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ABSTRACT: Ammonia (NH;) has garnered substantial attention
in recent years due to its importance across many scientific and
engineering domains—including its potential use as a carbon-free
fuel and long-term energy storage option, its use in reducing
combustion-generated nitrogen oxide emissions, its role as a
decomposition fragment of many energetic materials, and its
presence as an important impurity during biofuel and biomass
combustion that can affect overall system kinetics, among others.
Yet, it is generally recognized that there are still significant gaps in
the present understanding of ammonia kinetics—in both
experimental data sets and submodels within the overall ammonia
kinetic mechanism. For example, most experimental studies of
ammonia oxidation have used molecular oxygen as the primary or
sole oxidizer. While large mole fractions of molecular oxygen are encountered in many combustion scenarios, there are select systems
where ammonia is more likely to be oxidized via nitrogen-containing species (e.g., N,O), and, more generally, there are relatively
untested reaction sets that would be accentuated in such conditions. To address one such gap in experimental data sets for the
validation of ammonia kinetics submodels, we present results from jet-stirred reactor experiments of an NH;/N,O/N, mixture over
an intermediate temperature range (850—1180 K). In these experiments, the mole fractions of NH;, N,O, and NO are measured
through a combination of gas chromatography, chemiluminescence, electrochemical detection, and infrared absorption—where
agreement among the different diagnostics (within 3% for N,O and 7% for NO) ensures high confidence in the experimental
measurements. Comparison of the experimental results and model predictions suggests deficiencies in commonly used models for
nitrogen kinetics. Various modeling analyses point to the central role of the N,O + NH, = N,H, + NO reaction, on which recent
kinetic models all rely on the same rate constant estimate that appears to have not been tested in previous validation data sets for
NH; kinetics.

H INTRODUCTION behavior is still an open challenge, especially at low
temperature (T < 1200 K) and under diluted conditions.”
Indeed, many submodels within NHj; kinetic mechanisms rely
on rate constant estimates that likely have not been tested/
validated in previous theoretical and experimental studies.
For example, most prior experimental studies of ammonia
oxidation involve large mole fractions of molecular oxygen as it
is readily available during many combustion processes.'"*>~*
Among those experimental studies, trace amounts of nitrogen
oxides (NO, NO,, N,0) are often included as reactants (in
addition to O,) given their presence in many ammonia

Ammonia (NH;) kinetics has received significant attention due
to its broad relevance across many scientific and engineering
domains.'™® Important applications include, for example, its
proposed use as a carbon-free energy carrier,””” its continued
use as a nitrogen oxide reduction agent in the thermal DeNO,,
process’~'* and similar processes using urea,'” its role as a
decomposition fragment of many energetic materials,'* ™" and
its presence in trace quantities as an impurity during biofuel
and biomass combustion that influences overall system
kinetics.”'”~>" As the breadth of its applications continues to
grow, there is an increasing need for comprehensive ammonia
kinetic models that can accurately predict its kinetics across Received: May 18, 2021
such highly varied domains with confidence. Even with the Revised:  July 14, 2021
substantial previous attention devoted to ammonia kinetics, Published: July 30, 2021
many researchers still believe that our understanding of

ammonia chemistry is incomplete.'”>*~>* For example, Stagni

et al.”” note that “a comprehensive understanding of its kinetic
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Figure 1. Simplified schematic of the 1 atm jet-stirred reactor system used for this study (located at Columbia University). Thermocouple locations
(1, 2) are shown in the magnified JSR image on the right side of the figure. Note that only one MFC was utilized for this study given that a single

certified standard gas tank contained the reactant mixture.

applications, notably the thermal DeNO, process and biomass
combustion.'*°~3% However, experimental studies of ammo-
nia oxidation by nitrogen-containing species (e.g, NO, NO,,
N,O) in the absence of O, are much more limited®”*" —
particularly for N,O, which has generally been studied only at
higher temperatures (above 1500 K).*'~** Consequently, new
experimental data for such reactant mixtures would be valuable
for establishing ammonia kinetic models that can be broadly
used across varied application domains by both evaluating
untested reaction sets and accentuating different combinations
of rate constants than previous data sets.

Additionally, in some applications (e.g., during the
combustion of nitrogen-rich energetic materials' '*), ammonia
is exclusively oxidized in an environment where nitrogen-
containing oxidizers are present in much higher mole fractions
than O,. Furthermore, NH;/N,O kinetics is also expected to
be relevant to biomass combustion, where NH; and N,O are
often present in sizable fractions,”' and to nitrogen oxide
reduction strategies using ammonia, where N,O is both an
undesirable byproduct in NO, reduction applications'® and
itself among the major nitrogen oxide emissions in fluidized
bed combustion.** In fact, deficiencies in model predictions of
N,O during thermal deNO, under low O, mole fractions in
particular have been highlighted in recent studies.'"'>*’
Therefore, experimental data for NH;/N,O kinetics are
important for the validation of broadly applicable nitrogen
kinetics models for these and other applications. To address
this gap in the available experimental data sets for ammonia
oxidation kinetics, we perform jet-stirred reactor (JSR)
experiments for a NH;/N,O/N, mixture at intermediate
temperatures (850—1180 K). Gas chromatography, chemilu-
minescence, electrochemical detection, and infrared absorption
are used to gather species mole fraction data for NH;, NO, and
N,O. All results are compared against simulation predictions
using five recent kinetic models.'"*>***>*® These comparisons
reveal significant differences between experimental measure-
ments and predictions using recent kinetic models, suggesting
deficiencies in submodels for NH;/N,O kinetics. These
discrepancies are investigated through a combination of flux
analysis, uncertainty-weighted kinetic sensitivity analysis, and
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other analyses to identify the influential reactions in this
experimental system. These analyses point to the central role
of the NH, + N,O = N,H, + NO reaction, on which recent
kinetic models all rely on the same estimate. We then present
modeling results that suggest that this reaction has remained
untested in previous validation data sets for NH; kinetics along
with a discussion of the conditions under which it may play a
role.

B EXPERIMENTAL METHODS

To quantitatively assess NH;/N,O kinetics over an intermediate
temperature range, experiments are performed using the jet-stirred
reactor (JSR) facility at Columbia University (Figure 1) at the
conditions specified in Table 1. The JSR facility consists of a flow

Table 1. Experimental Conditions with Estimated
Uncertainties

mixture composition 444.4 ppm of NH; (+2%)
951.1 ppm of N,O (#2%)
balance N,

12's (+5%)

1.02 atm (+1%)
8501180 K (1%)

residence time
pressure

temperature

delivery system that can prepare mixtures of several gases, a
temperature-controlled JSR, and several online fast-response diag-
nostics that enable simultaneous measurements of multiple species.
Of note, all components are controllable by computer to enable later
planned high-throughput and/or automated operation at experimental
conditions selected by Bayesian Design of Experiments.*’

The flow delivery system consists of Bronkhorst EL-FLOW
Prestige mass flow controllers (MFCs) followed by a mixing manifold
upstream of the reactor. In this study, in order to reduce reactant
mixture composition uncertainties, a certified standard gas mixture of
NH,;/N,0/N,, whose composition and specified uncertainties are
provided in Table 1, was directly flowed from a single MFC.
Volumetric flow rates were in the range of 0.9882—1.3718 + 0.0095
L/min to yield a constant nominal residence time inside the JSR of
1.2 s across all temperatures.

The quartz JSR used for this study is based on the design of
Herbinet et al.,***° which is in turn based on the design principles of

https://doi.org/10.1021/acs.energyfuels.1c01544
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Matras and Villermaux,*® has been found to closely mimic key
behavior of a perfectly stirred reactor,”"*> and has been used for many
kinetic studies.**”**7% Before entering the spherical reactor, the
reactant mixture is rapidly preheated in a thin annular preheating zone
with large surface area to maintain thermal homogeneity inside the
reactor”” and with small volume to limit the extent of reaction prior to
the entrance into the reactor."®® The preheated mixture is then
ejected into the spherical reactor (nominally 56 mm diameter) via
four quartz nozzles (0.25—0.30 mm inner diameter) in a crossed
configuration angled 45° from the equatorial plane to promote rapid,
turbulent mixing and high recirculation ratios to yield high spatial
homogeneity throughout the reactor volume. Previous experimental
and computational studies®"*> have found that this particular reactor
configuration**** produces nearly ideal residence time distributions
and spatial homogeneity within its designed range of residence times.
The nominal residence time inside the reactor is specified by the
reactor volume divided by the volumetric flow rate of the reactant
mixture. Water displacement measurements of our reactor indicate an
internal reactor volume of 82 # 2 cm® On the basis of the
uncertainties in the reactor volume and the flow rate (discussed
above), the estimated uncertainty in the nominal residence time is
approximately +5%.

System temperature is maintained using a Thermocoax resistive
heating element coiled around the reactor and preheating zone.
Surrounding the heating element is 75—100 mm thick ceramic
insulation that allows for a peak reactor temperature slightly above
1200 K. Temperature is measured simultaneously at two reactor
locations (Figure 1) using independent Omega high-temperature,
low-drift K-type thermocouple probes (SCAXL-062), which are rated
to have <+1.5 K noise, <+1.5 K deviations from linearity, and <+2.8
K calibration drift. The first probe (labeled “1” in Figure 1) monitors
the temperature near the nozzle inlets via an inner concentric access
port positioned inside the annular preheating zone. The second probe
(labeled “2” in Figure 1), which is encased within a 2 mm quartz
capillary tube, monitors temperature within the spherical reactor via
the reactor outlet tube and can translate along its center line to
observe spatial gradients in the temperature profile. Preliminary
testing with pure Ar has shown that spatial temperature deviations
within the reactor are typically limited to <+5 K when testing in the
range of 850—1180 K. The low reactant mole fractions and low extent
of reaction explored in this study also limit reaction exothermicity,
thereby introducing minimal additional spatial temperature deviations
due to reaction. (Indeed, even adiabatic simulations at the present
conditions suggest a maximum temperature rise of 3 K.) Similarly,
temporal profiles of recorded temperatures shown in Figure 2 for a
fixed thermocouple position near the center of the spherical reactor
(thermocouple location 2 of Figure 1) for each temperature set point
indicate temporal variations of <+2 K. Altogether, the estimated
uncertainty in the reactor temperature is approximately +1% of each
temperature set point.

The gas mixture exiting the reactor is split between an exhaust line,
which is used to control the pressure, and a sampling line, which
carries a portion of the flow to the online species diagnostics. Reactor
pressure is controlled using an Equilibar dome-loaded back pressure
regulator (BPR) located in the exhaust line. Reactor pressure is
maintained slightly above atmospheric at 1.02 atm to suppress N, and
O, sample contamination from the surrounding air. The exhaust line
downstream of the BPR is held at a slight vacuum near 0.27 atm to
provide a sufficient pressure gradient across the BPR needed for
responsive pressure control. An Omega high-accuracy, digital pressure
gauge (DPG409-030A) is positioned at the beginning of the exhaust
line to monitor reactor pressure and provide a voltage output signal to
the BPR's PID controller to maintain 1.02 atm as flow conditions
vary. Pressure measurements indicate variations of less than 0.0007
atm from the set point. Based on the specified uncertainties for the
pressure gauge of +0.0007 atm noise, +0.0014 atm accuracy, and
+0.0021 atm stability, the estimated uncertainty in the pressure is less
than +1%.

The gas mixture exiting the reactor is sampled through silica-coated
stainless-steel tubes maintained near 385 K using a secondary resistive
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Figure 2. Measured temperature profiles at a fixed thermocouple
location near the center of the spherical reactor. Temperature set
points are listed in bold font in the upper right corner of each subplot.
All subplot temperature scales are set to 3 K of the set point.

“sample line heater” to prevent water and any other low-volatility
products from condensing out of the gas-phase mixture. Four
independent diagnostics sample from this gaseous mixture to measure
species mole fractions at each experimental condition. An Eco Physics
AG NO, chemiluminescence analyzer (CLA) and an Infrared
Industries NO electrochemical cell (ECC) measure NO, an Infrared
Industries IR-208 gas analyzer (IR) and an Inficon Micro GC Fusion
gas analyzer (GC) measure N,O, and a secondary Infrared Industries
IR-208 gas analyzer measures NH;. While the GC is capable of
measuring many other species, notably H, and O,, these molecules
remain below detectable mole fraction limits during all conducted
experiments. The CLA and GC analyzers draw adequate sample flow
via their respective internal pumps while the IR and ECC detectors
rely upon an external sample conditioner that generates stable flow
and simultaneously removes any particulates and water from the
sample stream.

Prior to its entry to the CLA, ECC, and N,O IR detectors, the
sampled flow is first passed through a heated (~400 K) PermaPure
AS series NH; scrubber. In the case of the CLA, the removal of NH;
was found to eliminate large calibration drifts observed in earlier
experiments performed without the scrubber. In the case of the ECC
and IR detectors, the removal of NH; avoids known compatibility
issues with components in those devices. This scrubber contains
phosphoric acid, which reacts with NHj; in the sample flow to form
ammonium phosphate—a high melting point salt that is deposited in
the scrubber. (As a cautionary note, while this reaction is intended to
be highly selective and only affect NH; mole fractions, the authors
have observed the scrubber reduce NO, mole fractions in a separate
experiment. However, this is of little concern here as NO, mole
fractions are expected to remain below detectable mole fractions at
the present experimental conditions.)

Species measurements in the gases sampled from the reactor were
taken for reactor temperatures spanning 850—1180 K in 50 K
increments except for the highest temperature. At each temperature
set point, measurements were taken for at least 10—15 min to confirm
that steady-state conditions had been reached. Each device was
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Table 2. Measurement Uncertainties Specific to Each Diagnostic

NO (CLA) NO (ECC) N,O (IR) N,O (GC) NH; (IR)
calibration gas 4.77 ppm 49.37 ppm 773.3 ppm 773.3 ppm 444.4 ppm
+5% +2% +2% +2% +2%
calibration drift +4% +11% +1% +1% +6%
0% —-11% —1% 0% —2%
signal noise (1o) +1% +10% +1% +1% +1%
minimum uncertainty +0.03 ppm +0.30 ppm +3.9 ppm +8.4 ppm +2.2 ppm
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Figure 3. Experimental measurements and model predictions of (a) N,O, (b) NO, and (c) NHj for conditions shown in Table 1.

calibrated using certified standard mixtures acquired from Airgas with
specified uncertainties listed in Table 2. A multipoint calibration was
performed for the GC measurements of N,O over a mole fraction
range that encompassed the full mole fraction range relevant to this
study.

Calibrations were tested after taking measurements to quantify any
drift in the calibration. For the GC, CLA, and ECC, calibrations were
performed before any measurements were taken and then tested after
all measurements were taken. For the IR diagnostics (which
experience larger drift), after measurements were taken at each
temperature set point, the calibration drift for each was quantified,
and then calibrations were repeated by feeding calibration gas directly
into each detector. For each diagnostic, the maximum calibration drift
observed between calibrations is reported in Table 2 along with the
measured noise among multiple measurements at each set point and
the minimum uncertainty due to resolution and linearity limitations.
The uncertainties for each measured species for each diagnostic from
Table 2 are then combined to produce the error bars shown in
Figures 3 and 6.

Experiments were performed across the full temperature range
twice with ~72 h between experimental runs to investigate
measurement repeatability and satisfy flow requirements for each
diagnostic. In the first run, N,O and NO were measured using the IR
and ECC, respectively; in the second run, N,O, NO, and NH; were
measured using the GC, CLA, and IR, respectively. Only data above
the ECC’s minimum resolution (0.3 ppm) are shown in Figures 3 and
6.

B SIMULATION METHODS

Simulations in an isothermal, isobaric, perfectly stirred reactor were
performed in Cantera 2.4.0° using an ideal gas equation of state and
five recently developed kinetic models. These include the model of
Zhang et al.”* for NO, kinetics and the model of Glarborg et al."" for
nitrogen kinetics, both of which contain submodels for NH; oxidation
kinetics. Also included are the models of Shrestha et al.,* Stagni et
al,” and Han et al** for NH; oxidation kinetics. To facilitate
comparisons between model predictions and experimental measure-
ments for N,O consumption, in the simulations shown in Figures 3
and 6, the measured N,O mole fraction at low temperatures (977
ppm) is used as the N,O mole fraction in the simulated reactant
mixture instead of the value specified in the certified standard gas
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mixture used as the reactant mixture (951 ppm) (though the two
agree within the 2% N,O mole fraction uncertainties in each of the
two different certified standard gas mixtures). For the uncertainty-
weighted kinetic sensitivity analyses, the most recently recommended
uncertainty factor for each reaction among various rate constant
evaluations®* ™" is used.

Bl RESULTS AND DISCUSSION

Experimental measurements and model predictions of N,O,
NO, and NH; mole fractions are shown in Figure 3. As
observed in Figure 3a and b, there is excellent agreement
between GC and IR measurements of N,O (within 3%) and
CLA and ECC measurements of NO (within 7%). Not only do
these data suggest a high level of consistency of the
experimental measurements among diagnostics, but also they
suggest that experimental repeatability is very good as the GC
and IR measurements of N,O and the CLA and ECC
measurements of NO were taken on different days.

The measurements and predictions of all four models
indicate an onset of N,O and NH; consumption near 1000 K,
albeit with model predictions for all models showing a faster
rate of consumption than observed experimentally, particularly
for NH;. On the contrary, model predictions suggest an onset
for NO formation at temperatures as low as ~900 K with a
sharp rise thereafter with increasing temperature, whereas
experimental measurements indicate an onset of NO formation
at temperatures closer to 1000—1100 K. At temperatures above
900 K, predicted NO mole fractions for all models are higher
than experimental measurements by as much as an order of
magnitude.

Flux analysis performed using the model of Glarborg et al.''
at the present conditions (Figure 4) suggests that N,O (Figure
4a) is primarily consumed by unimolecular decomposition

N,O(+M) & N, + O(+M) (1)

and bimolecular reactions with H and NH,

https://doi.org/10.1021/acs.energyfuels.1c01544
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Figure 4. Rate of production for (a) N,O, (b) NH;, (c) NH,, and (d) NO by each reaction calculated using the model of Glarborg et al.'! (solid
lines) and a modified version of the same model without R3 (dotted lines).

N,0 + H & N, + OH @)

©)

to produce O and OH radicals, which are the coreactants in
the two primary NH; consumption reactions (Figure 4b)

NH; + O & OH + NH,

N,O + NH, & N,H, + NO

(4)
(5)

that are also the primary production reactions for NH, (Figure
4c), which is in turn primarily consumed by reactions with
N,O (R3) and NO

NH, + NO & H,0 + N,

NH, + OH & H,0 + NH,

(6)

7)

where the NNH quickly decomposes to H and N,, making the
latter the key chain-branching reaction at these conditions
(similar to other situations involving NH;''). At higher

NH, + NO & NNH + OH
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temperatures, the analysis using the model of Glarborg et
al.'" suggests that reactions of NH, with other radicals (O, H,
and NH) including

NH, + O & H + HNO (8)
NH, + H & H, + NH (9)
NH, + NH & H + N,H, (10)

also play a role in NH, consumption, though they are still
much less prominent than R3, R6, and R7—at least when
using rate constant values for R3 contained in present models
(as discussed further below).

Figure 4d indicates that both production and consumption
of NO predicted using the model of Glarborg et al."" are nearly
exclusively due to reactions involving NH, as a reactant.
Namely, reaction of NH, with N,O (R3) is nearly exclusively
responsible for NO production, and reactions of NH, with NO
(R6, R7) are nearly exclusively responsible for NO

https://doi.org/10.1021/acs.energyfuels.1c01544
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Figure S. Results from (a) sensitivity and (b) uncertainty-weighted (u-w) sensitivity analysis for NO, N, 0, and NH; mole fractions at 1180 K using

11,2
two recent models'"*

and a modified version of Glarborg et al'! with R3 removed.

consumption. In fact, predictions of the NO/N,O ratio using
the model of Glarborg et al.'" are nearly identical to the ratio
of ky/(ks + k;) across the full temperature range here,
consistent with NO reaching a quasi-steady-state mole fraction
based on production by R3 and rapid consumption by R6 and
R7.

To explore the possible sources of the discrepancies between
model predictions and experimental measurements, the

sensitivity of predicted mole fractions of species i to rate

constants for each reaction j, dln(X;)/dln(k;), were calculated.

The results of this sensitivity analysis at 1180 K using the

models of Glarborg et al.'' and Stagni et al”® are depicted in
Figure Sa. The results for the two models both indicate that

predictions of all three species are most sensitive to R1, R3, R6,

and R7.

13343

https://doi.org/10.1021/acs.energyfuels.1c01544
Energy Fuels 2021, 35, 13338—13348


https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01544?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01544?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01544?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01544?fig=fig5&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c01544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels pubs.acs.org/EF
1000 Sp— Glarborg ct al. (2018)
900l — Ky x 172
4r kps x 1/10
800 e A kR3 X 0
é E3 4 ca
Q\. 700+ g | ECC
“ 600} “
500} I
400+ 0 —A—F ¢ IR _
800 1000 1200 800 1000 1200 800 1000 1200
T [K] T [K] T [K]
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Figure 7. Comprehensive validation data set for NH;/NO,, kinetics over a wide range of temperature (900—2000 K) and pressure (1—30 atm).

Symbols represent experimental measurements.'>***” Solid lines represent predictions using the model of Glarborg et al,''

represent a modified version of the same model without R3.

while dotted lines

While reactions R1, R6, and R7 have been thoroughly
investigated in numerous prior studies, R3 has received far less
attention. A closer look at the rate parameters in each model
show that all five models use the same estimated rate constant
for R3—an approximation of Dean and Bozzelli*’ based on
NO addition to N,H, being similar to NO addition to HNO.
Recognizing that the uncertainties in rate constants for some
reactions (e.g., a factor of 10 for R3) are considerably higher
than those for other reactions (e.g.,, 25% for R6 and R7 and a
factor of 3.2 for Rl), the sensitivity coefficients for each
reaction, dln(X;)/dln(k;), shown in Figure Sa were multiplied
by their respective uncertainties, Oin(k)y tO give uncertainty-

weighted sensitivity coefficients (Figure Sb), which reflect the
uncertainty in predictions of the mole fraction of a particular
species i due to the uncertainty in the rate constant for reaction
j. These results indicate the significance of R3 in this system as
it is both highly influential and uncertain.

To further explore the influence of R3 on predictions, model
predictions were also performed using modified versions of the
model of Glarborg et al.'' that employ a range of values for k;

13344

within its uncertainty limits (X1/2 and X1/10) or that employ
a value of k; = 0 (Figure 6). The results in Figure 6 confirm
that variation of k; within its uncertainty limits yields
significant variation in the predicted NO mole fraction. In
fact, model predictions of NO become consistent with
experimental measurements if k; is reduced by a factor of
~10 from the estimate from Dean and Bozzelli”” Reduced
values of k; would also yield modest improvements in the
agreement between model predictions and experimental
measurements for N,O and NH;. Interestingly, flux and
sensitivity analysis performed without R3 in Figures 4 and §
suggest different controlling pathways—without R3, NH, is
primarily consumed by reactions with O (R8), H (R9), and
NH (R10) instead of N,O (R3), and NO is primarily
produced by reactions involving HNO such as

HNO(+M) & NO + H(+M) (11)

instead of NH, (i.e., R3).

To ascertain the extent to which the previous validation data
sets have provided tests of R3, which appears to be a key
element of submodels for NH;/N,O kinetics, simulations with
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Figure 8. Comparison of rate constants between R3 (solid black line) and competing NH, reaction channels known to be important during (a) the
SNCR of nitrogen oxides (NO/NO,) and (b) the ignition of NH; at lower/intermediate temperatures. Values are taken from Glarborg et alM!

and without R3 were performed for a comprehensive set of
NH,/NO, kinetic data.'>*>*”% This data set consists of flow
reactor, JSR, and shock tube ignition delay measurements that
span a temperature range of 900—2000 K and a pressure range
of 1-30 atm. Model predictions with and without R3, shown
in Figure 7, are nearly identical—indicating that previous
validation data sets have not tested this particular reaction.

To identify combustion systems that are likely affected by
R3, its rate constant was compared against the rate constants of
competing reactions of NH, that are known to be important
during the Selective Non-Catalytic Reduction (SNCR) of
nitrogen oxides and the ignition of NH; at low and
intermediate temperatures using the values of Glarborg et
al.'" (shown in Figure 8).

As indicated in Figure 8a, rate constants of NH, + NO/NO,
reactions are orders of magnitude larger than the rate constant
of R3 (NH, + N,0), which would suggest that R3 is likely
only important when the N,O mole fraction is ~1000 times
higher than the NO and NO, mole fractions at 1000 K (and
~10—100 times higher at 2000 K). Similar trends are shown in
Figure 8b for the NH, + NH,/HO,/H reactions. Many
applications involving NHj, such as its use in the thermal
DeNO, process and its potential use as an alternative fuel,
often involve large mole fractions of radicals (NO/NO,/NH,/
HO,/H), whose reactions with NH, compete with R3 and are
therefore unlikely to be sensitive to R3. That said, certain
combustion environments either quickly form or initially
contain large mole fractions of N,O and therefore may be
influenced by this reaction—including, for example, the
thermal initiation of nitrogen-rich energetic materials, the
formation and reduction of N,O in fluidized bed combustion,

and reduction of N,O by NH;. While the role of R3 in these
combustion systems has yet to be firmly established, the
present results indicate that more accurate quantification of k;
would improve current submodels for NH;/N,O kinetics and
contribute to the development of comprehensive models for
NH; kinetics that can be reliably applied to the full range of
highly varied applications involving NH;.

Equivalent analyses with other models (shown in full in the
Supporting Information), which also show the importance of
R3 at the present conditions, are qualitatively similar—with
the notable exception being the additional importance of R11
in predicted NO formation. The other models, which all use
higher values of kg than in Glarborg et al,'' predict a much
larger fraction of NO production from the decomposition of
HNO (R11), which is primarily formed via R8, and therefore
yield NO/N,O ratios that differ from the k;/(ks + k;) quasi-
steady-state estimate based solely on formation by R3 and
consumption by R6—R7. Reduced values of kj still improve the
agreement between predicted and measured NO but are
insufficient to resolve differences between predictions and
measurements for many of the models. Interestingly, for
models with reduced values of k;, the remaining disagreement
between predictions and measurements is roughly correlated
with the values of kg used in each model, which differ by a
factor of 4. Like R3, R8 has not received much recent
attention, with models apparently relying on a personal
communication cited in ref 30 or theoretical estimates based
on QRRK calculations®® that are not expected to be
quantitatively accurate. However, unlike R3, R8 also plays a
role in predictions of previous validation data (e.g., flames™).
Based on the variability in rate constants among various
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models and lack of reliable values, future investigation of R8
would be also appear to be worthwhile.

B CONCLUDING REMARKS

Experimental measurements of N,O, NO, and NH; were
performed for an NH;/N,O/N, mixture over a range of
intermediate temperatures to address gaps in previous
validation data sets for nitrogen kinetics. Comparisons of
recent kinetic models against the present measurements reveal
significant differences, particularly for NO. Flux analysis,
uncertainty-weighted sensitivity analysis, and other modeling
analyses identified the role of the N,O + NH, = N,H, + NO
(R3) reaction, on which recent kinetic models'"*>***>% all
rely on the same rate constant estimate”” that appears to have
remained untested in previous validation data sets for NH;
kinetics. Given that reduced values of k; (within its
uncertainty) alone were sufficient to achieve consistency
among experimental measurements and model predictions
for NO for some kinetic models, improved quantification of k;
in future studies appears to be worthwhile. In this regard,
preliminary theoretical calculations (Stephen Klippenstein,
personal communication), which find the reaction barrier of
R3 to be 22 kcal/mol (roughly S kcal/mol higher than the
activation energy of the aforementioned estimate™ for R3
using the thermochemistry from Glarborg et al.'"), support the
notion that k; is likely overestimated in present kinetic models.

That said, even if k; were significantly lower than earlier
estimates, differences between model predictions and exper-
imental data would still remain for N,O and NH; (and for NO
for some kinetic models). As indicated in Figure S, the other
influential reactions in model predictions at the present
conditions are often among the most important reactions to
predictions of other nitrogen kinetics systems, and their kinetic
sensitivity coefficients (and rankings) depend on the values of
the rate constants themselves—such that unraveling remaining
discrepancies may require simultaneous consideration of the
other nitrogen kinetics validation data as well as nonlinearities
in the sensitivity coefficients to kinetic parameters. In that
regard, we anticipate that our future planned studies applying
our MultiScale Informatics approach®”*”*® to previous
experimental and theoretical data for nitrogen kinetics may
be useful in unraveling the remaining discrepancies.
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