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With increasing threats from wildfires in wildland urban interface (WUI) areas, novel approaches for the char-
acterization of fire dynamics and their interactions with built structures have accelerated. Here, we demonstrate
an open-path, near-infrared laser absorption system for stand-off measurement of water vapor mole fraction and
gas-phase temperature. The system was deployed along two optical paths during structure-to-structure fire spread
experiments at the National Institute of Standards and Technology. Initial demonstration of the system was com-
pleted from March 2024 through May 2024 in the National Fire Research Laboratory, to assess whether open-path
tunable diode laser absorption spectroscopy (TDLAS) can operate reliably under the challenging, smoke-laden,
and rapidly evolving conditions of WUI-relevant fire exposures. Data were collected before ignition, during test
burns, and throughout fire suppression. The system operates near 1393 nm with a typical signal-to-noise ratio
exceeding 180. Results show increased temperature and water vapor mole fraction following fuel ignition, as well
as variations related to fire-resistant eave vent activation times. These results highlight that open-path TDLAS is
a viable nonperturbing measurement approach that can improve understanding of heat and gas flow for future
large-scale fire studies, which can contribute to the enhancement of fire safety, building codes, and associated test
methods. © 2026 Optica Publishing Group. All rights, including for text and data mining (TDM), Artificial Intelligence (Al) training,
and similar technologies, are reserved.
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1. INTRODUCTION

In recent decades, wildfires have grown more frequent and
severe across North America and globally. One of the most
concerning trends is the increasing impact of wildfires on the
wildland-urban interface (WUI), areas where human develop-
ment meets undeveloped wildland. According to the National
Interagency Fire Center, the long-term average annual burned

Oregon, Washington, Colorado, New Mexico, Hawaii, and
Tennessee. As a result of this growing threat, research focused on
WUI fires has significantly expanded in scope and urgency.

This paper presents the development and initial demon-
stration of an open-path tunable diode laser absorption
spectroscopy (TDLAS) system used to measure water vapor
mole fraction and gas-phase temperature in two paths simul-

area from wildfires has nearly doubled from 3.3 million acres in
the 1990s to 7.0 million acres since 2000 [1]. This rise is driven
by climate-related factors, including increasing global temper-
atures [2], lower humidity, and more frequent, severe storms
that result in a higher number of lightning-induced ignitions.
Compounding this issue is the rapid expansion of communities
into the fire-prone WUI regions. As of 2021, approximately 49
million homes were located within WUI zones [3], placing them
at high risk. Numerous U.S. states have experienced their largest
or most destructive WUI fires since 2018, including California,
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taneously during WUI fire spread experiments conducted at
the National Fire Research Laboratory (NFRL) at the National
Institute of Standards and Technology (NIST). The experimen-
tal burn series discussed here [4,5] aimed to better understand
the resilience of structures in WUI fires, specifically how struc-
tures equipped with “fire-resistant” eave vents perform when
faced with varied fire exposures. The vents used in this study
incorporate multiple protective measures: mesh layers to pre-
vent pests and fire embers from entering the structure, and
a self-sealing intumescent coating designed to prevent the
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transfer of heat and hot gases from passing from the exterior
to the interior of the structure. Chapter 7A of the California
Building Standards Code mandates that attic and eave vents
resist the intrusion of flames and embers in compliance with
ASTM E2886 standards [6], although this fire resistance may
be achieved using various design features other than an intu-
mescent coating. The broader goal of this experimental series is
to inform those concerned with fire safety, building codes, and
testing methodologies that may enhance structure resilience in
critical WUI zones, while this paper focuses more specifically
on demonstrating that open-path TDLAS can be a promising
technique for use in similar fire studies.

The relationship and interaction between water and fire is
complex. As a primary product of the combustion of hydro-
carbon materials, which act as fuels, concentrations of water
in structure fires can be expected to be elevated. However, the
presence of a high-water vapor content at elevated temperatures
poses unique challenges for fire diagnostics. While various
instruments and techniques exist for measuring temperature
and gases in fire environments, the conventional tools used
to determine moisture levels, such as humidity sensors like
hygrometers or psychrometers, typically have response times
ranging between a few seconds to several minutes, making them
unsuitable for high-temperature environments when a rapid
response time is required [7—10]. Additionally, probes or sensors
requiring ex situ analysis are intrusive and may have long-time
averages due to gas mixing in the lines, introducing more tem-
poral and spatial uncertainty into experimental resules [11]. In
contrast, TDLAS provides a less intrusive, 77 sizu method for
gas-phase diagnostics with high sensitivity, fast response time,
and the need for minimal calibration. TDLAS enables measure-
ments of trace gases, such as water vapor, over long path lengths
without disturbing the combustion environment, making it
uniquely suited for large-scale experiments [7]. This measure-
ment approach preserves the integrity of the flame, smoke, and
ventilation flow fields, which is essential to evaluating the per-
formance of fire-resistant materials and structures under realistic
conditions. It also allows for compact and flexible designs that
allow for physical separation of electronics and equipment from
the harsh environments under study. The capability to measure
water vapor concentrations at unknown, elevated temperatures
has been recognized by the Society of Fire Protection Engineers
(SFPE) as essential to improve hazard assessment for occupants
who may be trapped inside during a structure fire. According to
the SFPE handbook, air or smoke with high water vapor content
and high thermal capacity of latent heat is dangerous at higher
temperatures and may cause burns throughout the respiratory
tract [12].

TDLAS-based sensors have been widely applied to atmos-
pheric monitoring, industrial process control, and combustion
diagnostics. In fire detection, they have become increasingly
used to monitor early markers of combustion, such as CO and
CO; [13-15], in structures. This technique has been success-
fully used in high-temperature, optically thick environments
like furnaces and power plants, where dense smoke and par-
ticulate matter present significant measurement challenges
[7,16—-18]. Moreover, TDLAS has demonstrated clear value
in scenarios when visual access to the fire is limited, such as in
fire extinction studies within enclosed backdraft chambers,
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where traditional diagnostics rely heavily on visual observations
or multiple instruments (thermocouples, heat flux gauges,
commercial gas analyzers, etc.) with low temporal resolution
[19]. By providing robust, nonperturbing measurements in
extreme conditions, TDLAS stands out as a critical tool for
experimental fire measurements that provides fast response time
and measurement precision.

This paper demonstrates the use of open-path TDLAS tech-
nology for additional applications in large-scale fire spread
experiments, where simultaneous measurements of tempera-
ture and gas amount fractions in multiple paths are critical to
understanding the dynamics of the overall experimental system.
Key to this approach is achieving a high signal-to-noise ratio and
robust data throughput, enabling reliable monitoring under
challenging experimental conditions. While implementing
open-path TDLAS in such environments presents technical
challenges such as interference from particulates and rapidly
changing conditions, our results show these obstacles can be
effectively managed, supporting the broader application of this
technique in fire research.

2. EXPERIMENTAL SETUP
A. Sensor Design

The overall instrument design follows the design from pre-
vious field demonstrations [20] and can be seen in Fig. 1.
Measurements were performed using a fiber-coupled near-
infrared (NIR) DFB laser centered around 1393 nm for the
detection of water vapor mole fraction and the determination of
gas-phase temperature of the experimental environment. The
output wavelength was tuned via current to span the wavelength
interval 1393.70-1393.42 nm (7175.13 —7176.58 cm™")
while the diode temperature was stabilized at 26.5°C.

A 50:50 fiber-optic splitter was used to transmit light onto
two 10 m single-mode fiber patch cables to simultaneously
transmit the NIR light to two identical optical launches as seen
in Fig. 1(A). Each includes a two-channel design for co-aligning
the NIR beam with a red visible laser using a long-pass dichroic
mirror, which allows for easier alignment over the long path-
lengths seen in Fig. 1. The launch and collection optics were
covered in protective boxes to prevent excess heat from reach-
ing optical components, and to prevent fire suppression water
droplets from landing on electrical or optical components. The
laser paths extended approximately 9 m (29.5 ft) to monitor
water vapor mole fraction and gas-phase temperature along two
regions of a target structure wall (see Section 5.A).

The two beams were aligned to strike 2-inch diameter 90°
off-axis parabolic mirrors, which then focused the light onto
fixed-gain InGaAs photodetectors in the collection optics
enclosure, as seen in Fig. 1(B). A single-pass approach was used
to avoid any additional beam steering caused by the smoke
particulates and to simplify the maintenance of beam position
in relation to the target structure. The response of the detectors
was recorded using a Measurement Computing Corporation
(MCC) USB-2020 digitizer (see Acknowledgment). The
laser controller, function generator, and digitizer [Fig. 1(C)]
were controlled via a custom Python script configured for
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Fig. 1.  Schematic of the instrument configuration for structure-to-
structure fire spread experiments and the relative location of (A) optical
launches, (B) detectors, and (C) control electronics in the experimental
configuration. The green dashed and dotted lines represent digital
and analog communications, respectively. Orange solid lines represent
single-mode fibers used to carry NIR light to the launch optics. Green
and red solid lines represent laser light. Cage-mounted launch optics,
and collection mirrors and detectors sit on 30 cm by 30 cm square
breadboards on opposite sides of the target structure. The eave vent
location at the top of the target structure wall is indicated by a yellow
star with the flame jet directed toward it.

single-spectrum collection, which limited the acquisition rate to
approximately 7 Hz, or one spectrum every 143 ms.

B. Test Infrastructure

The objective of the experimental burn series was to observe
the performance of commercially available “fire-resistant” eave
vents, which conform to Chapter 7A of the California Building
Standards Codes and ASTM E2886 standards [6], specifically
those designed with a self-sealing intumescent coating to pre-
vent hot gases and embers from entering the interior of the
structure. The target structure was designed to represent the
fagade of a single-story structure with the vent installed under
the eaves of the roof at the top of the outer wall [approximately
4 m (13 ft) above the floor]. The wall was approximately 4.9 m
(16 ft) wide. For the complete experimental design of the target
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the corresponding distances. The two paths were separated by
approximately 81 cm (32 in). Compared to the eaves path, the
attic path was elevated by 15.875 cm (6.25 in) to allow the beam
to pass through concentrated gases exiting from the plenum box
leading from the vent, as shown in Figs. 1 and 2.

Data were collected with the open-path system during 12
experimental burns in which noncombustible sheds of varying
size and fuel loads (wood cribs) were burned. The sheds were
placed at different separation distances from the target wall
structure [4] to produce flame jets aimed toward the eave vents
(Fig. 1). Both the target wall and the sheds were underneath
a 10 m by 10 m, 20 MW, exhaust hood at NFRL [4,21]. The
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Fig.2. A diagram of the laser instrument incorporated into the target structure set-up. The target structure is shown in the center with laser launch
and collection platforms on either side. The total path lengths from laser launch to detector were approximately 901 cm (29.5 ft). Placements of the
thermocouples (TCs) throughout the structure are marked with red circles. Black dot-dash lines represent measured segments of the path length.



Research Article

exhaust collected by this hood leads to an emission control sys-
tem and an oxygen consumption calorimeter, which measures
the heat-release rate (HRR) during an experiment. HRR is often
the primary metric of interest for gauging the intensity of the
fire. Data from thermocouples (TCs) and additional auxiliary
sensors were also collected throughout the burns. Placement of
the TCs on the exterior of the wall is shown in Fig. 2 (see Ref. [5]
for more information).

In addition, times of important experimental “events” were
recorded. These include: “ignition” or the initial ignition time
of the source fuel load, “first embers through vent” or the time
when embers were first observed entering the interior of the
structure via IR or video camera, “vent activation” or the initial
time of change seen in the vent (vent closure or half closure),
“eave ignition” or the time of ignition for the target structure,
and “fire suppression” or the time when water is first applied to
the structure.

3. SPECTRAL ANALYSIS AND FITTING

Experimental absorption spectra were treated using custom
Python and Pascal codes (“PasFireSim”), utilizing spectral
parameters and transition information from the HITRAN2020
database [22]. To determine water vapor mole fraction and
gas-phase temperature, the photodetector’s raw voltage is first
converted to absorbance using the following equation:

AW) = —In <[i) , (1)

0

where A denotes absorbance, / represents the transmitted laser
intensity in the presence of the absorbing molecule, and /; is the
transmitted laser intensity in the absence of an absorber in the
optical path (i.e., the background signal). In this study, /, was
calculated across the full tuning range by performing a linear
baseline fit using the 15 data points on either side of the recorded
spectrum, where absorption was near zero and variations in the
background intensity were approximately linear. For recorded
spectra, the background intensity exhibits only slow variations
across the scan. Therefore, a linear baseline provides a suffi-
ciently accurate first-order approximation of /; while keeping
the analysis straightforward. Comparable TDLAS systems with
larger scan regions may require a more complex baseline fitting.
Both linear and polynomial baselines were evaluated in this
work. Fitting residuals showed that more complex polynomials
did not improve the quality of the spectral retrievals, and thus
the linear model was used. Scans heavily distorted by beam
steering or transient particles are rejected by the quality filter
prior to fitting (see Section 5.B). For additional information on
baseline fit used in this work, see [5], Fig. 49.

Wavenumber calibration of the laser was completed with a
wavemeter (manufacturer-specified accuracy of =+ 0.028 nm)
and was implemented to convert the recorded laser tempera-
ture and current to emitted frequency. Drift in peak location
observed throughout the experimental series was within the
uncertainty range of the laser controller and wavemeter cal-
ibration. Experimental spectra were then fit using a model
calculated as

AW)=S8(1)- g, P, T)-p(P, 1) x - L, )
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Fig. 3.  Simulated absorbance spectra (black solid lines using
HITRAN database and red dashed lines using HITEMP database) of
the sampled region where xy,0 = 0.010, 7= 500 K (A) or 7=296K
(B),at P =1atm, and £ = 901 cm are overlayed with a stick diagram
(vertical black dashed lines) of H,O transitions I, II, and III, which
represent temperature-corrected line strengths.

Table 1. H,O Transitions of Interest from vy + v3
Vibrational Band
Line Intensity,

Frequency, cm™!/(molecule - cm?)  Lower State
Label cm™! at296 K Energy, cm™
1 7175.4930 2.81 x 1072 1360.2353
II 7175.9220 2.26 x 107 2129.5992
111 7175.9873 2.68 x 10722 206.3014

where S(7) is the molecular line intensity from the
HITRAN [22] or HITEMP [23] database with units of
cm™!/(molecule cm™2), g(v, P, T) is the calculated line
profile, p(P, T) is the molecular density, x is the mole fraction
of the target species, and £ is the optical path length. v denotes
frequency, P represents pressure, and 7" is temperature. For this
work, a Voigt line profile was utilized. Both total path lengths
were approximately 901 cm, as detailed in Section 3.B.

Figure 3 displays simulated spectra of the two absorption
features of interest in this study at a water vapor mole fraction
0f 0.010. Figure 3(A) shows an extreme example of a simulated
spectrum at 500 K using both the HITRAN (black solid line)
and the HITEMP (red dashed line) databases, while Fig. 3(B)
shows a simulated “background” spectrum at 296 K over a
901 cm path length. The major absorption lines of interest in
this region are from the v; + v vibrational band of water. The
transitions displayed in Fig. 3 (I-III) are listed in Table 1. The
lower state energy of each molecular transition contributes to a
unique temperature dependence.

The modeled spectra from PasFireSim were fit to experi-
mental spectra using an Nelder—-Mead simplex algorithm to
determine water vapor mole fraction and temperature for each
spectrum [24]. For the final fits, the HITRAN2020 database
was used, as the path-averaged temperatures were lowered
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Fig. 4. Example experimental spectrum (black dots) and spectral

fit (red line) for eaves path collection 1.32 min after fire ignition.
Corresponding fit residuals are shown above. The signal-to-noise ratio
for this spectrum is 169 with a fit quality factor of 82.04.

relative to peak local temperatures, making HITRAN line
intensities more appropriate than HITEMP. Initial values for
the temperature were selected by utilizing path-length weighted
averaging of auxiliary thermocouple sensors placed on the width
of the structure, as illustrated in Fig. 2(B). In Eq. (2), since
temperature is being optimized, the line intensity, line profile,
and molecular density are recalculated with each step of the
simplex. Initial values for the water vapor mole fraction were
determined by utilizing auxiliary ambient humidity, tempera-
ture, and pressure sensors in the experimental zone on the day
of the experimental trial in the NFRL. An example of a fitted
spectrum is shown in Fig. 4.

Quality of the spectral fit was quantified by a fit quality factor
(QF), defined as

QF = @

9
O'residuals

where Apmay denotes the maximum absorbance of the fit spec-
trum, and Oyeduals 1 the standard deviation of the fit residuals
across the full spectral range. This metric provides a unit-
less measure of fit quality analogous to signal-to-noise ratio,
where higher values indicate a stronger and more reliable fit
relative to the residual variability. The QF was calculated for
each fit spectrum and used to assess fitting robustness across
measurements.

4. RESULTS AND DISCUSSION
A. System Performance

To evaluate the noise performance of the system, an Allan analy-
sis was performed [25]. For this analysis, a single optical path
was configured identically to the experimental setup used at
NFRL, with a comparable optical path length (approximately
9.2 m), and was probed for approximately 30 minutes under
ambient laboratory conditions. The Allan deviation of base-
line noise was calculated using averages of 1-100 spectra, and
results are shown in Fig. 5. The observed slope of —0.467 in the
log—log plot confirms that the system is dominated by random

Research Article

1073,
Fo~~es
L Theel

— L “e.le
3 e
< - b
3 RN
S - LA
2 b ~.
< T e
5107
-+
= C
e C
3 L
o L
C
© L
3

1075 ]l- 1 1 1 1 1 11 |1|0 1 1 1 1 111 iéo

Number of Spectra Averaged (N)
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absorbance spectra. The dotted line represents a slope of —0.467,
indicative of random noise.

noise across the relevant measurement timescale. The Allan
deviation for a single-spectrum acquisition was determined to
be 6.8 x 1072 as shown in Fig. 5. Given the need for temporal
resolution of rapid events in a dynamic fire environment and
demonstrated high signal-to-noise ratios without averaging,
a single-spectrum acquisition approach was adopted for all
experiments.

B. Data Throughput

The open-path instrument was installed at NFRL under the
10 m by 10 m hood from March 2024 to May 2024. During this
period, the instrument was used to collect data during twelve
experimental burns. The heat release rates (HRRs) of the fires
ranged from 700 kW to 2.5 MW as the fuel load (wood cribs)
in the source structure (sheds) was varied. Detailed information
on HRR for each combination of shed-type and fuel-load is
available in [5]. For each burn, the open-path system began data
collection prior to ignition, to measure ambient water vapor
mole fraction and gas temperature and continued beyond fire
suppression.

To facilitate analysis, an initial data quality filter was applied
to remove spectra with insufficient signal for fitting (i.e., due to
reduced laser transmission observed at the detector or perturbed
by interfering particulates). The filter more frequently elimi-
nated data collected from the eaves path, where the laser beam
passed directly through flame jets emerging from the source
structure toward the eave vent (see Fig. 1). Data throughput,
defined as the percentage of total collected spectra as a cumula-
tive pass rate of spectra that pass this quality filter, serves as the
proxy for spectral quality, indicating the fraction of the spectra
unaffected by signal loss or baseline distortion. In the context of
this work, data throughput reflects the tolerance of the system to
the multivariate, rapidly evolving conditions of large-scale fire
experiments.

The average signal-to-noise (SNR) ratio of the absorbance
spectra, calculated as the peak absorbance divided by the base-
line noise, exceeded 180. In comparison, the average fit QF,
defined in Eq. (3), was 52. This difference is expected, as QF
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(orange) optical paths during an experimental burn (eZ0). Events
are demarcated with vertical dashed black lines (see definitions in
Section 3.B).

accounts not only for baseline noise but also for structured
residuals from baseline drift, minor spectral interferences, or
uncertainties in the modeled representations of the spectra.
Despite being lower than SNR, QF values remained sufficiently
high to indicate robust fits, confirming that the modeled spectra
reliably capture the dominant absorption features. Together,
the high SNR and strong QF demonstrate the quality of the
open-path measurements presented here.

Data throughput and data quality varied throughout
each experimental burn. Figure 6 shows an example of data
throughput during a single burn, showing a typical pattern:
throughput declines in both optical paths following ignition
due to increased smoke and flame particulate disrupting laser
beam transmission. Following vent activation, throughput in
the attic path begins to recover, suggesting that the closing vent
helped to block or redirect interfering particles. Additional
throughput data from other experimental burns are provided in
Supplement 1.

Throughput data quality trends are not isolated, but trends
across experiments are difficult to predict due to the multi-
variate nature of the experimental tests. To better illustrate
the complexity of experimental conditions affecting signal
quality and data collection, key metrics across all burns are
summarized in Table 2. These metrics include the peak HRR
of each experimental burn as determined by NFRL (described
in Section 3.B) [21], fire suppression time, which represents
the burn duration, vent activation status, and the observation
of changes in open-path measurements of amount fraction
and temperature in response to critical experimental events
(discussed in Section 5.C). Notably, tests with longer burn
durations and delayed suppression, such as Test ID e21, show
reductions in throughput percentages, particularly in the eaves
path. This is likely due to the sustained burning conditions
generating particulates that disrupt the laser beams. Table 2 also
captures notable exceptions and data loss events. In Test ID /5,
for instance, excessive steam during suppression triggered a laser
safety shutdown due to prolonged signal loss (Table 2, Notes).
Other variables affecting data throughput include fuel load, fuel
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indicate data smoothed with a Savitsky—Golay filter (15-point window,
second-order polynomial).

configuration, various structural changes such as caulking and
routing, burn time allowed before suppression, and the location
where the structure began to ignite. The effects of these variables
on fire spread and vent performance are explored in Ref. [5].

C. Experimental Data

This section highlights representative portions of the experi-
mental data collected during the burn to highlight the temporal
evolution of key measurements, water vapor mole fraction and
gas temperature, and the performance of the spectral fitting
process based on the path-averaged approach described in
Section 4. Two critical events are highlighted: fire ignition and
ventactivation.

Figure 7 shows data around the time of ignition of one exper-
imental burn (Test ID ¢10). On the left side of Fig. 7, increases
in water vapor mole fraction and temperature are observed in
the eaves path. On the right side, data from the attic path shows
no appreciable changes in these variables at the time of ignition.
The behavior in the eaves path aligns with trends observed across
all burns, while attic responses were more varied (as noted in
Table 2). This variability in the attic response can be attributed
to the structural configuration of the target structure. Only
approximately 6% of the total optical path in the attic intersects
with the flow of hot gases through the eave vent, with most of
the path passing through ambient air conditions. This limited
interaction zone explains why the attic path measurements are
more sensitive to the ambient conditions and showed delayed or
absent responses to fire events compared to the eaves path, which
passes directly through the active combustion environment (see
Section 6.B for further discussion). Additional data from other
experimental burns are provided in Supplement 1.

Similarly, Fig. 8 shows data from the attic path around the
time of vent activation (Test ID e10). After the activation or
partial closure of the intumescent eave vent, a notable reduction
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Table 2. Review of Data Throughput and Overall Experimental Results
Observed Change Observed Change
within Ignition within Vent
Window’ Activation Window’
Peak Timeof VentClosure Time of Fire

Test HRR  Peak HRR (Yes,Partial, Suppression Attic Data Eaves Data  Eaves Attic Attic

ID (MW) (min)” No) (min)” Throughput  Throughput Path Path Path

€9 1.1 12.68 Partial 25.02 90 % 25% Yes No No

el0 1.4 12.85 Partial 15.15 90% 30% Yes Yes Yes

ell 1.4 11.02 Partial 12.47 95% 42% Yes Yes No

el2 0.75 15.45 No 25.03 90% 21% Yes Yes N/A

el3 1.1 8.88 No 25.03 90% 17% Yes Yes N/A

eld 1.3 16.15 No 25.00 50% 17% Yes Yes N/A

el5 1.7 16.55 Partial 18.93 90% 25% Yes Yes No

el7d 1.4 18.00 Partial 25.02 69% 31% Yes N/A No

el8 1.9 17.98 Partial 18.85 98% 36% Yes No Yes

el9 1.8 15.53 Partial 16.85 84% 31% Yes No Yes

€20 1.4 16.07 Yes 40.00 70% 40% Yes No No

e2l 1.4 14.72 Yes 50.10 23% 29% Yes Yes No

“Times calculated as minutes since ignition time.

’Observable changes which indicate a clear increase or decrease in temperature, water vapor mole fraction, or noise level of the data within specific time windows (see

Section 5.C for further discussion and Supplement 1 for additional figures). Ignition window is defined here as one minute prior to and three minutes after fuel igni-
tion. The vent activation window is defined as two minutes before and after the determined vent activation time.

‘Excessive steam during fire suppression engaged the laser safety shutdown procedure due to prolonged loss of signal at the detector.

“Realignment of receiving optics in the attic path prior to this experiment resulted in saturation of the detector and a lower throughput around ignition.

0.009

Vent Activation

S
=}
S
©

0.007

Water Mole Fraction

Time Since Ignition (min)

Fig. 8. Data from the time of vent activation (black vertical lines)
in the attic path (e10). The top graph displays changes in water vapor
mole fraction, and the bottom graph displays changes in temperature
in Kelvin. Solid blue and brown lines indicate data smoothed with a
Savitsky—Golay filter (15-point window, second-order polynomial).

of scatter is observed in the fitted spectral results. This reduction
likely corresponds to a decrease in interfering particulate and
smoke entering the attic path through the eave vent. This trend
was common across multiple experiments (such as in Test ID
el8, see Table 2 and Supplement 1), further emphasizing the
attic path’s sensitivity to vent activation and structural con-
figurations. Additional data from other experimental burns are
provided in Supplement 1.

D. Segmented Spectral Retrieval for Spatial
Resolution Enhancement

To enhance spatial resolution along the optical paths and better
capture temperature and mole fraction gradients across the
structure, we explored the use of a segmented spectral retrieval
technique. The method leverages thermocouple measurements
distributed along each path to provide initial values for spectral
simulations from discrete spatial segments. These segment-
specific spectra are then summed and compared to the measured
data, with cumulative fit residuals used to optimize the local
gas-phase temperature and water vapor mole fraction in each
segment.

Figure 9 demonstrates the application of this retrieval strat-
egy using the segment measurements shown in Fig. 2 as black
dash-dotted lines. Figures (9A)-9(E) show the simulated spec-
tra for each individual segment along with its corresponding
fitted water mole fraction and temperature over their respective
path lengths. Compared to traditional path-integrated fitting
described in Section 4 and shown in Fig. 4, the segmented
approach maintains fit precision with similar fit QF, while pro-
viding more spatially resolved profiles of x ;0 and temperature
along the beam path, an advantage for the inhomogeneous fire
environments. For example, the path-integrated retrieval of
the spectrum shown in Fig. 4, a single integrated temperature
of 304.8 K and a water vapor amount fraction of 0.0070 is
determined across the full path length, with a QF of 82.04.
In contrast, the segmented fit of the same spectrum resolves
the temperature gradient and localized increase in water vapor
mole fraction. Weighted averages of 304.3 K and 0.00699 for
temperature and water vapor mole fraction, respectively, were
calculated from the individual segment fits, yielding a nearly
identical QF of 82.05. While this segmented approach shows
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Fig.9. Demonstration of segmented fitting approach applied to the
same spectrum shown in Fig. 4, a spectrum collected in the eaves path
1.3 min after ignition. (A)—(E) represent simulated spectra for each dis-
tinct path length section, which are combined to generate the total sim-
ulated spectra seen as the red solid line in (F). The black data points in
(F) represent experimental data. Fit quality factor for this spectrum is
82.05.

promise, its practical application is currently limited by the
number and placement of additional auxiliary sensors, like more
spatially distributed thermocouples, to provide accurate initial
estimates for each segment, which are critical for convergence
of fits. With only a sparse distribution of auxiliary sensors,
localized spectral features are not fully captured. Expanding the
sensor network along each optical path would be necessary to
improve the reliability of this approach, but it offers significant
diagnostic value that could be used to better identify localized
features such as vent-driven flows or hot spots.

Though only the HITRAN database was used in this example
due to the lower temperatures in all segments, for applications
involving higher-temperature segments, use of the HITEMP
database would be recommended to ensure accurate line
intensities and temperature-dependent absorption features.

This type of segmented spectral fitting has seen success in
atmospheric remote sensing [26,27], and its adaptation as
described here could offer a promising path for fire diagnostics.
Specifically, this strategy could yield space- and time-resolved
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information that could support validation of computational
fluid dynamics (CFD) fire models [4,28,29] by providing
high-resolution profiles of gas distributions and temperature
gradients, particularly in enclosed structures.

5. CONCLUSIONS
A. System Performance and Experimental Findings

In this paper, we have demonstrated the development and
installation of an open-path tunable diode laser absorption
system for determining gas-phase temperature and water vapor
mole fraction along two distinct, simultaneous measurement
paths during structure-to-structure fire spread experiments.
Among the spectra that pass the analysis quality filter, the system
achieved an average SNR above 180, even in this challenging fire
environment.

The instrument performed reliably throughout the exper-
imental series and provided quality measurements under the
various conditions. The simultaneous dual-path measurements
across both the attic and eaves path captured variations in tem-
perature and water vapor as burn “events” progressed. While
the eaves path showed strong signal changes throughout the
burns, the attic path, due to its limited overlap with fire-affected
regions, yielded more static results. These observations under-
score the importance of complementary sensor placement,
temporal resolution, and test structure design.

B. Pathways for Instrument and Experimental
Improvement

The TDLAS system provided a robust optical and electronic
design; however, the data acquisition rate (7 Hz) was con-
strained by communication latency between the custom control
software and the data acquisition hardware. While sufficient to
resolve key events in the structural fire experiments presented
here, prior work has shown that faster update rates may help to
further mitigate the spectral distortion effects of smoke inter-
ference and beam steering [30]. These improvements would
enable more effective temporal averaging and enhance SNR. In
addition to generally faster full-spectrum scanning, higher spec-
tral acquisition rates can be achieved by reducing the number of
data points collected per scan, provided that spectral coverage
remains sufficient to resolve and fit the relevant absorption
features.

In addition to improving acquisition speed, expanding the
system’s capabilities to include multi-species detection would
significantly enhance its diagnostic power. This instrument was
optimized for H,O detection using three temperature-sensitive
absorption transitions (see Fig. 3). For instance, integrating a
second NIR diode or transitioning to a mid-IR laser would allow
for simultaneous (or near-simultaneous) CO, and H,O mea-
surements. Spectra collected around 2.7 um show absorption
lines of these two gases within 0.22 cm™! of each other with
similar line strengths, which would make them a promising
target for dual detection [31,32]. The CO, transition in this
region exhibits strong temperature dependence due to its high
J level (/7 = 34) and the Boltzmann population distribution,
which enhances sensitivity to temperature variations that would
be beneficial for dynamic fire diagnostics.
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Complementary to these hardware improvements, modi-
fications to the test structure itself could further improve the
sensitivity of the laser-based measurements. As detailed in the
fire dynamics simulations in Ref. [4], Appendix E, a partially or
fully enclosed attic space would allow for gas retention and more
pronounced temperature gradients, spatially and temporally. In
the current setup, only a small portion (approximately 6%) of
the total attic optical path was influenced by the flow of hot gases
and particulates through the eave vent.

Opverall, this work demonstrates that TDLAS measurements
can be robust in large-scale fire experiments and highlights
several key design and instrumentation considerations for future
deployments. Accurate interpretation of the quantitative results
from the data requires recognition of the inherently stochastic
nature of large-scale burns with a complex multivariate testing
matrix. The capability to obtain gas-phase information under
harsh conditions, without perturbing the local environment,
provides valuable insights into fire dynamics and gas transport
in structure scale burns, which act as the closest analogs to
real-world fires. Continued refinement of acquisition speed,
multi-species capabilities, and usage of more spatially resolved
retrieval methods can further extend the utility of this platform,
enabling improved validation of fire models and fire safety
engineering aimed at enhancing structure resilience in WUI
fires.
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