Combustion and Flame 207 (2019) 379-390

.

Contents lists available at ScienceDirect .
Combustion

Combustion and Flame

journal homepage: www.elsevier.com/locate/combustflame ) =
Multi-isotopologue laser absorption spectroscopy of carbon monoxide n
for high-temperature chemical kinetic studies of fuel mixtures et

Daniel I. Pineda*, Fabio A. Bendana, Kevin K. Schwarm, R. Mitchell Spearrin

Department of Mechanical and Aerospace Engineering, University of California, Los Angeles, Los Angeles, CA 90095, United States

ARTICLE INFO ABSTRACT

Article history:

Received 28 March 2019
Revised 16 May 2019
Accepted 16 May 2019

A laser absorption diagnostic technique, probing the mid-infrared vibrational bands of 2C'60 and 3C'60
near 4.9 pm, was developed for sensitive multi-isotopologue temperature and concentration measure-
ments in high-temperature gaseous systems. Transitions in each of the P-branches of the fundamental
bands of 2C'0 and 3C'60 were chosen based on absorption linestrength, relative spectral isolation, and
temperature sensitivity. Five total rovibrational transitions are spectrally-resolved over a ~1.2 cm~! do-
main using a 50 kHz triangle scan function with a distributed-feedback quantum cascade laser, yielding
a 100 kHz effective measurement rate of both isotopologues and respective temperatures, independent
of mixture composition. In addition, relevant broadening parameters for the P(0,22) transition of 3C160
near 2007.8767 cm~! were measured to enable higher time resolution (> 1 MHz) measurements using
fixed-wavelength methods. Time-resolved multi-isotopologue thermometry performance was validated in
a shock tube over a range of temperatures (1100-2400 K) relevant to combustion kinetics investigations.
The technique is utilized in shock-heated oxidation experiments with isotopically labeled fuel mixtures,
simultaneously measuring both carbon monoxide isotopologues throughout the reactions. To the authors’
knowledge, these results demonstrate the first use of carbon isotope labeling with laser absorption spec-
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troscopy to observe distinct competitive oxidation among different fuel components.
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1. Introduction

Optical sensing of carbon monoxide (CO) is important for a va-
riety of applications, including environmental health safety mon-
itoring and combustion efficiency characterization. In regards to
combustion, CO is a significant intermediate species, measure-
ments of which are often used to validate and develop chemical
kinetic models for combustion applications [1]. Particularly, laser
absorption spectroscopy (LAS) is a common method for quanti-
tatively measuring concentration of combustion species—including
CO [2-9]—at high time resolution during combustion reactions be-
hind reflected shock waves, providing valuable experimental con-
straints on kinetic models of hydrocarbon decomposition and oxi-
dation. Most of these measurements have been made using ‘neat’
mixtures comprising a single fuel; practical fuels used in real com-
bustion devices are typically blends of many different hydrocar-
bons with similar intermediates and products [10]. During the ini-
tial fuel pyrolysis prior to oxidation, these fuel molecules tend to
decompose into a small number of similar C;-C4 intermediates,
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the kinetics of which largely dictate the evolution of the rest of the
reaction [11,12]. These intermediates compete with one another in
oxidation reactions, making it difficult to characterize the contri-
butions of a particular fuel component on overall combustion be-
havior when probing a single kinetic parameter.

To experimentally contrain complex kinetics models, an in-
creased number of parameters must be measured in controlled
studies. Deliberately labeled isotopologues, particularly those that
contain isotopes of hydrogen atoms, are commonly used in phys-
ical organic chemistry research to distinguish reaction path-
ways [13,14]. Here we focus on carbon as a shared element in fu-
els and the intermediate CO, which can be readily measured by in-
frared absorption. Roughly 1.1% of all carbon on Earth is 13C [15,16],
making it one of the more common stable isotopes available for
use in isotopic tagging techniques [13,15] and representing an op-
portunity for combustion kinetics investigations [14]. Accordingly,
this work targets the infrared absorption spectra of the two most
abundant isotopologues of CO, '2C'60 and 13C!60, as shown in
Fig. 1.

In this article, we describe a laser absorption sensor that si-
multaneously probes the distinct spectra of 12C160 and 3C'60 (ab-
breviated in this work as 12CO and 3CO, respectively) to recover
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Fig. 1. Simulated spectra of 2CO and '3CO calculated at conditions relevant to com-
bustion. Targeted spectral region outlined in black. Spectral line parameters taken
from HITEMP database [17]. (For the interpretation of references to color in this
figure, the reader is referred to the web version of this article.)

mole fraction and temperature in high-temperature shock tube
kinetics studies. The technique is coupled with isotopic labeling of
fuel components with either a 12C or 13C to discern the influence
of specific fuels on the aggregate combustion behavior of fuel
mixtures. We present the sensor development by first discussing
the influence of isotopic labeling and substitution on molecular
spectra in the context of wavelength selection. After establishing
the theoretical foundations of the technique, we detail our exper-
imental methodology, including the optical setup, experimental
apparatus, and data processing techniques required to obtain
temperatures and mole fractions from our absorption measure-
ments. We describe both a scanned-wavelength direct absorption
(scanned-DA) method for simultaneous multi-isotopologue detec-
tion and a fixed-wavelength direct absorption (fixed-DA) method
for high-speed sensing of 3CO. Validation measurements in non-
reactive shock tube experiments are followed by demonstration
of the capabilities of multi-isotopologue LAS in reacting mixtures
of isotopically labeled fuels at high temperatures. The paper con-
cludes with an example analysis highlighting the unique utility of
the technique to help distinguish chemical kinetic pathways.

2. Background and theory

This section discusses the relevant background for laser absorp-
tion spectroscopy (LAS) with isotopologues of carbon monoxide for
high-temperature chemical kinetic studies.

2.1. Isotopic effects on molecular spectra

Absorption spectra for 2CO and 3CO are shown in Fig. 1. For a
diatomic molecule approximated as a harmonic oscillator, the fun-
damental vibrational frequency w, is dependent on the bond stiff-
ness ks and the reduced molecular mass u [18]:

ks
a)eo<\/; (1)

The spacing between rovibrational transition frequencies, set by
the rotational constant, B, is also dependent on wu:

1
B o — 2
m (2)

For an isotopologue, changes in nuclear mass of a molecule with-
out a change in the number of protons does not strongly affect
bond length r. or the bond stiffness ks [19]. As a result, w. changes
as u changes; an increase in reduced mass shifts the center of

the overall vibrational band to lower frequencies, seen in Fig. 1,
by about 50 cm~! for CO. Additionally, the rotational constant B
is also affected—albeit less obviously—as seen in Fig. 1, in which
the line spacing between rovibrational transitions reduces by ap-
proximately 0.17 cm~!. These isotopic substitution effects provide
a basis for understanding the ability to spectrally distinguish 12CO
and 3CO isotopologues using LAS, and provides a basis for their
independent detection in oxidation experiments of isotopically la-
beled fuels.

2.2. Laser absorption spectroscopy

Laser absorption spectroscopy (LAS) relates the attenuation of
light in a gas medium to thermophysical properties such as tem-
perature, pressure, and concentration. The theory of LAS is doc-
umented in detail in the literature [19], and so only important re-
sults are briefly outlined here for reader comprehension. The Beer-
Lambert law in Eq. (3) defines the spectral absorbance «, in a uni-
form medium of pathlength L [cm] for a specific frequency v as a
function of the ratio of incident light intensity, Iy, and transmitted
light intensity, I;:

I,
oy = —m(i)v = PXysSi (D (W)L (3)

The spectral absorbance «, depends linearly on total pressure P
[atm], mole fraction of absorbing species X, line strength S;(T)
[cm~2/atm] for rovibrational transition i at temperature T [K], line-
shape function ¢;(v) [cm] and the pathlength L [cm]. ¢;(v) is the
only variable with a spectral dependence, and varies depending
on the gas temperature as well as partial pressures of different
collision partners. In scanned-wavelength direct absorption, it is
possible to scan across the entire spectral domain of transition
i to resolve the lineshape profile ¢;(v), albeit at the expense of
some temporal resolution. Total absorbance area for a single iso-
lated transition can then be calculated by integrating absorbance
in the spectral domain:

Ai :/ oy dv = PS;(T)XypsL @)

which eliminates the dependence on the lineshape function ¢;(v)
(/%, ®i(v)dv =1). This is usually achieved in practice by fitting
an assumed lineshape function to the spectra. The ratio R of two
absorbance areas associated with two rovibrational transitions A
and B eliminates dependence on mole fraction, pressure, and path-

length:
_A S
“& - sm D )

Temperature-dependent linestrengths S4(T) and Sg(T) can be calcu-
lated from reference-temperature linestrengths Ss(To) and Sg(Tp),
which for the transitions used in this work are known in the HI-
TRAN database [20] to within 2% uncertainty (For more detail, re-
fer to Appendix A). Thus, by simultaneously resolving at least two
transitions for a given species and calculating their absorbance ar-
eas, the temperature of the gas can be inferred without requiring
detailed information about the broadening parameters of the line-
shape, resulting in a measurement independent of gas composition
and pressure. Once T is known, Eq. (4) can be used to determine
mole fraction, assuming that pressure is measured independently.
Taking the derivative of the expressions for S;(T) with respect to
temperature, the temperature-sensitivity of R can be approximated
as [19]:

dr/R| (ke BV —Ei] ©
dT/T|  \ kg T
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where h []-s] is the Planck constant, ¢ [cm/s] is the speed of light,
kg [J/K] is the Boltzmann constant, and E/’ [cm~1] is the lower
state energy associated with rovibrational transition i. Noteworthy
in Eq. (6) is that temperature sensitivity is greater for transition
pairs which have greater differences in lower state energy; this in-
fluences the line selection process.

In this work, we demonstrate a sensor utilizing both scanned-
wavelength direct-absorption (scanned-DA) and fixed-wavelength
direct-absorption (fixed-DA) techniques, the latter of which re-
quire additional line broadening parameters pertaining to the line-
shape function ¢;(v), but which enables faster measurements. In
both techniques, we model @;(v) using the Voigt lineshape pro-
file, a convolution of Lorentzian and Gaussian profiles which de-
scribes collisional and temperature line broadening effects, respec-
tively [19]. The value of ¢;(v) at the transition linecenter, v;g, can
be calculated by:

P10) = o[ exp (@)1 - erf(@)] (7)

where:
q— VIn2Av, (8)
AUD

In this profile, the thermal broadening of the line is characterized
by a Doppler width Avp [cm™1],

T 1/2
Avp = v;0(7.1629 10*7)<M> 9)

where M is the molecular weight of the absorbing species. The
collisional broadening is characterized by a collisional width Av,
[cm~']. Av. depends on pressure and gas composition, and has
unique broadening behavior for every molecular collision partner
Y:

Avc = PZXYZVabs—Y (10)
Y

where y,,s_y [cm~latm~!] is the broadening coefficient between
collision partner Y and the absorbing species. y,,s_y is typically
modeled using a power law, often expressed in terms of 2yy:

2D =21 (1) (2) (1)

in which n is a temperature-dependent exponent. With knowledge
of n, yy(Ty), T, and P, Eqs. (7) through (11) can be used to de-
termine @;(v;o), which can be used with L and measured a,,, to
determine X,,; per Eq. (3) when fixing the laser wavelength near
the linecenter.

3. Spectral line selection

Line selection for LAS sensing is typically influenced by the
strength, isolation, and temperature sensitivity of accessible rovi-
brational transitions. For multi-isotopologue sensing, relative prox-
imity of transitions for both 2CO and 3CO is also an important
consideration. Ideally, the spectral domain should exhibit mini-
mal interference from neighboring 2CO and 3CO lines, but the
lines should be in sufficient proximity that they can be accessed
within the tuning depth of a single narrowband light source tuned
at a high scan rate (to achieve a correspondingly high measure-
ment rate). The strongest absorption in 2CO and 3CO occurs
in the fundamental bands centered near 4.65 pm (2150 cm™!)
and 4.76 pm (2100 cm™'), respectively, and this mid-infrared do-
main has recently become accessible with compact, tunable, room-
temperature quantum cascade lasers (QCLs) [4,5].

The P-branches of the bands of both 2CO and 3CO con-
tain many strong rovibrational absorption lines that are favor-
able for low-interference measurements at moderate pressures
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Fig. 2. Examined spectral range noted in Fig. 1 showing the 2CO and *CO tran-
sitions of interest. Absorbance simulated at expected conditions behind a reflected
shock with HITEMP 2010 [17].

Table 1

Examined rovibrational transitions in the present work. All linestrengths from the
HITRAN database [20] have a reported uncertainty of 2%, except the CO P(2,10)
and '2CO P(2,20) lines, which have 5% reported uncertainty.

Freq. v; Species Line Si(To) E/
[em~1] " J" [cm~2/atm] [cm~1]
2007.877 13Co P(0,22) 5.56-10~3 928.582
2007.944 13co P(2,10) 4.20.10-13 4365.33
2008.422 2co P(2,20) 2.85.107° 5051.74
2008.525 2co P(0,31) 6.62.10°3 1901.13
2008.626 13Co P(1,16) 2.50-10-¢ 2591.13

(~1 atm) [4,5]. The high-temperature spectra of H,O, while over-
lapping those of both CO isotopologues, possesses large spac-
ing between lines in the wavelength domain of the CO isotopo-
logues, offering interference-free spectral windows. Additionally,
in the P-branches, there is minimal interference from the high-
temperature spectra of both CO, isotopologues. A close inspec-
tion of the P-branches within 1900-2100 cm~! reveals several iso-
lated absorption features near 2008 cm~! as attractive targets.
Figure 2 shows simulated spectra of '2CO and '3CO in this do-
main of interest along with H,0 at combustion-relevant shock tube
conditions using the latest HITEMP [17] database for an optical
path-length of L= 10.32 cm, temperatures of T = 1200 K, and
mole fractions of Xco = 0.01 and Xy,o = 0.02. The spectra com-
prises two rovibrational transitions for '2CO and three for 13CO,
allowing for multiple two-line thermometry options. For 12CO, the
P(31) line in the v(0— 1) fundamental band provides the domi-
nant contribution, while the P(20) line in the v(2 — 3) hot band
contributes more significantly at the higher end of the tempera-
ture range. These '2CO lines are also used for measurements in
high-temperature, high-pressure rocket engine combustion condi-
tions [21] and atmospheric pressure flames [22,23], and more de-
tails about their selection and application can be found in pre-
vious work. For 13CO, the strong P(22) line in the v(0— 1) fun-
damental band provides the only transition observable at room-
temperature for the expected mole fractions, while the P(16) line
in the v(1—2) hot band contributes more significantly above
600 K. Lastly, the P(10) line in the v(2 — 3) hot band contributes
above 1000 K, although this feature blends with the P(22) line
at pressures above ~ 1.5 atm. Table 1 details the 2CO and 3CO
rovibrational transitions of interest. A comparison of the differ-
ent possible combinations of 3CO lines for two-line thermom-
etry using Eq. (5) is shown in Fig. 3. Although ratios including
the P(2,10) line show more sensitivity in the higher temperature
range, the tendency of this weak line to overlap with neighboring
strong lines at low temperatures and higher pressures limits utility.
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Fig. 3. Calculated linestrength ratios as a function of temperature for the different
combinations of the P(0,22), P(1,16), and P(2,10) lines of 3CO and for the P(0,31)
and P(2,20) lines of 2CO. Lines used for thermometry in this work are bolded.

Additionally—as discussed in more detail in Appendix A—all the
transitions in the domain have linestrength S;(Ty) uncertainties re-
ported in the HITRAN database [20] as 2%, except the 13CO P(2,10)
and '2CO P(2,20) lines, which have 5% reported uncertainty. As a
result of these considerations, the P(0,22)/P(1,16) combination with
AE’=1662.5 cm~! is the most favorable for a wide range of condi-
tions, despite greater line separation in the 3CO spectra. Likewise,
owing to its strong absorption over the range of expected tem-
peratures (1100-2200 K) at expected concentrations ( ~0.5%), we
utilize the 3CO P(0,22) line for high-speed (>1 MHz) fixed-DA
measurements of 13CO mole fraction.

4. Sensing methodology

This section describes aspects of the sensing methods neces-
sary for successful implementation in the targeted combustion en-
vironments. Here we discuss the selection of the light source, laser
control and tuning parameters, and the relevant optical setups.
We also discuss the spectral data processing methods associated
with interpreting the absorbance measurements, including requi-
site measurements of select line broadening parameters. Estimates
of uncertainty regarding all measurements are discussed in detail
in Appendix A.

4.1. Optical setup

For the light source, a continuous-wave distributed-feedback
(DFB) quantum cascade laser (QCL) (ALPES Lasers) is used to ac-
cess the two 12CO and three 3CO lines of interest. The QCL
is tunable from 2001 to 2014 cm~!, with a typical power of
50 mW at 4.9 um. In the scanned-wavelength operating mode,
a 50 kHz triangle waveform of injection current tunes the QCL
across a wavenumber range of ~1.2 cm~! capturing the CO tran-
sitions of interest, as depicted in Fig. 4. This effectively yields
absorbance area measurements at 100 kHz, counting the up-
scan and down-scan. The injection current i(t) is also scanned
below the lasing threshold to allow for measurement of the
transient thermal emission. The wavelength tuning of the QCL
was stable enough to capture the targeted '2CO and 3CO tran-
sitions with repeatable signal-to-noise ratios (SNR) from scan
to scan. For fixed-wavelength measurements, the injection cur-
rent is held constant and the QCL is fixed at the linecenter of
the 13CO P(0,22) line (2007.8767 +0.00025 cm~!), monitored by
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Fig. 4. (Top) Cross-section of the shock tube test section showing windows for op-
tical access and laser/detector setup. (Middle) Side view of the shock tube showing
the location of the test section at the end of the driven section of the tube. (Bottom)
Example raw detector and pressure transducer signals during non-reactive shock
heating of '2CO and *CO in a He/Ar bath gas.

a wavemeter (Bristol 671B) before and after each shock tube
experiment.

For light collection, the transmitted laser radiation is passed
through a bandpass spectral filter (Spectrogon, 49604 148 nm) to
minimize thermal emission before being focused onto a thermo-
electrically cooled photovoltaic (PV) detector (Vigo PVI-4TE-5). For
each measurement I;, a corresponding background I is recorded
without a mixture present to establish a baseline for calculation
in Eq. (3). For scanned-wavelength measurements, the relative fre-
quency of the laser light is determined using a germanium etalon
with a free spectral range of 0.0241 cm~!. For all tests, the detector
is sampled at its maximum bandwidth of 15 MHz for an equivalent
measurement rate of 7.5 MHz.

4.2. Shock tube experiments

The high-enthalpy shock tube (Fig. 4) used in this work is of a
weldless flange design similar to that described by Aul et. al [24].
The shock tube is connected to vacuum pumps, an agitated mix-
ing tank, and a gas delivery manifold used to barometrically pre-
pare the mixtures of interest for all experiments. The test section
of the shock tube has an internal diameter of L = 10.32 cm, and is
circumscribed by interchangeable ports which can hold sensors or
optical windows 2 cm from the end wall. For these experiments,
two half-inch sapphire windows are used to allow transmission
of the laser light into and out of the tube. A dynamic pressure
transducer (Kistler 601B1) is also mounted in one of the ports and
records the pressure trace of the incident and reflected shock wave
through a charge amplifier (Kistler 5018A). Five time-of-arrival sen-
sors (Dynasen, Inc.) provide a means for determining the incident
shock velocity, from which the reflected shock test conditions (Ts,
Ps) are determined [25]. Uncertainty in reflected shock tempera-
ture and pressure are typically about 1% when properly accounting
for vibrational relaxation of all components of the test gas [26].
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Fig. 5. Example scanned-wavelength detector signal in the shock tube.

Once the QCL and detector were aligned and operational, a se-
ries of argon (Ar) shocks were performed to ensure that no beam-
steering was present, which would complicate the baseline fitting
discussed in Section 4.3.1. Data from the detector at 15 MHz us-
ing a PicoScope 4000 series data acquisition module, which was
triggered to record by the time-of-arrival sensors.

12CO and 3CO thermometry and concentration measurements
at 100 kHz were conducted in the shock tube over a range
of combustion-relevant temperatures (1100-2300 K) and near-
atmospheric pressures (0.5-1.5 atm) using scanned-DA techniques.
For the non-reactive thermometry and concentration studies, equal
concentrations of 2CO and 3CO were prepared with different bath
gas mixtures of argon (Ar) and helium (He) for measurements
at temperatures between 1100 and 2300 K. These experiments
provided validation of simultaneous 2CO and 3CO thermometry
and mole fraction measurement. For reactive studies, mixtures of
Ar, 0,, and combinations of 12CH4, ¥CH,4, and '2C,H, were pre-
pared for oxidation experiments at temperatures from 1400 to
1800 K, measured with both scanned-DA and fixed-DA methods.
Initial experiments validated the ability of the shock tube to pro-
duce repeatable species time-histories in oxidation studies with a
fuel (CH4) that has well-known ignition behavior [27]. Finally, we
demonstrated the ability of the sensor to simultaneously resolve
production and destruction of both CO isotopologues during igni-
tion of a binary fuel mixture in which one of the fuels was isotopi-
cally labeled. These experiments validated the sensor’s ability to
perform time resolved multi-isotopologue species measurements
for combustion studies.

4.3. Data processing

Here we detail the different data processing methods required
to infer temperature and mole fraction from both scanned-DA and
fixed-DA measurements as they relate to Egs. (3)-(11). As men-
tioned, we utilize the Voigt lineshape function to fit the CO spectra
for all measurements, and the details of implementing this model
for both scanned-DA and fixed-DA measurements are provided in
the following subsections.

4.3.1. Scanned-wavelength direct absorption (100 kHz)

Raw detector voltage data, such as those shown in Figs. 4 and 5,
are processed using Eq. (3) to obtain spectral absorbance «,, such
as shown in Fig. 6. The spectral domain is then divided into two
regions; the first containing the P(0,22) and P(2,10) lines of 3CO
and the second containing the P(2,20) and P(0,31) lines of 12CO
and the P(1,16) line of 13CO. A two-line least-squares fitting rou-
tine was used for the first region, while a three-line fitting routine
was used for the second region. All lines in this work were fit using
the Voigt lineshape profile with absorbance area A; and collisional
width Av, as free parameters, while Doppler width Avp was fixed
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Fig. 6. Example scanned-wavelength Voigt fitting of data in a high enthalpy shock
tube experiment.
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Fig. 7. (Top) Example scanned-wavelength absorbance area measurement during
a non-reacting shock of '2CO and *CO. (Bottom) Pressure time history for corre-
sponding shock.

independently using temperatures estimated from ideal shock re-
lations [25]. Residuals from the fitting were all within 2% during
the shock tube experiments, confirming the appropriateness of the
Voigt lineshape for this study.

Example calculated absorbance areas from a non-reactive shock
tube experiment containing Xiyqq = X3¢ = 0.0075 are shown in
Fig. 7. Some vibrational relaxation is visible immediately after the
incident and reflected shocks, but the absorbance area calculations
for all transitions are shown to be stable in time subsequently.
Moreover, the absorbance areas calculated from the upscan of the
triangle wave agree with the absorabance areas calculated from the
downscan of the triangle wave, highlighting the ability of the sen-
sor to perform measurements at 100 kHz. As seen in Fig. 7, the
P(0,22) and P(1,16) lines of 3CO and P(0,31) line of and 2CO show
favorable absorbance area with 0.75% 12CO and 3CO seeded in the
bath gas. These absorbance areas are used to infer temperature and
mole fraction of both CO isotopologues using Eqgs. (5) and (4), re-
spectively, and the results are discussed in Sections 5 and 6.

4.3.2. Fixed-wavelength direct absorption (> 1 MHz)
To enable high time resolution (>1 MHz) fixed-DA measure-
ments, a spectral model accounting for collisional broadening
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Fig. 8. Example absorbance spectra and spectral fits of the P(0,22) 3CO line for
both He and Ar collision partners in a high temperature optical cell.

(Egs. (7) through (11)) is necessary to simulate linecenter ab-
sorbance, which is then used to infer mole fraction from mea-
sured linecenter absorbance using Eq. (3). Our shock tube stud-
ies are carried out with He and/or Ar as the bath gas, for which
collisional broadening parameters are unavailable in the current
HITRAN [20] and HITEMP databases [17]. For the aforementioned
scanned-DA measurements, these broadening parameters are not
a prerequisite to employ the two-line thermometry methods dis-
cussed in Section 2.2, since Egs. (4) and (5) are independent of
the lineshape function ¢;(v). However, for a given oxidation exper-
iment utilizing fixed-DA, both the broadening parameters y y(Tp)
and n as well as the temperature of the medium must be known
independently to model ¢;(v) and interpret the absorbance mea-
surements. To determine the He- and Ar-broadening parameters of
the P(0,22) line of 13CO, high-temperature (> 1000 K) absorbance
measurements were made during the non-reacting shock tube
experiments described previously, while lower-temperature (300-
1000 K) measurements of broadening parameters for the P(0,22)
line of 13CO were taken using a high-temperature optical static cell
at pressures varying from 40-100 Torr. The relative temperature
and pressure uncertainty in the cell is approximately +0.3%, and
+0.125%, respectively. More details about the mechanical design
and thermal analysis of the cell are available in another work [28].
For the shock tube broadening measurements in Ar, some He was
added (10%) to the bath gas to accelerate vibrational relaxation
of CO behind the reflected shock wave, necessitating independent
knowledge of He broadening parameters.

For measurements in the optical static cell, the QCL was
scanned at 70 kHz from 2007.82-2007.96 cm~! to cover the entire
P(0,22) line, and data was collected from the detector at 7.5 MHz
using a PicoScope 5000 series data acquisition module. Figure 8
shows example scanned measurements of the P(0,22) line using
the DFB QCL with both He and Ar as bath gases. Fit parameters
were excluded for conditions in which the Voigt fit exhibited large
residuals ( > 3%), likely due to collisional narrowing [29]. Measure-
ments of broadening coefficients 2y3-4_y(T) of the P(0,22) line
from both the shock tube and gas cell experiments of 13CO are
shown in Fig. 9. Also shown is a least-squares fit [30] of Eq. (11) to
estimate both the temperature-dependent exponents nye, ¥ ne(To),
nar, and ya(Tp), as well as their respective uncertainties, Anye,
Ay ue(Ty), Angp, and Ay ar(Ty). The resulting broadening parame-
ters are given in Table 2.
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Fig. 9. He- and Ar-broadening coefficients for the P(0,22) *CO line with power law
fits for 300-2300 K. High-temperature gas cell data marked with circles. Data from
shock tube measurements marked with triangles.

Table 2
Spectral modeling parameters for the P(0,22) 3CO line.
Y 2ynco_y(To) Nisco_y Range
[cm~1/atm] [K]
He 0.0953 +0.0023 0.494 +0.024 296-1863
Ar 0.0767 +0.0017 0.595 +0.026 296-2312

To obtain high-speed measurements of 13CO mole fraction in a
reacting mixture, we perform a fixed-DA measurement during the
reaction behind a reflected shock as well as a companion scanned-
DA measurement with the same mixture composition at the same
reflected shock conditions to obtain a temperature time-history
using two-line thermometry. Using the measured reflected shock
pressure and calculated temperature, as well as the parameters in
Table 2 in conjunction with Eqgs. (7) through (11), we calculate
@i(vio) using a Voigt lineshape profile [19] and subsequently de-
termine mole fraction from Eq. (3), as shown in Section 6. By ac-
counting for the temperature change in the collisional broadening
during the reaction, we reduce the uncertainties associated with
the mixture’s exothermicity [9], allowing for more accurate mea-
surements of CO mole fraction. Results are provided in Section 6.

5. Validation results

The main objective of this work is to provide the ability for ac-
curate simultaneous temperature and concentration measurements
of both CO isotopologues at concentrations sensitive enough to dis-
tinguish competitive oxidation between different components of
fuel mixtures. This section discusses the performance of the sensor
in high-temperature environments typical of shock tube oxidation
studies. For a comprehensive uncertainty analysis on the measure-
ments of temperature and mole fraction reported here, the reader
is referred to Appendix A.

The temperature for each reflected shock is calculated from
the incident shock velocity measured by the time-of-arrival sen-
sors and is treated as the known temperature, while the known
mole fractions of both CO isotopologues for non-reacting shocks
are calculated from the barometric mixture preparation. Known
reflected shock temperature and CO mole fractions are overlaid
with measured values during a representative shock tube experi-
ment in Fig. 10, showing excellent agreement. Typical uncertainty
in temperature measured using two-line thermometry on the up-
scan (50 kHz) absorbance areas for each CO isotoplogue is ap-
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Fig. 10. Measured temperature and mole fraction of >CO and '2CO based on two-
line thermometry for a non-reactive >CO/'2CO/Ar/He shock with comparison to cal-
culations from the ideal shock relations and known mixture concentrations.

proximately 2% over the test time (~1 ms) of the non-reacting
shock. It can also be seen that the mole fraction values calcu-
lated from the upscan absorbance agrees with those calculated
from the downscan absorbance, enabling 100 kHz mole fraction
measurements. Several of these experiments were conducted for
a temperature range relevant to combustion kinetic studies. The
accuracy of the sensor over 1100-2250 K is shown in Fig. 11, in
which the measured temperatures and mole fractions of 2CO and
13CO are compared with the expected temperature from shock re-
lations and the concentrations recorded barometrically during mix-
ture preparation. The sensor is shown to reliably determine tem-
perature and mole fraction for various concentrations of 12CO and
13CO in different bath gas mixtures of He and Ar. At lower tem-
peratures ( <1300 K) and higher pressures ( > 1.5 atm), the P(2,10)
line of 3CO and the P(2,20) line of 12CO were too broadened
to make reliable measurements of the absorbance areas for those
transitions. However, in these conditions, the P(0,22) and P(1,16)
line of 3CO and the P(0,31) line of 2CO are still distinguishable
enough for thermometry and mole fraction measurements of 13CO,
as shown in Fig. 11 for the points at 1200 and 1300 K. Assum-
ing temperature from ideal shock relations, 2CO and 3CO exhib-
ited detection limits of 150 ppm and 160 ppm, respectively, using
scanned-DA methods at 1500 K. The corresponding 3CO detec-
tion limit using fixed-DA methods was approximately 21 ppm at
1620 K, assuming a 1-o noise floor.

To validate both the experimental apparatus and the similar-
ities of the reaction rates associated with isotopologues of fu-
els, we performed shock tube oxidation experiments at approxi-
mately the same conditions (nominally Ts = 1758 10 K and P5 =
0.764 +0.025 atm) for two different stoichiometric (¢ = 1) mix-
tures of 1.25% CH, | 2.50% O, | 96.5% Ar; one with 2CH, and
another with 13CH,. The ignition behavior of CH,4 is one of the
most well-known among fuels, and for which there are several
established kinetic mechanisms; these experiments (at conditions
for which much data exists in the literature) serve to validate the
measurement technique as well as the facility used to prepare and
react the mixtures. The mole fractions of both CO isotopologues
from these experiments are shown in Fig. 12, along with a chem-
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Fig. 11. Comparison of multi-isotopologue thermometry and concentration mea-
surements with known quantities in high-enthalpy shock tube from 1100-2250 K.
Different markers indicate distinct 2CO/'3CO/Ar/He mixtures.
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Fig. 12. Mole fractions of 2CO and ¥CO from two different shock oxidation ex-
periments using '2CH4 and '*CH, as the fuel, respectively. Shaded regions indicate
uncertainty in model predictions due to uncertainties in reflected shock conditions.

ical kinetic simulation performed using Cantera [31] with an un-
modified GRI-MECH 3.0 mechanism [32]. The mole fraction results
of the independent experiments agree with one another and with
the kinetic model for methane combustion, highlighting the simi-
larities in ignition behavior of the isotopically labeled fuels. Further
discussion regarding the kinetic effects of isotopic substitution is
provided in Appendix B.

6. Demonstration results

In order to conclusively demonstrate the ability of the tech-
nique to discern competitive oxidation between different com-
ponents of a fuel mixture, a representative combination of fuels
and reflected shock environments must be determined. A well-
established and tractable chemical kinetic mechanism, GRI MECH
3.0 [32], was chosen for modification accounting for isotopic
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Fig. 13. Measured CO mole fraction during ignition of fuel/O, mixture diluted in
Ar at 1726 K (top) and at 1504 K (bottom) alongside chemical kinetic predictions.
Shaded regions indicate uncertainties in kinetic model due to uncertainty in mix-
ture composition and reflected shock conditions.

labeling of carbon atoms. We used this modified mechanism
to survey and downselect temperature and pressure regimes of
interest for ignition of isotopically-labeled fuel mixtures, with
particular attention to smaller carbon-number species relevant to
real fuel oxidation [11,12]. Owing to all the possible permutations
of carbon atoms in the molecules possessing more than one
carbon atom, this modification increased the number of species in
the mechanism from 53 to 117 and the number of reactions from
325 to 886.

Two fuels with distinctly different structure (and hence, ignition
behavior), methane (CH4) and ethylene (also known as ethene,
CyHy), were chosen for inclusion in reactive mixtures for the
initial competitive oxidation tests. Shock tube oxidation experi-
ments were performed with different mixtures of 3CHy, 12C;Hy,
0,, and Ar to validate the sensor’s ability to measure both species
during a reaction. Although known as the simplest hydrocarbon,
CH, often requires higher temperatures than other hydrocarbons at
stoichiometric equivalence ratios to ignite in a comparable amount
of time [33,34]. For example, at atmospheric pressure, a tempera-
ture of about 1700 K is required for successful ignition within the
shock tube test times demonstrated in this work (~2 ms). The
addition of C;H4 into the fuel mixture reduces this temperature
requirement, and a stoichiometric mixture of 67% CH,4/33% CyH,4
will ignite at 1500 K within this test time. Notably, this particular
ratio of 13CH, to !2C,H4 results in a nearly equal number of
carbon atoms corresponding to each carbon isotope.

6.1. Multi-isotopologue CO sensing in reacting mixtures

To specifically test competitive oxidation in oxygen-starved en-
vironments, a fuel-rich mixture (¢ = 1.5) of 67% CH4/33% C,H,4 and
0, was prepared in an Ar bath gas. Example results in Fig. 13 show
the mole fraction results of two scanned-DA experiments with this
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Fig. 14. (Top) Measured (scanned-DA) and assumed (fixed-DA) temperature for ox-
idation experiments in identical reflected shock conditions. (Bottom) CO mole frac-
tion during scanned-DA (markers) and fixed-DA (smooth line) experiments. Shaded
regions indicate fixed-DA uncertainties.

mixture under similar shock-heated pressures (0.744+0.02 atm)
and different temperatures (1726 +£9 K and 1504 + 8 K), along with
the modified kinetic simulation prediction. It can be seen that at
higher temperatures (> 1700 K), the time histories of the mole
fractions of both 12C0O and 3CO are both similar, tracking with one
another. This indicates that the carbon atoms from both 12C,H,
and 3CH, are oxidizing at similar rates in these conditions. This
particular observation agrees with the modified chemical kinetic
prediction quite well. At lower temperatures, however ( ~ 1500 K),
a separation of reaction timescales is visible between 2CO and
13C0—12C0 appears earlier and in higher quantities than 3CO. This
indicates that the carbon atoms from '2C,H, and 3CH, are oxidiz-
ing at different rates in these conditions, at least initially. More-
over, the degree to which the timescales are initially separated is
underpredicted by the modified kinetic mechanism, which shows
the mole fractions agreeing within the model uncertainty. Notably,
the experimental mole fraction results for 2CO and 3CO disagree
with one another beyond what is explicable with experimental un-
certainty.

6.2. High-speed 3CO sensing

Since high-speed !2CO sensing using transitions in the P-
branch of the fundamental band has already been demonstrated
by other researchers [4,35], we focus the discussion of our
fixed-DA measurements on 3CO. To demonstrate the ability of
the sensor to measure mole fraction of 13CO at a time resolu-
tion (>1 MHz) suitable for chemical kinetic studies at higher
temperatures (> 1800 K), a stoichiometric mixture (¢ =1) of
67% CH4/33% C;H4 and O, was prepared in an Ar bath gas.
Figure 14 shows the mole fraction results of two independent
shock tube oxidation experiments—one scanned-DA and one fixed-
DA—with nearly identical reflected shock conditions. The two-line
thermometry temperature time history from the scanned-DA ex-
periment, shown in red markers with error bars, was used to es-
timate a temperature time history for the corresponding fixed-DA
experiment, shown as a line with shaded error region. The mole
fraction results from the fixed-DA measurements show excellent
agreement with the results from the scanned-DA measurements,
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building confidence in both the precision and versatility of the sen-
sor and in the accuracy of the broadening parameters we report in
Table 2.

7. Discussion

In Section 6, we demonstrated the ability of multi-isotopologue
laser absorption spectroscopy to unambiguously identify the par-
ent fuel sources of intermediate oxidation species. The technique
represents a starting point of a new avenue towards anchoring
and constraining detailed reaction mechanisms of fuel mixtures us-
ing laser absorption spectroscopy. In many modern kinetic mech-
anisms in the literature, significant uncertainties exist in several
key elementary reactions involved in the production of CO, par-
ticularly reactions involving the formyl (HCO) and ketenyl (HCCO)
radicals [7,9,36], which we touch on here.

As an example of the type of analysis that can be made with
this experimental technique, we performed a reaction pathway
analysis using the GRI-MECH 3.0 mechanism [32] modified for iso-
topic tracking for a constant pressure ideal gas reactor simula-
tion in Cantera [31] for the low-temperature ignition condition in
Fig. 13. The reaction pathway analysis yielded some insights into
the mechanism potentially responsible for disagreement between
the experiment and the model. During the onset of CO formation
for both isotopologues (~ 1.1 ms in the lower plot of Fig. 13), the
primary pathway for the generation of 3CO is through the methyl
radical (CH3) and formaldyhyde (CH,0):

HO, + CH; <— OH + CH;0 R119
0+ CH; < H+ CH,0 R10
H+ CH;0 + M «— CH;0 + M R57
CH,0 + H «— HCO + H, R58
HCO+M «— H+CO+M R167

For reader convenience, we have labeled the reactions accord-
ing to their reaction number in GRI MECH 3.0. In the oxidation of
CyHy, HCO is also comparably produced via direct O atom attack,

0 +'2 CH, «— "2 CH; + H™2CO R25

and, in conjunction with reaction R167, this represents the dom-
inant pathway to CO for C;H4 during this stage of the oxidation.
Another comparable path to HCO occurs through the reaction of
the vinyl (C;H3) radical with O,, a reaction which is known to have
many possible pathways [37]:

12¢,H; + 05 «— H™CO +!2 CH,0 R173

These additional pathways to H'2CO and '2CO production re-
quire 2C,H, and so are not available to 3CO, because the only
13C in the system must ultimately come from 3CH,, and 3CHj3 re-
combination and downstream production of 13C,H; is not compet-
itive under these conditions. It should be noted that at this time
(~1.1 ms), a significant pathway for the vinyl radical reaction with
0, produces ketene (CH,CO):

12C,H;3 + 0, «<— O +"2 CH}2CHO R294

H+"2 CH}?CO + M «—'2 CH}2CHO + M R304

However, at ~ 1.1 ms, ketene is not yet reacting appreciably.
A bit later in the reaction (~ 1.3 ms in the lower plot of Fig. 13),
the aforementioned pathway to CO through the methyl radical and

formaldehyde stays dominant for 3CO and becomes dominant for
12CQ. Additionally, for the formation of 2CO from 2C,H,, a signif-
icant pathway through the ketenyl (HCCO) radical becomes avail-
able as ketene undergoes hydrogen abstraction:

H +'2 CH*CO «— H™C'2CO + H, R80

H'2C2C0O + 0, <« OH +'2CO +'2 CO R176

As with earlier, this CO pathway is unavailable to 13CO, since it
ultimately comes from 2C,H;. From these two snapshots in time
of the reaction paths for the GRI mechanism, it is clear that there
are many more paths to 12CO than to '3CO, and this is validated
by our experimental results. Since the results in Fig. 13 show that
there is a larger separation of timescales between the appearance
of 13CO and '2CO than predicted by the model, however, it is rea-
sonable to suggest that the reaction rates of the pathways exclu-
sive to 2C,H, should be increased relative to the pathway shared
by both 12C,H, and 3CH4.

This reaction analysis on an established kinetic mechanism is an
example of how multi-isotopologue laser absorption spectroscopy
can provide a unique experimental constraint for efforts to opti-
mize kinetic models of fuel mixtures undergoing competitive oxi-
dation given uncertainties in reaction rate constants [11,12]. Anal-
yses of more modern chemical kinetic mechanisms under active
development and optimization are the subject of forthcoming in-
vestigations.

8. Summary and potential improvements

A mid-infrared laser absorption sensor was developed for si-
multaneous temperature and concentration measurements of two
CO isotopologues at 100 kHz, enabling novel chemical kinetic stud-
ies of isotopically labeled fuel mixtures at combustion-relevant
temperatures and near-atmospheric pressures. To the authors’
knowledge, these are the first simultaneous time-resolved mea-
surements of multiple CO isotopologues originating from inten-
tionally isotopically-labeled fuels in a reacting mixture. Using the
method, we provide initial experimental evidence revealing dis-
tinct competitive oxidation in a relevant fuel mixture. In doing so,
we also provide the first time-resolved LAS measurements of 3CO
for high-temperature shock tube kinetics studies. The technique
shows potential to improve understanding of competitive oxidation
in multi-component fuel mixtures to distinguish reaction pathways
and respective rates by unambiguously identifying the parent fuels
of intermediate species. We provide an example of the type of re-
action pathway analysis that can be facilitated through use of this
method, which can aid combustion kinetics investigations.

To facilitate the use of the sensor in combustion environments
in which CO is created and destroyed more quickly than can be
satisfactorily measured at 100 kHz, broadening parameter mea-
surements with relevant collision partners He and Ar were con-
ducted and utilized for fixed-DA measurements of the temporal
evolution of 13CO at 7.5 MHz, limited only by the bandwidth of the
available PV detector (15 MHz). Additional broadening parameters
associated with other combustion-relevant species—such as CO,,
H,0, 0,, and particularly N;—must be performed before fixed-DA
measurements of 3CO can be performed in atmospheric flames or
other non-diluted reactive mixtures.

Acknowledgments

All experiments detailed in this work were performed at the
Laser Spectroscopy and Gas Dynamics Laboratory at the Univer-
sity of California, Los Angeles, and are supported by the American
Chemical Society Petroleum Research Fund (Award No. 59315-
DNI6), as well as by the U.S. National Science Foundation, Award


https://doi.org/10.13039/100006770
https://doi.org/10.13039/100000001

388 D.I. Pineda, EA. Bendana and K.K. Schwarm et al./ Combustion and Flame 207 (2019) 379-390

No. 1752516. DIP is supported in part by NSF AGEP Award
No. 1306683. FAB acknowledges support from the Eugene V. Cota-
Robles Fellowship. KKS acknowledges support from the Depart-
ment of Defense (DoD) through the National Defense Science &
Engineering Graduate (NDSEG) Fellowship Program.

The authors thank Dr. Enoch E. Dames for helpful comments
during the preparation of the manuscript. The authors acknowl-
edge the experimental assistance of Ana Y. Contreras in gas
cell measurements and optical alignment assistance of Daniel D.
Lee. The authors also acknowledge the manufacturing efforts of
Nicholas M. Kuenning for several components of the shock tube,
supported by the NSF REU Program.

Appendix A. Uncertainty analysis

The uncertainty analysis presented here largely follows that of
Wei et al. [23], with added discussion for the transient phenomena
associated with shock tube studies. As in that work, unless other-
wise noted, we follow the Taylor series method (TSM) of uncer-
tainty propagation [38], in which the uncertainty of a variable r,
Ar, is given by:

5 ar 2 ar 2

where x; are dependent variables and Ax; are their respective un-
certainties.

(A1)

Al. Temperature uncertainty for scanned-DA

For the two-line thermometry methods used in this work, tem-
perature is given by [19]:

fe (g~ ED)

= S, (Ty) h (EJ/—E)
In(R) +In($%) + s

Uncertainty in temperature as expressed in Eq. (A.2) depends only
on the uncertainties of the reference temperature linestrengths in
the HITRAN/HITEMP database, AS;(Ty), and the uncertainty in the
ratio of calculated absorbance areas AR:

2 2
(Ar)z G () (D)
T (g EE L InR) + ln(—sZ(T"))>2
ks  To S1(To)

The linestrengths of the P(0,22) and P(1,16) lines of 3CO are
known to within 2%, and so AS;(Ty)/S;(Ty) = 0.02 for these lines.
For 12CO, the linestrengths of the P(0,31) and P(2,20) lines are
known to within 2% and 5%, respectively, and so AS;(Ty)/Si(Tp) =
0.02 for the P(0,31) line and 0.05 for the P(2,20) line. However, the
largest contributor to Eq. (A.3) is usually AR, given by the expres-
sion:

() - () ()

In this work, AA; is conservatively assumed to be equal to the
maximum value of the residual multiplied by the absorbance area
A; calculated from the Voigt fitting procedure.

(A2)

(A3)

(A4)

A2. Mole fraction uncertainty for scanned-DA

For the scanned-DA measurements, the mole fraction for any
given species is calculated by:
P

Si(T)PL

(A.5)

Which is not spectrally dependent on lineshape ¢;(v). The uncer-
tainty in X depends on the uncertainties of A;, S;(T), P, and L:

Ax\° (AaAN  (asn)\ (AP (AL’
x ), \A& ) \sm ) "\P) T\T

(A.6)

As mentioned earlier, AA; is calculated based on the residuals of
the Voigt fit. The pathlength L of the shock tube is known to a
high precision; AL/L is assumed to be much smaller than the other
terms in Eq. (A.5) and so it is not included in our uncertainty anal-
ysis. However, for the high temperature gas cell, the pathlength
changes a small amount with the thermal expansion of the cell,
and so AL =1 mm for those experiments.

Uncertainty in pressure, AP is dominated by two sources. For
all experiments, uncertainty in the pressure transducer | capaci-
tance manometer measurements APneqs leads to uncertainties in
mole fraction and broadening parameters. For the shock tube ex-
periments, uncertainty in the reflected shock pressure Ps5 due to
uncertainties associated with the shock relations APs contribute.

2 2 2

AP\ [ APneas N AP

p Pmeas PS
For the sake of brevity, these uncertainties will not be discussed
in detail; however, we note that significant contributors to APg
include uncertainties in the composition of the driven gas (from
the barometric mixture preparation), uncertainties in the time-of-
arrival measurements, and small uncertainties in the initial pres-
sure P; and temperature T;. Further information can be found in

the work by Campbell et al. [26]. This leaves the uncertainty in
temperature-dependent linestrength S;(T), which is given by:

s =8 B)on[ (1 )]

hevo, hevei \ 1™
x [1 —exp (_k;¥0”):| |:1 —exp (_k;}?" )] (A.8)

where Q is the partition function for the molecule of interest,
and vg; is the linecenter of the transition i of interest. The two
uncertainties we are primarily concerned with are the reference
temperature linestrength uncertainty AS;(Tp) (which we have al-
ready calculated) and the uncertainty in temperature-dependent
linestrength due to uncertainty in temperature AS;(T). In short,
AT (from the uncertainty in AR) affects the S;(T) used to calculate
mole fraction. The following expression can be obtained for the un-
certainty in linestrength due to uncertainty in observed tempera-
ture, AT:

(A7)

dQ(T)/dT 1 hcE/
QM) T keT?

AS2(T) = S,?(T)AT2<

2
hCVO,,' exp (—hCon,’/kBT)
+ kgT? (1 —exp (—hcvg i/kgT) (A9)
This expression is consistent with the analysis presented

by Ouyang and Varghese [39]. The total uncertainty in the
linestrength S;(T) can now be calculated:
ASHT) = AS}(To) + AS?(T) (A.10)

Thus, all uncertainty dependencies of X as given in Eq. (A.5) are
accounted for and AX can be calculated using Eq. (A.6).
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A3. Mole fraction uncertainty for fixed-DA

For fixed-DA measurements at the linecenter v;,, the mole frac-
tion is calculated by:

oy
O
Si(T)Pg;(vo)L

which is spectrally dependent on lineshape ¢;(v). The uncertainty
in X depends on the uncertainties of «,, S;(T), P, ¢;(vg), and L:

Ax\’ A\ [(AS(T)\: (AP’
x) “\w ) "\so) TP
FDA !
2 2
AL Agi(vo)
+(L) +<¢,-(vo>)

The uncertainties AP and AL remain the same as previously.
Since we estimate T from a scanned-DA experiment to calcu-
late both S(T) and ¢;(vg) for a fixed-DA experiment at nearly
identical conditions, the uncertainties AS;(T) and AT also remain
the same. Measurement uncertainty in wavelength-dependent ab-
sorbance «), as determined by Eq. (3), is influenced by noise in
the intensity of the laser light on the detector. We estimate the
absorbance uncertainty Aa:

It £ Al

Ao, = —lr1<10 i AI)
where Al is the 95% confidence interval associated with the laser
and detector noise for both the incident light Iy and transmitted
light I;, determined from a measurement of I prior to shock heat-
ing the test gas. The uncertainty in lineshape ¢;(v) depends on the
spectral model used. As mentioned, we use the Voigt lineshape
profile in this work, dependent on Doppler width Avp [cm™1]
(which is dependent on temperature T) and collisional width Av.
[cm~1]. For brevity, we omit the details of the Voigt profile un-
certainty derivation and provide a conservative approximate uncer-
tainty dependence:

A\ _, (8w, (s
@i(vo) B Avp Av.

The uncertainty dependence in the Doppler width Avp, A(Avp),
can be obtained as:

A\ (Avei\ 1 AT
Avp B Vo,i +Z T

where Avg; can be determined by the stability of the waveme-
ter measurement, in this work 40.00025 cm~!. During fixed-DA
shock tube studies, collisional width Av. is modeled according to
Eq. (10), and the resulting expression for its uncertainty can be cal-
culated:

AAv)\ (AP (A% (AT
e ) T\ 7)) \x) T\

2
+ n2<ATT> + (In(n) An)?

(A11)

(A12)

(A13)

(A14)

(A15)

(A.16)

The uncertainties in collisional broadening coefficient (in bath gas
Y) vv(Ty), Ayy(Tp), and temperature-dependent exponent n, An,
are determined from the linear regressions applied to Egs. (10) and
(11), respectively, which account for independent measurement
uncertainty in multiple dimensions [30]. The mole fraction of the
non-reacting bath gas Y (in this work, Ar) is assumed not to change
appreciably throughout the experiment, and its uncertainty AXy
is calculated from the barometric mixture preparation. Notably,

the temperature-dependent pressure-induced line shift [19] of the
13CO P(0,22) line is not considered when tuning the laser to
2007.8767 cm~'. Assuming 8(Ty) = —0.003 cm~'/atm [40,41] and
a temperature-dependent exponent of M~ 1 [42], this results in a
line shift of § ~ —0.00035 cm~! and a ~0.03% underestimation of
o, at the tested conditions, which is added to the overall uncer-
tainty A«,. Thus, all uncertainty dependencies of X as given in Eq.
(A.11) are accounted for and AX can be calculated using Eq. (A.12).

A4. Ignition delay timing

In the oxidation experiments shown in this paper, the mod-
eled and experimental ignition delay times were observed to occur
within the margin of error resulting from the uncertainty in the
reflected shock temperature and pressure. Given this agreement,
we slightly shift the timing of the modeled results (within the cal-
culated uncertainty) so that the peak CO mole fractions align in
time with the experimental results in order to focus comparison
on the remainder of the species time-history profiles. In particular
this adjustment allows for improved comparison of species evolu-
tion/shape before primary ignition.

Likewise, there are small shock-to-shock variations in ignition
delay related to the stochastic nature of the diaphragm bursts.
The peaks of CO mole fraction and absorbance from the respec-
tive scanned-DA and fixed-DA oxidation experiments shown in
Fig. 14 were found to agree within the time of one scanned-DA
scan, and were similarly synchronized to provide the temperature
profile estimate used to determine Xcg for the fixed-DA experi-
ment.

Appendix B. Isotopic effects on chemical reactions

In many fields of chemistry, isotopic substitution is used—
particularly with hydrogen—for its ability to produce observably
different reaction rates as a means to distinguish reaction path-
ways. In this study, however, we assume that the reaction rates of
12C- and 13C-containing fuels and fuel fragments are indistinguish-
able enough to have minimal effects on the ignition behavior of
the fuels. A brief justification of this assumption follows.

The change in observed reaction rate due to isotopic sub-
stitution is related the change in vibrational frequencies of the
bonds associated with the transition state of the reaction [13]. The
changes in vibrational frequencies are, in turn, dependent on the
change in the reduced mass of the atoms in the bonds. As such, re-
actions involving isotopes of hydrogen have some of the largest ob-
servable changes in reaction rates due to its relatively small atomic
mass—deuterium has a mass that is twice that of hydrogen, a 100%
increase. However, 13C is only 8% more massive than '2C, which
has a less significant effect on its respective reduced masses that
control the vibrational frequencies of the bonds involved in reac-
tions. An expression for estimating kinetic isotope effects is given
in the equation below,

k12c — exp (hC(VuC — v13c)) (B])

k13C - ZkBT

in which k; is the rate coefficient of a reaction for isotope i,
T is temperature, and v; is the vibrational frequency associated
with the relevant bond to the reaction. For a typical reaction that
involves breaking a C-H bond in the stretch coordinate (Vi ~
3000 cm~1), substituting 3C (D13 ~ 2991.10 cm~1) results in a
reaction rate ratio kipc/kisc of 1.00493. This assumes the bond is
fully broken without any activated complexes (such as would nor-
mally exist in a hydrogen abstraction reaction), and so the actual
isotope effect will be smaller [13].
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This calculation, along with the results shown in Fig. 12, suggest
that carbon isotopologues of the fuels in this study can be treated
as kinetically indistinguishable, facilitating analysis in chemical ki-
netic studies utilizing multi-isotopologue laser absorption spec-
troscopy. Lastly, it should be noted that all the shock tube experi-
ments in this work are carried out with significant dilution ( > 96%)
with small quantities ( <2%) of fuels, rendering the effect of natu-
rally occurring 3C during oxidation of 12C-containing fuels negli-
gible.
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