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Abstract

Optical properties of smokes have to be known because of their influence on visibility which can be reduced during evacuation of people
and firemen intervention. Measurements have been carried out in non-flaming condition on smokes produced by solid materials exposed
to an intensive radiation flux of 25 kW-m™. Two materials have been studied: wood and PMMA. A smoke chamber has been used to
perform measurements of transmittance and optical density of smokes on the visible wavelength spectrum as recommended by standards.
To go further, spectral measurements and analysis of the smoke optical properties for wavelengths between 350 and 1125 nm have been
carried out. In parallel, the mass concentration of the particles has been measured and it allows to determine the specific extinction
coefficient. The spectral measurements have highlighted the dependence of the transmittance, the extinction coefficient and the specific
extinction coefficient on the wavelength. The main features of the spectral results are discussed and compared to other studies. A mean
value of the specific extinction coefficient on the visible spectrum is proposed and compared to other data.

© 2013 International Association for Fire Safety Science. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of the Asian-Oceania Association of Fire Science and Technology
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Nomenclature

t time (s) V box volume (m®)

A sample surface exposed to the radiation (m?) Greek symbols

C concentration (g/m’) 0y specific extinction coefficient (m?/g)

D optical density (-) A wavelength (nm)

1 overall light intensity (-) Amax  maximal wavelength detection of the PM (nm)
Koy extinction coefficient (m™) Amin  minimal wavelength detection of the PM(nm)
L length of the light beam (m) Subscripts

M mass (g) 0 initial

PMMA poly(methyl methacrylate) mass ~ mass

T transmittance (-) s specific

Tr furnace temperature (°C) A spectral

1. Introduction

The smoke produced during a fire is caused by the combustion of burning materials and by the pyrolysis of these
materials which receive radiation of the flame. This smoke is a problem to the evacuation efforts and to firemen intervention
because visibility decreases when the concentration of particles increases. In order to classify and to select the best suited
materials for these situations, standard measurements of smoke optical density are performed. These measurements consist
in exposing a material to a radiative flux in a box and in measuring the extinction of a light beam passing through the smoke
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which accumulates in the smoke chamber (standards NFX 10-702 [1] and ASTME 662 [2]). The transmission of this light
beam is detected by a photomultiplier which integrates the light intensity on the visible spectrum. Transmittance, optical
density and specific optical density can be deduced from these measurements to characterize material as specified in the
standards.

With very high smoke concentrations, the transmittance decreases to very low values and the radiative transfer through
the smoke is driven by the multiple scattering phenomenon. If such a phenomenon occurs, it is not possible to interpret the
smoke transmittance without an exact calculation of the radiative transfer process. Jin [3] presents the results of the
extinction coefficient for different wave lengths in the case of materials submitted to a radiation in smoldering and flaming
conditions. These results show, in smoldering conditions, a decrease of this coefficient with decreasing wavelengths in the
violet spectrum, while the simple diffusion theory predicts an increase [4]. Moreover, this decrease is observed for a larger
wavelength range when the particles concentration increases. So the spectral measurements of the smoke extinction
coefficient can give new information on that issue. Seader and Einhorn [5] propose, from optical density measurement
performed inside a smoke chamber, a specific extinction coefficient of 4.4 m”.g”'. Knowing the value of this parameter, it is
possible to determine, by using the Bouguer’s law, the particle mass concentration from the measured value of optical
density. It is interesting to know the physical meaning of this value averaged on the visible spectrum, and to check if this
coefficient gives a good indication of the mean extinction coefficient for a given particle mass concentration [6, 7].

Consequently, the objective of this work is to carry out spectral measurements in complement of standard measurements
on smokes in order to study the spectral dependence of the different parameters defined by the standard (transmittance,
optical density...). It will allow to study the spectral evolution of the extinction coefficient for different particles
concentrations. Finally, it will provide information concerning the averaged specific extinction coefficient in order to verify
the relationship between extinction and particle concentration as proposed by Seader and Einhorn [5]. In this work, smoke is
generated in a chamber according to the standard for two different solid material, wood and PMMA. The solid material is
exposed to a radiative flux of 25 kW.m™, creating smokes in non-flaming conditions. Standard and spectral measurements
of the transmission of a light beam passing through the smoke are performed. For each test, the measurements are carried
out at different times and smoke is sampled in order to measure the mass concentration of particles.

In the following sections, the experimental setup will be described for standard and spectral measurements. Then
standards measurements will be analyzed in terms of specific optical density and transmittance. They will be compared to
the spectral measurements. The spectral transmittance and extinction coefficient will be analyzed and compared to other
data [3, 4, 8, 9]. Finally, a special attention will be paid to the specific extinction coefficient, which allows to deduce
particle mass concentration from extinction measurements and a comparison with other works will be performed [5-7].

2. Experimental set up
2.1. Normative measurements

The measurement of the specific optical density of smoke is performed in a Smoke Box (ref NBS Smoke density
chamber by Fire Testing Technology) represented on Fig. 1. In the sealed enclosure are disposed a furnace and a sample to
burn. The furnace emits a radiative flux with a value 25 kW.m™ to the solid material sample which has a surface of
65x65 mm®. The smoke produced by the degradation of the material (without flame) is mainly composed of gases and
particles. The accumulation of particles in the chamber over time causes an increase of the opacity. This is measured using a
photometric device. We calculate the transmission of a light beam passing through smokes from bottom to top the chamber.
A tungsten filament lamp is placed under the floor and separated to the chamber with a window. A lens allows transforming
the light source in a collimated light beam of 38.1 mm diameter. It passes vertically through the smoke in the box and is
collected above the chamber by a photo detector. In this photo detector, photons are focused on a photomultiplier of spectral
sensitivityS-4 between Ay, =160 nm and 4,,,,=680 nm. Note that all the windows and lenses cut the spectrum below 350 nm.
So, the measuring spectrum is in the visible range between 350 and 700 nm. The calculation of the overall transmittance T,
the optical density D and the specific optical density Dy is achieved using respectively the following relations:

1 1 V
T=—_ D=log|—|, D.=—D
1,’ g[TJ’ * AL M

where 7 is the overall light intensity measured at a given time, /, the initial overall light intensity measured without smoke, V'
the volume of the box (V= 0.5 m’), 4 the sample surface exposed to the radiative flux (4= 65x65 mm?), and L the length of
the light beam (L= 0.914 m).

In order to improve the measurement of the transmitted intensity, a filter system is placed before the photo multiplier.
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The filter is a neutral density filter of value 2. It is used for measurement of transmitted light intensities between /, and
1,/10000. For lower values than 7,/10000 (i.e. for very low transmission of smoke), the filter is removed. This increases the
signal measured by 10% All the apparatuses composing the device are more finely detailed in the standards NFX 10-702 [1]
and ASTME 662 [2].
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Fig. 1. Experimental setup of the smoke chamber. Fig. 2. Temporal evolution of the specific optical density for wood and PMMA smokes,
measured with the smoke chamber.

Smoke

2.2. Mass concentration measurements

The measurement of particle mass concentration is achieved thanks to a tapered element oscillating micro balance
(TEOM series ref1105 by Rupprecht Patashnick Co.). This measurement is not part of the standard, therefore a change was
made to the "normalized" system to collect the aerosol. A tube is placed in the chamber in order to sample particles. Then
these particles are pumped out with a flow rate of 3 L.min" and deposited on the TEOM filter. This deposit changes the
oscillation frequency of the micro balance corresponding to the mass accumulated on the filter. The knowledge of the mass
variation and of the sampling flow rate allows to determine the mass concentration of soot particles C,,,4q.

2.3. Spectral measurements

Measurements of extinction are performed on the same experimental setup as for standard measurements. It only replaces
the photo multiplier by a spectrometer (ref: Maya2000Pro by Ocean Optics). The measured spectrum extends between 200
and 1125 nm with a resolution of about 0.5 nm. Note that the mass concentration and spectral measurements are performed
in parallel.

3. Experimental results
3.1. Determination of the smoke opacity with photomultiplier (standard)

This section outlines opacities of two samples wood and PMMA according to standard ASTM E 662. This standard
requires some handling conditions before and during the test which are specified in the ASTMaEa662 [2].

In Fig. 2 are reported the temporal evolutions of the specific optical densityfor the wood and PMMA smokes in a non-
flaming condition. The thickness of the samples is about 11 and 15 mm. The experimental conditions are identical for the
two experiments. However, the relative humidity could not be maintained at the standard required value of 50 % [2]. In our
case, the samples are conditioned in a room at 23 °C (standard required value) and a relative humidity of 32 %.

For the wood, the specific optical density obtained with Eq. (1), equaling to O at the beginning of the test, increases
slowly during the first 300 seconds, and then increases rapidly to obtain a plateau with a value near 860. This is explained
by the increase of the smoke concentration in the box which induces a decrease of the visibility and the transmitted light and
thus an increase of D;. No minimum value of transmittance was observed during the test. So the duration of measurement is
20 min (as required by standard). The abrupt decrease of D, at 1225 s corresponds to the end of this test which consists in
stopping the exposition of the material to the heat flux and to evacuate the smokes of the chamber. The maximum value of
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the specific optical density D, is 861.5 and correspondsto a transmittance of 3.6 107 and an optical density of 6.4.

For PMMA, the transmittance is much higher than for wood and also corresponds to a much smallerspecific optical
density value. So the amount of accumulated smoke during pyrolysis of PMMA is much lower. On the one hand, since
PMMA is less absorbing material, the rise of the sample temperature before it starts to be pyrolyzed is longer than for
wo00d.On the other hand, when the pyrolysis is in steady state the amount of particles produced is much lower. Note that the
irregularities in the specific optical density evolutions correspond to the change of the photomultiplier calibre and to the use
of the filter system. Table 1 summarizes the results obtained for wood and PMMA at 600 and 1200 seconds. The
experimental conditions are identical for the two experiments.

Table 1. Summary of the standard results for wood and PMMA at two times after the beginning of each test

Wood PMMA
Transmittance Ds Transmittance Ds
600 seconds 1.97 10-6 766.2 0.44 46.5
1200 seconds 3.60 10-7 861.5 6.28 10-2 158.2

3.2. Transmittance spectral evolution of wood smoke

The transmittance has been measured in the visible spectrum with a scattering tungsten filament lamp and a photo
multiplier. The transmitted signal through the smoke is integrated over a certain spectral range of the visible wavelengths as
prescribed by the standard. It is interesting to study in more detail the optical characteristics of the smokes (transmittance,
optical density, extinction coefficient ...) as a function of the wavelength.

To do that, the photomultiplier of the smoke chamber has been replaced by a spectrometer which measures the intensity
of the light between 200 and 1125 nm.

During the test, the smoke is produced, which decreases the transmitted light to the spectrometer. The monochromatic
transmittance 7% is defined in Eq. (2) for each wavelength and the results are reported on Fig. 3. The range of values is very
large, so for the small ones obtained at the beginning of the test the linear scale is chosen, and for the large ones obtained at
long times, the logarithmic scale is used.
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Fig. 3. Spectrum of the transmittance for different times Fig. 4. Spectrum of the relative extinction coefficient (b, on the right) for different times

after the beginning of the test on a wood sample. after the beginning of the test on a wood sample. The relative extinction coeffient has been
normalized with the extinction coefficient value obtained at 700 nm. Also reported the
Jin’s experimenatl value for smoldering smoke of wood (2002).

At the beginning of the test (t < 240 s), the transmittance is more or less constant. This is not expected if the aerosols in
the smoke are soot or composed of carbon matter [4, 9]. In this case the transmittance should increase strongly with the
wavelength. With the present non-flaming conditions, it may be suspected that main content of smoke is a condensed phase
in the form of small droplet suspended in air. The smoke looks like a fog, which has a slightly white color. This may be a
mixture of oil, tar and water. A chemical analysis must be carried out to check the presence of these constituents.
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After 300 s the transmittance varies with the wavelength. Looking from short to long wavelengths, the transmittance
starts to decrease and then it increases.This pattern becomes more and more pronounced with the increase of smoke
concentration over time. This can be explained by multiple scattering occurring when smoke concentration is high enough
[4]. Indeed, the increase of the transmittance with decreasing wavelength in the violet spectrum highlights this affirmation.
At short wavelengths, the optical cross section of droplets is great, and the multi-scattering process is enhanced, which
produces an increase in the transmitted light on the axis of propagation, as seen in Fig. 3 for the long times.

For the PMMA, the results are similar showing similar spectral trends. However the minimum values for the
transmittance are bigger, since the PMMA degradation produced less smoke as it has been shown previously.

3.3. Spectral evolution of the extinction coefficient of wood smoke

To better understand the effect of the wavelength on the optical properties of smoke, the spectral extinction coefficient
K’ can be calculated from the previous transmission by using Bouger’s law:

ext
1 1 &
Ao A _
K —ZIH[F] with =7 )

It is important to note that this equation provides the true extinction coefficient only if there is no multiple-scattering in
the transfer of light. Otherwise, one can always define an extinction coefficient with Eq. (2). However this one is not only a
function of droplet properties along transmission axis, but it depends also of radiative transfer throughout the entire medium.

Due to the Eq. (2), the variation of K’ is the opposite of that of the transmittance. However, note that in the beginning

of the tests, multiple scattering is not important. It would have been possible to calculate the Kit values using the Mie’s
theories if droplet properties were known (optical refractive index, sizes and concentration). Further analyses are needed in
order to perform such calculations. However an estimation of the mean size of droplets is possible. It is well known that
transmission through a fog is minimum (or the extinction coefficient is maximum) if droplet size equals to wavelength [8].
The results in Fig. 3 indicate that the droplet size is about 600nm, and thus inferior to the micron-meter.During each test, the
mass of smoke inside the chamber increases, and so K, values are also increasing. In order to better compare the spectral

variation of K, at the different times, it has been normalized by the value observed at 700 nm. The results have been

reported in Fig. 4b. For wavelenghts less than 600 nm, the spectra are very different. This can be explained once again by
multiple-scattering. On the other side, for wavelenghts greater than 600 nm, the differences are not so important and the
extinction coefficient decreases with wavelength. This may be explained by the absorption process which seems to be
important only if the mass concentration is high.

In Fig. 4, Jin’s results obtained for smoke of wood and under smoldering condition, have been added [3]. It is interesting
to note that the spectra are similar to the ones of present study. A maximum around 500 nm and large differences for the
wavelengths below 700 nm are also observed.

3.4. Comparison of the results obtained with the photomultiplier (normative results) and with the spectrometer (spectral
measurements)

In this section, we compare the results obtained with the spectrometer and with the photo multiplier. The aim of this
comparison is to ensure that the slight difference of optical efficiency between the two apparatus andthat the TEOM
aspiration for the mass concentration measurement does not change the result of the overall transmittance. Indeed, during
the test, the TEOM aspiration modifies the concentration in the smoke chamber and consequently the transmittance. For
duration of 20 min, the aspirated volume corresponds to 10% of the box volume.

For the spectrometer measurement, the spectral values of light intensity were integrated on the spectral range of the photo
multiplier (between A,;,=160 nm and 7,,,,=680 nm) in order to determine an overall transmittance. This transmittance is
determined by the following relationship:

I
— min 3
J-/imax [(:” dﬂ/ ( )

Amin
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Fig. 5a. Comparison of temporal evolution of the overall transmittance  Fig. 5b. Temporal evolution of the mass concentration obtained with the
with the photomultiplier and with the spectrometer for the wood and for TEOM and calculated with K., deducted of Bouguer’s law and 6,=5.2 or
the PMMA. 5.4 m’.g" and 5,=4.4 m’.g"' [5] for the wood and for the PMMA.

Transmittances obtained with the two measurement systems are shown on Fig. 5a for wood and for PMMA. It is found
that the trends are similar in both cases. The decrease is slow initially, and then becomes more and more significant. At 500
seconds for wood, the value is 4x10, and at 1200 seconds for PMMA 8x102. However, a gap appears on wood smoke
transmittance for very low values of transmittance. This is due to the detection threshold of the measuring devices which are
not the same for the both apparatus. Indeed, the sensibility and the measurement range of the photo multiplier are much
higher than those of the spectrometer. So, when the transmittance is too low (less than 4x10°), the spectrometer cannot
detect this one and gives incorrect results while the photo multiplier is more precise in this range of transmittance. Despite
this difference, results on Fig. Sa allow to conclude that, when the transmittance is not too low, the spectral measurements
and measurements performed with the photo multiplier are in good agreement. It is possible to conclude that the aspiration
of the mass measurement and the difference of optical efficiency between the two optical systems have no influences on the
overall transmittance over the visible spectrum.

3.5. Particle mass concentration and specific extinction coefficient

In this section, we seek to determine a link between the aerosol mass concentration (g'm'3) in the smoke and the
extinction coefficient (m™) via the specific extinction coefficient o, (m*g™). The specific extinction coefficient oltis
calculated from the ratio between Ki, and C,,,, (the mass concentration obtained by the TEOM).Throughout the time of

spectral measurements, mass measurements of particles are performed every second with theTEOM.
The results are presented on Fig. 6 for wood (a) and for PMMA (b). For wood, the specific extinction coefficient is

between 3 and 6.5 m>g”, ot being dependent of K * . the slope of the curves corresponds to the trend of Ki,. At 120

ext ?
seconds, o," value is much larger, about 12.7 m*g ™. This large difference with the others curves is caused by the mass
concentration uncertainty when the amount of smoke is too low. After this time, the value of asl decreases to achieve an
average value of 3.5 m>g'at 420 s. The values obtained after 420 seconds cannot be taken into account. The reason is the
limit of transmission measurement with the spectrometer as discussed previously in section 3.4. This does not permit an
accurate calculation of o, if average transmission is less than 8.9x107.

For PMMA, the spectral variations are the same and the specific extinction coefficients are between 3 and 7 m*g™. This
result is surprising because wood and PMMA are two very different materials in terms of chemical composition. But, if the
particles are oils or tars, these results show that the optical properties may be very close.

Table 2 summarizes the results for the wood and for the PMMA. At different times, are presented the measured
transmittance 7, the mass concentration C,, and the specific extinction coefficient o, ,,; given by the spectrometer and
averaged on its spectral range (350-1125 nm). oy, is also given by the spectrometer but averaged on the spectral range of
the standard measurements (350-680 nm). It is observed that for the two studied spectral ranges, the difference between the
specific extinction coefficients is important and as high as 40%. So it is important, when one uses an average specific
extinction coefficient, to specify the spectral range over which it is defined.
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Fig. 0. spectrum of the specific extinction coefficient for wood on the left and for rivivia on the right for different times after the beginning of the test.

In the case of smoke produced in a smoke chamber by pyrolysis of materials such as wood or PMMA, Seader and
Einhorn [4] obtained a specific extinction coefficient of approximately 4.4 m”.g"'. Our oy, results are close to Seader and
Einhorn’s value. However our oy, values (obtained in the same spectral range that Seader and Einhorm) are always higher
than the value obtained by Seader and Einhorn. In our case the mean value of specific extinction coefficient oy, is 5.2 and
5.4 m>.g" respectively for wood and for PMMA. So it is interesting to compare the mass concentration provided by our
mean specific extinction coefficient to that given by Seader and Einhom.

Table 2. Summary table of the results for wood and PMMA at four times after the beginning of each test

Wood PMMA
T(-) Cnass (2.m7) O (M2.g™") Gy (M2.g7) T(-) Crnass (g oo (Mg Oymn (m*.g")
180 sec 5.8¢-1 22e2 6.0 5.8 300 sec 8.4 e-1 48e2 3.6 4.7
300 sec 2.0e-2 9.4 e-1 4.7 5.7 600 sec 4.2e-1 1.6e-1 5.0 6.5
360 sec 9.6 e-4 2.0 4.1 5.0 900 sec 1.8 e-1 33e-1 4.8 6.0
420 sec 8.9 e-5 3.0 3.5 4.1 1200 sec 7.7e2 S54e-1 4.4 53
Mean coef : 4.4 5.2 Mean coef : 4.3 5.4

To calculate this mass concentration from measured extinction coefficient K., we use Eq. (4). The K,,, coefficient is
deduced from the overall transmittance 7' (7 is calculated from spectral values using Eq. (3)), with Bouguer’s law:

Kﬁxr — 1 1
Cmm‘s = p= with Kew= Zln (?j 4)

Bouguer’s law isvalid only for monochromatic light and the light source used for extinction measurement is
polychromatic. Moreover, when the phenomenon of multiple scattering appears, the physical meaning of K,,, is not simple.
However Mulholland [6] and Putorti [7] specify that this specific extinction coefficient can still be used for an indication of
the mass concentration.

Fig. 5b shows, for wood and PMMA, the mass concentration obtained with the TEOM and the concentrations calculated
with o= 4.4 m*g" and oy, = 5.2 or 5.4 m>g respectively to the Seader and Einhom’s coefficient and our mean coefficients.

For wood, the concentration obtained with the TEOM increases with time and reaches the value 8.4 g.m™ at 1088
seconds. There are two phases in the concentration increase. A first phase is between 0 and 300 seconds where the material
undergoing radiation warms up and produces little smokes. In this phase, the increase is exponential. Then a second phase
occurs between 300 and 1088 seconds where the evolution of the concentration is almost linear. The smoke production is
thus constant. The results from Bouger’s law are in good agreement with that of TEOM’s until about 1.5 g'-m™. Then a
difference appears, the measured concentration continues to increase where as the calculated concentration from the specific
extinction coefficient stagnates. This difference can be due to the detection threshold of the spectrometer or to multiple
scattering. Indeed, these two reasons can induce an underestimation of K., and consequently C,,. In the beginning of the
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test, the difference between the two concentrations obtained with Bouger’s law is not large. For a mass concentration
between 1.5 grm™ and 3 g'm™, the concentration predicted with the Seader and Einhorm’s coefficient continues to grow
although the phenomenon of multiple scattering is already present. Therefore, we can conclude that Seader and Einhorm’s
coefficient slightly overestimates the mass concentration and so a value of 5.2 m*.g”" is preferable.

For PMMA, there is a good agreement between the concentration obtained by Bouguer’s law with oy, =5.4 m*g” and
the TEOM’s concentration. The results obtained with Seader and Einhorm’s coefficient overestimates the concentration. In
this test, the range of mass concentration is too low to explain that the difference is due to thedetection threshold of the
spectrometer or to multiple scattering. So for this range of mass concentration, oy, = 5.4 m”.g™ is better than 4.4 m*g™.

The specific extinction coefficient depends on the studied spectral range. It can be used for a not too large mass
concentration (<1.5 g.m™), in order to avoid multiple scattering and detection threshold problems. So in the standard
spectral range, the mean specific extinction coefficient is equal to a mean value of 5.3 m*g”' for wood or PMMA.

4. Concluding remarks

An experimental study on optical properties of smoke has been carried out in a smoke chamber. The samples of solid
material, wood and PMMA, are exposed to an intensive radiation flux of 25 kW-m 2 which generates smoke without flame
(non-flaming condition). Added to the standard measurements, spectral variations of the transmitted light have been
analysed with a spectrometer in the range of 350-1125 nm. In parallel, mass concentration has been measured and allows to
determine the specific extinction coefficient in function of wavelength. The main conclusions are the followings:

* There is a very large difference between wood and PMMA: the transmittance of smoke is 20,000 times lower for wood
than for PMMA due to a stronger formation of smoke for wood (after 20 min of smoke emission, the concentration of
smoke is 20 times higher for wood than for PMMA).

¢ The extinction coefficient, defined from the transmittance value, is more or less constant in the visible spectrum for small
particle concentrations. For high concentration of smoke and for short wavelengths, it increases with the wavelength.
This can be explained by the multiple-scattering process which cannot be neglectedat small wavelengths.

* The spectral evolution of the specific extinction coefficient can be deduced from the measurement of the extinction
coefficient and mass concentration. Wood and PMMA smoke have more or less the same spectral variation. A mean
value of 5.3 m*g™" has been determined.

* Despite the variation of this coefficient with the wavelength, our mean value gives a good approximation of the particle
mass concentration only for a mass concentration which is not too high (smaller than 1.5 g.m™).

To complete these results it will be interesting in future work to do the same study in flaming condition. Another point
will be to perform measurements of aerosol size distribution.
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