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A robust tunable diode laser absorption spectroscopy (TDLAS) based system is developed and deployed to make
real-time water-vapor concentration measurements in quasi-controlled live-fire experiments conducted in fire-
fighter training props. This system targets the 1392.5 nm (7181.15 cm™') water-vapor absorption line while
employing a multi-tier detection sensitivity scheme that allows for measurements at multiple locations in fire
environment through varying smoke obscuration levels. Temperature-corrected absorbance values are compared
to HITRAN simulations to quantify water-vapor concentration. Upon validation in laboratory setting, the impact
of firefighter hose stream application on water-vapor concentration is studied. Comparative effects of training
structures (metal, concrete and drywall-lined) and fuel-loads (pallet/straw, lightweight furnishings and pallet/
straw/oriented-strand-board (OSB)) on water-vapor concentration are characterized. Despite small increase in
water-vapor concentration due to suppression, the post-suppression concentrations are found to be comparable
or lower than the corresponding maximum pre-suppression concentrations in all scenarios except the metal
structure. Irrespective of the structure, highest temperature and water-vapor concentrations are measured with
pallet/straw/OSB fuel-load. Under identical fuel-loads, the drywall structure scenarios generate highest water-
vapor concentration. Peak water-vapor concentrations are measured post-suppression in typical training struc-
tures (near-floor and crawling levels), but prior to suppression in the structure/fuel package combination that
simulated a typical residential fire scenario.

1. Introduction

There exists a complex interplay between water and fire. Water is a
primary byproduct in the combustion of hydrocarbon materials such as
those that are common fuels in unwanted structure fires in the built
environment. At the same time, water is the primary suppression agent
used by firefighters to combat Class A fires. Fire service application of
water is critical for successful and safe fire extinguishment. If not applied
in appropriate flow rate, nozzle pattern and location, suppression
streams may not reach the source of the fire and/or result in the gen-
eration of excess steam, potentially endangering occupants of the
structure and the firefighter themselves. In recent years, there has been a
conscious scientific effort geared towards understanding fires in terms of
the underlying parameters: temperature, pressure, heat flux, concen-
trations of chemical species —oxygen, carbon dioxide, carbon monoxide,
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etc. [1-4]. However, the relative magnitude of moisture introduced into
the environment by steam production from application of water to a
burning fuel compared to that generated by the fire itself is not well
understood. In fact, the ability to measure moisture at elevated tem-
peratures has been identified as a need for improved hazard assessments
for occupants who are potentially trapped in the structure. In the SFPE
Handbook [5], Purser suggests that: “... it is possible that the presence of
water-vapor may be an important neglected hazard in fires.” and
“Humid air, steam or smoke with a high thermal capacity of latent heat
(due to vapor content or suspended liquid or solid particles) may be
dangerous at temperatures of around 100 °C, causing burns throughout
the respiratory tract.”

The ability to measure moisture concentration in such environments
is a critical tool for research in firefighter safety as well as to fully un-
derstand the impact of tactical decisions on trapped occupants’ safety.
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While several instruments exist to characterize parameters such as
temperature, heat flux and gas concentrations in a fire environment
within a structure, the ability to measure moisture content in conditions
applicable to describing fire environments, particularly after application
of water to suppress the fire is a challenging issue. The amount of
moisture content in an environment can be derived from humidity
measured using instruments such as psychrometers, optical condensa-
tion hygrometers and dew cells which record dew point of the sample or
from measurement of the change in electrical properties of certain hy-
groscopic materials that respond to changes in relative humidity. Most
of these techniques are not suitable for moisture measurements at high
temperatures. Although chilled mirror hygrometers which measure the
dew point are used in high temperature commercial furnace environ-
ments and capacitive hygrometers have been used to make water-vapor
measurements in prescribed grass fire, smoldering smoke and biomass
combustion plumes [6-8], these instruments have a slow response time
and are incapable of measuring water-vapor concentration as percent-
age of air. Moreover, sampling gases at high temperatures for transport
for remote moisture measurements is challenging due to the need for
bulky and cumbersome techniques to prevent condensation before it
reaches the instrument. It is likewise impractical to sample and condense
water-vapor to get a percentage of water-vapor in air at a sampling
resolution of 1 Hz in a full-scale out-of-laboratory experiment. A more
direct approach can be adopted to measure moisture content in situ using
a spectroscopic technique such as tunable diode laser absorption spec-
troscopy (TDLAS), in which the amount of absorbed light at a particular
wavelength is directly proportional to the moisture content in the
environment. As the measurement is carried out by using a beam of laser
across the medium, an apparatus to prevent condensation in the sam-
pling lines is not required. Furthermore, this technique allows for ac-
curate, continuous, in situ measurements without affecting the species
composition at the measurement location.

TDLAS techniques are often used to measure species concentration in
high-temperature and high-pressure reactive environments such as
combustors and shock tubes [9-15] as well as in harsh environments
such as furnaces, power plants and boilers where obscuration presents a
major challenge to the successful measurement of the species concen-
tration [16-23]. Tunable diode laser absorption techniques have also
been successfully used to make in situ molecular oxygen concentration
measurements in fire environments, where varying levels of obscuration
due to smoke and elevated temperatures present a serious challenge [24,
25].

In addition to the scientific utility of this tool, such an instrument can
be valuable for informing and training firefighters on the impact of hose
stream application. A common concern in the US Fire Service is the
impact of fire streams on occupant tenability, particularly with respect
to steam generation and the risk for trapped occupant burns [26].
Firefighters are taught about hose stream application — and often steam
generation — during live-fire training scenarios that are typically con-
ducted in structures with concrete or metal walls using wood-based fuels
such as pallets and/or engineered wood products such as oriented strand
board (OSB). However, typical residential fires are suppressed in
structures with drywall surface finishes and largely polymer-based fuels.
If the feedback from the training fire environment does not appropri-
ately simulate typical residential structure fires, an incorrect message
may be reinforced to the firefighters.

In this work, development and laboratory assessment of a multi-tier
TDLAS system is described first. This tool is then applied to a series of
quasi-controlled experiments conducted at the Illinois Fire Service
Institute (IFSI) using three types of fuel loads in three different training
props. Changes in water-vapor concentration are characterized as the
fire evolves and is suppressed by hose stream water application.

2. Tunable diode laser absorption spectroscopy

For this application, a water-vapor measurement system based on
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tunable diode laser absorption spectroscopy (TDLAS) technique can
provide a path averaged point measurement of water-vapor concentra-
tion as per Beer-Lambert’s law defined in Eq. (1) [27]. For any medium
described by total pressure, P and temperature, T, assuming the losses
due to light scattering are negligible the absorbance, A, is given by

I L
A= —logi (7) = log,,(e)k,L=log,, ()= Sg, )
L/, kT

where I is the intensity of incident light and I is the intensity of trans-
mitted light k, L is the optical depth of the medium. S (cm™!/(molecule/
cm?)) is the spectral line intensity, g, (1/cm 1) is the spectral line shape
and k is the Boltzmann’s constant. Partial pressure, p (atm) of the
absorbing species is the product of the volume mixing ratio, q and total
atmospheric pressure, P.The spectral absorption coefficient, k, at
wavenumber v is defined as

qP

k=L
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The calculated absorbance is then compared to simulated absorption
spectrum based on parameters obtained from the HITRAN database. The
HITRAN molecular absorption database is a compilation of spectro-
scopic parameters that can be used to predict and simulate absorption
and emission of 49 species in the visible, infrared and microwave region
of the electromagnetic spectrum. In our current setup, water-vapor
concentration p, expressed as percentage of water-vapor of air by vol-
ume (partial pressure x 100%), is calculated based on experimental
parameters Iy, I, P, T and L, and parameters S and g, calculated from the
HITRAN database [28], using equations adopted from Ref. [29].

3. Sensor design

The water-vapor measurement system developed at University of
Illinois at Urbana-Champaign employs a three-tier sensitivity scheme.
The absorption line at 1392.5 nm (7181.15 c¢cm™!) in the vibrational
overtone band of water-vapor is targeted for use in the TDLAS based
water-vapor measurement system. This line’s isolation, verified using
the HITRAN database, from the absorption spectra of the other gaseous
species present in the combustion environment such as COy, CO, O,
CoHjy, CH4, HCHO, HCN, Ny, etc. and liquid water and its high line
strength up to 650 °C, and the readiness and availability of an inex-
pensive laser source on the market makes this line an ideal target for the
sensor. Atmospheric water-vapor measurements and measurements in
shock tunnels and subsonic jets have been carried out by targeting this
particular line [30-34].

A 15-mW single mode tunable diode laser (Eblana Photonics,
EP1392-5-DM series) with a center wavelength of 1392 nm is used as the
laser source. The laser is scanned in wavelength by using a saw-tooth
modulation of the bias current using a laser controller (Arroyo In-
struments, 6305) which has an inbuilt temperature controller which
maintains the laser’s temperature using a thermoelectric cooler (TEC)
integrated with the laser diode mount (Arroyo Instruments, 203). To
carry out simultaneous water-vapor concentration measurements at
three different locations, the diode laser output is split into four beams of
equal intensity using a 1x4 (25:25:25:25) wideband fiber optic coupler
(Thorlabs, TNQ1300HF), of which three outputs are used. Custom
length fiber optic patch cables (Thorlabs, SMF-28-J9) are used for
transmitting the laser beam to and from the measurement location
where it is pitched across a pre-set path length and caught using
FiberPort collimators (Thorlabs, PAF2P-11C). The FiberPort collimators
are fitted with uncoated calcium fluoride (CaFy) 30 arcmin wedge
windows (Thorlabs, WW51050) to protect the collimation optics from
soot and other corrosive species present in the fire environment. A K-
type thermocouple (Omega, 5SRTC-GG-K-24-36) with bead diameter of
0.6 mm and response time of 0.84 s is deployed with each collimator to
measure local temperature.
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Each laser beam transmitted back from the measurement location is
successively split using two 99:1 fiber optic couplers (Thorlabs,
TW1300R1F1) as shown in Fig. 1(a), to form a three-tier sensitivity
scheme that allows measurement from 0.01% light transmission (heavy
smoke) to 100% light transmission (no smoke) conditions. Suitable
combinations of optical attenuators (Thorlabs, FAO3T, FAO5T, FA10T)
are used to ensure smooth transitions between sensitivity levels which
were verified by two-compartment (fire room, target measurement
room) table top smoke box test. Three InGaAs fixed gain amplified
photodiodes (Thorlabs, PDF10C) are used to detect the laser beam
transmitted from each measurement location. The photodiode (in-
tensity) and thermocouple (temperature) outputs are continuously
recorded throughout the duration of an experiment using a National
Instruments (NI) data acquisition (DAQ) system and a LABVIEW inter-
face at a sampling frequency of 1 Hz. The total pressure is assumed to be
1 atm throughout the experiment while the path length is fixed at 3.88
cm. The program simultaneously processes the photodiode and ther-
mocouple signals to provide real-time water-vapor measurements. The
DAQ system is also used to simulate a 1 Hz sawtooth waveform that
serves as input to the laser controller which modulates the laser’s optical
output in both intensity and wavelength, thus providing a ‘wavelength
scan’ required for performing TDLAS measurements.

For each measurement at each location, the LABVIEW program is
capable of selecting the least saturated non-zero voltage level, I, from
the three acquired photodiode signals and then fit a linear baseline to I,
which represents the intensity of incident light, Iy. This procedure is
shown in Fig. 1(b) with the transmitted intensity, I in blue and incident
intensity, Iy in red for one wavelength scan performed at 1 Hz. The
double horizontal (X-axis) scale is used to correlate the temporal mod-
ulation (time in seconds) of the laser output to its corresponding wave
number (cm ™, inverse of wavelength). Estimating the incident intensity
for each data point separately eliminates the effects of scattering by
particulates or any potential thermal induced misalignment of the optics
that may attenuate signal over the entire range of wavelength scanned,
such that these sources of variability should have no impact on the
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pressures ranging from 0 to 0.5 atm in steps of 0.01 atm and tempera-
tures ranging from —23.15 °C (250 K) to 526.85 °C (800 K) in steps of 1
°C for the set path length of 3.88 cm (1.53 in) is obtained beforehand.
When necessary, a linear interpolation scheme is implemented to esti-
mate the corresponding partial pressure at a given temperature.

For validating the accuracy of the water-vapor measurement system,
an environmental chamber (Tenney, T20RS) located at IFSI whose
temperature and relative humidity (RH) can be closely controlled was
used. Table 1 shows the comparison between the RH settings of the
environmental chamber and the corresponding RH values calculated
based on vapor pressure equation (Eq. (3)), from the measured water-
vapor concentration using the water-vapor measurement system.

[ TL'
1n(’i> =7 (@194 29" + a9 + a9 + as9* + as9"") 3)

c

where p,, is the vapor pressure in MPa, 9 = (1 — T /T,), T, = 647.096 K,
Pc =22.064 MPa, a; = —7.859 517 83, a2 =1.844 08259, a3 =—-11.786
649 7, a4 = 22.680 741 1, a5 = —15.961 871 9, and ag = 1.801 225 02
[35].

In a typical dataset, the water-vapor concentration is measured using
the highest sensitivity level (level 3) with lowest laser power until well
after ignition in relatively low smoke conditions. The other two sensi-
tivity levels are fully saturated. As the smoke layer starts to descend at
the measurement location, obscuration due to smoke increases resulting
in decrease in the intensity of transmitted laser beam. As it is no longer
possible to make water-vapor measurements using sensitivity level 3,
signal from sensitivity level 2, which has higher power is used. In case of
heavy smoke obscuration, signal from sensitivity level 1 is selected to
make water-vapor measurements as the power from sensitivity level 2 is
insufficient. Data from all three sensitivity levels is recorded and the
appropriate signal is used for data analysis thereby providing continuous
water-vapor concentration measurement throughout an experiment.
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Fig. 1. (a) Schematic layout of the TDLAS based water-vapor measurement system, (b) Estimation of incident intensity I, based on transmitted intensity I. (c) Effect

of obscuration on measurement.
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4. Training fires - Experimental setup

Traditionally, recruit firefighters are often trained in live-fire sce-
narios in buildings constructed of concrete, where natural fuels such as
pallets and/or straw are ignited in one section of the room. The resulting
fire does not develop into a fire similar to that fueled by common
household furnishings. Moreover, the fire does not respond in a similar
fashion to ventilation and fire service interventions like today’s
compartment fires. Hence, there is a concern that training fires can
result in unrealistic visual cues and fire behavior that is markedly
different from what could be experienced in the field under similar
conditions. Lately, many firefighter training academies are using metal
containers to replace or supplement their concrete training buildings.
The metal training props are much less expensive up front and the
containers can be combined into various geometries with relative ease,
can be reconfigured and refurbished by cutting and replacing the indi-
vidual containers. However, it is crucial to note that the growth, evo-
lution and response of the fire to suppression and ventilation tactics can
have important differences between the residential building structures,
concrete structures and metal structures due to their dissimilar proper-
ties [36].

While structural and ventilation characteristics differ between resi-
dential structures and those used for live-fire training, there is also a
significant difference in the type, quantity and configuration of fuel
used. The fuel load in modern residential occupancies is typically
considerably higher than the one that is typically used in live-fire
training. In the United States, pallet and straw or pallet and straw
with oriented strand boards (OSB) are the typical fuel loads used for
training fire scenarios while a major portion of the fuel load in resi-
dential fires are the furnishings [36].

To compare and contrast the moisture concentrations during the
evolution and suppression of fire in three structures commonly used for
firefighter training, i.e., metal structures made from shipping containers,
concrete structures and gypsum drywall lined wooden structures, a se-
ries of experiments are conducted at the University of Illinois Fire
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Service Institute, Champaign, IL with the fuel loads shown in Fig. 2(a,b,
c) and existing structures with layouts shown in Fig. 2(d,e,f) that are
used by IFSI to routinely train firefighters. Following in UL FSRI’s report
Evaluation of the Thermal Conditions and Smoke Obscuration of Live Fire
Training Fuel Packages [37], the pallet and straw configuration used in
these experiments is similar to 3P1S-V configuration (peak heat release
rate (HRR) = 2.0 MW [37]) while the pallet, straw and OSB fuel load is
similar to 3P1SO configuration (peak HRR = 2.4 MW [37]), though
included variations in the OSB panel orientation to fit within the training
structure environment. The barrel chair used in these experiments is
identical to BC-1 as described (peak HRR = 0.85 MW [37]). The fuels
were stored in a dry outdoor location prior to utilization in the training
scenarios as is common in fire training academies. Although the fuel
load moisture content is not controlled or assessed, it is expected to be
consistent across the scenarios. While the UL report provides informa-
tion on fuel weights and heat release rates, it should be noted that the
fuel burning characteristics may have deviated from those obtained in a
free burn under a laboratory hood in the report, due to confinement
within the training structures and suppression before complete con-
sumption of the fuel load.

For each of the nine structure and fuel load combinations, water-
vapor concentration and temperature is measured at three different
heights: 0.3 m, 0.9 m and 1.5 m from the floor. The height of 0.3 m from
the floor approximates the location of a trapped occupant lying on the
floor, while 0.9 m would be similar to an occupant sleeping on the bed or
crawling on the ground and the height of 1.5 m would correspond to a
person in a standing posture. The water-vapor concentration measure-
ments are made at the location from where a firefighter would normally
apply water streams during training evolutions as this is the location
where the student will sense changes in environment during suppres-
sion. Table 2 identifies the fuel loads, containment structure and the
sequence of events (ignition, suppression and ventilation) in the series of
experiments.

For each scenario, the fuel load is placed in the bedroom furthest
away from the entrance and the water-vapor measurement system is

Fig. 2. Fuels used for experiments (a) Pallet and
straw, (b) Pallet, straw and OSB, (c) Barrel chair as a
representative of lightweight furnishing. Layouts of
structures used for experiments (d) Concrete struc-
ture, (e) Metal structure, (f) Drywall structure
commonly used for training firefighters at IFSI. The
measurement location (green boxes) and the location
of fuel load ingition (flames) are marked on the lay-
outs. Unused sections of the structures are indicated
by dark grey. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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Table 2
Details of the experiments and event times recorded after start of data
acquisition.
Structure  Fuel Ignition Suppression Ventilation
(mm:ss) (mm:ss) (mm:ss)
Metal Pallet and Straw 2:00 8:30 11:30
Metal Pallet, Straw and 2:00 8:30 10:30
OSB
Metal Lightweight 2:30 9:00 11:30
Furnishing
Concrete Pallet and Straw 2:00 8:30 10:30
Concrete Lightweight 2:30 6:30 8:30
Furnishing
Concrete Pallet, Straw and 2:45 9:15 10:15
OSB
Drywall Pallet and Straw 2:00 8:30 N/A
Drywall Lightweight 2:00 8:30 N/A
Furnishing
Drywall Pallet, Straw and ~ 2:00 8:30 N/A
OSB

placed near the doorway between the target room and the fire room but
protected from direct radiant heat from the fire. The location is slightly
different in each structure due to the varying layouts but is chosen to be
as close as possible to the location where firefighter trainees apply
suppression streams into the fire room. The fuel load is ignited using
handheld emergency flares and ignition is confirmed visually. As is
typical in live-fire training, the windows of the fire room are sequentially
closed to contain the smoke inside the structure in an effort to control
the visual obscuration levels during the experiments. At six and half
minutes after ignition, suppression streams are applied directly to the
burning fuels by firefighting crew using a 1% inch manual firefighting
handline with a combination nozzle on the tight straight stream setting
with typical flow rate of 200-300 L per minute (~50-80 gallons per
minute) until the fire is fully suppressed in less than 10 s. The target
suppression time was determined as the time when highest temperature
was recorded in a separate series of experiments. Approximately 2 min
after suppression, the doors and windows are opened to let the smoke
exit the structure and cool down.

5. Data, results and discussion
The percent of water-vapor in the atmosphere near the Earth’s sur-

face undergo both seasonal and diurnal variations [38,39]. As the ex-
periments are conducted outside of a controlled laboratory
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environment, it is necessary to record the water-vapor concentration in
the ambient air prior to each scenario. Doing so allows for comparison
between water-vapor generated by the fire and suppression regardless of
the location and time when the experiment is conducted. Therefore, for
each experiment, the background is recorded for at least 2 min, at the
end of which the fuel load is ignited. After ignition, both the temperature
and water-vapor concentration are observed to increase until the fire is
suppressed by application of water directed at the burning fuel load. The
effect of the suppression event is almost immediate on both the
measured temperature and water-vapor concentration at the 1.5 m
height as it is most directly in contact with the smoke layer. After about
2 min, as the structure is ventilated both the temperature and
water-vapor concentration decrease as the cooler and drier air enters the
structure from outside.

A typical water-vapor measurement dataset is presented in Fig. 3
with the automatically selected laser measurement sensitivity level
overlaid. The events of ignition, suppression and ventilation are marked.
The measurement system’s ability to measure water-vapor concentra-
tion continuously through varying levels of smoke obscuration using the
three-tier sensitivity scheme is demonstrated. Line-averaged local
measurements carried out at the sensor location are assumed to be
indicative of the overall water-vapor concentration at that selected
height. However, it is critical to analyze the temporal evolution of water-
vapor by focusing predominantly on the large-scale dynamics (global,
on the order of tens of seconds) as the small-scale fluctuations (local, on
the order of few seconds) in water-vapor concentration may partly be
due to localized effects such as a strong directional draft driving hot
gases/smoke/vapor cloud momentarily into the sensor’s probe volume.
Furthermore, some of the repetitive, rapid and abrupt fluctuations
(10-15% change within few seconds) observed in the measured water-
vapor concentration (highlighted in yellow in Fig. 3) may partly be
due to the changes in the sensitivity tier. The standard error (normalized
with respect to the mean) in water-vapor concentration measurements is
estimated to be less than 1% calculated based on the measured water-
vapor concentration in ambient air. This assumes homogeneity in tem-
perature and composition within the path length. However, even due to
the largest thermal stratification observed in the vertical direction at a
measurement location (gradient of 334 °C/1.2 m for pallet, straw and
OSB scenario in concrete structure), the estimated temperature variation
over the path length is about 10 °C which translates to a relative error
(variation) of less than 3% in the measured water-vapor concentration.

The results from the nine experiments are presented in Fig. 4 for
metal structure, in Fig. 5 for concrete structure and in Fig. 6 for drywall

Pallet, Straw and OSB - Metal Structure at 0.9 m
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Fig. 3. A dataset showing continuous water-vapor measurement using various sensitivity levels.
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structure. The top sub-panel shows the time evolution of temperature
and bottom sub-panel shows time evolution of water-vapor concentra-
tion in each panel of all the three figures. The traces in green are mea-
surements at the height of 1.5 m, in red are at the height of 0.9 m and in
blue are at the height of 0.3 m above the floor. Panel (a) of all the figures
presents data from experiments with pallet and straw, panel (b) from
experiments with pallet, straw and OSB and panel (c) from experiments
with lightweight furnishings as fuel load. The ignition, suppression and
ventilation events are marked by vertical lines. It can be clearly seen that
at the measurement height of 1.5 m from the floor, the highest tem-
peratures and water-vapor concentrations are observed. Finally, Fig. 7
summarizes the background and maximum water-vapor concentrations
before and after the suppression event for the three fuel loads in the
three structures at 1.5 m in panel (a), 0.9 m in panel (b) and 0.3 m in
panel (c). The labels on each bar indicate whether the overall maximum
concentration is recorded before or after the suppression event in each
experiment at each height.

In the same structure, temperatures recorded in experiments with
pallet, straw and OSB are consistently the highest followed by experi-
ments with lightweight furnishings while lowest temperatures are
recorded in experiments with pallet and straw. For experiments with
pallet and straw as fuel load a temperature spike shortly after ignition is
observed as the straw rapidly ignites and spreads to the pallets, followed
by multiple smaller peaks and valleys with a general decreasing trend.
For experiments with lightweight furnishing as fuel load, two distinct
temperature peaks are observed in metal and drywall structures. In the
concrete structure, the fire is suppressed only 4 min after ignition as
opposed to 6 min in the other structures. For experiments with pallet,
straw and OSB as fuel load, temperature is observed to increase, and it
remains relatively high until suppression. Multiple local peaks in tem-
perature observed during fire evolution are most likely caused due to
differences in heat release rates of various fuel load components owing
to their dissimilar chemical compositions. In all cases, a pronounced
drop in temperature is observed after suppression. Ventilation causes the
temperature to return to about 10 °C higher than the background level at

(a) Pallet and Straw - Metal Structure
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0.9 m and 0.3 m and about 20 °C higher than background at 1.5 m.

Each training structure also displays important differences in fire
development. For the metal structure, the temperature increase is
observed after about 3 min after ignition and the increase is gradual
while, in case of concrete and drywall structures, a spike in temperature
is observed about 1 min after ignition. The temperatures recorded in the
metal structure are consistently lower than the temperatures recorded in
concrete and drywall structures by about 100-250 °C. The higher
thermal conductivity of the metal structure (steel: 8.7 to 66 Wm’lK’l)
would result in a higher heat loss to the surroundings than in concrete or
drywall structure (concrete: 0.1 to 0.7 Wm ™ 'K}, gypsum board: 0.17
Wm K1) [40,41]. After suppression the temperature plummets in the
concrete and drywall structures while a gradual decrease is observed in
the experiments conducted in the metal structure.

The background water-vapor concentrations are recorded in the
range of 1%-2.3% for the various experiments. As expected, an increase
in the water-vapor concentration is observed as the fire evolved. In the
metal structure, the water-vapor concentrations begin to increase at a
longer time after ignition compared to the other structures, regardless of
the fuel package. This delay in smoke filling the compartment is in part
due to higher leakage from the metal structure and dissimilar structure
layouts and measurement location placement relative to fuel loads.
While those differences are common in typical live fire training struc-
tures, these factors must be taken into consideration while comparing
water-vapor concentrations between the various structures. Higher
water-vapor concentrations are recorded at greater height from the
floor, closer to the smoke layer in the target room. The maximum water-
vapor concentration at 1.5 m and 0.3 m is observed before suppression
to be 41.7% and 4.46% respectively in drywall structure with pallet,
straw and OSB as fuel load. However, somewhat surprisingly, at 0.9 m
from the floor, maximum concentration of 9.8% is recorded after sup-
pression in the metal structure with pallet, straw and OSB as fuel load.

For a given structure, water-vapor produced during the fire evolution
phase in experiments with pallet and straw is the lowest followed by
water-vapor produced with lightweight furnishings while experiments

(b) Pallet, Straw and OSB - Metal Structure
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(a) Pallet and Straw - Concrete Structure
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with pallet, straw and OSB as fuel load produce the highest water-vapor
during fire evolution. During the development phase, fires with pallet
and straw produce water-vapor almost uniformly throughout fire evo-
lution after the initial post-ignition spike during straw combustion.
Training fires with pallet, straw and OSB as the fuel load result in water-

vapor concentration generally increasing from ignition until suppres-
sion. In experiments with lightweight furnishings, multiple distinct
spikes in water-vapor concentration are observed before suppression
owing to different components of the fuel load being consumed at
different rates. Despite the three-tier sensitivity scheme, experiments
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with pallet, straw and OSB fuel load in metal and concrete structures
suffer loss of data at the 1.5 m height due to water-vapor condensation
and heavy smoke. For lightweight furnishings as fuel load in the con-
crete structure, no meaningful water-vapor concentration data could be
obtained at 1.5 m height due to damage to a fiber patch cable.

In concrete and drywall structures, a sharp drop in water-vapor
concentration is observed after suppression at the 1.5 m height as the
air temperature in the fire room drops rapidly, resulting in a decrease in
water-vapor holding capacity of air (in vapor phase) causing conden-
sation of water-vapor. Although a slight increase in the water-vapor
concentration is observed in the concrete structure post suppression at
0.9 m and 0.3 m heights, the concentration is much less than that
recorded pre-suppression. In contrast, in the metal structure, water
application results in an increase in water-vapor concentration at all
heights and the overall maximum concentration is recorded post-
suppression at all heights in all experiments except for at 1.5 m height
in both pallet and straw and pallet, straw and OSB scenarios.

In the drywall structure, relatively high water-vapor concentrations
are observed in the pallet, straw and OSB experiment prior to suppres-
sion, with maximum water-vapor concentration of 41.7% at the 1.5 m
height. In the experiment with lightweight furnishings, the water-vapor
concentration increases to a maximum of 18.8% at 1.5 m height, almost
three times higher than the peak measured with the same fuel load in the
metal training structure. Such high concentration could most likely
attributed to gypsum (CaSO4-2H50) in the drywall which possibly de-
hydrates when subjected to temperatures above 90 °C [42]. The
water-vapor concentrations at 0.9 m and 0.3 m height do not appear to
be impacted by gypsum dehydration as the temperatures at those
heights are typically below this threshold. For all experiments conducted
in the drywall structure, the overall maximum water-vapor concentra-
tion is observed before suppression at all heights.

The difference in the layouts, ventilation conditions and the relative
positions of the fuel load and measurement locations for the three
structures must be taken into consideration while comparing the data
presented here. The overall volume of the fire room and connected
spaces, the ventilation openings and leakage paths within the structures
are unique to each scenario and can influence the water-vapor concen-
tration and the rate at which it descends towards the firefighter. The

differences in the relative placement of the sensor to the fuel load can
impact comparisons between structures as discrepancies can arise as a
result of mixing of the hot combustion products and steam produced
after suppression with relatively cooler, dry air from the outside of the
structure. It is interesting to note that the highest post-suppression
changes in water-vapor concentrations are measured in the metal
structure that had relatively large number of leakage paths and rela-
tively larger distance from the fuel load to the measurement location. If
these training scenarios were conducted in a smaller training structure
with fewer leakage paths and the suppressing firefighter moved closer to
the fire, higher levels of water-vapor may result. These differences in
structural conditions are common in training firefighters in the US and
should be considered by the instructor.

When taken together, these results suggest that fire instructors
should use caution when training firefighters to understand changes in
the post-suppression environment using typical live-fire training struc-
tures. As Fig. 7 shows, pallet and straw fires in both concrete and metal
structures and OSB fueled fires in metal structures result in peak mois-
ture concentration AFTER suppression at the 0.9 m and 0.3 m heights
where trainees are likely to be operating. However, in the drywall lined
structures with lightweight furnishings, peak moisture concentration is
measured prior to water suppression. Water impacting hot concrete or
metal components of training structures — either the walls of the metal
structures or the ‘hoppers’ used to hold pallets and straw in concrete
structures — can rapidly transition to steam in a manner that may not be
representative of the typical residential fire environment.

6. Limitations and future work

While these live-fire training experiment represent an important
early application of this water-vapor measurement system, there are
important limitations to this study and valuable future work that can
expand upon this paper. As discussed, the layouts and ventilation con-
ditions for the three structures may not generalize to all training struc-
tures. Additional work can be conducted to further generalize the impact
of specific training structure design elements on environmental condi-
tions before and after suppression. Furthermore, application of this tool
to full size structure fires can be important to understanding risk for
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trapped occupants within a structure both pre- and post-suppression.
Finally, while the three-tier sensitivity scheme provides the ability to
measure moisture through a wide range of fire conditions, some data is
lost at high elevations where temperatures, soot and moisture concen-
trations are high. Additional development of this tool may provide
deeper insights into the generation and transport of this critical product
of combustion.

7. Summary and conclusion

A tunable diode laser absorption-based water-vapor measurement
system capable of measuring concentration of water-vapor in real time
at three locations simultaneously is developed. A three-tier sensitivity
scheme using various levels of laser power is implemented to acquire
data through continuously changing smoke obscuration. The evolution
of fire caused by burning different fuel loads in various firefighter
training structures and the effect of suppression by water application at
three heights in terms of temperature and water-vapor concentration at
the location from where the entry team would apply water, are studied
using the developed measurement system.

These initial experiments with fuels and structures used in training
fires provide a unique opportunity to study the coupling between
changes in air temperature and airborne water-vapor concentrations due
to fires and suppression. In this study, the highest air temperatures are
recorded in the concrete structure followed by the drywall structure
with lowest temperatures in the metal structure (regardless of fuel load).
However, the highest concentrations of water-vapor in this study are
recorded in the drywall structure, followed by the concrete and metal
structures. In case of drywall fire rooms, the elevated concentration of
water-vapor may have been generated during the fire evolution phase
due to dehydration of gypsum upon exposure to high temperature. At
the same time, temperatures and water-vapor concentrations recorded
in experiments with pallet, straw and OSB are the consistently the
highest, followed by lightweight furnishings and pallet and straw as fuel
load.

Temperature and water-vapor concentrations measured in the metal
structure used in this study are quite different from those measured in
the drywall structure. Both, the temperature and water-vapor concen-
trations recorded during the fire evolution phase are lower in the metal
structure. Furthermore, water application to fires in the metal structure
lead to an increase in the water-vapor concentration for all the three fuel
loads at all heights in this study. The overall maximum water-vapor
concentration is recorded post suppression at the heights where fire-
fighters would be operating (0.9 and 0.3 m). Such information may be
useful for firefighters and fire instructors in understanding differences in
behavior between training structures and drywall lined compartments
that are typical in residential fires.
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