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Abstract: A series of cone calorimetry experiments and simultaneous gravimetric sampling and
light extinction (GSLE) measurements were performed to determine the optical properties (light
obscuration and extinction characteristics) of smoke particulates produced from burning polymers.
The polymer selected in the present study was acrylonitrile-butadiene styrene (ABS), which has a
moderate smoke yield during combustion, and unplasticized polyvinyl chloride (UPVC), which has a
lower smoke yield than ABS. The experiments show that the measured light obscuration for UPVC
smoke particles is much lower than that for ABS smoke particles because of the low rate of smoke
production during combustion. Results from the simultaneous GSLE measurements demonstrate
more clearly that UPVC smoke particles represent a lower efficiency of light obscuration on a per-unit
smoke mass basis, resulting in a 41.3% reduction in a mass specific extinction coefficient compared to
the ABS smoke particles. Numerical analysis was performed to further elucidate the effect of optical
properties on the smoke behavior using the Fire Dynamics Simulator (FDS) (Version 6.7.1, National
Institute of Standards and Technology (NIST), Gaithersburg, MD, USA). The numerical results clearly
demonstrated that the UPVC combustion, with its relatively low heat release rate and mass specific
extinction coefficient, caused a significant delay in detecting a fire with a smoke detector compared to
ABS combustion.

Keywords: light obscuration; mass specific extinction coefficient; polymer; smoke; fire

1. Introduction

Radiative heat transfer plays an important role in fire growth and spread, providing almost all
the energy transferred to combustibles. In particular, the presence of smoke particulates allows up
to 50% of the energy in pool fires to radiate back to the pool of fuel [1]. Knowledge of the optical
properties of smoke particulates—known as dimensionless light extinction constant, Ke—is critical to
the development of one of the key parameters, the Planck mean absorption coefficient, KP, for use in
thermal radiation analysis for smoke particulates [2]:

KP = 3.83 fvKeT/C2 (1)

where fv is the smoke volume fraction, T the temperature, and C2 Planck’s second constant. As important
as they are in thermal radiation analysis, the optical properties of smoke particulates are also essential
to measure the smoke volume fraction accurately.
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It has been reported that more than 80% of fire deaths are related to smoke particulates generated
by combustion [3,4]. In particular, hot and toxic smoke inhalation is considered a fatal effect that leads
to the death of fire victims. Therefore, smoke suppression is a key problem in the mitigation of potential
fire hazards. To access and evaluate the suppression of smoke produced from fires, the smoke volume
fraction must be measured accurately. The most conventional method for measuring the smoke volume
fraction in the fire science community is a non-intrusive optical measurement that requires an in depth
understanding of the light extinction characteristics of smoke particulates. Moreover, the presence of
smoke in fires reduces the visibility because of light absorption and scattering by particulates (that also
strongly depend on their optical properties, specifically light extinction characteristics); this lowers the
possibility of finding exit signs and doors during emergency evacuation.

The light extinction characteristics of smoke particulates can be predicted from an appropriate
model combined with the knowledge of the refractive index of particulates. However, this has
proven to be complicated owing to very large uncertainties in the refractive index of particulates [5–7].
Moreover, Flame generated particulates agglomerate into wispy chains that consist of hundreds of
nanometers to several micrometers in length [8]. Particularly, smoke particulates are usually porous
aggregates, which can be interpreted as a mixing of carbon elements with air cavities [9,10]. Such
heterogeneous substances, whose morphology and chemical compositions vary in which they have
formed and grown [1], can greatly influence their optical properties [9,10], and thus, make it difficult
to accurately predict the light extinction characteristics using the optical model such as the Mie or
Rayleigh–Debye–Gans (RDG) theory. For example, Choi et al. [11] performed gravimetric sampling as
an independent measurement of the volume fraction of flame generated particulates to alternatively
calculate the dimensionless extinction coefficient with the light extinction technique. The measured
dimensionless extinction coefficient was a factor of two greater than the value of 4.9 calculated using
Mie theory with the refractive index of m = 1.57 − 0.56i [12,13].

Polymers have been increasingly used as construction materials in home and building applications.
In case of fire, polymers as solid fuel undergo thermal decomposition, emitting toxic gases as well as smoke
particulates [14–16]. In particular, acrylonitrile-butadiene styrene (ABS), with a low thermal stability,
produces numerous aromatic compounds in thermal decomposition, which favorably results in the
formation of carbon nucleuses, leading to potential smoke yields [17]. Unplasticized polyvinyl chloride
(UPVC), which is another important technical polymer, has a lower flammability. The presence of
chlorine in UPVC causes the splitting off of hydrogen chloride (HCI) species at high temperatures [18,19].
HCIs formed after the onset of thermal decomposition are found to increase char formation, resulting
in a reduction in the flammable decomposition products [19]. Therefore, UPVC produces less heat in
combustion compared to other polymeric materials and is self extinguishing when the heat source
is removed. However, it is important to note that UPVC exposed to a real fire is forced to burn
continuously and produces significant smoke yields [19].

Smoke suppression of polymeric materials is one of key problems in mitigating potential fire
hazards. To access and evaluate the suppression of smoke produced from burning polymeric materials,
smoke yields must be measured accurately. The most conventional method for evaluating smoke
yield in the fire science community is non-intrusive optical measurement, which requires an in depth
understanding of the optical characteristics of smoke particles. However, limited investigations have
qualitatively assessed the optical characteristics of smoke produced from burning polymeric materials.
The objective of the present study is to provide such optical characteristics for smoke-emitting polymers
ABS and UPVC, and to qualitatively evaluate their attendant impacts on fire evacuation. To this end,
light obscuration analysis based on simultaneous gravimetric sampling and light extinction (GSLE)
measurements and computational simulations of smoke behaviors were performed.

2. Materials and Methods

A series of burning experiments of smoke-emitting polymers, ABS and UPVC, were carried out
using a cone calorimeter (as shown in Figure 1) in accordance with the International Organization for
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Standardization (ISO) 5660-1. The cone calorimeter is an apparatus commonly used for quantifying the
fire behavior of materials [20,21]. An external radiant heat flux of 50 kW/m2 from a conical heater was
applied to the ABS and UPVC samples. The ABS and UPVC samples were cut to 100 (W) × 100 (L) ×
10 (T) mm and fixed to the sample holder. The mass of ABS and UPVC samples measured before the
start of the experiment was 123 g and 146 g, respectively. A metal mesh on the sample holder was placed
and secured to prevent ABS and UPVC samples from swelling out of the holder during the burning
experiments. The electric sparks generated from a pilot ignitor ignited combustible gases emitted from
the heated polymeric materials, eventually creating a flame. After ignition, the smoke-containing flow
(24 slpm) was directed to the exhaust duct of the cone calorimeter. The cone calorimeter used in this
study was equipped with a stainless steel smoke sample tube with a 6.3 mm outer diameter on the
exhaust duct. The sampling line was directly connected to the transmission cell (TC) for simultaneous
gravimetric sampling and light extinction (GSLE) measurements through a dilution chamber that is
designed to ensure good mixing conditions. The sampling flow was controlled to keep a constant
smoke-containing flow to the dilution chamber which is typically set to 1/200 of the exhaust duct
flow [22]. Thermophoretic deposition of smoke particles in the sampling line due to rapid cooling of
air flow was minimized by heating the sampling line.
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Figure 1. Burning experiments of acrylonitrile-butadiene styrene (ABS) and unplasticized polyvinyl
chloride (UPVC) with ISO 5660-1 cone calorimeter. TC: transmission cell.

To qualitatively analyze the characteristics of light obscuration caused by ABS and UPVC smoke
particulates, the mass specific extinction coefficient, Km, was measured using a simultaneous gravimetric
sampling and light extinction (GSLE) technique [23,24]. In this technique, the smoke volume fraction
is gravimetrically measured and then compared to that measured optically using the Beer–Lambert
Law. Further details on this technique and experimental apparatus can be found elsewhere [11,25].

The experimental set-up for the simultaneous GSLE measurement is shown in Figure 2. The smoke
particles from burning ABS and UPVC in the cone calorimeter are delivered to the TC through the
dilution chamber. The additional airflow into the dilution chamber was varied to adjust the smoke
containing flow to the TC. A vacuum pump was used to create the smoke containing flow to
the TC. A mass flow controller attached downstream of the TC was used to maintain a constant
smoke-containing flow during the GSLE measurements. A TC equipped with optical windows (with
anti-reflection coating) at both the inlet and outlet ports provided a laser path length (L) of 0.8 m.
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In the GSLE measurements, a 5 mW helium–neon diode laser of wavelength 635 nm was used as
the light source. The laser beam was directed through the TC using mirrors and beam splitters to a
silicon photodiode detector with an operating range of 400 nm to 1100 nm. Two silicon photodetectors
used in this study were equipped with a bandpass filter (635 nm with a full width at half maximum
(FWHM) of 10 nm). The light obscuration per unit length due to smoke particles, Cs (commonly
referred to as the smoke optical density) in the TC was calculated based on Beer-Lambert Law [26]:

Cs = −
1
L

ln
( I

Io

)
=

Ke fv
λ

(2)

where L is the laser path length, Io the incident laser intensity measured prior to the introduction of the
smoke-containing flow into the duct, I the transmitted-laser intensity, Ke dimensionless light extinction
coefficient, fv smoke volume concentration, and λ the wave length of light source. The fundamental
assumption of Beer-Lambert Law remains in stability of laser in terms of intensity during the measurement
period. To ensure the stability of incident-laser intensity in real time, another beam splitter was
implemented on the laser pathway and diverted a fraction of beam to the reference photodiode detector
as shown in the figure.

The smoke containing flow was directed to one of the filter assemblies containing a glass-fiber
filter that has a collection efficiency greater than 99% for particles larger than 0.1 µm in size. After the
GSLE measurements were taken, the mass of smoke particles sampled on the glass-fiber filter was
weighed using a microbalance. The gravimetrically determined smoke volume fraction, f vg, was then
calculated using the following relationship:

fvg =
ms

Vtρs
(3)

where ms is the measured mass of smoke particles collected on the filter, V the volumetric flow rate of
the smoke containing flow, t the particle sampling time, and ρs the density of the smoke particles.

The degree of smoke particles deposition in the TC will create discrepancies between the smoke
volume fraction based on light extinction and gravimetric sampling techniques and will violate the
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condition that the smoke volume fraction measured using gravimetric technique, fvg, is equal to the
smoke volume fraction measured using the light extinction method, fv. In the present study, the entire
TC, including two optical ports, was heated using a band heater and maintained at approximately
50 ◦C to prevent smoke particles deposition during the measurement period. The thermophoretic force
caused by the presence of the heated TC repels approaching smoke particles, making them suspended
inside the TC. It was found that the thermophoretic force generated under the given smoke containing
flow of 7 slpm successfully remove smoke particle deposition in the TC before particles reaching
the outlet.

3. Results and Discussions

Figure 3 displays the measured heat release rate from the cone calorimetry experiments as function
of time. As displayed in the figures, the measured heat release rate for both UPVC and ABS samples
increased after ignition, reached a quasi-steady condition, and began to decrease as flame extinction
occurred. The pyrolysis of UPVC and ABS samples was found to lead to formation of char, which
can insulate the underlying layer from an incident heat flux so that the net heat flux at the in depth
pyrolysis front decreases with time [17]. As a result, the measured heat release rate for both polymer
samples drastically decreased with time. However, the measurements clearly exhibit distinct heat
release peaks between UPVC and ABS samples. A significant decrease in the peak heat release for
UPVC, relative to ABS was observed. UPVC is an inherently flame-retardant polymer since it contains
a higher chlorine content, which suppresses the release of heat from the flame [8,12]. A significant
decrease in heat release for UPVC can result in a decrease in smoke production rate, lowering the
Cs values.
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Figure 3. Heat release rate (HRR) measured as a function of time.

In the present study, GSLE experiments that enable the measurement of light obscuration on a
per-unit smoke-concentration basis were performed. A typical light attenuation in the TC of the GSLE
apparatus is shown in Figure 4. As soon as a constant smoke-containing flow (7 slpm) was drawn into
the TC, the transmitted-laser intensity (I) began to decrease as a result of light absorption and scattering
by smoke particles, while the incident-laser intensity (I0) (monitored using a reference photodetector)
was kept constant. As a result, the incident light began to be attenuated with the smoke filling the TC,
eventually resulting in light obscuration. The average value of light attenuation (I/I0) was acquired
from a quasi-steady sampling period of smoke particles for approximately 200 s.
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Figure 4. Light attenuation in TC measured as a function time.

The smoke volume fraction (determined using Equation (2)) plotted against the corresponding Cs

values are displayed in Figure 5. In the figure, the smoke loading into the TC was adjusted to produce
a wide range of light obscuration represented by Cs. The linearity established between the smoke
loading and the Cs value confirms the foundation for simultaneous GSLE measurements [16]. Light
obscuration behaviors per unit smoke concentration for each polymeric material are clearly observed
in Figure 5. As displayed, the light obscuration for UPVC smoke particles is always smaller than that
for the ABS smoke particles at the same volume fraction, fvg.
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Figure 5. Light obscuration plotted as a function of smoke volume fraction.

The difference in light obscuration behaviors measured on a per unit volume fraction basis can
be attributed to the density and light extinction characteristics of the smoke particles. In the GSLE
technique, the smoke density must be accurately known to evaluate the dimensionless light extinction
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coefficient, Ke, as the value used in the calculation can lead to the uncertainties in Ke. The typical value
of soot density (ρs) for different fuels varies from 1.74 g/cm3 to 2.05 g/cm3. Since the density of ABS and
UPVC smoke particles is not documented in the literature, the most used density of smoke particles
used in the GSLE experiments, namely 1.74 g/cm3 [25], was used for the calculation of fv. In the present
study, the influence of the smoke density can be removed by calculating instead the value of the mass
specific extinction coefficient, Km, using the following Equation:

Km =
Ke

ρs λ
=

Cs

fv ρs

(4)

Because fv must be equal to fvg in the GSLE measurements, Equation (5) can be rewritten to
evaluate the Km:

Km =
CsVt
ms

= −
Vt

(
ln I

I0

)
Lms

(5)

The estimated combined Type B uncertainty in the mass specific extinction measurement was
evaluated using Equation (6) and the parameters contributing to the Type B uncertainty are summarized
in Table 1.

δKm

Km
=

√√∑
n

[
Sn

Km
×
∂Km

∂Sn
×
δSn

Sn

]2

(6)

Table 1. Summary of Type B uncertainties in the mass specific extinction measurement.

Source, S ∂Km
∂Sn

Sn
Km
·
∂Km
∂Sn

δSn
Sn

V
−

(
ln I

I0

)
Lms

1 0.015

I
I0 −

V
(

I
I0

)
Lms

1
ln I

I0
0.023

L
−

V
(
ln I

I0

)
L2ms

−1 0.010

ms −

V
(
ln I

I0

)
Lms2

−1 0.038

The calculated uncertainty due to Type B uncertainty is 4.9%. The uncertainty of the mass specific
extinction measurements was greatly benefit from removing the influence of the smoke density.

The calculated Km values for smoke particles produced from burning ABS and UPVC are displayed
in Figure 6. The calculated Km value for UPVC smoke particles is significantly lower than that of the
ABS smoke particles, implying that more UPVC smoke loading to the TC (which has a finite volume) is
required to achieve the same level of light obscuration as the ABS smoke particles. Significant differences
in the Km between ABS and UPVC can be attributed to different morphology and composition of each
of smoke particles.

From the experimental results, one can conclude that the concentration of UPVC smoke particles
is considerably higher than that of the ABS smoke particles when each smoke particle fills a confined
space, resulting in an identical level of light obscuration. These findings provide critical information
for assessing and addressing the risk associated with polymer smoke hazards in a confined space,
judging from the fact that smoke inhalation is the leading cause of death during fires.
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Figure 6. Comparisons of calculated mass-specific light-extinction constant for ABS and UPVC
smoke particles.

Performance-based analysis has been used for fire safety design of numerous buildings. In this
analysis, the assessment of the occupant safety in a confined space exposed to real fire conditions
is related to the determination of the time when occupants are able to effectively evacuate before
hazardous conditions sets in [27,28]. For example, a time parameter comparison between the available
safe egress time (ASET) and the required safe egress time (RSET) is widely used amongst fire safety
engineering practitioners [28]. The ASET/RSET method for fire safety assessment is a time-based
approach that requires an accurate assessment of time dependent parameters associated with fire safety
and human behaviors. Particularly, smoke behaviors and visibility, which are greatly influenced by
smoke concentration and extinction coefficient (as identified in the present study), are one of important
parameters for the ASET evaluation. Numerical simulation methods, such as computational fluid
dynamics (CFD) have been adopted for the calculation of the ASET in the fire safety community.
However, the availability of the ASET parameter for specific fire conditions are still lacking and the
adequacy of CFD Model to evaluate the ASET parameter; in particular, the smoke optical density and
concentration have not been well addressed in detail.

In the present study, a computational simulation was performed to quantitatively evaluate the
effect of the Km and smoke concentration of the ABS and PVC smoke particles on smoke behaviors and
visibility in the case of a fire in the space. The simulation was based on Fire Dynamics Simulator 6.7.1
(FDS 6.7.1), which is widely used to simulate fire phenomena based on large eddy simulation (LES).
More information on the model and the governing Equations of FDS can be found elsewhere [29,30].
Figure 7 is a schematic diagram showing the IS0 9705 compartment and the location of the smoke
detector applied in this study to simulate the behavior of smoke particles in a fire. The computational
area inside the compartment was 8.54 m × 2.13 m × 2.13 m (xyz) and was calculated using a total of
2,566,400 meshes. In the center of the compartment, ABS and UPVC combustibles of the same size
as used in the cone calorimetry experiment were set as the fire source, and the fire was numerically
simulated by inputting the heat release rate derived from the results in Figure 3.
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To quantitatively assess the influence of the smoke concentration and Km on smoke behaviors
and its attendant effects on fire alarm time, the ABS and UPVC smoke yields were determined using
Equation (7) and a data set obtained from simultaneous GSLE/cone calorimetry measurements:

Ms =
SEA
Km

, SEA =
Cs, Vduct

MLR
(7)

where Ms is the smoke yield, SEA the specific extinction area, Vduct the volumetric flow rate measured
in the duct exhaust, and MLR the mass loss rate of ABS and UPVC samples. The data set used to
calculate the smoke yield is summarized in Table 2. As tabulated, the calculated smoke yield is 0.15 for
the ABS sample and 0.11 for the UPVC sample, respectively.

Table 2. Summary of soot yield for ABS and UPVC smoke particles.

Parameter ABS UPVC

Vduct (L/s) 24 24
Time averaged Cs, (1/m) 10.83 3.25
Time averaged MLR (g/s) 0.21 0.15

SEA (m2/g) 1.23 0.52

Ms (Soot yield) 0.15 0.11

To detect smoke particles signals caused by fire, FDS uses the calculated flow field information and
the local concentration of smoke particles to determine the light obscuration per meter, Cs, in connection
with the Km of the smoke particles, as shown in Equation. (3). Since Cs in Equation (3) changes in a real
fire with time, we can express the percent obscuration per meter (OPM) (%/m) as a function of time, as
shown in Equation (8) [29]:

OPM =
{
1− exp(Cs(t))

}
× 100% (8)

In this study, when the OPM value inside the smoke detector reached 3.28 %/m, the fire alarm
signal was generated on the FDS simulations. The lag time of the smoke detector is affected by the
internal shape of the detector and flow. Therefore, based on the empirical Equation (9), proposed by
Cleary [31], the smoke detector’s lag time (that can be generated by detector shape or internal flow)
was taken into account [29]:

te = αeuβe ; tc = αcuβc , ∆t = te + tc (9)
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where te is the inflow time of the smoke particles into the detector, tc is the mixing time inside the
detector of the smoke particles, ∆t is the response delay time of the detector, and u is the moving
velocity of the smoke particles. In addition, α and β are constants determined empirically to consider
the inflow and mixing of smoke particles, respectively. αc and βc were set to 0.8 and −0.9, respectively,
for the calculation [32].

The results of light obscuration calculated with each of Km and Ms for ABS and UPVC smoke
particles are displayed in Figure 8. As shown in Figure 8, most of the smoke particles are located in
the upper part of the compartment owing to buoyancy. However, the calculated results indicate that
smoke particles produced from burning UPVC and ABS exhibit distinct smoke behaviors. ABS smoke
particles fill the compartment quickly and the light obscuration effect is visibly large compared to
UPVC smoke particles. As time progresses, the ABS smoke particles result in greater increases in the
Cs compared to UPVC smoke particles. Moreover, the thickness of the smoke layer produced from
burning ABS below the ceiling becomes much thicker than in case of UPVC. This is mainly attributed
to the fact that ABS has a relatively high smoke yield compared to UPVC and releases more heat as
manifested in Figure 3. The heat released from burning ABS, which is relatively large compared to
PVC, causes a large flow inside the compartment due to the increased buoyancy. At the same time,
the large amount of smoke particles for ABS rapidly moves to the floor along with buoyancy-induced
flow, increasing the thickness of smoke layer. This belief is clearly supported by Figure 9 that displays
the calculated flow field at 500 s after ignition. As shown in the Figure 9, burning ABS creates a stronger
circulating air flow inside the compartment compared to PVC.

In addition to the influence of the smoke yield coupled with buoyancy flow, another factor that
can affect smoke behaviors is the light extinction coefficient, as described above. In order to better
evaluate the light obscuration caused by smoke particles, it is important to choose an appropriate
Km, which varies with the type of fuel. To quantitatively evaluate the effect of the Km value on light
obscuration, we performed another FDS simulation, where the Km for both ABS and UPVC smoke
particles was fixed to the default value of 8.7 m2/g set in FDS, while the Ms for each of polymers
remained unchanged. Numerical results displayed in Figure 9 clearly highlight the effect of Km on
smoke behaviors. It can be seen that the thickness of smoke layer and Cs calculated for ABS smoke
particles are almost unchanged since the selected Km value of 8.7 m2/g is close to the actual measured
value of 7.8 m2/g within a range of Km uncertainty. On the other hand (Figure 10), in case of PVC
smoke particles, the Km value set to 8.7 m2/g which is approximately a factor of 2 higher than the actual
measured value (= 4.5 m2/g) results in gradual increases in the calculated Cs.
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Figure 10. Calculated Cs with the Km of 8.7 m2/g for both polymers as a function of time.

To further elucidate the impact of Ms and Km of smoke particles on smoke behaviors, the initial
alarm time (fire detection time) of the smoke detector predicted on the FDS based on the OPM value
calculated by Equation (5) is shown in Figure 11. As shown in the figure, when the UPVC is combusted
inside the same compartment, it takes much longer to detect a fire with a smoke detector than in the
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case of ABS. This means that in the same space, a fire caused by UPVC may result in the fire alarm
being triggered much later than a fire caused by ABS, leading to more casualties because of the delay
in evacuation. In addition, careful precautions are required to estimate the fire detection time on the
FDS when dealing with UPVC that has much lower value of Km, 4.5 m2/g than other hydrocarbon
fuels reported in the literature [6,8,11,23]. For example, the use of 8.7 m2/g that is conventionally
used as the mass specific extinction coefficient in the fire science community can lead to a significant
underestimation of the fire detection time, as shown in Figure 11.
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4. Conclusions

The optical properties of smoke particles generated from burning polymeric materials were
experimentally investigated in the present study. ABS and UPVC, which have been widely used in
home and building applications, were selected as representative smoke-emitting polymeric materials
and burned at atmospheric pressure to generate smoke particles. The light obscuration behaviors of
the ABS and UPVC smoke particles obtained from the cone calorimetry experiments and simultaneous
GSLE measurements and their attendant impacts on smoke behavior in a confined space can be
summarized as:

(1) The heat release rate measured from burning the UPVC samples was much lower than that
measured from burning ABS samples. This caused a low rate of smoke production for the UPVC
samples during combustion, eventually resulting in substantial reductions in the light obscuration.

(2) UPVC smoke particles were also found to represent a lower efficiency of light absorption and
scattering per unit concentration, resulting in a 41.3% reduction in the mass specific extinction
coefficient compared to ABS smoke particles.

(3) Using the mass specific extinction coefficients obtained from the simultaneous GSLE measurements,
numerical analysis on the smoke behavior was performed using FDS. The analysis results showed
that in the case of UPVC combustion inside the same compartment, with its relatively mass
specific extinction coefficient, it takes much longer than in the case of ABS to detect a fire with a
smoke detector These findings provide an important foundational understanding of the light
obscuration characteristics of smoke particles generated from polymer combustion, and their
attendant impacts on fire evacuation, which have not been investigated previously.
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