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Absorption cross-sections of formaldehyde (CH,0) were measured at elevated temperatures near 3.6 pm,
a region of strong intensity due to the overlapping Qs branch of the v; band and the PQ, branch of the
v+v4 combination band. 1,3,5-trioxane was shock-heated in an argon bath gas to produce controlled mix-
tures of formaldehyde over a range of temperatures (900-1500 K) and pressures (0.4-4.8 atm). Spectrally-
resolved absorption measurements of formaldehyde were obtained using a rapidly-tunable distributed-
feedback interband cascade laser scanned at 40 kHz over 2778.1-2778.9 cm~' behind reflected shock
waves. The resulting absorption cross-sections were fit with functions reflecting the temperature and
pressure dependence of the targeted features, enabling spectral reconstruction at any temperature and
pressure within the range of the study. By exploiting the strong temperature and pressure sensitivity
of the cross-sections, it is demonstrated that CH,O concentration, temperature, and pressure can be in-
ferred from a measured absorbance spectrum. Cross-sections of common combustion species were also
measured over the selected wavelength range to validate that the region is largely free of narrow-band
interference. Further, the multi-parameter spectral fitting method is shown to correct for baseline inter-
ference and demonstrated in experiments involving transient gas properties.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Formaldehyde (CH,0, H,CO, HCHO), or methanal, is an im-
portant molecule in biology, medicine, polymer chemistry, atmo-
spheric chemistry, combustion chemistry, and astronomy. Spec-
troscopy of CH,0 is relevant for remote sensing of protostellar
environments [1] and cometary tails [2]. Most pertinent to the
current work, CH,O is an intermediate species in all hydrocar-
bon combustion, and is particularly prominent in the oxidation
regimes of next-generation low-emission heat engines [3]. Thus,
in-situ spectroscopic measurements of CH,O are important to the
study of combustion systems and other high-temperature environ-
ments [4]. Spectroscopic reference data at high-temperature condi-
tions are needed to enable such measurements.

CH,0 is a prolate asymmetric top molecule with Cp, molecu-
lar symmetry [5] and six vibrational modes which render a rich
and complex infrared spectrum. A myriad of fundamental, over-
tone, and combination vibrational bands comprise the dense in-
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frared spectrum yielding several regions of strong absorption. Of
particular interest for sensing applications has been the overlap
of the C-H symmetric and asymmetric stretch bands in the do-
main of 3.4-3.6 um, and the C-O stretch band near 5.7 pm. Sev-
eral researchers have probed select wavelengths in the infrared ab-
sorption spectrum of CH,O for quantitative in-situ measurement of
species concentration at elevated temperatures [6-10]. The spectral
regions relevant to these prior works are labeled in Fig. 1. A com-
mon challenge in these works is locating regions of strong CH,0
absorption which have minimal interference from other species
common to combustion, namely CH4 near 3.6 um and H,O near
5.7 pm. Observing Fig. 1, the region near 3.6 ym was selected for
this study due to very strong CH,O absorption at elevated tem-
peratures, while remaining largely free of common combustion in-
terferers. Fig. 2 offers a closer comparison of the the magnitude
of CH,0 absorbance relative to common interferers within the tar-
geted spectral region of this study. As shown, this domain involves
overlapping Q-branches from the v; (C-H symmetric stretch) band
and the v,+v4 (C-0 stretch + H-C-H out-of-plane vibration) com-
bination band.

The number of infrared active vibrational modes of CH,O in-
herently leads to a very large number of possible transitions, or
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Fig. 1. Formaldehyde, methane, and water absorbance plot between 3.4-3.8 pm and 5.5-5.9 pm. The water absorbance between 5.5-5.9 pm has been scaled by a factor of
1/50. The spectral region studied in this work is highlighted in blue while the regions studied in similar works are highlighted in purple.
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Fig. 2. Absorbance plot of formaldehyde and potential interferers within the spec-
tral region relevant to this study. A stick plot of the formaldehyde absorption bands
is shown underneath the absorbance feature.

lines, which can be difficult to fully account for in line-by-line
modeling. This challenge is exacerbated at elevated temperatures
when more high rotational energy states are populated and more
lines meaningfully contribute to observed spectra. The population
of high rotational states at elevated temperature also increase the
likelihood of band overlap, as observed in the domain near 3.6 um.
These factors, along with collisional effects at elevated pressures,
blend spectral transitions and complicate modeling. Prior exper-
imental and computational spectroscopy studies have been per-
formed to help build formaldehyde line lists in databases such as
HITRAN and GEISA [11,12]. Unfortunately, the HITRAN and GEISA
formaldehyde line lists are limited to relatively low-lying rota-
tional states populated at room temperature. The AYTY line list
(accessible through ExoMol) provides a spectroscopic database for
CH,0 accounting for higher energy states [13-15]. The line list in-
cludes many more transitions and has improved agreement with
data at elevated temperatures, as can be seen in Fig. 3. Despite
such improvement, residual disagreements with measured cross-
sections near 3.6 pm remain significant, highlighting the need for
more experimental data to serve both as reference spectra for in-
ferring molecular abundance and as validation targets for further
database and modeling improvement.

This paper describes two contributions related to formaldehyde
spectroscopy: (1) a unique high-temperature dataset of CH,O ab-
sorption cross-sections near 3.6 pm, and (2) a novel interference-
immune sensing method for inferring CH,O molecular abundance,

temperature, and pressure simultaneously using tunable laser ab-
sorption spectroscopy in combustion environments. Experimen-
tal methods including the shock-heating apparatus (i.e. shock
tube), gas mixture preparation, and the rapid spectral-scanning
optical setup are described. Resulting measurements of CH,O
cross-sections in an argon bath gas in the spectral domain of
2778.1-27789 cm~! at temperatures of 900-1500 K and pres-
sures of 0.4-4.8 atm are presented. Measured cross-sections are
fit using a linear regression, providing coefficients to reconstruct
the cross-section at any temperature, pressure, and wavenum-
ber within the range of the study. Using the established cross-
section database, a method is developed to infer temperature,
pressure, and CH,0 mole fraction from the local spectral struc-
ture without prior knowledge of baseline intensity, broadband ab-
sorption, path length, or mole fraction. Additional analysis is per-
formed to quantify the effect of common combustion interferers
and how such interference is mitigated. The multi-parameter sens-
ing method is demonstrated via measurements during chemical
kinetics experiments involving CH,O formation. In aggregate, this
work provides a basis for robust and quantitative measurements of
CH,O0 in dynamic, high-temperature environments and contributes
to the body of experimental reference data on formaldehyde spec-
troscopy.

2. Theory
2.1. Absorption spectroscopy

Here we briefly describe the basic elements of spectroscopic
theory used in this work to define terms and notation. Spectral
absorbance, «(v), associated with the target species is calculated
using the ratio of transmitted light (I;) to incident light (Iy) as de-
fined by the Beer-Lambert law:

a() = —In (;;) = XapsPL Y S;(T)$; (0, T, Ave(T,P. X)) (1)
v -
j
In Eq. (1), v [cm™!] is the wavenumber, X, is the mole frac-
tion of the absorbing species, P [atm] is the pressure, L [cm] is the
path length, S; [cm~2/atm] is the linestrength of transition j, T [K]
is the temperature, ¢; [cm] is the lineshape function of transition
j, and Xy represents the dependence of the lineshape function on
the gas composition due to collisional broadening. The collisional
width of the line, Avg, is given by Eq. (2) in which ycy,o-y is the
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collisional broadening coefficient.
Ave =P Xy2¥cr,0-v(T) (2)
Y

Eq. (1) is useful when comprehensive line-by-line databases are
available for the target species, and we use this form of the Beer-
Lambert law in Section 2.2 for performing spectral simulations us-
ing the HITRAN and ExoMol databases [11,15]. However, line-by-
line summation is less tractable for larger molecules with a larger
number of energy states and associated transitions, for which
comprehensive databases are lacking (especially at high temper-
ature conditions). Line-by-line summation is also challenging in
spectral domains that are highly convoluted due to line broaden-
ing and mixing between many neighboring transitions with over-
lapping lineshape distributions. The absorption cross-section, o,
[m?/mol], represents an aggregate of the linestrength and line-
shape function at a given wavenumber, temperature, and pressure.
Eq. (3) defines the absorption cross-section as a function of S; and
¢; multiplied by the universal gas constant R [8.314 J/mol K], T,
and a unit conversion factor:

1
Oaps(V, P, T, Xy) = RT - 01395 Zj:sj(mpj(v, T, Ave(T, P, Xy))

3)

The absorption cross-section provides a useful scaling parameter
for wavelength-specific molecular absorptivity that can be charac-
terized as a function of temperature and pressures when line-by-
line parameters are not easily deconvolved. Eq. (4) shows a mod-
ified version of the Beer-Lambert Law that is obtained by substi-
tuting Eq. (3) into Eq. (1), subverting the line-by-line summation
to determine absorbance at a given condition from an absorption
cross-section.

(V) = XapsPLOaps (v, P, T)/RT - 1013.25 (4)

2.2. Existing spectral databases

The HITRAN and ExoMol databases provide line-by-line spectro-
scopic parameters associated with many CH,O transitions near 3.6
pm [11,15], the targeted spectral region in this work. Line-by-line
absorbance simulations require parameters that define transition-
specific collisional broadening, ycn,0-y, Which are partly cap-
tured in the aforementioned databases. While the current HITRAN
database provides collisional broadening coefficients for each line
reported, the ExoMol database contains coefficients only for transi-
tions associated with the lowest rotational quantum numbers [16].
As a first-order comparison, the average of the HITRAN collisional
broadening coefficients of CH,O was employed to simulate the ab-
sorbance using the linecenters, linestrengths, and lower state en-
ergies from the ExoMol database. Figure 3 compares the predicted
absorption cross-section near 3.6 pm using line-by-line simulations
with each database assuming He as the collision partner along-
side an experimental measurement of the CH,O absorption cross-
section in a He bath gas.

The top of Fig. 3 shows that absorption simulations using
parameters from the HITRAN database predict lower absorption
than simulations using parameters from the ExoMol database,
while both simulations predict a lower overall absorption cross-
section than is observed experimentally. These disagreements can
be better explained by examining the underlying transitions. The
bottom of Fig. 3 includes a stick plot of the temperature-dependent
linestrengths calculated using each database. Within the simu-
lated region, the ExoMol database contains more lines than the HI-
TRAN database and generally predicts higher linestrengths for lines
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Fig. 3. Comparison between absorption cross-section (Top) and line strengths (Bot-
tom) predicted using HITRAN and ExoMol databases. Experimental data at T =
1120 K, p=0.82 atm, and 1% CH,0 in He are included in the absorption cross-
section plot. Simulations were performed at the same conditions as the experiment.
The HITRAN simulation uses line-by-line He broadening coefficients provided in HI-
TRAN and the ExoMol simulation uses the average of the HITRAN broadening coef-
ficients within the simulated spectral range.

shared between the two databases. These differences lead to bet-
ter agreement between the ExoMol database and the experimen-
tally measured cross-sections in the region between v =2778.5
and 2778.9 cm~!. In this region, the observed disagreement seen in
Fig. 3 is likely due to inaccuracies in the assumed broadening coef-
ficients. Between v = 2778.1 and 2778.5 cm™!, both databases con-
sistently underpredict absorbance suggesting that both databases
are either missing high-temperature transitions and/or contain in-
accurately low linestrengths in that region. It should be further
noted that potential line mixing at the bandhead of the PQ; branch
of the v,+v, combination band may also be responsible for the
local underprediction [17,18]. Rather than attempt to generate the
presumed missing lines or characterize the line mixing and broad-
ening, we measure absorption cross-sections over a range of tem-
peratures and pressure to characterize the absorptivity of this con-
voluted spectral region.

3. Experimental setup

The absorption spectra of CH,O near 3.6 um were obtained
using a tunable interband cascade laser scanned over the wave-
length domain of 2778.1-2778.9 cm~!. Measurements at high-
temperature were enabled by a shock tube facility, depicted in
Fig. 4. Hot CH,0 was formed by shock-heating mixtures contain-
ing 1,3,5-trioxane in argon. Absorption cross-section measurements
were taken over a range of conditions spanning temperatures from
900-1500 K and pressures from 0.4-4.8 atm. In this section, we
detail the experimental configuration, including the high-enthalpy
shock tube and optical hardware used in this work, as well as the
related preparation, measurement, and analysis procedures.

3.1. Optical setup

High spectral-resolution investigation of the CH,O absorption
features near 3.6 pm was enabled by a continuous-wave dis-
tributed feedback (DFB) interband cascade laser (ICL) (Nanosystems
and Technologies GmbH), used to access the individual rovibra-
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reflected shock regions. (Top-right) Raw detector signal of attenuated light, Iy, plotted on top of the pre-shock background signal, Iy. (Bottom) Side view of shock tube with

optical access location and diaphragm location labeled.

tional transitions comprising the overlapping 2Qs branch of the v,
(C-H symmetric stretching) band and the PQ; branch of the v,+vy
(C-0O stretch + H-C-H out-of-plane vibration) combination band.
The ICL can be tuned in wavenumber from 2775 to 2781 cm™!
and has a nominal output power of 8.3 mW near 2778.5 cm~!.
A 40 kHz triangle waveform of injection current was used to tune
the ICL across a 1.03 cm~! scan depth to resolve the entirety of
the targeted spectral features near 3.6 wm. The laser scan rate and
waveform provided an effective raw measurement rate of 80 kHz
including the up and down scans. This raw spectral measurement
rate could be down-sampled or averaged to improve SNR (signal-
to-noise ratio). The injection current was modulated below the las-
ing threshold to mitigate the effects of thermal emission from the
hot gases in the shock tube.

The optical arrangement of the laser absorption sensor on the
high-enthalpy shock tube is shown in Fig. 4. The transmitted laser
radiation is passed through an optical iris and a bandpass spectral
filter (Andover, 36004140 nm) to minimize thermal emission be-
fore being focused onto a thermo-electrically cooled photovoltaic
(PV) detector (VIGO System PVI-4TE-6-1). For each measurement of
transmitted intensity I;, a corresponding background Iy is recorded
in the absence of a mixture to establish a baseline for calcula-
tion in Eq. (1). The relative frequency of the laser light is deter-
mined by placing a germanium etalon with a free spectral range
of 0.0241 cm~! in the path of the beam using an optical flip-
mount. Additionally, shocks were run in pure Ar to quantify the
effect of beam steering on the transmitted signal. Beam steering
effects were generally limited to the first laser scan period which
was not used in data analysis.

3.2. Wavenumber calibration

During the experiment, time-resolved absorbance data is cap-
tured following the passage of the reflected shock. Additional
information is required to convert the time-resolved data into
spectrally-resolved data. First, the relative wavenumber of the scan
is determined by placing the aforementioned germanium etalon in
the beam path and recording the attenuated light. The temporal
spacing between peaks of constructive and destructive interference
provides a mapping between time and wavenumber in the scan,
provided that the free spectral range (FSR) is known. FSR is a func-
tion of the length and index of refraction of the etalon, each with
its own uncertainty. In this arrangement, the absolute wavenum-

ber is unknown and measurements cannot be reliably calibrated
against existing spectral databases for CH,0 due to the significant
disagreement between simulations and measurements is noted in
Fig. 3. An independent reference is therefore required to confirm
the FSR and establish the absolute wavenumber range captured in
the scan.

The P branch of the v,+v, combination band of methane con-
tains three strong room temperature transitions within the spec-
tral range of the scan. Two of the transitions are grouped around
v =2778.06 cm~! and the other is located at v = 2778.64 cm™!;
notably, all three lines can be accessed without changing the laser
temperature or injection current. The HITRAN database lists the
uncertainties of these linecenters as <0.01 cm~!'. Methane data
were recorded before every test to account for day-to-day laser
drift; the FSR never deviated more than 0.05% and the linecenter
position never deviated more than 0.025 cm~! over the course of
the measurement campaign. Methane measurements taken before
and after the reflected shock tests produced no noticeable change
on the timescale of hours. As such, we estimate a corresponding

spectral position uncertainty of <0.01 cm~!.

3.3. Mixture preparation

At room temperature, formaldehyde is not sufficiently stable
at substantial enough quantities to be used directly in test mix-
tures of interest. Thus, we required a molecule to serve as the
formaldehyde source. 1,3,5-trioxane readily decomposes into three
formaldehyde molecules at elevated temperatures and has a suffi-
cient vapor pressure to be used in test gas preparation. However,
due to its relatively low vapor pressure at room temperature and
polarity, 1,3,5-trioxane may condense onto or adsorb into the walls
of vessels that it occupies. The corresponding change in gas con-
centration (within a diluted mixture) depends on many factors,
including the respective gas system volumes, metal type/surface
roughness, and partial pressure of 1,3,5-trioxane [19]. Common
methods for handling adsorbing molecules in shock tube experi-
ments are: 1) Passivate the shock tube walls by filling the tube
with the adsorbing molecule, promptly vacuum this mixture and
then re-fill with a mixture of the desired concentration; 2) heat the
shock tube walls to reduce adsorption and raise the vapor pres-
sure; and 3) allow the molecule to partially adsorb and then mea-
sure the resulting concentration immediately before the shock [20].
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For this study, we used a combination of passivation and di-
rect measurement of trioxane concentration just prior to the shock
tube experiment. Due to a lack of an existing database for triox-
ane absorption in this region, we performed a room-temperature
spectroscopic study of trioxane using a small optical gas cell with
a longitudinal path length of 26.34 cm. In this trioxane cross-
section study, the small diameter gas cell was connected to a gas
delivery manifold, itself connected to vacuum pumps and a borosil-
icate glass flask containing the crystalline 1,3,5-trioxane. The triox-
ane absorption measurements were performed over the length of
the gas cell as opposed to traversely, as in the shock tube con-
figuration. This configuration allowed for an initial fill with pure
trioxane followed by back-filling the gas cell with argon to achieve
a target concentration percentage without concern for longitudi-
nal variation that could distort the measurement. The integrated
absorption from the initial pure trioxane gas sample was used to
calibrate the gas mixture concentration. The gas pressure in the
cell was monitored using a capacitance manometer (MKS Baratron
627D). Absorption cross-sections were recorded over a range of ex-
perimentally relevant pressures (10 to 250 Torr) for a mixture of
0.5% trioxane. This concentration was selected to provide sufficient
absorbance in the 10.32 cm path length of the shock tube while
also minimizing the amount of trioxane in the mixture to miti-
gate the temperature drop associated with endothermic dissocia-
tion after the shock. The trioxane cross-sections are reported in
Appendix A. With well-characterized cross-sections of trioxane at
relevant concentrations, the shock tube test mixture composition
could be readily determined before each experiment despite some
inherent procedural variability.

3.4. Shock tube experiments

A high-enthalpy shock tube was used to generate high temper-
atures (>800 K) via near-instantaneous shock heating of test gases
with diluted 1,3,5-trioxane. The trioxane is shock-heated to pro-
duce targeted quantities of formaldehyde, as has been successfully
performed by others previously [6,8-10]. The shock tube facility
used is described in prior works by the authors [17,18,21], and is
shown in Fig. 4. The driven and driver sections of the shock tube
are connected to vacuum pumps, an agitated mixing tank, and a
gas delivery manifold used to barometrically prepare the mixtures
for the experimental measurements. Mixtures of 1,3,5-trioxane and
argon are prepared in the agitated mixing tank and allowed to
mix for a minimum of 30 min. Before filling each mixture into
the shock tube, the separate gas cell was filled with methane and
data were recorded to determine both the absolute wavenumber
range of the experiment and FSR, as described in Section 3.2. For
each test, the gas cell was then removed from the beam path and
the shock tube was subsequently filled with 1,3,5-trioxane mixture
and allowed to passivate over 5 min to avoid a substantial change
in composition between the trioxane measurement and shock. One
minute before each shock, the attenuated laser light from the 1,3,5-
trioxane was recorded to later infer the initial (pre-shock) gaseous
trioxane concentration from the trioxane cross-section database
(Appendix A).

The test section of the shock tube has an internal diameter of
10.32 cm, defining the path length L in Eq. (4). Interchangeable
ports holding a dynamic pressure transducer (Kistler 601B1) and
optical windows circumscribe the test section 2 cm from the shock
tube end wall, as shown in Fig. 4. The pressure transducer records
the pressure time history of the incident and reflected shock wave
through a charge amplifier (Kistler Type 5018A), and five piezoelec-
tric sensors (Dynasen CA-1135) record the time of arrival of the
incident shock wave, from which the incident shock velocity and
reflected shock test conditions are determined using normal-shock
relations [22]. When accounting for vibrational relaxation, the un-
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certainties in reflected shock temperature Ts and pressure P5 are
typically about 1-2% [23]. Accounting for the uncertainty in Ts and
the uncertainty due to the dissociation of 1,3,5-trioxane into CH,0
gives a temperature uncertainty of 3%. Example raw voltage data
from the detector and transducer charge amplifier, shown in the
top of Fig. 4, were recorded at 10 MHz using a Tektronix MS044
acquisition module, triggered to record by the time-of-arrival sen-
Sors.

Spectrally-resolved CH,0 absorption measurements at 40 kHz
were performed in the shock tube for a reflected shock tem-
perature (Ts) range of 900-1500 K and a reflected shock pres-
sure (P;) range of 0.4-4.8 atm using scanned-wavelength tech-
niques. Upon shock heating, 1,3,5-trioxane rapidly dissociates into
formaldehyde [6]; the rate at which this occurs limits the accessi-
ble thermodynamic conditions for this study. For reflected shocks
at 1 atm and at temperatures below ~900 K, the trioxane does not
complete dissociation before the end of the achievable test time
for this shock tube configuration (<2 ms). Conversely, at 1 atm
and above 1500 K, the formaldehyde completely dissociated before
a single full scan was complete, providing insufficient data to pro-
duce a reliable cross-section.

3.5. Methyl methacrylate experiments

The cross-sections measured in this work were used to de-
termine the time-resolved concentration of CH,O during the de-
composition of methyl methacrylate (MMA) behind reflected shock
waves. These experiments were performed as part of the work by
Sanders et al. [24] and are described briefly here for context in the
sensing demonstration.

Mixtures of approximately 3% methyl methacrylate diluted in
an Ar bath gas were barometrically prepared in an agitated mix-
ing tank with its pressure monitored by a capacitance manome-
ter (MKS Baratron 627D). Liquid MMA was evaporated from the
aforementioned glass flask and added to the mixing tank before
being agitated with the Ar bath gas for a minimum of 20 min. To
avoid loss of MMA concentration to the walls of the experiment,
the mixing tank and shock tube were filled with pure MMA and
MMA diluted in Ar, respectively, before being quickly vacuumed
and filled to the desired pressure. The remaining procedure of run-
ning shocks and collecting data was identical to the procedure de-
scribed in Section 3.4.

4. Results and discussion
4.1. Formaldehyde cross-sections

A total of 33 tests were run at varied temperature and pres-
sure conditions within the targeted range. Sample data across
two isobars at 0.9 atm and 2.2 atm, along with an isotherm at
1200 K, are shown in the top half of Fig. 5. Four wavelengths la-
beled Ai-A4 were chosen to illustrate the pressure and temper-
ature dependence. These four points consist of the spectra’s left
wing at 2778.11 cm~!, left peak at 2778.34 cm~!, middle dip at
2778.41 cm~! and right peak at 2778.51 cm~!. The trends at the
chosen wavelengths are displayed in the bottom half of Fig. 5.
These specific wavelengths are discussed in the subsequent text
to highlight the variation of temperature and pressure dependence
within the targeted spectra. It should be noted that the entire
spectra (including all these wavelengths) are captured within every
scan period, and that the full spectra (not individual wavelengths)
are used to infer gas properties.

The left wing of the spectra (A;) exhibits minimal dependence
on temperature and pressure relative to the overall spectra. Within
the spectral region, there is no non-absorbing region to serve as
a reference point to which non-ideal effects on the spectra from
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Fig. 5. Cross-sections of CH,0 along an isobar at 0.9 atm (Top-left), an isobar at 2.2 atm (Top-middle) and an isotherm at 1200 K (Top-right). The cross-sections given at
each temperature and pressure represent an average of the cross-sections collected for a single test. The trends of cross-sections as a function of temperature (Bottom-left
and Bottom-middle) and pressure (Bottom-right) at four wavelengths of interest are shown.

emission, mechanical vibrations and broadband interferers can be
corrected. In lieu of a non-absorbing region, A; serves as a ref-
erence that maintains a relatively constant value across a wide
temperature and pressure range. This insensitivity to pressure and
temperature can be attributed to a collection of blended lines with
a range of lower-state energies that effectively offset differences
in temperature-dependence when aggregated. At higher pressures,
the lines under the central feature between 2778.3-2778.5 cm™!
begin to broaden, thus increasing their influence on A4. This results
in a slight linear dependence with temperature and pressure that
is most pronounced in the 2.2 atm isobar and 1200 K isotherm of
Fig. 5.

The wavelengths A,-A,4 are noted for their proximity near the
peak(s) of the absorption cross-section throughout the range of
measured temperatures and pressures. Figure 5 shows that, despite
the overall spectral absorbance decrease with temperature, A, and
A4 remain consistently close to the highest cross-section peak val-
ues. Given the greater temperature sensitivity of A4, compared to
that of A,, the ratio of the absorbance at these wavelengths could
be used to infer temperature (see Section 4.3). An increase of pres-
sure broadens the lines near A, and A4, smoothing the peaks and
valleys of the spectra in the 1200 K isotherm of Fig. 5. The ab-
sorption intensity is spread over a wider range of wavenumbers,

increasing the cross-section in the wings and decreasing the cross-
section between A, and A4. As the cross-sections at A, and A4
decrease with pressure, their broadened absorbance is summed
near As, resulting in A3 becoming the wavelength with the highest
cross-section as the pressure approaches 5 atm.

All cross-section measurements were fit by a multi-parameter
linear regression of logarithmic temperature and pressure terms
with predictors given in Eq. (5), similar to other works [10]. The
integrated absorption cross-section from 2778.1-2778.8 cm~! was
fit using Eq. (6). The coefficients for Eq. (5) are included as supple-
mentary material.

o(P,T,v) = by(v) +by(v)In(T) + b3 (v) In(P)
+bs (V) In(T) In(P) + bs(v) In(T)?
+bg(V) In(P)? + b; (v) In(T)? + bg (v) In(P)? (5)

2778.8 cm™!
A= o(P, T,v)dv=a;+aInT +asP (6)
2778.1 cm—!

Figure 5 shows the spectra’s complex dependence on temper-
ature and pressure, requiring the higher order terms of Eq. (5) to
sufficiently account for the convoluted effects of line broadening
and the reduction of cross-section strength with increasing tem-
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perature. The cross-section at each wavenumber is a summation
of many lines, each of which have line strengths dependent on
temperature and lower-state energy. Each line’s contribution to the
cross-section at a given wavenumber is dependent on the proxim-
ity of its line center to the given wavenumber and the line width
(which is a function of the collisional and Doppler broadening).
The effects of temperature and pressure in this spectral region are
convoluted because as the transition’s line widths broaden or nar-
row, the relative contribution of each individual line to the cross-
section at a given wavenumber is impacted. Across the measured
spectral range, the integrated cross-sectional area is expected to
decrease as temperature increases due to the spread of internal
energy across additional modes or states not captured in the target
spectral domain, decreasing the state populations for these partic-
ular lines of interest. However, integrating over the available spec-
tral domain reduces the pressure dependence, enabling the more
simple fit function shown in Eq. (6). A slight pressure dependence
remains because as lines broaden past the bounds of integration
of Eq. (6), their contribution to the integrated cross-section is not
captured in the integral. If Eq. (6) were to be integrated from v = 0
to oo, there would be no expected pressure dependence.

Fitting Eq. (6) to the measured integrated cross-section areas
provides the contour in the bottom plot of Fig. 6. The maximum
residual between the contour predicted by fitting Eq. (6) and the
measured integrated cross-section areas is 6%. The source of this
disagreement is likely from the uncertainty in the initial concen-
tration of 1,3,5-trioxane; this is consistent with the ~5% uncer-
tainty of the trioxane cross-section database found in Appendix A.
This small uncertainty in integrated cross-section area is reduced
by scaling the measured cross-sections such that their integrated
areas lie on the contour predicted by fitting Eq. (6). Reported b co-
efficients of Eq. (5) account for this area scaling. Example plots of
the predicted cross-section at A, and A4, along with the predicted
area A, are plotted alongside measurement points in Fig. 6.

An estimate of the uncertainty of the cross-section database
interpolation is obtained empirically by testing data against the
model. This approach involves removing one temperature and
pressure condition from the database to create a reduced database.
This reduced database is fit with Eq. (5) to obtain the b coeffi-
cients of the reduced database, beqyceq- The cross-section of the
removed temperature and pressure condition is compared to the
cross-section predicted by plugging biegquceq into Eq. (5) and the
residual across the entire spectra is calculated. This process is per-
formed on points within the interior of the conditions map (points
not touching a red line in Fig. A.2) and the maximum residual
across all interior tests and wavenumbers is 10%. Edge points are
not considered since the remaining database must be extrapolated
to reconstruct the edge points, biasing the uncertainty upwards.
While the maximum residual is 10%, the average residual across all
wavenumbers of the interior points is < 2%, reflecting the fact that
the majority of conditions have an uncertainty significantly below
10%. This 10%-uncertainty is reflected in the error bars of the bot-
tom three plots of Fig. 5.

Detection limits of formaldehyde are determined by converting
the cross-sections to absorbance at each temperature and pressure
at the shock tube path length. The noise amplitude of absorbance
in the scan is Ao = 0.0025, by setting a maximum tolerable mole
fraction uncertainty of 10%, the limit of detection is found and
shown in Fig. 7. Note these detection limits are for a single scan
period and do not account for the benefits of averaging.

4.2. Spectral interference
The wavelength region of this study was selected, in part, be-

cause of the minimal interference expected from common com-
bustion species. Some simple combustion species, including CO
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and CO,, have mature line lists and are predicted to not interfere
in this region. More complex molecules, including many common
combustion intermediates and some product species, tend to have
less reliable predictability with regard to absorption spectra at high
temperatures. To verify that the selected wavelength region was in-
deed largely free of narrow-band interference as predicted, cross-
section measurements were taken of common combustion species
that could be potential interferers.

Figure 8 shows cross-section measurements of formalde-
hyde (CH,0) plotted alongside those of acetaldehyde (CH3CHO),
methane (CHy), ethylene (C,H4) and water (H,0). Measurements
were performed at ~1000 K and ~1500 K to evaluate both the
high and low end of the CH,0 database. Except for H,O, all species
listed above had measurable cross-sections within the spectral re-
gion. Fortunately, the spectra of these interfering species were
largely flat, representing broadband absorbance that can be sub-
tracted out by fitting the entire spectrum of the formaldehyde
cross-sections to adjust the reference baseline magnitude (see next
section). Methane was the only species measured that has a dis-
tinguishable spectral feature (i.e. differential absorption) in this re-
gion, with a peak around 2778.46 cm~!. With regards to this po-
tential interference, the wavelengths A;-A4 notably avoid the in-
fluence of this methane peak. These spectrally-resolved absorbance
measurements for various interfering species can be advantageous
in data post-processing for removing absorbance not attributed to
CH,0 and identifying species that may be responsible for such
baseline absorption.

Spectral interference from common combustion species in the
target wavelength domain can be compared to that of Wang
et al. [6] at 3.45 pm and Ding et al [8]. at 5.6 pm, both of which
also aimed for high-temperature sensing. The magnitude of CH,0
absorption cross-sections reported by Wang et al. at 3.45 um were
approximately 25-40% lower than the values reported in this work
(see again Fig. 1). There is minimal interference from H,O and a
comparable interference from both CH, and CH3CHO. Despite be-
ing a similar magnitude, the spectral features of the CH4 spectra at
3.45 pm have a maximum peak to valley cross-section of approx-
imately 1.5 m?/mol whereas the maximum peak to valley cross-
section of the CH4 spectra at 3.6 ym is 0.6 m%/mol (i.e. the CHy
spectra at 3.6 um is flatter). The work by Ding et al. reports cross-
sections of approximately the same magnitude as this work. There
is minimal interference from both H,0 and CH4 within the spec-
tral region utilized by Ding et al; the CH3CHO interference is com-
parable to that reported in this work. Notably, both prior works
leverage fixed wavelength laser absorption spectroscopy. This con-
trasts the spectrally-resolved approach employed here, which has
numerous advantages as detailed in the following section.
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4.3. Multi-parameter interference-immune sensing

In some combustion environments relevant to formaldehyde
sensing, the temperature and/or pressure is unknown—both of
which are prerequisites to accurately utilizing cross-sections. While
unknown parameters could be left to approximation or indepen-
dent measurement, here we show that the thermodynamic sensi-
tivity of the spectrally-resolved measurement can be exploited to
infer temperature and pressure. Notably, this method relies solely
on the shape or structure of the spectra, regardless of magnitude,
meaning that both temperature and pressure could be extracted
with no knowledge of path length or mole fraction.

Temperature and pressure can be inferred from the absorption
cross-section by accounting for the spectrally-resolved sensitivity
to pressure and temperature, as described here. Equation (7) gives
the Taylor expansion of the cross-section about some guessed
temperature and pressure (Tp and pg). The cross-section at this
guessed point is given by og when T, and pg are input to Eq. (5).

_ 80’0 30’0
o(T,p) —oo = a—T(TfT0)+8—p(pfpo)+H.o.T. (7)

Equation (7) states that taking the difference between a mea-
sured cross-section, o, and a cross-section generated at some
guessed temperature and pressure, og, yields a disagreement ap-
proximately proportional to both the spectra’s first derivative with
respect to temperature and pressure and the difference between
the guessed (Ty, pg) and true (T, p) temperature and pressure of
the two spectra. For example, if we measured the 893 K condi-
tion shown in the top left of Fig. 5 and estimated the temper-
ature to be 1295 K, the difference between the measured spec-
tra and the estimated spectra generated from the cross-sectional
database would be high at A,-A4 but relatively low near the edge
of the region at A;. The larger disagreement between A,-A4 re-
flects the much steeper derivative of cross-section area with re-
spect to temperature in this spectral region, as seen in the top sub-
plot of Fig. 9. Logically, decreasing the overestimated temperature
towards the true value would decrease the disagreement across the
entire wavenumber range. Thus, as subsequent guesses converge,
the residual between the measured and guessed cross-section will
monotonically decrease.

To generalize Eq. (7) to measured absorbance, rather than ab-
sorption cross-section, we can use the relation in Eq. (8), where
the integrated cross-section and absorbance areas A, and A, are
given by Ay = :11 o (v)dv and Ay = 1)”11 a(v)dv.

o) _aW)
As  Ag

(8)
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Normalizing both sides of Eq. (7) by op-As and substituting

in the relation from Eq. (8) results in Eq. (9). The integrated

cross-section area, Ay, is approximated as Ay, ~ f‘)"l1 op(v)dv since

o (T, p) is unknown. This approximation becomes increasingly ac-

curate as the estimated temperature and pressure approach the

true values. From Eq. (9), we define the sensitivity of thg Cross-
1 00g

sections with respect to temperature and pressure as 5 o and
1 39

5 p respectively—sample sensitivities are plotted in Fig. 9. Di-

viding the sensitivities by A, provides the normalized sensitivities
1 dog and 1 dog

Ascog OT Asog Op *
o 1 1 doy
Auon  A; ~ Agop oT O~ T0)
1 80’0

Equation (9) can then be used to iteratively solve for temperature
and pressure as follows:

1. Make an initial guess for Ty and py.
2. Calculate oy, As, 3T , and ‘9‘70 based on the initial guess

3. Determine the slope, mr, of the best fit line of ;% — = plot—
]
ted against 4 100 52
4. Determine the slope, my, of the best fit line of %~ — - plot-
ted against 4 150 ‘)3‘;9 (example plots are shown in the left col-

umn of Fig. 10).

5. Solve for temperature and pressure using the fact that T = Ty +
mr and p = pg + mp.

6. Plug in the solution as the updated guess at step 2 and repeat
until values converge; the best fit lines in the left column of
Fig. 10 show the slope of the line is zero when the values have
converged.

Temperature could also be inferred by simply considering the
ratio of absorbance of two select wavelengths within the spectral
domain, similar to relatively well-established two-color thermom-
etry methods [25]. However, the resulting uncertainty and noise of
the two-color method (for any combination of two specific wave-
lengths in this region) was found to be higher than fitting the
entire spectrum. Utilizing the entire spectral domain, with vary-
ing temperature dependence throughout, is analogous to utilizing
a multitude of line intensities with varying lower state energy in a
multi-line Boltzmann regression to achieve a higher effective sensi-
tivity (or lower uncertainty) over a wider range of conditions [26].
Similarly, previous works have utilized the collision width of indi-
vidual transitions to infer pressure [27]. The present method ex-
tends this approach to spectra with many blended lines that can-
not be easily deconvoluted for traditional line fitting and associ-
ated analysis.

The multi-parameter spectral fitting procedure was applied as
described above to a high SNR trioxane decomposition test in the
top half of Fig. 10. To exhibit the range of the method, a methyl
methacrylate (MMA) decomposition test is shown in the bottom
half of Fig. 10 with a much lower concentration of CH,O than
1,3,5-trioxane decomposition and thus serving as an independent
and lower SNR case. In the MMA experiments, two additional ef-
fects are present that can be addressed in post-processing. First,
the non-zero baseline resulted in both artificially high and low ab-
sorbance values, leading to non-physical values of temperature and
pressure. Second, the lower signal-to-noise ratio caused several
outliers in the plot of % — A VS 7 100 daﬁro and 100 a;;’ which
can bias the slope of the line (mr, mp) when welghted equally with
other points. To mitigate the erroneous influence of non-zero base-
lines and low SNR when fitting the CH,0 absorbance, some addi-
tional post-processing steps must be included.
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Accounting for a non-zero baseline requires the absorbance in
Eqg. (9) to be modified to include a baseline term, o/p;sejines SUCh
that o = peasured + Xbaseline- YWe use a linear approximation to
represent the non-zero baseline, given by oaseline = a- v +b. The
procedure defined by steps 1-6 can then be performed inside of
a least-squares minimization function in which the slope, a, and
intercept, b, of the linear baseline are floated. An initial guess of
the baseline can be formulated by noting the cross-section of the
left wing (A1) is approximately 5 m2/mol across the temperature
and pressure range i.e. Opyseline = 52—5 — Omeasured (A1)- An example
of a fitted baseline and the resulting baseline-subtracted spectra
from an MMA decomposition experiment can be found in the cen-
ter bottom row subplot of Fig. 10. As noted in Section 4.2, the
spectral interference from most species is invariant over the tar-
get spectral domain, justifying the use of a linear baseline. Exper-
iments with elevated CH4 concentrations may require additional
processing steps due to the narrow-band interference of CH4 be-
tween A3 — A4. The influence of the narrow-band interference be-
tween A3 — A4 can be minimized by excluding the region from the
fit or by simultaneously fitting the CH4 concentration.

Low SNR absorbance tests result in data points with higher
uncertainty and potentially skewed results. This poses an issue

when performing linear fits on the plots of ;% — Ai vs. the nor-

malized sensitivities of temperature and pressure as these outlier
points can bias the slope of the line. The wings of the spectra have
the lowest absorbance, and thus SNR, leading to the highest un-
certainty points across the spectral range. The plot of % — i
Vs. A{flao % shows that points of higher uncertainty are generally
less sensitive (normalized sensitivity values closer to 0). This fol-
lows from Fig. 9 where we see that the wings of the spectra have
the lowest sensitivity. Unlike with temperature, Fig. 9 shows that
the points most sensitive to pressure are more evenly distributed
throughout the spectral range resulting in the uncertainty, as rep-
resented by error bar magnitude, being more evenly distributed
throughout the points of the plot of Aa"‘ o Aa Vs. A;(TO 83(;;3 There-
fore, we fit the data using a least-squares algorithm adjusted with
error bars [28], which provided a more accurate temperature and
pressure measurement from low SNR signals. The error bars of the
leftmost plots of Fig. 10 are the combined effects of the uncer-
tainty due to noise in the absorbance signal and the uncertainty
due to truncating the higher order terms (H.O.T.) of Eq. (9) added
together in quadrature. A conservative value of absorbance noise
in this experiment is A«a = 0.0025 and the higher order terms are
approximated with Eq. (10). At high signal-to-noise ratios (top half
of Fig. 10), the higher order terms dominate the error bars; how-
ever, at low signal-to noise ratios (bottom half of Fig. 10), the ab-
sorbance noise dominates.

1 80'0

~ 2
HO.T ~ o0 917 (T - To)
1 8 Op 2
3400 8p2( — Po)
1 9%00 1 _1)(p po) (10)
A0 gpaT . WP Po

These error bars represent the relative weighting of those individ-
ual points in the least-squares algorithm and are not meant to cap-
ture the spread of nearby data points. It should be noted that this
approach can be similarly employed to effectively exclude or min-
imize certain regions of the spectra that may include differential
absorption of an interferer, such as the aforementioned methane
line.

The right column of Fig. 10 shows time-resolved measurements
of CH,0 mole fraction, temperature, and pressure for trioxane de-
composition and MMA decomposition experiments. In the triox-
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Fig. 10. Measurements of the decomposition of 0.57% 1,3,5-trioxane in Ar (Top half) and 3% methyl methacrylate in Ar (Bottom half) after the passage of a reflected shock.
(Left) Normalized residual between the guessed cross-section and the measured absorbance plotted against the normalized first derivative of the cross-section with respect
to temperature or pressure. A linear fit of the plotted points is shown in red. (Middle) Reconstructed absorbance of a single scan using the cross-section database at the
temperature and pressure inferred from the plots in the left column. (Right) Inferred CH,0 mole fraction, temperature, and pressure for the entire test compared to known

values where available.

ane test, the mole fraction of CH,O rapidly rises from zero as
the trioxane dissociates before plateauing at the expected amount
- three times the initial mole fraction of trioxane. As the ini-
tial concentration of trioxane is low (0.57%), only a small tem-
perature drop occurs beyond the post-reflected shock temperature.
The pressure inferred from the CH,0 spectra was relatively consis-
tent with the pressure transducer (Kistler) measurement through-
out the test. After 3.75 ms, the reflected shock interacts with the
contact surface creating an increase in pressure, which is seen in
both the spectrally inferred pressure and the pressure transducer
measurement. This pressure increase coincides with a temperature
increase, which leads to CH,O dissociation as can be seen in the
respective plot above. In the MMA decomposition test, we observe
rapid dissociation of the MMA near 1350 K. At the first measure-
ment point, the mole fraction of CH,O has already reached 0.4%.
During the MMA dissociation, here observed from the rise in CH,0
mole fraction, the temperature drops more significantly from the
post-reflected shock temperature than seen in the trioxane test;
this is expected as the initial MMA concentration (3%) is much
higher than that of trioxane (0.57%) in the respective tests. After
the initial decomposition period and associated temperature drop,
the temperature remains relatively constant. The temperature in-
ferred from CH,O shows good agreement with CO thermometry

10

data obtained with the method utilized by Sanders et al. applied
to MMA decomposition [24]. As with the trioxane test, we observe
good agreement between the measured pressure transducer and
CH,O0 spectrally inferred pressures, as both remain nearly constant
throughout the test time. It should be noted that the time-histories
of pressure and temperature inferred from the CH,O spectra were
used to calculate the CH,0 mole fraction. The results of these tests
demonstrate that pressure, temperature, and CH,O mole fraction
can all be simultaneously measured using the absorption cross-
section database developed in this work.

As demonstrated, spectrally-resolved data attained at time-
scales relevant to combustion offer significant advantages in CH,0
sensing. Previous studies targeting CH,O absorption have generally
employed fixed-wavelength measurements and cross-section cor-
relations at two or three wavelengths to recover species con-
centration at high measurement rates. In such works, the time-
dependent experiment of interest is repeated for each time-
resolved absorption measurement at “online” and “offline” wave-
lengths. This strategy has been readily employed for multiple rea-
sons, including to avoid complex detailed modeling of the high-
temperature broadband CH,0 spectra and to account for poten-
tial broadband interference from other combustion species. In any
case, the fixed-wavelength online/offline approach requires run-
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ning multiple experiments at each desired condition, thus rely-
ing on a high level of test repeatability and independent mea-
surements of cross-section scaling parameters (such as pressure
and temperature) to accurately recover molecular abundance. As
such, this well-established approach generally precludes appli-
cation for true real-time sensing of CH,O in dynamic environ-
ments without multiplexing multiple light sources. In contrast, the
work presented here details a spectrally-resolved sensing method
that leverages knowledge of pressure- and temperature-dependent
spectral structure to enable robust, interference-immune, and
time-resolved sensing of formaldehyde in environments with tran-
sient gas properties.

5. Conclusion

Absorption cross-sections of CH,O were measured near 3.6 pm,
a spectral domain of strong absorptivity associated with the over-
lapping Qs branch of the v; band and the PQ; branch of the v+,
combination band. Formaldehyde cross-sections were attained over
a range of combustion-relevant pressures (0.4-4.8 atm) and tem-
peratures (900-1500 K). This spectral region is favorable for sens-
ing applications due to minimal interference from other relevant
combustion species and high absorption intensity that enables de-
tection limits in the tens of ppm (at ~10 cm path length) over
a wide range of conditions. While the cross-section magnitudes
near 3.6 pm are comparable to other infrared peaks used for high-
temperature sensing, the rapid-tuning (40 kHz) and spectrally-
resolved sensing approach combined with the strong local spec-
tral dependence on temperature and pressure enable more ro-
bust and efficient data collection and processing relative to fixed-
wavelength methods previously used for formaldehyde chemical
kinetics studies. A novel spectral fitting method is introduced to
infer the temperature and pressure from the normalized spectra,
whereafter mole fraction can be quantitatively determined without
independent measurements or estimates of these properties and
baseline interference can be rejected. In aggregate, this work pro-
vides a novel data set of high-temperature CH,0 absorption cross-
sections that may serve as modeling targets in an important in-
frared region and presents a new approach for multi-parameter
sensing from localized cross-sections with complex temperature
and pressure dependence.
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Appendix A. Trioxane cross-sectional database

Measured absorption cross-sections of 1,3,5-trioxane are shown
in Fig. A.1. The spectra at low pressures (between 11 and 65 Torr)
contain many peaks and valleys that exhibit strong sensitivity
to pressure. Around the largest peak (2778.62 cm~1!), the pres-
sure sensitivity is around —0.11 m?- mol’1/Torr. Above 65 Torr,
only one to two stronger peaks are present and the spectral de-
pendence on pressure is significantly lessened. The sensitivity at
2778.62 cm~! is —0.007 m? - mol ™! /Torr in the 65-246 Torr range.
Preliminary measurements helped to identify the pressure sensi-
tivity of the spectra which informed the targeted pressure spacing
for subsequent tests.
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Fig. A.1. Sample cross-sections of 0.5% 1,3,5-trioxane in 99.5% argon.

To ensure the pressure dependency was sufficiently captured,
one data point would be removed from the database and the mea-
sured spectra would be compared to the predicted spectra pro-
duced from interpolating between the nearest experimental condi-
tions. We then calculated the spectrally-resolved disagreement be-
tween the interpolated spectra and measured spectra. When the
maximum disagreement across the wavenumber range was < 5%,
the pressure spacing was considered adequate for this study. This
sets the maximum uncertainty of the trioxane database as ~5%.
This method was used to provide an upper bound of the uncer-
tainty in the trioxane database—the true uncertainty is likely lower
when the removed data point is reinserted in the database. Addi-
tionally, taking the maximum of the disagreement across the spec-
tral range overestimates the overall uncertainty since the average
of the disagreement was consistently < 1%.

Supplementary material

The supplementary material of this paper consists of
three files: H2CO_coefficients.csv, sig_fun.mat,
and H2CO_xsec.csv. H2CO0_coefficients.csv is a
comma-separated values file of the coefficients obtained by
fitting Eq. (5) to the measured cross-sections. The first col-
umn is the wavenumber and the subsequent 8 columns are
the coefficients by-bg. sig_fun.mat is Eq. (5) and takes
H2CO_coefficients.csv as an input along with temperature
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Fig. A.2. Plot of temperatures and pressure at which database measurements were
taken. Black boxes labeled 1-6 bound regions where data is shown in Fig. A.3. The
region in which the database can be used without extrapolation is bounded in red.

and pressure to reconstruct the cross-section at that point. It is
important to note that sig_fun.mat can take any temperature
and pressure as an input but caution should be exercised when
using the database around or outside the red outline in Fig. A.2,
past which the data will be extrapolated. H2CO_xsec.csvV is
a comma-separated values file containing the measured cross-
sections as a function of wavenumber and their corresponding
temperature and pressure. Figure A.3 shows a plot of all mea-
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surements made. For readability, tests of similar conditions are
grouped together into the regions labeled 1-6 in Fig. A.2.

Supplementary material associated with this article can be
found, in the online version, at 10.1016/j.jqsrt.2023.108690.
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