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The production of incomplete combustion products from the burning of wood, medium density fiberboard
(MDF), and nylon in an under-ventilated compartment fire was investigated using a reduced-scale com-
partment. Species measurements of carbon monoxide (CO) and carbon dioxide (CO,) were performed using
Fourier Transform Infrared Spectroscopy (FTIR) and methane (CH,), hydrogen cyanide (HCN), benzene (C¢Hg),
ethylene (C,H,) and acetylene (C,H,) were measured with Laser Absorption Spectroscopy (LAS) with three
different interband cascade lasers. The fuels were burned in three different crib configurations; only wood,
only MDF, and a mixture of wood and nylon, to examine the production of different toxicants. During the
experiments, measurements were collected of CO, CO,, CH,, HCN, C,H,, and C4Hg species from the gas
exiting the compartment, gas temperature from inside the compartment, and the flow into and out of the
compartment. Consistent with under-ventilated combustion, the temperature inside the compartment typically
exceeded 600 °C. CO was measured during all experiments and was two orders of magnitude less than the
measured CO, concentration. Significant amounts of unburned hydrocarbons were measured during all of the
experiments, while HCN was only detected during the wood-nylon tests. Higher toxicant yields were measured
for wood-nylon compared to pure wood and MDF.

1. Introduction the chemical composition of the fuels burned [4]. Generally, in under-
ventilated fires where oxygen is limited, more incomplete combus-

During structure fires, toxic gas species are produced, and these tion products are produced, such as carbon monoxide (CO), hydrogen

are responsible for the majority of fire related deaths, posing signif-
icant health hazards to firefighters [1]. Firefighters are continuously
exposed to toxic gases when they are fighting fires, via inhalation
of contaminated air or absorption through the skin. Recent studies
have shown that exposure to toxic gases is not completely eliminated
when firefighters use self-contained breathing apparatus (SCBA) [2,3].
Volatile organic compounds, including benzene, can penetrate through
firefighters’ personal protective equipment (PPE), allowing for transder-
mal absorption. To understand exposure risk and potential impact on
firefighter health, it is important to characterize the ambient conditions
to which firefighters, and their PPE, are exposed.

The amount and rate of production of toxic gas species depends
on the amount of oxygen available during combustion as well as on

cyanide (HCN), and unburned hydrocarbons (UHC) [5]. In contrast, a
well-ventilated fire occurs when ample oxygen is present compared to
the amount of fuel burned, and thus typically exhibits more complete
combustion with less toxic gas species produced. The health impacts of
toxic gas species can be immediate or long term; exposure to asphyxiant
gases such as CO and HCN can result in incapacitation, even death,
depending on the dose [6]. On the other hand, exposure to benzene has
been associated with elevated cancer risk [1]. Additionally, UHC and
CO also present a risk of contributing toward a flammable atmosphere
allowing for the possibility of backdraft or explosions depending on the
conditions. To fully assess the toxicity of gases contaminated by the
combustion products of under-ventilated compartment fires, it is im-
portant to characterize as many of the high impact species as possible,
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because the health effects of these species are additive [1]. In post-fire
scenarios and firefighter operations such as overhaul, firefighters may
be working in a room with lingering combustion products from the ex-
tinguished fire and combustion products from so-called “hidden fires”
in the walls that may smolder or burn with underventilated conditions.
In these scenarios, the combustion products may have mixed well with
air. In some cases, this could create a situation of ambiguous tenability
which cannot be assessed without the aid of a suitable gas sensor.

Species measurements during under-ventilated combustion have
been investigated since the 1970s [7]. Studies have primarily focused
on characterizing the yields of select species, including CO, carbon
dioxide (CO,), nitrogen oxides, HCN, and UHC, for many different fu-
els, while varying the equivalence ratio. These measurements have been
conducted at varying scales from small-scale benchtop apparatuses,
such as the steady-state tube furnace or the fire propagation apparatus
(FPA) [5,8-10], to compartment fire experiments [8,11-13].

In these studies, researchers have used a variety of different species
measurement techniques, including: Fourier Transform Infrared Spec-
trometer (FTIR) [8,9,11], electrochemical sensors [14], and gas absorp-
tion methods [11]. FTIR is an absorption-based method often operated
with a continuous gas sampling flow, wherein broadband spectrally-
resolved scans of the gas are collected at regular time intervals (often
spanning ~10 s to several minutes) and with spectral resolutions on
the order of 0.125-16 cm™! [9,11]. There is a trade-off between time
resolution and spectral resolution, and so in dynamic fire environments,
a sampling interval of 10 s and moderate spectral resolution of 4 cm™~!
is often employed to best capture an evolving gas composition produced
by a fire. An advantage of FTIR over other measurement techniques is
that it can be used to measure a multitude of species at once using only
one device, but the number and kind of species that can be measured
are limited by the operation resolution. At a resolution of 4 cm~', which
was used by [9,11], some species can be missed due to interference
of water or other prominent species in combustion, exacerbated by
relatively poor sensitivity associated with difficulties enhancing optical
pathlength with broadband light (>1 cm~') [15]. At higher spectral
resolutions, the scan duration increases, limiting the ability to achieve
time-resolved measurements and possibly requiring bagged samples to
be taken and analysis conducted post-test. FTIR measurements typically
require multi-point calibrations for each species, and the accuracy of
the measurements depends on maintaining control of the temperature
and pressure, making it difficult to achieve accurate results in dy-
namic environments [16]. Unlike FTIR, electrochemical sensors require
unique devices for each measured species, although selectivity can
be challenging. Electrochemical sensors can be inexpensive, simple
to deploy, and can provide time-resolved measurements, but they
require frequent calibration, are sensitive to adverse conditions, and
can have trouble with interfering species [17]. Sorbent tube mea-
surements are also frequently employed, but these techniques cannot
provide time-resolved measurements, as they rely on measurements
of samples collected over extend time periods. Thus, to better char-
acterize the dynamic gas-phase thermochemistry in compartment fires
— which can offer faster and less expensive experimental turnaround
but accordingly exhibit shorter-lived behavior — high-time resolution
measurements are needed that can quantify the dynamically evolving
species concentrations.

The measurement techniques discussed above exhibit many tech-
nical limitations that have motivated the development of the laser
absorption spectroscopy (LAS) sensors presented in this work. LAS
systems measure the attenuation of laser light at a strategically chosen
wavelength that targets narrow-band features of a molecule’s unique
spectral absorption fingerprint to derive measurements of gas concen-
tration and thermodynamic properties [18]. The governing equation for
LAS sensors is the Beer-Lambert Law,

~ Ir(v)
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where a(v) is spectral absorbance and I-(v) and I;(v) are the spectral
transmitted and background intensities of light, respectively [18]. The
expression for spectral absorbance can also be related to gas properties
as follows,

a(v) = Z X;S;(T)¢;(v, T, P, X )PL

(2)
=Y X;n0,(v,T,P)L,

where X; is the mole fraction of species, i, S; is the linestrength of
spectral line j, ¢ is lineshape, P is pressure, L is pathlength, » is species
number density, and ¢ is absorbance cross section [18].

Strategic wavelength selection allows LAS systems to be highly
species specific. This represents a major advantage over electro-
chemical sensing options, which are often cross-sensitive to many
species other than those for which it is intended to measure [19].
Advancements in precision, high-speed electronics allow LAS systems to
achieve comparable measurement quality to the most precise, lab-grade
techniques (such as FTIR) with a much higher temporal resolution.
For highly dynamic systems, such as fires, high temporal resolution
is necessary to better understand the progression of effluent toxicity
over the course of the fire’s development. The required electronics
are also very compact, allowing LAS systems to be portable and
used in-situ. Furthermore, scanned-wavelength LAS sensors provide a
ratiometric measurement that has been shown to be both calibration-
free and impervious to biasing due to scattering, beam-steering, and
fouling [20-22]. These attributes have been shown to be resilient to
smoke-induced sensor fouling in large-scale fire experiments [23].

This study seeks to understand the production of selected chemical
species from the under-ventilated combustion of fuel cribs composed of:
wood, medium-density fiberboard (MDF), and a mixture of nylon with
wood; and to demonstrate the use of novel sensing technologies (LAS)
for collecting time-resolved species measurements. The selected chem-
ical species are: CO, CO,, methane (CH,), acetylene (C,H,), benzene
(CgHg), ethylene (C,H,), and HCN. This includes a selection of toxicant
gases, which may pose a risk to tenability in fires [1]. The production
of these species is quantified in terms of the species concentration
in the exhaust stream and yields for the fuel packages during under-
ventilated burning conditions. The species concentrations are obtained
using a combination of Fourier Transform infrared spectroscopy and
advanced scanned-wavelength LAS sensors that were purpose built for
measurements of fire effluents. With flow measurements, the yields of
these species are calculated.

2. Experimental methods

To analyze the toxic gas production from under-ventilated com-
partment fires, fuel crib packages were burned inside an insulated
compartment with internal dimensions: 39cm X 39cm X 43cm,
(Fig. 1a). The compartment was constructed in two pieces: a floor-
mounted gas burner and a box providing the walls and ceiling of the
compartment. The box was built from 3.4 mm-thick sheets welded
together with two removable inner layers of 1.6 cm-thick drywall (fire
code USG Sheetrock) for insulation. Each side except the front was
fabricated from solid A1011 hot-rolled steel sheets. The steel front wall
spanned the full width, but did not connect to the top and bottom of the
box. The drywall inserts extended further vertically, leaving two 39 cm
wide by 3 cm tall slits (see Fig. 1a & b). This two-slit configuration for
the ventilation of the compartment was used based on the ventilation
design used by Utiskul et al. [24]. This ventilation configuration was
chosen, because it facilitates characterization of the mass flows in and
out of the compartment.

The floor-mounted gas burner included a 0.34 cm thick 50 cm by
50 cm steel plate with a centered 25 cm by 25 cm gas burner. Propane
entered at the bottom of the burner through two openings into the
plenum in the burner (see Fig. 1c). A plenum and two porous layers
produce a uniform mass flux of propane from the burner. The first
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Fig. 1. Schematic of the experimental setup: (a) Side view, (b) Front view of upper slit with sensor measurement locations, (c) Detailed view of internal components
of the gas burner configuration. The gas species that were measured at each sampling location were: CO and CO, for the FTIR; C¢Hy and C,H, for LAS-1; and

C,H,, CH,, and HCN for LAS-2.

Fig. 2. Schematic of crib configurations Left: Single-fuel crib (wood or MDF),
Right: Dual-fuel crib (wood and nylon).

porous layer is a 2.54 cm layer of fiber glass insulation between two
perforated sheets. The remaining depth of the burner (~3 cm) was filled
with sand.

A table was used to hold the crib. It was built with a 25 cm by 25 cm
perforated steel sheet top 10 cm above the compartment floor and was
supported by a single 3.2 cm diameter post centered in the gas burner.
A layer of ceramic fiber blanket was used as a gasket between the two
compartment pieces to minimize leakage.

During the experiments, fuel cribs were placed on the table inside
the compartment. The cribs were built from 25 cm-long sticks with a
1.9 cm-square cross section arranged in three layers with five sticks
per layer (Fig. 2). The composition of the cribs varied between experi-
ments to examine the production of different toxicants. Three different
crib compositions were tested: all wood sticks, all medium density
fiberboard (MDF) sticks, and a combination of 10 wood sticks and 5
nylon sticks making up the top layer of the crib. The wood sticks were
listed by the supplier as mixture of spruce, pine, and fir. The sticks
were stored in an air-conditioned room for at least 1 week prior to the
experiments. The sticks were attached using brad nails for wood and
MDF and using J-B Weld Epoxy adhesive for nylon to form the cribs.

The goal of this study is to analyze the toxic gas species produced
from these fuel cribs, so the gas burner was only used for the first
90 s of the experiment to ignite the crib. To begin the test, the gas
burner was ignited using a propane torch and 20 L/min of propane
was supplied for the first 90 s. Each experiment continued until flaming
combustion was no longer observed inside the compartment. The end
of flaming combustion of the crib was visually observed through the
lower slit from below. Once the fire compartment fire reached the
decay phase, the lower slit was closely monitored to ensure that the test
duration was consistent between experiments. A total of 19 experiments
were conducted: 11 wood, 3 MDF, and 5 wood/nylon. Mass flow,
temperature, and species transient measurements were collected during
the experiments, but due to equipment failure or other constraints not
all measurements were available during every experiment. The number
of experiments where each measurement was successfully collected are
summarized in Table 1.

The flow in and out of the compartment was characterized using
two measurement locations at each slit opening. Each measurement
location was located mid-height of the slit (~1.5 cm) with one located

Table 1

Number of experiments where each measurement was successfully collected.
Temperature measurements were successfully collected during every experi-
ment.

Fuel Mass Flow CO/CO, C¢Hg/CyH, C,H,/CH,4/HCN
Wood/Nylon 5 4 1 2
MDF 3 2 1 1
Wood 10 4 17 3

a Mass Flow measurements were not collected during this experiment.

10 cm from the left side of the slit and the other 5 cm from the
right side of the slit (Fig. 1b). It was assumed that the flow of each
slit is spatially uniform, since the height of the slit is only 3 cm. For
each flow measurement, a PerfectPrime PT6302 stainless steel s-type
pitot tube (6 mm x 300 mm) and a 0.25 mm K-type thermocouple
were co-located. The differential pressure measurements from the s-
type pitot tubes were collected with Sensirion SDP800-125Pa pressure
transducers at 20 Hz and the temperature measurements were collected
at 1 Hz. The velocity of the flow was calculated using the Bernoulli
equation [25], and with area of the vent, the mass flow rate of effluents
out of the compartment can also be calculated.

u==% ZA_P (3)
V »
oue(1) = /’(T(t)) Ugye() A “

where k is the probe coefficient for the s-type pitot tubes, AP is the
differential pressure measurement, A is the area of the upper slit, and
p is the density of the gas calculated using the ideal gas law at the
temperature (T) of the associated thermocouple measurement. This
assumes that each slit vent, exhibits uniform one-way flow and that
the flow out temperature and composition of the flow for each slit is
independent of position [24].

Three gas sampling lines were placed at the top vent. Each sampling
line led to one of the three gas sensors: the FTIR and the two LAS
sensors (see Figs. 4 and 7). It is assumed that the gases exiting are
well mixed with the same composition. A detailed description of these
measurements is provided in the following section.

3. Emissions measurements

3.1. CO and CO., measurements with Fourier Transform infrared spec-
troscopy

The FTIR was used to measure carbon monoxide (CO) and car-
bon dioxide (CO,) with a 2 m path length gas cell. The gas was
continuously sampled at 2 L/min and filtered through a coarse soot
filter and a United Filtration Systems 10 pm stainless steel filter (DIF-
BN10SS). The sampling line length was minimized and the majority
of the sampling line was insulated to prevent water condensation.
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Fig. 3. Mole fraction measurements of CO and CO, in time for the varying fuels. The uncertainty in the concentration measurements are shown by the error

bars. The gray shaded region indicates when the propane burner was on.
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Fig. 4. Schematic of the LAS sensors for CqHj.

Ambient air was used for the FTIR background intensity measurement
of I,(v), collected before each experiment. Each collected spectra com-
prised 36 scans resulting in a measurement about every 30 s. These
spectra were used to measure the concentration of CO and CO, by
fitting the spectra to HITRAN spectral data from 2100-2225 cm™! and
2200-2400 cm~! respectively [26]. The relative uncertainty in the
concentration measurements was 24% for CO and 23% for CO,, (see
Appendix A).

Fig. 3 shows a representative sample of the collected concentration
profiles for CO and CO,. Significant amounts of CO were produced dur-
ing every experiment, typical of under-ventilated fires. The measured
peak CO concentration was highest for the wood/nylon crib and lowest
for the pure wood crib. The variation in the measured concentration
of CO, between the different fuels is less than that of CO, with the
wood/nylon cribs and the MDF crib having a larger concentration of
CO,. The measured CO concentrations are two orders of magnitude less
than the measured CO, concentration for all the fuels. The measured
CO/CO, ratio is consistent with other small scale test results, where
the majority of reported CO/CO, ratios are on the order of O(1072)
[27-30]. But the ratio is smaller than most under-ventilated large scale
fire measurements, where the majority of the reported CO/CO, ratios
are on the order of ©(10~") [27,31].

3.2. C¢Hg and C,H, measurements via scanned-wavelength laser absorp-
tion spectroscopy

A tunable interband cascade laser (ICL) absorption spectroscopy
sensor was developed primarily to measure benzene (CgHg) production

from fire effluents. The sensor targets a C¢Hg feature near 2006 cm™!
(4.98 pm) that is likely attributable to a summation band of the E,,
and By, out-of-plane C—H bending modes [32]. The selected feature
is chosen for its relatively narrow spectral structure when compared
to other absorption features that have been used for LAS sensing of
C¢H, (typically targeting the C-H stretch around 3000-3300 cm™!
(3-3.3 pm) [33,34]. This allows for the differential absorption to be
well-resolved by a narrow-band distributed feedback (DFB) ICL. The
feature’s absorptivity is also appropriate to measure relevant concen-
trations of CgHg — known to pose chronic health risk to humans —
at a pathlength that is viable for a portable sensor [35]. A survey
of the absorption profiles of other combustion relevant species (in-
cluding CO, CO,, H,CO, CH,, CyH,, NO, N,O, HCN, and the other
BTEX molecules, such as benzene, toluene, and ethylbenzene, and
xylene) indicated that the absorption spectrum of the selected feature
is sufficiently isolated from those of potentially interfering species to
facilitate quality C¢Hg measurements [26,36]. The only concerning
interfering species are ethylene (C,H,) and water (H,0); however, they
are distinct enough to be effectively accounted for, and measured, with
a multi-spectral least-squares fitting algorithm [26,37]. LAS sensors for
C,H, also typically target the C-H stretch around 3000-3300 cm™!
or its overtone around 6250 cm~! (1.6 um) [38,39]. However, for this
work it is advantageous to only use one laser and detector to measure
both species of interest.

The optical sensor setup (shown in Fig. 4) uses a Nanoplus DFB ICL
centered around 2006 cm™! to access the chosen C4Hg feature. The
output light intensity is measured with a VIGO Photonics PVI-4TE-5-
1X1 photovoltaic detector. The sample gas is drawn through a Thorlabs
HC10L-MO02 Herriott cell, which achieves a 10.4 m pathlength in a
16.3"” x 5.51” x 4.45" volume. The laser is controlled with an Arroyo
Instruments 6305 Laser Diode Controller. The laser scan is controlled
by the analog output function of a National Instruments PCI-6115 DAQ
card (installed in a PXIe-1073 chassis) via the Arroyo controller. The NI
board’s analog input is also used to record and save the detector signal
to a control laptop for subsequent post-processing.

Prior to each test, the sensor was purged with dry N, and a back-
ground measurement was performed. The sampling system was then
switched to measure from the fire emissions sampling line. The spectral
absorbance of the sample gas was calculated from the Beer-Lambert
law using the raw fire data and the measured background as inputs. The
laser was scanned sinusoidally at 1000 Hz and 1000-cycle averaging
was applied, resulting in a measurement rate of 1 Hz. A representative
one-second averaged scan showing CgHg, CoH,, and H,O absorbance
and simultaneous spectral fits obtained from a 2:1 wood/nylon crib fire
is provided in Fig. 5. The C¢Hg absorbance is derived from pressure-
specific cross sections that were measured in a controlled gas cell and
the C,H, and H,O absorbance spectra were fit with standard Voigt
profiles [40]. The total fit is shown to be within 5% residual of the
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Fig. 5. Raw photodetector measurement for a representative wood/nylon fire and etalon measurement, which is used to develop a relationship between relative
wavenumber and time, (left) and the associated post-processed absorbance spectra near 2006 cm™! (4.98 pm) showing the multi-spectral fit for benzene, water,

and ethylene (right) [26,37].

measured data across the spectral range of the laser scan. A conserva-
tive minimum detectable absorbance of 0.003 was used to define the
detection limit for this study based on the baseline noise taken from a
representative non-absorbing scan. The characteristic uncertainties for
species mole fraction of CgHg and C,H, are range from approximately
5%-9% and 20%-30%, respectively, depending on the fuel load in
a given test (see Appendix A). The uncertainty in each test varies
depending on the amount of each species present. The C,H, uncertainty
is higher due to high linestrength uncertainty, which could be reduced
with future validation measurements. The fitting algorithm was applied
to each one-second averaged scan collected over the duration of the
fires to develop emission time histories of target gases.

The benzene and ethylene time histories for three of the crib ma-
terials are provided in Fig. 6. It is clear from these plots that the
wood/nylon fuel load produces considerably higher emissions of CgHg
and C,H, than the MDF and wood fuels. This is likely due, in part, to
the tendency of wood and other cellulosic fuels to char, unlike nylon.
Consequently for the wood tests, a smaller fraction of the fuel is gasified
as combustion products or unburned hydrocarbons, like the species
measured in this study. This difference in pyrolysis mechanisms may
also partly explain why the peak emission duration time histories from
the wood/nylon fires were longer than that of pure wood. Further-
more, the density of nylon is approximately 1.14 g/cm3, larger than
the value for wood, typically less than 1.0 g/cm®, meaning there is
more mass of fuel per crib [41,42]. This likely also contributes to the
differences in the observed emissions quantities and time scales. The
peak concentrations of C¢Hg and C,H, are on the same order of mag-
nitude for the wood and MDF tests. However, the emission production
duration for MDF is similar to that of the wood/nylon dataset, and
is approximately twice that of the wood. This may also be attributed
to different pyrolysis mechanisms associated with the composition of
MDF. MDF typically consists of 82% wood fiber (cellulose), but also
contains binding agents to hold the fibers together [43]. Standard MDF
contains 9% urea-formaldehyde and 1% paraffin wax [42,43]. As with
the comparison between the wood and nylon, the binding agents likely
do not form a char like the wood fibers do.

It is demonstrated in Fig. 6 that the C,H, production is greater
than that of C¢Hg for all fuels. This aligns with the anticipated chem-
ical pathway of thermal decomposition for organic matter in under-
ventilated environments [44]. It should be noted that, in the case of
wood, the CoH, concentration is below the sensors limit of detection
for large portions of the test. The limit of detection for C,H, is much
higher than that of C¢Hg for this sensor because of its locally weaker
linestrength.

3.3. C,H,, CH,, and HCN measurements via wavelength modulation spec-
troscopy

A second sensor was designed to target C,H,, CH,, and HCN
and implemented in this experiment using wavelength modulation
spectroscopy (WMS). WMS is an advanced tunable laser spectroscopy
technique that uses the overtone frequency bands of a superimposed
sinusoidal laser injection function allowing for signal intensity inde-
pendence and increased noise filtering [45]. This method allows for
the calibration-free technique of LAS to be further exploited and allow
for reduction in signal due to smoke and other particulates common in
under-ventilated fires [46].

The multi-pass optical sensor is similar to that described in prior
work by the authors [47]. For this experiment, an optical setup shown
in Fig. 7 uses two light sources: an ICL targeting one R-branch tran-
sition (R(2)) and three Q-branch transitions (Q(6)) near 2676 cm™!
(3.74 pm) of the 2v, asymmetric stretch overtone band of CH,4, and
an ICL near 3352 cm~! (2.98 pm) targeting the R(0,14) transition
in the v, asymmetric stretch band of HCN and R(0,25) and R(0,31)
transitions of the v; CH stretch and v, + v, + vs5 combination bands
of C,H,. These species have been commonly probed using both LAS
and WMS in fire environments [48,49]. The line selection used in this
study is ideal due to the low number of potential spectral interfering
species (CO, CO,, H,0, NO and N,O) for the selected fuel types and
expected concentrations. Formaldehyde is the main interferer for the
3352 cm! (2.98 um) light source and was considered as an additional
measurement species, however was not detected above the estimated
detection limit (100 ppm) throughout the testing campaign.

This sensor used a narrow bandpass spectral filter centered at the
wavelength of each light source, beam splitters, a 2" germanium etalon
and a 1-m pathlength multi-pass optical gas cell (Thorlabs MGC1C-P01)
with polished stainless steel mirrors to allow for corrosion resistance
and easy replacement due to mirror fouling. To more flexibly co-
align the two different laser beams, an alternative pathlength was
used through the cell, reducing the optical pathlength from the de-
signed 1 m to L = 0.625 = 0.050 m (measured spectroscopically
using barometrically controlled mixtures of C,yH,). This reduction in
pathlength decreased our ultimate emission sensitivity; however, it
allowed for higher signal throughout testing after mirror fouling and
smoke obfuscation occurred. The optical cell used a small air pump to
sample the gas through the cell (1.7 s refresh time) with a coarse filter
in the tubing to reduce mirror fouling due to soot from the experiment.

The modulated injection current was controlled using a commercial
laser driver controller and interfaced using a computer-controlled func-
tion generator created in LabVIEW (using an NI PXIe 6386 DAQ mod-
ule). The fitting routine uses line-by-line spectral simulations (using
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Fig. 6. Mole fraction measurements for CsHg and C,H, in time for the varying fuels. The uncertainty in the sensor is illustrated with a representative error bar
for each species. The shaded region indicates when the time during which the propane burner was on.
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Fig. 7. Scanned-WMS optical setup deployed for HCN, CH,, and C,H,.

parameters from the HITRAN database [26]) which are remapped using
the non-linear characterization of the laser, incorporating a background
sample to create a ‘simulated’ measurement. Both the experimentally-
obtained and simulated measurement are processed to find the second
harmonic (2f) normalized by the first harmonic (1f), often called
2f/1f-WMS [50]. This process is adjusted for varying concentration in
the simulated measurement until convergence with the experimental
measurement; an example fit is shown in Fig. 8.

Some deviations are observed in Fig. 8 between the measurements
and the fits; for CH; and C,H,, the line center and height of the
measured feature vary from the fit and simulation near 1.3 ms and
0.3 ms, respectively. These deviations arise from some scan-to-scan
variation in laser output caused by mode-hops in the 2.98 pm ICL, but
are otherwise manageable in the fit. For the measurements of HCN,
the fitted feature was measured near the lasing threshold of the ICL,
resulting in a deviation in laser response that was not captured in the
initial laser characterization; this is the reason for the measurement

deviation observed only in the left feature in the 2/ /1 f signal for HCN.
Despite this deviation; the targeted feature of HCN is spectrally isolated
from C,H,. Representative time-resolved species measurements are
shown in Fig. 9 for C,H,, CH4, and HCN.

The sensor sampled directly from the top slit of the compartment,
using stainless steel tubing and a single coarse filter to sample the gas,
while the sensor sat on the floor around 6’ away. Similar to the produc-
tion of benzene and ethylene (see Fig. 6), the duration of the methane
and acetylene emissions were likely a function of the charring tendency
of the fuels in each crib. Nylon, followed by MDF produced more
emissions because these fuels contained components (nylon sticks, or
MDF binder materials) that did not char and provided more burnt fuel
mass. CH, was present in the highest concentration in the MDF and
wood/nylon experiments, although was the least sensitive species for
this optical sensor with a detection limit near 0.3%. For both HCN
and C,H,, the sensor was more sensitive with a theoretical detection
limit near 10 and 30 ppm respectively. Although these species have low
detection limits, error caused by spectral convolution and etalon varied
the results of the measurements at these lower concentrations; for this
reason no measureable HCN was detected from MDF or wood.

A Monte Carlo analysis was conducted to estimate the uncertainty
and sensitivity of the emission results due to the variations in specific
experimental inputs such as pressure, temperature, pathlength, inter-
fering species and linestrength; the relative uncertainty was found to
range between 12% and 15% for HCN, C,H,, and CHj,.

4. Discussion and analysis
4.1. Species yield measurements

The yield (mass basis) of each species (i), ¥; was calculated with
Eq. (5) using the collected species molar fraction and exiting flow
measurements. Specifically, ¥; was calculated as the total mass of each
species exiting the compartment divided by the average mass lost for

the particular crib of interest.

Y = Mw; ) Y (5)
T (m)/'nom(n i(Ddt

Here m, is the average initial mass of the crib and Y, is the fraction
of mass remaining in the solid phase after flaming combustion ends.
Y,., was calculated for each fuel using the initial and remaining crib
masses for an experiment. The Y,,, used in this analysis are the averaged
fraction of three repeat experiments: 0.050 + 0.002, 0.164 + 0.009, and
0.13 + 0.01 for wood/nylon, MDF, and wood respectively. The mass of
each exiting species was calculated by integrating the time-dependent
measurements of the mass flow out of the compartment, ., and
species mole fraction X; using the trapezoidal rule. Then multiplying
this resulting integration by the ratio of the molecular weights (Mw)
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Fig. 10. Representative mass flow out experimental measurements and result-
ing mass flow out (bottom) for a wood crib experiment. The top plot shows the
raw temperature measurements. And the middle plot includes the raw (gray)
and smoothed (black) differential pressure measurements.

of species i and air. The mass flow out, 7, was calculated using
Eq. (4). Fig. 10 shows the raw temperature and pressure differential
measurements and the resulting mass flow out measurement for a

representative experiment.

were used. Although the burning behavior of wood is complex and
very variable, as was seen in the large variation in repeated species
concentration measurements, the mass flow measurements for this set
of experiments are repeatable (Fig. 11). All of the mass flow out
measurements for the wood experiments are within the uncertainty
of the measurement. This shows that using the average mass flow
measurement should capture the actual mass flow. Thus, using the
average mass flow out to calculate the yield for experiments where
mass flow data could not be collected, although not ideal, is reasonable.
The uncertainty in the species yield measurements accounts for the un-
certainty in X;, T, AP, k, slit dimensions, m,, and Y,,, measurements
(see Appendix A).
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Yields (g/g) of species from burning each fuel. Yields are reported as averages and plus/minus measurement uncertainty.

Fuel €O x 1073 CO, x 107! HCN x 1073 CgHg x 1073 C,H, x 1073 C,H, x 1073 CH,4 x 1073 Meas. HC* x 1072
Wood/Nylon 7.8 £2.7 8.5+ 3.0 7.2+ 1.8 16 + 3 437 14 +3 59 + 11 13+ 2
MDF 3.7 +£0.8 6.0 £ 1.5 o> 44 +£0.7 3.1 +05 3.5+ 0.5 16 + 2 2.7 + 0.4
Wood 29 +1.2 52+ 21 o> 35+ 1.1 0.5+ 0.1 1.5+ 0.3 25+ 1.3 0.8 +£ 0.2
2 Meas. HC, short for measured hydrocarbons, is the combined yield of C¢Hg, C,H,, CoH,, and CH,.
b HCN was not detected in the wood and MDF experiments.
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Fig. 12. Yields with the measurement uncertainty of CO, CO,, HCN, C4Hy, and measured hydrocarbons from each fuel. The yield of measured hydrocarbons is

the combined yield of C4Hg, C,H,, C,H,, and CH,.

Table 2 and Fig. 12 present the yields for the three fuels. Generally,
the yield for each species was highest for the wood/nylon crib. During
the wood/nylon experiments, a small amount of smoke was observed to
intermittently exit from the lower slit during a portion of the test. This
is attributed to the impact of the nylon melting on the fire behavior.
As the crib burned, the nylon melted and formed small pool fires at the
bottom of the compartment, increasing the exposed fuel surface area
and consequently the burning rate, resulting in a lower smoke layer in-
terface. This behavior was observed by the increased fluctuations in the
inlet flow measurement collected during the wood/nylon experiments
and visual observations of the vent during the test. The uniform one-
way flow assumption for the lower slit is not fully characteristic of the
wood/nylon experiments, because of the intermittent periods of two-
way flow. Some of the combustion gases exited through the lower slit
during this period, but the vast majority of the combustion gases exited
through the upper slit. Furthermore, the periods of two-way flow in the
lower slit were brief. Thus, continuing to use the assumption of uniform
one-way flow in both slits for the yield calculation should only result
in a slight underprediction of the species yields for the wood/nylon
experiments.

The measured yields of CO and CO, each stayed within the same
respective order of magnitude for the three fuels. The yield of CO was
on the order of magnitude of ©@(10~3 — 10~2), while the yield of CO,
was O(10~! — 10°). As expected, these yields for CO are smaller than
yields obtained from a small-scale test, the ISO TS19700 steady-state
tube furnace, because of differences in how the fuel mass is considered
(denominator of Eq. (5)). In the present study, the total mass burned
throughout the entire experiment was used, while other methods con-
sidered a dynamic mass loss rate. When using a dynamic mass loss rate
the yields can be calculated for a particular duration of the experiment,

but due to constraints in the experiment in this study, only overall
yields were measured. Furthermore, unlike the tube furnace method,
this experiment features a crib fire that will initially burn under well-
ventilated conditions before progressing to under-ventilated conditions
as smoke accumulates in the compartment, displacing oxygen. In con-
trast, the tube furnace method typically prescribes a specific ventilation
condition by changing the flow rate of air through the furnace, resulting
in steady conditions.

During each experiment, the temperature inside the compartment
exceeded 600 °C and flames extended out of the upper vent. This
aligned with a rise in concentration of CO and the measured hydrocar-
bons, marking the transition from well-ventilated to under-ventilated
conditions. The measured yield of CO is two orders of magnitude
smaller than under-ventilated ISO TS19700 steady state tube furnace
and large scale measurements [7,31]. This is because the yield of CO is
dependent on the availability of oxygen. At the start of the experiment
little CO was produced. This period of well-ventilated combustion was
included in the yield calculation, resulting is a lower yield of CO than
if only the period of under-ventilated combustion was included in the
analysis. Steady-state tube furnace measurements have found the yield
of CO, to be slightly less than the stoichiometric yield of CO, under
well-ventilated conditions and then decrease as ventilation is limited,
typically remaining just above ~1 g/g [7]. The measured CO, yields of
the present study are smaller, but similar in magnitude. The combined
yield of measured hydrocarbons was highest for the wood/nylon tests,
while the MDF and wood tests had similar yields one order of magni-
tude smaller than the wood/nylon yields. The measured yield of CgHg
(included in the combined measured hydrocarbon yield) for wood was
0.0035 g/g, which is similar to the instantaneous peak yield of around
0.009 g/g during an under-ventilated phase of a compartment fire with
wood cribs [12].
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HCN was only observed during the wood/nylon tests, and the aver-
age yield was 0.0072 g/g. This is probably because the concentration of
HCN was below the detection limit for the wood and MDF experiments.
Unlike the other fuels, nylon has nitrogen in its chemical structure,
making it possible to emit more HCN if it is not fully oxidized. Wood
and MDF each contain a much smaller amount of nitrogen (0.14% and
3.69% respectively) than nylon (11.86%) [5]. One study found the
yield of HCN from nylon is an order of magnitude higher than that
of MDF for under-ventilated tube furnace and large-scale compartment
fire experiments [8]. The measured yield of HCN for the wood/nylon
tests from the present study is between those from pure MDF and nylon
experiments in Ref. [8].

4.2. Contribution of toxicants to tenability

A simple tenability calculation was performed to understand the
relative contribution of measured toxicants towards the toxicity of the
air in a nearby room contaminated by the emitted gases or a room in
post-fire conditions that may still have combustion products lingering.
For this analysis, the Fractional Irritant Concentration, FIC, and the
fractional effective dose for incapacitation, Fjy including the Fractional
Lethal Dose for irritants (FLD) and asphyxiation was calculated for a
gas mixture assumed to be equal parts (by mass) fire effluents and
air. In this scenario the combustion products would mix with and
contaminate the air, and thus diluting the combustion product stream
(i.e., measurements from the experiments). The exact level of dilution
would depend on the specifics of the scenario (room size, mass flow rate
in of the under-ventilated combustion products, ventilation of the room,
etc.) [51,52]. For a given configuration, the exact dilution level can be
estimated using fire modeling tools such as Fire Dynamics Simulator
(FDS) [53] and Consolidated Fire and Smoke Transport (CFAST) [54].
Here the case where the fire products are diluted with equal parts air
(by mass) is considered. The exact dilution level is somewhat arbitrarily
chosen, but is intended to be a plausible example scenario. In contrast,
it is possible to calculate the tenability of the exhaust gas stream as
measured directly, however the thermal hazard alone (gas temperatures
up to ~#600 °C, see Fig. 10) presented by this gas stream is sufficient
to cause death quickly. Moreover, the terms in FED calculation are
non-linear with respect to species concentration. Thus, performing
tenability calculations for the non-diluted product stream are likely not
representative of scenarios of interest where the tenability would be
ambiguous without detailed knowledge of the gas species composition.

With the fractional effective dose method, the tenability of a space
can be determined based on the effects of heat, smoke, and toxic gas
effects, irritants or asphyxiants [55,56]. A space will be untenable if
the fractional effective dose for any one of these parameters meets
or exceeds 1. Exposure to this threshold will result in incapacitation
or death for the average person. Therefore, for design and regulatory
purposes a lower threshold should be used depending on the population
of interest (a threshold of 0.3 is often used [55]). This analysis is
limited to the effects of toxic gases and does not consider factors such
as heat exposure. The fractional effective dose (FED) can be written
generally for multiple species considering actual concentration, C;(t),

the threshold concentration, Cy,,,, and exposure time, t,,, to species
i according to the equation
& Ci(t
FED = / > _G0__ O
=] (Cthreshtexp)i

This concept has been applied to specific toxicants and exposure
limits such as incapacitation. One of these is the combined fraction
irritant concentration (FIC), which accounts for the additive effects of
all irritants present, assuming that the effects are directly additive for
each species i (Eq. (7).

FIC = )" FIC, %)
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For this analysis CgHg is the only measured species that is an irritant,
therefore FIC = FICCGH o Using the general FED equation (Eq. (6)),
FIC¢ y, can be evaluated.

5 Xcon, (0
FICc, y, = / — A ®
1 (Xthreshtexp)C(,H(‘

where Xy, is the average molar fraction of CgHg at time  over time
At, and (X pyesntexp)cgn, 1S the exposure dose, which is the product of
the relevant threshold mole fraction and the exposure time. In this case,
the Acute Exposure Guideline Level (AEGL) 2 (1100 ppm X 30 min) was
used [57], which corresponds to the threshold exposure level where
permanent injury or incapacitation occurs for the average person.

The tendency for incapacitation can similarly be calculated using
the fractional effective dose for incapacitation, Fjy, which accounts
for exposure time and additive effects of the presence of multiple
asphyxiants and irritant gas species, that results in incapacitation due
to asphyxiation [55,56]. Fyy is calculated as

Fix = (Fiy + Fiy + Fiyg, + FLDir) X Voo, + Fi (©)]

where Fj, are the fractional effect dose for incapacitation by the species,
i. CN is the effect associated with HCN. V., accounts for the effect of
elevated CO, concentrations on respiration, which is calculated as

[%CSOZ] > 10

Vcoz = exp (

where the concentration of CO, is in volume percent. FLD; . is the
fractional lethal does of irritants. FLD;., was calculated the same as FIC,
except the corresponding threshold for death (AEGL 3) for benzene was
used (5600 x 30 ppm min). The effects of nitrogen oxides, I:INO,(’ and
lack of oxygen, F o, Were excluded because concentration measure-
ments were not collected for these species. The effects of CO and HCN
concentration were accounted for using Egs. (11) and (12).
340]
D

F, =3317x107° - [CO]'” 1)

_ [CN]2.36
lov T 12 % 106

where the volumetric concentrations of CO and HCN are in ppm, V is
the volume flow rate of air breathed by the individual in lpm, D is the
exposure dose for incapacitation for CO in the blood in %COHb and
t is the duration of the exposure in minutes. For this case the values
corresponding to “hard work” of 50 lpm and 20%COHb were used [55].
An exposure duration of 30 min was selected, because it is a commonly
used exposure period for toxicity analysis. Many toxicity metrics for
different gas species including AEGL and the lethal concentration for
50% of the population (LCs) are available for 30 min exposure periods
and FED based on 30 min exposure periods have previously been used
to compare the toxicity of different fuels and burning conditions [1].

The molar concentrations of each species in a 1:1 by mass diluted
mixture of fire effluents to air was used for this analysis. Eq. (13)
was used to calculate the molar concentration using the total yields,
assuming that the molecular weight of the mixture is the same as air
and that the flow of fire effluents before dilution is the average mass
flow out of the compartment for each fuel.

N Mwyip Yimerin(1 = Y5)
,mix RD + 1 MW[

12)

. + RDx,-,air> (13)

tburn out,avg

The dilution ratio, R, = 1, is the ratio by mass of fresh air to fire
effluents from the reduced scale compartment. The mass burned of
the crib, average mass flow out of the compartment (1, 4y,), and the
average duration of the experiments (z,,,,,) were used to calculate the
mass fraction of each species in the fire effluent from the total yield.
tprn Was 18.2 min for wood/nylon, 14.2 min for MDF, and 9.2 min for
wood. The molar concentration of each species in the diluted mixture
X;mix Was then calculated given the assumed dilution ratio and the
ambient concentration of each species in the air (x; ;). X;,; for COy,
CO, HCN, and CgHg were assumed to be 0.04%, 0, 0, and O respectively.
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Fig. 13. Estimated fractional effective dose for incapacitation due to sensory
irritants (left) and asphyxiation (right), if compartment combustion products
are diluted at a 1:1 mass ratio of fresh air to fire effluents. This analysis
considers the influence of CO, CO,, HCN, and C¢H,y concentration effects. The
contribution of CO, is accounted for in Fjy as an effect on the ventilation rate.
CgHg’s contribution to Fyy for all fuels is small and cannot be visually seen.

Fig. 13 compares the contribution of CO, HCN, and CgHg consid-
ering CO, hyperventilation. For this dilution ratio, the predicted gas
mixtures from burning wood and MDF would have FED values less than
1, but MDF would have a FED value greater than 0.3 (an upper limit
often used for fire protection analysis [55]). Notably, the inclusion of
non-wood components results in a much higher toxicity compared to
the case with the wood and MDF cribs. The Fpy for the wood/nylon
crib greatly exceed 1, indicating the gas mixture is very toxic. These
calculations provide insight into how the fuels involved impact the
toxicity of the fire effluents. These results should not be applied to
real scenarios without considering situation specific aspects such as fire
induced flows in rooms, the fire development, among other factors.

HCN was the largest contributor to the Fjy for the wood/nylon
cribs. HCN makes up the majority of the Fyy for this fuel, which is
similar to the contribution of the HCN to the FED for nylon burning in
under-ventilated conditions reported by Stec in [1]. CO had the largest
contribution to the Fyy for wood and MDF and the second largest for
wood/nylon cribs. The contribution of C4Hg towards the Fjy is small
for all the fuel types, but was the largest for wood/nylon.

5. Conclusions

Emissions of several toxicant and incomplete-combustion species
(CO, CO,, HCN, C¢Hg, CH,, CoH,, and C,H,) from under-ventilated
burning cribs of different fuels (wood, MDF, and nylon) was investi-
gated using FTIR and advanced tunable laser absorption spectroscopy
methods. LAS was able to perform 1 Hz measurements with no smoke
sample pre-conditioning while FTIR measurements were performed at
0.03 Hz with significant pre-conditioning of the sampled gases. This
time resolution allowed for measurement of emissions of reduced-
scale compartment fire experiments during different phases of the fire
development. This measurement capability and experimental configu-
ration presents an opportunity for high-throughput testing of various
fuel loads including composites under different fire conditions. Using
flow and species concentration measurements, yields of toxicant species
were determined. The measured values exhibit similar trends, but some
species differ from reported values from small- and large-scale fire
experiments. Notably, the nylon/wood fuel packages resulted in much
larger toxicant concentrations and yields, corresponding to over an
100% increase in toxicity. The LAS sensing methods combined with

10
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future improvements in measurement synchronization (e.g. simulta-
neous measurement of more species) may enable fully time-resolved
toxicity metrics during fire evolution, and provide for more granular
examination of the transient fire state during realistic fire progres-
sion. The current work and species measurements collected during
these experiments provide valuable data on the chemical composition
of gaseous combustion products released throughout a compartment
fire and provide insight into the relative production rates of several
hydrocarbon species.

CRediT authorship contribution statement

Rayna Vreeland: Writing - original draft, Visualization, Validation,
Methodology, Investigation, Formal analysis, Data curation. Kyle L.
Fetter: Writing — original draft, Visualization, Validation, Methodology,
Investigation, Formal analysis, Data curation. Nicolas S.B. Jaeger:
Writing — original draft, Visualization, Validation, Methodology, Inves-
tigation, Formal analysis, Data curation. Yi Yan: Writing — original
draft, Visualization, Validation, Methodology, Investigation, Formal
analysis, Data curation. Xiuqi Xi: Writing — review & editing, Valida-
tion, Supervision, Methodology, Investigation, Formal analysis. James
L. Urban: Writing — review & editing, Supervision, Project administra-
tion, Methodology, Funding acquisition, Data curation, Conceptualiza-
tion. Daniel I. Pineda: Writing — review & editing, Supervision, Project
administration, Methodology, Funding acquisition, Data curation, Con-
ceptualization. R. Mitchell Spearrin: Writing — review & editing,
Supervision, Project administration, Methodology, Funding acquisition,
Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

This research was funded by the Federal Emergency Management
Agency (FEMA), USA EMW-2021-FP-00199. KLF is partially supported
by National Science Foundation (NSF), USA Award 2339502 and NASA
MIRO Cooperative, USA Agreement 80NSSC19MO0194. The authors
acknowledge the assistance of Makayla A. Watts, Kevin Eisenbarger,
Joshua Miller, Fredrick Brokaw leading up to — and during — the ex-
periments. The authors acknowledge the assistance of Samy Rosenberg
and Mahesh Kottalgi for assistance performing the experiments.

Appendix A. Uncertainty analysis

An uncertainty analysis was completed to quantify the measurement
uncertainty for each species concentration and yield measurements.
The measurement uncertainty for each species concentration measure-
ment was assessed and quantified individually, then combined with
the other measurement uncertainties, and propagated through the yield
calculation. The uncertainty was quantified for the yields of all species
and the concentration measurements of CO, CO,, CgHg, and C,Hy,
assuming that the function to calculate the yield or the concentration
(¢q) is a function of several variables each with independent random
errors. Therefore, the uncertainty can be quantified using the following
general form [58].

2 2
dq aq
\/(ax ) 4 s ()

The uncertainty of C,H,, CH,, and HCN concentration measurements
were quantified using Monte Carlo analysis. The following sections are
a detailed description of the assumptions and analysis methods for
assessed measurement.

8q = (14)
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A.1. CO and CO, concentrations

The uncertainty of CO and CO, measurements were determined
by evaluating the uncertainty in the variables of the Beer-Lambert
Law (Egs. (1) and (2)). In the Beer-Lambert Law all the variables are
multiplied together, therefore Eq. (14) can be simplified to Eq. (15) for
cross sectional or Eq. (16) for line strength based measurements.

[ = (40) + () () (22) + (22)
[ = (40) + (25) () (42

where the uncertainty in pressure is AP/P, temperature AT /T, cross
sections 4c /o, absorbance Aa/a, pathlength AL/L, and line strength
AS/S.

Eq. (16) was used to calculate the uncertainty in the concentration
of CO and CO,, since the concentrations were evaluated using line
strength. For the analysis, it was assumed that AP/P was 20%, and
that AL/L is 0.75%. AS/S was the reported relative line strength
uncertainty for the HITRAN spectral data. The rounded-up average
relative line strength uncertainty was used, which was 2% for CO and
10% for CO,. In each spectral analysis region the root mean squared
absorbance was Aa and the maximum absorbance was «. The reported
measurement uncertainty in the concentration of CO and CO, is the
average relative uncertainty from three of the experiments, one of each
fuel type. The relative uncertainty of all measurements for these three
experiments was calculated and then averaged. The relative uncertainty
was [4X/x]co = 0.24 and [4X/x]co, = 0.23.

(15)

(16)

A.2. CgHg and C,H, concentrations

Similarly, the uncertainty of the C¢Hg and C,H,; concentration
measurements were assessed using Egs. (15) and (16) respectively. The
uncertainty in pressure (4P /P = 0.0025), temperature (AT /T = 0.0075),
and pathlength (AL/L = 0.0014) were all specified by the respective
manufacturers of the pressure transducers, thermocouples, and Herriott
cell. The uncertainty in absorbance (4a/«) for each temporal scan is
quantified by dividing the minimum detectable absorbance (4«) by the
peak absorbance (a) of either the CgHg or the C,H, fitting routine.
The minimum detectable absorbance was quantified in a non-absorbing
scan to be da = 0.003. An uncertainty of 4.90% was calculated for
the C¢Hg cross sections (4c/c). This was derived from the average
variation between interpolated and measured optical cross sections
across the sensor’s pressure range. Not having access to uncertainty
data for the linestrength of the chosen C,H, lines, a conservative value
of 20% was used for 4S/.S. Note that there is no value for uncertainty
of the lineshape (¢) because lineshape is an integrated parameter that
always integrates to a value of unity.

A.3. C;H,, CH,, and HCN concentration

To quantify the uncertainty in the WMS measurements a Monte
Carlo analysis was conducted varying specific experimental inputs
such as pressure, temperature, pathlength, linestrength, and interfering
species concentration. The total number of iterations conducted for
the Monte Carlo for HCN, C,H,, and CH, were 2000, split evenly at
8 varying time/concentrations throughout a single test to account for
any variations in interferer species concentration during the test. The
largest contributor to the uncertainty was the pathlength, which was
given a conservative experimentally found uncertainty of +5 cm.

The relative uncertainties for HCN, CH,4, and C,H, was between
12%-14% with its highest uncertainty being above 15% for HCN near
the detection limit, and the lowest uncertainty seen was 10.5% for CH,
near 400 s. For the CH, concentration measurement, the CH, spectra
is partially overlapping with an interfering transition of C,H, (not the
targeted feature used to measure C,H, in this study), which adds to the
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uncertainty of the CH, measurement. This additional uncertainty needs
to be considered, since this CH, concentration uncertainty is a function
of both CH, and C,H, mole fraction. To estimate this influence, the
uncertainty was conservatively increased from 15% to 20% based on
comparison of independently-conducted optical gas cell measurements
obtained by the WMS model against known barometrically-prepared
mixtures of CH,y and C,H,. This uncertainty calculated in the Monte
Carlo analysis for CH, was found to be near 12% throughout the
measurement at all concentrations. The resulting increase in CH, con-
centration uncertainty was marginal, with a relative 20% uncertainty at
lower concentrations, which reduced to a relative uncertainty of 15%
at higher concentrations.

A.4. Yields

The measured yield for each species is a function of many vari-
ables. For this analysis, the uncertainty in fuel mass, residue fraction,
slit width (w), slit height (h), s-type pitot tube probe coefficients,
temperature measurements, differential pressure measurements, and
concentration measurements were considered. Therefore, the uncer-
tainty can be quantified using Eq. (17), if it is assumed that the
uncertainty of each of these variables is independent and random.

2 2 2 2
6V = (2 smess) + (o) + (Disw) + (Disn
! amcril:v o aYres el ow oh
L [ aY, TG /oy, 2
+ (—'6k~) + <—’5T.>

n 0Yi 2 n 0Yi 2
+2 <a<AP,->5(AP/)> > (axi,, 5X"’)

j=1 j=1

a7

where j is the index that specifies the measurement for a specific time,
specifically j = 1 is at ignition and j = n is the end of the experiment.
The partial derivatives of the yield with respect to each variable were
determined using automatic differentiation, because of the number of
variables and the complexity of the function used to calculate the yield.

The uncertainty of the average crib mass (6m,) and the residue
fraction (4Y,,,) was the standard deviation of repeated measurements.
The uncertainty in the slit width (sw) and height (6h) was 0.5 cm,
which accounts for the non-uniformity of the slit. The uncertainty in
the s-type pitot tube probe coefficient (6k) was determined through
calibration measurements to be 0.338 Pa. The uncertainty reported by
the manufacture of the measurement devices for temperature (67) and
differential pressure (5(4P)) were used.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.firesaf.2025.104534.

These data files with the species mole fraction measurements from
this study are also available at the GitHub repository with additional
metadata: https://github.com/rlvreeland/Toxicant_emissions_UV_Fires.

Data availability

Data will be made available on request.
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