction or light scattering signals; however, these small particles are expected to
contribute significantly to an ionization smoke detector signal, which is proportional to
the product of the number concentration and mean diameter. This was verified in the
FE/DE by measuring the response of a measuring ionisation chamber (MIC) to both
smokes along with light extinction measurements [2]. It was found that the ionization
response was about 3.4 times greater for cotton wick smoke compared to smoke from

pyrolysed wood for the average extinction coefficient over the time of smoke collection.

In Figure 2 transmission electron micrographs of smoke particles from flaming acetylene
and ethylene can be seen [9]. These are chain like structures, called agglomerates as
they are made up of an agglomeration of small primary particles, typically 20 nm to 80
nm in diameter depending on fuel and combustion conditions. It is also apparent from
the TEM images, which have the same magnification, that the primary spheres for the
acetylene smoke are larger (about 30 %) than the ethylene primary spheres. The size

distribution of the acetylene agglomeratesranged from about 0.04 um to 20 um [9].
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Figure 2: Transmission Electron Microscope image of acetylene and ethylene used by

Mulholland and Choi [9], both images are at the same magnification, 50,000x.

4. Light Scattering Measurements
The light scattering properties of the smoke particles were examined using the LAOF’s



differential scattering system and methodology described elsewhere [8]. The differential
(angular distribution) scattering study presented here has examined the scattering of
linearly polarized light for the scattering angles between 5° and 135°, and determined

the
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Figure 3: Differential mass scattering cross section for wood, cotton lamp wick and
propylene smoke particles generated in the Fire Emulator/ Detector Evaluator at NIST



smoke particle's differential mass scattering cross sections, o,,(6) and o, (6), for

different polarizations. The first subscript denotes the incident polarization and the
second denotes scattered polarization measured: V for vertical and H for horizontal to
the scattering plane. The differential mass scattering cross section is determined in units
of area (m?) per particle mass (g) at a given scattering angle, 8. Figure 3 shows the
differential mass scattering cross section for the three smokes produced in the FE/DE at
MST. The fractional combined uncertainty (based on one standard deviation) of the
differential mass scattering cross sections varies but is typically in the range of 10 % to
20 % due mainly to the calibration with monosize polystyrene spheres [8]. The effect of

larger mean size of the wood smoke particles on the scattering cross section, oy, (6),

can be seen in the steeper slope in the forward direction as opposed to the less steep
slope for the cotton wick results. The comparison of the two non-flaming fuel smokes
for HH polarization shows that their values are similar at most angles except the forward
angles and near 135°. The smooth curves for the non-flaming fuel smoke particles seen
in Figure 3 are a result of the polydisperse nature of these smoke aerosols. Scattering
from polydisperes ensembles of particles averages out the detail seen in single particle
scattering data.

5. Treatment of Polarization
The information in Figure 3 can be rearranged to give the degree of linear

polarization, P(8) ,(with angular notation suppressed)

p= Oyy —Opy 1)

Ouyy +Ouw

The quantity P(9) has previously been measured for the EN54 test smokes over an
angular range of 5 to 165° [6]. The degree of polarization for the FE/DE generated
smokes is shown in Figure 4, along with the theoretical curve expected from Rayleigh
scattering. The deviation from P(O) =0 in Figure 4 is due to polarization dependent
errors in the optical system, particularly for the propylene. The other results are mainly
influenced by the uncertainty in the calibration [8]. The results in Figure 4 compare well
with [6] as they found the highest degree of polarization corresponded to the soot
particles, a medium value existed for the cotton wick smoke, and that the lowest values



were found for the pyrolyzed wood smoke.

Another widely used and related measure is the polarization ratio, defined as
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Figure 4: Degree of linear polarization, P(6), for the FEDE produced smoke particles.
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Table 1 includes the polarization ratio at 90° for the FEDE smokes and two other soots,

acetylene and ethylene, generated using a laminar co-flow diffusion burner [8].

The

degree of polarization or the polarization ratio in Table 1 indicates that two detectors

positioned perpendicular to each other, with incident linear polarized light, could

distinguish between smoke from flaming or non-flaming fires. The greatest difference in

P(8) or p(6) for the flame generated smoke versus non-flaming occurs at 8 =90°.

The ratio of polarization is also sensitive to the fuel for flame generated smoke particles



(see Table 1), which is related to the soot agglomerates different primary particle
diameters. Previous measurements [9] indicate that the primary shpere size is affected

by the fuel type, and this may account for the fuel dependence of p(6) .

6 Fractal Analysis of Scattered Light

It has been stated that the high values of the degree of polarization (i.e. near 8 =90°,
P(9) — 1 ) for flame generated smokes is due to their particle size being small
compared to the wavelength of the incident beam [6]. This is misleading in that it
implies the soot particles scatter light according to Rayleigh theory. The scattering from

agglomerates with sizes up to 20 um [9] is more complex than Rayleigh theory.

The total scattering from a soot agglomerate can be represented as (angular notation

suppressed)
O xx =(Sag 8 ')xx but (Sas)w ~ (Sag)mq ®)
where S, is the Rayleigh-like scattering component and X denotes a given polarization.

The term S, arises from the interference in the far field of the Rayleigh scattering by

the individual primary particles making up the agglomerate. The term, S,,, can vary by

ag’

three orders of magnitude (Figure 3) while for Rayleigh scattering, (5, ),,, ,is

Fuel Degree of Polarization Polarization Ratio
P (90/120) P(90/120)* p(90°)
Wood (flaming) -- 0.94/05 -

Wood (pyrolysed) -0.07/-0.15 -0.12/-0.25 1.16
Cotton wick 0.27/0.05 03/0.13 0.58
Propylene 0.90/0.43 - 0.05
Acetylene 0.96 / 0.53 - 0.023
Ethylene 0.97/051 - 0.013

Table 1: Ratio of linear polarization at 6= 90°, for various smoke particles: wood,
cotton wick and propylene generated in the FE/DE ; while acetylene and ethylene were
generated in a co-flow laminar diffusion burner [10]. * data has been taken from [6].



independent of angle. Since S, is independent of the polarization direction it is

effectively reduced in the polarization ratio, p(6) ,which then reflects the Rayleigh-like

scattering from the primary spheres.

The general formalism of agglomerate light scattering [11] can be expressed in terms of

the scattering parameter ¢ which follows a power law relation that reduces to
o, (6)cg®for g>R': where R is the agglomerate characteristic radius;

g =4nA" sin(9/2) Is the elastic scattering wavevector magnitude or scattering

parameter; and D is the fractal dimension characterizing the agglomerate. Various
studies for in-flame and post-flame soot have reported fractal dimensionsto be about 1.7
to 1.85 using laser scattering techniques [12]. This general behavior is related to the fact
that all soot shares the same fundamental mechanisms of agglomeration growth [13].

Fuel Fractal Dimension, D
Acetylene 1.6 1.85*
Ethylene 1.7 1.84*
polypropylene 1.8 1.83%

Table 2: Fractal dimensions determined from Figure 5, for ¢ >5.1 um™ and (*) results

reported by [14].

Figure 5 shows the log-log plot for mass scattering cross section (vertical-vertical
polarization) as a function of the scattering parameter, ¢, for the three soots, ethylene,
acetylene and propylene, as well as the smoke from wood and cotton wick. The slopes
for the soots at ¢ >51 pm™ are tabulated in Table 2 and compared with another study
[14]. The low value for acetylene might be due to the presence of super-agglomerates

(>> 50 um).

We also observe in Figure 5 that there is a qualitative difference between the q
dependence for soot compared to non-flaming smoke particles. The higher forward
scattering for the wood smoke is apparent and the slope for scattering angles



correspondingtog > 12 um™ (8 > 75°) yield slopes of about 3 and 4.6 for wood and

cotton wick smoke respectively. The exact relationship in the context of Mie theory
between these qualitative differences and the morphology, size and refractive index of a
scattering particle is only recently being considered [10]. A detector with a diode array
in the back scattering angles could be used to compare the slope of the signal when
treated as a function of ¢. Large integer values of the slope, >3, would indicate
compact scattering particles while small values, <2, would indicate open agglomerates.
There is a need to obtain data for a wide range of non-flaming smokes as well as

nuisance aerosol results to assess the utility of this approach.
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Figure 5: Mass scattering cross section (VV) as plotted against the scattering

wavevector, ¢ .

6 Conclusion
This study presents results for the first time of the mass scattering cross section (m2 g-1)

of smokes similar to those used in smoke detector standards EN54 and UL 217. Smokes



were generated in the fire emulator/detector evaluator (FEDE) at NIST and
characterized in terms of their size and optical properties. The size characterization
shows that the smoke from pyrolysed wood blocks is a unimodal distribution with a
MMAD of 1.6 pum, while the smoldered cotton lamp wick fuel has a bimodal
distribution with a MMAD of 0.3 um for its measurable mode. It was found that 48 %
of the mass of the cotton wick smoke was below 0.056 pm. The difference in
mass/aerodynamic diameter is also observed in the differential mass scattering cross
sections for near forward scattering angles, where the wood smoke scatters light more
strongly than cotton wick smoke particles due to its larger mean size.

The ratio of polarization and the degree of linear polarization have been demonstrated as
a means of distinguishing between soot from flaming fires and smoke particles from
non-flaming fires. The ratio of polarization is shown to be more sensitive than the
degree of polarization to soots from different flaming fuels, probably due to the different
primary particle size. All three flame generated smokes are shown to have similar “¢”

plots, which are easily distinguished from the two ¢ plots for the non-flaming fuels

smokes.
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