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ABSTRACT

The low-pressure limit rate constant ki of the reaction N,O + M 2 N; + O + M was measured in
shock-heated mixtures of 0.2% N,O/Ar using 4.56-um laser absorption of N,O in the temperature range
1546-2476 K near 1.3 atm. Modeling the N,O profiles with a detailed kinetic analysis, which considered
non-ideal pressure variations, provided k; o values that were best fit by the expression k;o=1.01 x
10" exp(—30, 050,T), with ki in cm®mol-'s™! and T in K. Estimated k; o uncertainties at 1546, 1821,
and 2230 K were respectively 13.0%, 8.9%, and 9.0%. By combining the results of the present study with
previous low-temperature data measured in flow/static reactors, the best fit over the temperature range
850-2500 K was determined to be (ki in cm?®mol-'s™!, T in K)

k1o = (1.04£0.04 x 10")exp[(—30, 098 £ 90)/T].
This is the first study of kq ¢ using N,O infrared laser absorption. Through the high signal-to-noise ratios

of the experimental N,O profiles and careful consideration of dP/dt effects, this k; ¢ determination is in
excellent agreement with the large body of historical k; o data but demonstrates significantly less scatter

than all previous measurements.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The spin-forbidden thermal dissociation of N,O0,
N,0 +M = Np+O(*P)+M, (R1)

is important to the development of unimolecular reaction theory
and the generation of O(3P) atoms in chemical kinetics experi-
ments. Consequently, the low-pressure limit rate constant, kq g, has
been widely studied in shock tubes [1-17].

Early shock-tube studies of k; o employed N,O ultraviolet ab-
sorption (N,0-UVA) [1,2] and infrared emission (N,O-IRE) [2-4] to
infer kqo. With the increasing prevalence of atomic resonance
absorption spectroscopy (ARAS) in the 1960s and 1970s, O-atom
ARAS (O-ARAS) was soon used to measure kqo[5]. While some
early k1o studies employed other methods (e.g., mass spectrom-
etry [6], gas chromatography [7], and laser schlieren densitome-
try [8]), these methods were ultimately eschewed in favor of N,O-
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UVA, N,O-IRE, and O-ARAS in recent ko studies [9-17]. Several
such studies are summarized in Table 1.

The previous shock-tube studies of k; ¢ are subject to multi-
ple problems. First, signal-to-noise ratios (SNRs) were as low as
~10 for N,0-UVA (Fig. 1c of [13]), ~12 for N,O-IRE (Fig. 3 of [2]),
and ~7 for O-ARAS (Fig. 3 of [12]). Many studies did not provide
sample data with which to estimate the SNR, but overall scatter
in the kq o data (see the o column in Table 1, assembled by the
present authors using available literature data) is likely partially
due to low SNR. Second, the kinetic analyses employed were often
analytic rather than numeric. For example, some studies used the
quasi-steady state (QSS) assumption for [O] (see pg. 374 of Hanson
and Salimian [18]), which underestimates k; o and likely explains
the systematically lower ki o data of Jost et al. [1], Olschewski
et al. [3], and Fujii et al. [11] (Sulzmann et al. [10] also made the
QSS assumption, but the large scatter in their data obscures any
systematic uncertainty). Third, some studies used high N,O con-
centrations (~3%). Such high concentrations can lead to significant
changes in temperature (~45 K after 2 ms for 2.5% N,O in balance
Ar initially at 1700 K and 1 atm) that can confound kinetic inter-
pretations. Fourth, N,O-UVA and O-ARAS are subject to interfer-
ing absorption, which can be partially corrected for but invariably
introduces uncertainty to the measurement. The N,0-UVA studies
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Table 1

Selected shock-tube studies of ko with M = Ar.
Author Year Ts range Ps range N,O mole Diagnostic Kinetic analysis # of points  o(%)¢ Ref.

(K)? (atm)? fraction® method®
Jost et al. 1964 1500-2500 2-20¢ 0.5-3% N,0-UVA (230 nm)* k1 = kapp/28 56 254 [1]
Olschewski et al. 1966 1500-2550 0.8-12.3h 0.02-1% N,O-IRE (4.5 pm) k1 = kapp/2 69! 15.8 [3]
Monat et al. 1977 1800-3350 ~0.4 1-2% N,O-IRE (4.5 pm) Numerical (9) 5 141 [4]
Zaslonko et al. 1980 1800-2400 2-15k 2.5% N,0-UVA (240 nm)! Numerical (3) 4 16.1m [9]
Sulzmann et al. 1980 1700-2550 1.7-4.6 2% N,O-IRE (4.5 pm)" k1 = kapp/2° 10 38.2 [10]
Fujii et al. 1986 1550-2000 ~2 1% N, O-IRE (4.5 pm) k1 = Kapp/2P 8 8.6 [11]
Fujii et al. 1989 1600-2400 ~1 0.01% 0-ARAS (130 nm) Initial sloped 20 16.3 [12]
Zuev and 1991 1800-2250 2-20° 3% N,O-IRE (2.9, 4.5 pm), Numerical (10)* 26 8.9u [13]
Starikovskii N,0-UVA (250 nm)*
Michael and Lim 1992 1550-2500 0.7-1.1v ~2 ppm 0-ARAS (130 nm) Initial slope 36 34.2 [14]
Rohrig et al. 1996 1700-3100 0.3-6.5 0.05%, 0.5% N, O-IRE (4.5 pm) Numerical (9) 11 11.6 [15]
Ross et al. 1997 1200-2400 <1 0.0001-0.2% 0-ARAS (130 nm) Initial slope and 131 325 [16]
first order™

Javoy et al. 2009 1500-2500 0.6-3.4 3-50 ppm 0-ARAS (130 nm) Numerical (3) 27 20.6 [17]
This study 2020 1550-2500 1.1-14 0.2% N,0-IRA (4.562 pm) Numerical (26) 15 3.1 -

2 Some works also include measurements of the high-pressure limit rate constant, k; .. The Ts and Ps ranges here correspond only to measurements of k; o.

b The balance in all mixtures is Ar since only datapoints from mixtures of N,O and Ar are considered.

¢ The number in parentheses represents the number of reactions included in the detailed mechanism.

d o is defined as the standard deviation of the percent difference between the datapoints and the best-fit Arrhenius expression.

¢ Found no pressure dependence of k; up to 20 atm. This finding conflicts with the later findings of [13].

f Also measured NO UV absorption (226 nm). The NO profiles were not used for any kinetic inferences.

& The apparent rate of N,O disappearance is kqp, = —1/([N20][M]) (d[N,0O]/dt). The factor of 2 in the expression ki = kqpp/2 arises from the QSS assumption for [O] (see pg.

374 of [18]).

h p; for the whole study ranged from 0.8 to 300 atm. The Ps range for the k; o measurements was not explicitly stated. However, the study of k; o was performed at [M] <
6 x 107> mol/cm?. Assuming Ts was 2500 K at this concentration, Ps was thus 12.3 atm or less for the k; o experiments.

i The 0.02% N,O data are included in the 69 total datapoints but are excluded from the calculation of o due to inconsistencies in this dataset.

i Also measured NO IR emission (5.3 pm). Used the NO profiles to infer the ratio ks/k;(see Section 3 for definition of R3).

k Estimated using the stated range of [M] (1-10 x 10-> mol/cm?) with the known Ts range.

! Also measured NO UV absorption (214 nm). The NO profiles were not used for any kinetic inferences.

™ The short-dashed line in their Fig. 2 was used to calculate o.

" Also measured NO UV absorption (226 nm). Used the NO profiles to infer k; + k3 and the ratio k,/ks(see Section 3 for definition of R2 and R3).

© An initial slope method for [N,0] was also used to extract k; o for some of the colder experiments.

P Also simulated their results with a 3-reaction mechanism, but this mechanism was not used to extract k.

4 The initial slope method using [O] is k; = A[O]/(At[N;0]y[M]), where At can be arbitrarily chosen and is typically taken near the beginning of the experiment.
" It is unclear at what Ps the k; o measurements were performed since ki ., was also measured in this work.

S Also measured NO, visible absorption (434 nm) and NO-O recombination emission (500 nm). Used these diagnostics to infer k; ...

Y It is unclear whether the 10-reaction mechanism was used to simulate the actual experimental profiles or merely the extracted kqp, values.

U Since the data reported in their Fig. 2 were kqp, values, a least-squares fit to these kqp, data was used to calculate o.

vV Estimated using the stated value of [M] (5.5 x 10~ mol/cm?) with the known Ts range.

W Initial slope analysis performed for Ts < 1900 K. First-order analysis performed for Ts > 1900 K.

in Table 1 employed wavelengths near 240 nm to access unre-
solved low-lying electronic states of N,O [19]; these wavelengths
are subject to interference from the y bands (A2Y." « X2II) of
NO [20]. The O-ARAS studies in Table 1 employed the strong triplet
lines (359<-3P, 1 9) of O at 130.2, 130.5, and 130.6 nm [21]; these
wavelengths are subject to interference from the D!y " « X2y°F
transition of N,O [22]. Fifth and finally, none of the studies in
Table 1 save those of Fujii et al. [11,12] considered the effects of
the non-ideal pressure change dP/dt, which is a shock-tube phe-
nomenon that can have significant effects on the extraction of
chemical kinetics parameters from shock-tube experiments [23].
As a result of these five complications, factor-of-three differences
persist in the ko data between ~1500 and ~2500 K; see Fig.
S1 in the Supplementary Material (SM). Therefore, an opportu-
nity exists to apply a new technique to obtain improved high-
temperature k; o data by avoiding or improving upon these five
problems.

Since the turn of the century, the quantum cascade laser
(QCL) has revolutionized access to the mid-IR (3-12 um) [24].
The fundamental vibrational frequencies of many organic and/or
combustion-relevant species fall within the mid-IR; therefore,
QCL access to this spectral region permits sensitive detection
of numerous molecules [25]. Because laser-absorption schemes
can be deployed with extremely high SNRs, QCLs can pro-
vide speciation measurements that are ideal for determin-

ing accurate rate constants [26], particularly at lower pres-
sures where phenomena such as beam-steering are negligible
[27].

There are no shock-tube studies of k; o using N,O infrared ab-
sorption (N,O-IRA). Thus, this paper presents the first such mea-
surement by employing a new, fixed-wavelength N,O diagnostic
near 4.56 pm. The shock tube and laser diagnostic are first de-
scribed, and a pair of representative experiments is analyzed in
detail to illustrate the data reduction method. The k; o data are
then presented. Finally, discussion is given to the various details
of the ko data extraction and the improvements of the present
work over previous studies.

2. Experiment
2.1. Shock tube and mixing tank

Experiments were performed in a stainless-steel shock tube
with a 7.62-cm diameter driver section (length: 3.0 m) and a
16.2-cm diameter driven section (length: 6.78 m). Polycarbonate
diaphragms of 0.254-mm thickness were burst using He as the
driver gas. Mechanical and turbomolecular pumps achieved ulti-
mate pressures of ~10-8 atm in the driven section before each ex-
periment. Five piezoelectric pressure transducers measured the in-
cident shock wave velocity vg; the temperature Ts and pressure
Ps behind the reflected shock wave (RSW) were calculated using
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vs. The sidewall pressure was monitored 1.6 cm from the driven
section endwall using a piezoelectric transducer; this sensor was
shielded using RTV silicone to mitigate heat transfer effects that
can alter measured pressure profiles [28]. For more details on the
shock tube, see Vivanco [29].

Gas-phase mixtures were prepared manometrically in a
stainless-steel mixing tank using 0-0.01 and 0-17 atm pressure
gauges. N,O was supplied by Praxair at 99.5% purity; Ar was sup-
plied by Airgas at 99.9999% purity. Pressures of ~10~° atm were
achieved before mixture preparation. Mixtures were left overnight
before performing experiments. All experiments used mixtures of
0.2% N,O in balance Ar. With this low N,0O concentration, tempera-
ture decreases due to endothermicity during the timeframe of the
k10 determination were at most 18 K for the hottest experiment
but typically less than 8 K.

To investigate potential H,O or H contamination effects, simula-
tions were performed with a detailed mechanism [30]. Even if the
entirety of the 0.5% impurities in the N,O bottle were H,O, cal-
culations with and without H,O at the high- and low-temperature
ends of this study showed no difference in terms of the modeled
N, O time histories (Praxair indicates that the majority of the impu-
rities in N,O is actually N,, which also has no effect on the model
predictions). Similar calculations indicated no effect of H on the
present experiments, where the amount of H was estimated as a
function of T5 using the model of Urzay et al. [31].

2.2. N,O laser absorption diagnostic

Tunable laser light was generated to probe the P(33e) transi-
tion within the 00°01<«-00°0 band of N,0. At the conditions of
this study, this transition blends with the weaker P(19e) and P(19f)
transitions in the 0111«<0110 band [32]; therefore, the laser was
tuned to 2192.474 cm~! (~4.561 pm) to access the peak of the
blended spectral feature for optimum N,O detectivity. No interfer-
ing absorption occurs at this frequency: NO possesses negligibly
weak line strengths in this region [33], and N;, O,, and O are IR
inactive.

A continuous-wave QCL (Alpes Lasers) provided narrow-
linewidth (~5 x 107> cm™!) light. The QCL was cooled with an
internal thermoelectric cooler (TEC) and situated atop an exter-
nal TEC for additional temperature stability. The QCL tempera-
ture and current were maintained at typical values of -24.5°C and
375 mA via an Arroyo Instruments 6310-QCL controller. The abso-
lute frequency of the laser was monitored using a Bristol 671B-MIR
wavemeter with a resolution of 0.001 cm™!.

The laser beam was split into two legs with a beamsplitter. One
leg was directed to the reference intensity (Iy) detector, while the
other was passed through the shock tube via two sapphire window
ports located in the same plane as the sidewall pressure transducer
and directed into the transmitted intensity (I;) detector. The de-
tectors (Teledyne Judson ]J10D, 200-kHz bandwidth) were liquid-
N,cooled and fitted with optical filters (Iy: center 4500 nm, full-
width 500 nm; I;: center 4562 nm, full-width 33 nm). An exper-
iment with the laser turned off confirmed that even at the high-
temperature end of this study, the broadband emission exiting the
shock tube was reduced to undetectable levels via the optical fil-
ters and other optics. Using common-mode rejection via a differen-
tial preamplifier, the signals Iy and Iy — I; were sampled at 1 MHz
with a digital oscilloscope and post-processed with a first-order,
200-kHz-cutoff Butterworth filter (see Fig. S5).

3. Results
Representative transmission and pressure traces are shown in

Fig. 1 for experiments near the low- and high-temperature ends
of this study. The jumps at time zero mark the passage of the
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Fig. 1. Representative laser transmission and sidewall pressure traces acquired in
0.2% N,O/Ar at (a) 1821 K, 1.31 atm and (b) 2230 K, 1.21 atm.
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Fig. 2. N,O sensitivity analysis at the conditions of Fig. 1 using the 26-reaction
mechanism of the present study.

RSW. Following the achievement of Ts and P; behind the RSW, the
transmission increases as the N,O decomposes. No signs of N,O vi-
brational relaxation were observed, in agreement with indications
that the 1/e vibrational relaxation time should be well below 1 ps
at these conditions [8]. Conservative estimates of the SNR are 120
and 40 for the traces in Fig. 1a and b, respectively.

To analyze the experiments, a 26-reaction, 11-species chemical
kinetics mechanism for N,O decomposition was assembled from
the literature [15,30,34-41] guided by previous modeling works
[30,34]. Thermodynamic data were taken from Burcat and Ruscic
[42]. The mechanism is described in the SM (Table S2), and the
mechanism and thermodynamic data are provided as Chemkin-
format text files in the SM. Figure 2 displays the N,O sensitivity
analysis at the conditions of Fig. 1 using the 26-reaction mecha-
nism and reveals the N,O concentration is chiefly sensitive to R1,
with only minor sensitivities to two other reactions:

N,0 + 0(*P) = Ny+0, (R2)

N0 + O(*P) = NO + NO. (R3)
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Fig. 3. N,O time histories at the conditions of Fig. 1: (a) 1821 K, 1.31 atm and
(b) 2230 K, 1.21 atm. Solid line: predictions of the 26-reaction mechanism of the
present study with the best-fit k; o for each individual experiment. Dotted/dashed
lines: mechanism predictions with +10% variations in the best-fit k; o.

Figure 2 shows the N,O concentration is completely insensitive to
all other reactions, making the selection of the remaining 23 reac-
tions in the mechanism unimportant. k, and k3 were taken from
Meagher and Anderson [34] and are estimated to have uncertain-
ties of 50%; see Section 4.1.

Transmission time histories were converted to N,O time histo-
ries via the Beer-Lambert law, It/Iy = exp[—ky(t) - P(t) - Xn2o(t) - L]
Here, ky(t) is the time-varying spectral absorption coefficient, P(t)
is the time-varying pressure, Xyo(t) is the time-varying N,O mole
fraction, and L is 16.2 cm. P(t) was the measured pressure trace.
The initial ky(t), k0, was calculated from the initial N,O concen-
tration (0.2%), the initial pressure (Ps), and the initial transmission
behind the RSW; in this sense, the present experiments were self-
calibrating in terms of k, o, requiring no spectroscopic parameters
for N,O. Values of k, ¢ are plotted in Fig. S3 as a function of Ts; the
best fit to these data is k,o(T) =86.99exp(—1.914 x 1073 x T).
At Ts> 2000 K, rapid N,O decomposition slightly lowers the de-
termined k,o by no more than 10%, but ultimately has no ef-
fect on the ki determination, as discussed later. From P(t), a
time-varying temperature profile, T(t), was calculated assuming
isentropic expansion/compression; this assumption has been re-
peatedly verified for similar conditions (e.g., [28,43,44]). T(t) was
then used to calculate k,(t) using the temperature dependence of
kyo(T). With all other variables known, Xy,0(t) was inferred. Ac-
counting for P(t) and ky(t), rather than holding them constant,
caused only minor changes in Xypo(t)(~ 2% or less; see Fig. S4) but
was nonetheless performed for all data analyses. N,O time histo-
ries from the Fig. 1 experiments are shown in Fig. 3.

Also shown in Fig. 3 are the predictions of the 26-reaction
mechanism using the best-fit k; o for each experiment. The mech-
anism predictions were calculated using the 0-D reactor in the
Chemkin-Pro-suite assuming constant internal energy and employ-
ing the volume-as-a-function-of-time (VTIM) method [45] based
on the measured pressure traces; see Section 4.2. To extract the
best-fit ki o from each experiment, ko was adjusted until the
predicted N,O time history from the 26-reaction mechanism best
matched the experimental N,O time history using the following
methodology.

Using a fixed value of E, for all experiments, A in the Arrhe-
nius expression kq o = Aexp(—Eq/RT) was varied for each experi-
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Fig. 4. ki uncertainty analyses at the conditions of Fig. 1 using the root-sum-
squares method. Values in parentheses are the estimated uncertainties of each un-
certainty source. ki o, k2, and k; uncertainties were taken from Baulch et al. [41].
Ts uncertainty was assessed according to Petersen et al. [46].

ment to achieve a best fit between the modeled and experimen-
tal N, O time histories. The experiment-specific k; ¢ value was then
calculated using the best-fit A, the fixed Eg, and Ts. Two iterations
(with a different E, for each iteration) were used to extract ki g
in three steps. First, Iteration 1 assumed E, =56,644 cal/mol (ac-
cording to Rohrig et al. [15]) and best-fit k; o values were deter-
mined using this fixed E,. Second, a best-fit, two-parameter Arrhe-
nius expression was fit to the Iteration 1 kq o values; this fit had
Eq =59,729 cal/mol. Third, E;, = 59,729 cal/mol was fixed during
Iteration 2 to determine the next set of best-fit kq o values. From
Iteration 1 to Iteration 2, the kq ¢ values typically changed by only
~2% (i.e., within the fitting uncertainty of the k; o determination;
see the next paragraph) and E, changed by only 15 cal/mol. There-
fore, only two iterations were performed. See Table S1 for more
details.

Figure 4 displays a detailed ki uncertainty analysis of the
Fig. 1 experiments. Six uncertainty sources (kq ., k2, k3, Ts, mixture
composition, and fitting) were investigated by varying each source
according to its estimated uncertainty and assessing the resultant
change in kq . The dominant uncertainty source is Ts, followed
by k, and k3. The visually estimated fitting uncertainty depends
on the SNR and the sensitivity to R1. The uncertainty in ki o, has
no discernible effect on k; o because the conditions of the present
study (5.3 x 1076 < [M] < 1.1 x 10~ mol/cm?, 2476 > Ts> 1546 K)
are well within the low-pressure limit of R1. (Using ki o, from
[15], [M];, was estimated at 7.0 x 107 and 5.0 x 10~ mol/cm?
at the high- and low-temperature ends of this study, respectively.
As further evidence that the present conditions were within the
low-pressure limit, using a kq ,, expression with a broader Troe
falloff curve [41] instead of a narrower Lindemann curve caused
no change in the extracted k; ¢ values). The uncertainty in mixture
composition has no discernible effect on ky o largely due to the
self-calibrating feature of these experiments; this self-calibrating
feature also eliminates uncertainty in k; o from spectroscopic pa-
rameters or laser frequency. The slight (< 10%) errors in the k¢
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Fig. 5. Experimental kq o values: the shock-tube studies of Monat et al. [4], Rohrig et al. [15], Javoy et al. [17] and this work and the flow/static reactor studies of Martinengo
et al. [47], Johnsson et al. [48], Glarborg et al. [49], and Pham et al. [50]. The data from [48] shown here are the three datapoints that were reanalyzed in [49]. The
recommendation by Javoy et al. was used in two recent chemical kinetics mechanisms [30,51]. The solid line is the combined fit to the data of this study and the low-
temperature data. The Monat et al. data are not shown in the inset. The uncertainty bars of the present study are smaller than the symbols.

determination at high temperatures contribute only second-order
errors to the second-order k; o(T) correction to Xyyo(see Fig. S4);
consequently, high-temperature uncertainty in k, o has a negligible
effect on both Xyyp and k; o. Combining the uncertainty sources
using the root-sum-squares method yields total kq ¢ uncertainties
of 8.9% and 9.0% for Fig. 1a and b, respectively. For the coldest ex-
periment, the fitting uncertainty (~10%) dominates, leading to a to-
tal kq o uncertainty of 13.0% at 1546 K.

The experimental kq values are plotted in Fig. 5. The best
fit to the data of this study (1546-2476 K) is ki o=1.01 x
105 exp(—59, 715/RT)(units of cal, mol, cm, s, K). The present
data fall well within the scatter of the previous shock-tube
studies by Monat et al. [4], Rohrig et al. [15], and Javoy
et al. [17]. Lest it appear we have handpicked these datasets,
Fig. S1 shows that the k;, data of the present study bisect
the aggregate data of Table 1. By combining the results of
this study with previous studies [47-50] at lower temperatures
(860-1431 K), a best fit from 850 to 2500 K is obtained as
kio=(1.04+0.04 x 10')exp[(—59, 810 + 180)/RT](units of cal,
mol, cm, s, K).

4. Discussion
4.1. Sensitivity to k, and k3

Uncertainties in k, and ks each introduce 3-4% uncertainty
in kq o(Fig. 4). Interestingly, a fair amount of controversy sur-
rounds k,, particularly at lower temperatures (~950-1100 K). It
was long accepted that k, ~ k3 across a wide temperature range
(see [34]). Gradually, several studies began to question this as-
sumption, culminating in the comprehensive review by Meagher
and Anderson [34] that proposed k, and k3 with significantly
different E; values: ky =3.69 x 102exp(—15,937/RT) and k3 =
9.15 x 103 exp(—27, 682/RT). However, the recent review by Glar-
borg et al. [49]has again suggested that k, = k3. Very recently, the

studies of Pham et al. [50]and Zhou et al. [52] have provided new
evidence that k, # k3 at lower temperatures, lending support to
the k, expression of Meagher and Anderson. Note that k; is the
controversial rate; k3 seems to largely be agreed upon.

In light of the new experimental evidence [50,52], the Meagher
and Anderson k, and k3 seem the most trustworthy, so these val-
ues were adopted in the 26-reaction mechanism of the present
study. Regardless of the final consensus on k, at lower tempera-
tures, however, there seems to be little controversy regarding k, at
higher temperatures: various sources agree k, ~ k3 between 1800
and 2000 K [34,51]. Therefore, the 50% estimates of uncertainty in
k, and ks[41] used in Fig. 4 should encompass the uncertainty in-
troduced to kq g by k, and ks in the present study (1546-2476 K).
Future updates to k, and/or k3 may require slight changes to our
k10 values.

4.2. Shock-tube modeling considerations

Modeling dP/dt using the VTIM method during the determina-
tion of kq ¢ had significant effects on the extracted kq o. As an ex-
ample, consider the experiment shown in Fig. 6. The experimen-
tal pressure trace (Fig. 6a) displays an initial decrease followed
by a gradual increase. The initial decrease in pressure (i.e., nega-
tive dP/dt) is a result of the relatively low pressures (1.1-1.4 atm)
employed in this study and has been shown recently to be due
to the transition of the boundary layer from laminar to turbu-
lent [53](this negative dP/dt precludes the use of driver inserts
[54], which can only correct for positive dP/dt). Also shown in
Fig. 6a is a smoothed fit to the experimental pressure, P(t). From
P(t), a normalized V(t) was calculated assuming isentropic ex-
pansion/compression (Fig. 6b). V(t)/V, deviates by almost 3% from
the constant-V assumption, resulting in an isentropic temperature
decrease of 29 K. Figure 6¢ shows the predictions of the 26-
reaction mechanism for two cases: one with constant V and one
with the calculated V(t). The discrepancy between the constant-V
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Fig. 6. Effect of dP/dt on the ki extraction for an experiment at 1754 K, 1.33
atm in 0.2% N, 0, balance Ar. (a) Experimental pressure time history and smoothed
fit, P(t). (b) Normalized V (t) calculated isentropically from P(t). (c) Simulated N,O
time histories using the 26-reaction mechanism incorporating either constant V or
V(t); the experimental time history is also shown. The dashed lines represent the
constant-pressure behavior of an ideal shock tube.

and V(t) modeling cases in Fig. 6¢ translates to a 15% change in the
extracted k; o as well as poorer agreement with the experiment
in terms of profile shape. Although the VTIM method was used
to analyze all experimental data, the effects illustrated in Fig. 6¢
were strongest at lower temperatures: at higher temperatures (T5>
1900 K), the N,O decomposition occurs rapidly enough that dP/dt
has little effect on the extracted kg,

Proper modeling of dP/dt effects via V (t) is contingent upon a
temperature-dependent Arrhenius expression. One method for ex-
tracting rate constants from speciation data is to fit mechanism
predictions to data through varying k by changing A with E; set
equal to 0. Such methodology is straightforward, but removes the
temperature dependence of the rate constant and negates the ben-
efit of the VTIM method: a mechanism with E; =0 for k; ¢ pro-
duces essentially identical results to the dashed line in Fig. 6¢ even
if the modeling includes V (t). (Additionally, using Eq = 0 largely
negates the benefit of chemical kinetics solvers that account for
temperature changes due to reactivity.) The kq o iteration method
described in Section 3 was employed to avoid the pitfalls of using
E, = 0.

To facilitate accurate modeling of our experimental results by
future researchers, the full experimental datasets for all 15 experi-
ments, including the pressure traces, are provided in the SM.

4.3. Previous shock-tube studies of k;

The ki data of this study represent the highest-precision
shock-tube measurement of kq o to date. This fact is quantified by
the o column in Table 1, which was calculated for each study by
collecting all kq ¢ datapoints and taking the percent difference be-
tween each datapoint and the best-fit Arrhenius curve to the data;
the standard deviation of the resulting distribution is o. The o
value of the present study (3.1%) is almost three times smaller
than the next smallest o value and over ten times smaller than
the largest o values.
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The hottest two datapoints in Fig. 5, from Monat et al. [4] and
Rohrig et al. [15], are the hottest datapoints among all the
Table 1 studies and fall ~50% below the best fit of this study. Simu-
lations of the Monat et al. datapoint (2% N,O in balance Ar, 3423 K,
0.37 atm) using the 26-reaction mechanism indicate that 50% of
the N,O decomposes after only ~3 ps. However, the obfuscation of
the emission signal by the RSW in the sample trace in their Fig. 1
at 2500 K persists for ~4 ps, which would encompass most of the
useful experimental time at 3423 K. Furthermore, their stated time
resolution was 2 ps. Therefore, although Monat et al. and Rohrig
et al. accounted for the RSW obfuscation issue via an exponen-
tial extrapolation, it is likely that their hottest experiments were
still hindered by issues of time resolution and RSW obfuscation. To
check for similar issues in the hottest experiment of the present
study (2476 K), it was assumed that 10% of the initial N,O de-
composed during the passage of the RSW (based on the temporal
width of the schlieren spike in the laser transmission signal during
the RSW passage, ~7 ps) such that Xy, immediately behind the
RSW was 0.18%. A kinetic analysis revealed no change in the best-
fit kq o despite this assumption, indicating the present experiments
avoided RSW obfuscation issues.

4.4. Previous low-temperature studies of ko

The best-fit ki o of the present study was slightly adjusted to
compromise between four low-temperature studies: the flow reac-
tor studies of Martinengo et al. [47], Johnsson et al. [48], and Glar-
borg et al. [49] and the static reactor study of Pham et al. [50]. The
data of Johnsson et al. and Glarborg et al. are 40-80% higher than
the present study, while the data of Pham et al. are 30-35% lower
than the present study (Fig. 5).

The data of Glarborg et al. [49] possess a relatively steep slope
(Eq ~ 68,000 cal/mol). We contacted Dr. Peter Glarborg regarding
this observation. He suggested this was due to N,O decomposing
in the preheat region of the flow reactor, which would lead to
erroneously high values of ki and E,;. He also shared that this
possibility did not occur to the authors of [49]at the time since
their flow reactor was designed for hydrocarbon/oxidizer mixtures
(the preheat zone problem is now well known to the flow reactor
community; see Dryer et al. [55]). We modeled the flow reactor
used in [49] with the assumption of a 2-6 cm preheat region
before the reaction zone and an initial preheat inlet flow of 0.75%
N,O in balance Ar; these assumptions were based on descriptions
of the experimental apparatus and discussions with Dr. Glarborg.
The conclusion of these calculations is that when the preheat zone
is considered, the k; o data of [49] shift significantly downward
and can thus be reconciled with the best-fit kq ¢ of this study;
see the SM. A similar correction could be applied to the Johnsson
et al. data [48], which are from the same facility.

Pham et al. [50] measured N,O time histories in a static reactor
between 860 and 1023 K at 1.05 atm. In modeling their N,O time
histories, they did not consider that their experimental conditions
were somewhat in the falloff region. Assuming a Lindemann curve
with kq ,, from Réhrig et al. [15] and kq ¢ from our study, consid-
eration of falloff behavior would increase the Pham et al. k; o data
by 4-6% (i.e., closer to our best-fit k; o). A broader, more accurate
falloff curve would shift their data even closer to our best-fit kq o.
(As an aside, the experimental data of Pham et al. were taken from
the thesis by Tsay [56]. However, in their Fig. 1b, Pham et al. in-
correctly copied the N,O time histories from Tsay’s Fig. 2.4. The
correct data are given in Fig. S6).

Table 2 summarizes the recent k; o expressions for M = Ar. The
best fit of the present study combined with the low-temperature
data is in excellent agreement with the recent values of E,. Rel-
ative to the k; o of the present study, the experimentally derived
ki, from Javoy et al. (which was recently used in two influential
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Table 2

Arrhenius expressions for k; o with M = Ar from recent studies.
Author Year Method T range (K) A? n? E;? Ref.
Baulch et al. 2005 Review 1000-3000 6.02 x 10 0 57,450 [41]
Javoy et al. 2009 Experiment 1500-2500 7.20 x 10" 0 57,386 [17]
Pham et al. 2020 Theory and experiment  850-1025" 933 x 10 0 60,150  [50]
This study 2020  Experiment 1550-2500 1.01 x 10 0 59,715 -
This study + low-T data 2020  Experiment and review  850-2500 1.04 x 105 0 59,810 -

2 Arrhenius expressions given as ki o = AT"exp(—Eq/RT). Units are cal, mol, cm, s, K.

b This T range corresponds to their experiments. They found good agreement between their theoretically calculated k; o

and both (1) their low-temperature data and (2) the high-temperature data of Monat et al. [4] (see Section 4.3 regarding

the highest-temperature Monat et al. data).

chemical kinetics mechanisms [30,51]) is 27% larger at 2000 K and
a factor of 2.3 larger at 1000 K, while the theoretically calculated
kq 0 from Pham et al. [50] is 31% smaller at 1000 K and 25% smaller
at 2000 K.

A three-parameter Arrhenius expression was also determined
and is given by kjg=1.70 x 10> T%29exp(-60, 800/RT) (units
of cal, mol, cm, s, K). This expression deviates from the two-
parameter fit by no more than 4.6% between 850 and 2500 K
and may be employed as an alternative fit in this temperature
range.

5. Conclusions

A new, fixed-wavelength laser absorption diagnostic near
456 pm was employed to measure N,O time histories in shock-
heated mixtures of 0.2% N,O in balance Ar between 1546 and
2476 K near 1.3 atm. Through a detailed chemical kinetic analysis
including consideration of dP/dt effects, the low-pressure limit rate
constant k; o was extracted from the experimental data. By com-
bining the new data with previous low-temperature data, a best fit
was determined to be k; o = (1.04+0.04 x 10')exp[(—30, 098 +
90)/T] (k1 in cm®mol-'s7!, T in K). Estimated uncertainties at
1546, 1821, and 2230 K are 13.0%, 8.9%, and 9.0%, respectively.
The new ky ¢ data exhibit noticeably less scatter than all previous
shock-tube studies and bisect the preponderance of the historical
shock-tube data on kq . Through careful experimental design, diag-
nostic deployment, and data analysis, the present study using N,O-
IRA avoids the issues experienced by previous k; o studies that em-
ployed N,0-UVA, N,O-IRE, and O-ARAS.

All experimental data from this study are provided in the SM.
This transparency will aid future researchers in properly utilizing
the high-quality data of this study via modeling of dP/dt behavior.

The present study seems particularly apt for this special is-
sue honoring Ron Hanson since the thrust of the present work
(accurate extraction of a rate constant from high-SNR laser ab-
sorption data via consideration of non-ideal shock-tube effects) is
an extension of many methodologies promulgated by the Hanson
Group over several decades. Shock-tube physics, laser diagnostics,
atomic/molecular spectroscopy, and chemical kinetics have each
benefitted immensely from Professor Hanson'’s illustrious career at
Stanford University, and these fields will undoubtedly continue to
bear his stamp for many years to come. As the field of combustion
continues to grow and evolve, Ron’s ongoing legacy will continue
to inspire combustion researchers to reach new heights of under-
standing and achievement.
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