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ABSTRACT

Achieving minimal levels of nitrogen oxides (NOx) during combustion is a major constraint in the de-
sign of advanced high-efficiency engines. NOx can be formed during combustion of any fuel—including
those without fuel-bound nitrogen—in air, where radicals can attack molecular nitrogen (N,) present in
air to break the strong N-N bond to ultimately form NOy. Paramount to the goal of minimizing NOx
formation is knowledge of the fundamental routes by which the strong N-N bond in N, can be broken.
Historically, there have been four known routes for breaking the strong N-N bond in N, to ultimately
form NOx. We have recently posited that another route—mediated by an HNNO intermediate—may also
play a role, particularly at the high pressures and low peak temperatures relevant to high-efficiency, low-
NOx engines. Our previous theoretical and modeling studies show HNNO to be a major product of the
N,O + H reaction at high pressures and low temperatures; once formed, HNNO is likely to react with
radicals in barrierless reactions that would occur quickly and with high NOy yields. In the present paper,
we report measurements of Hp, O,, H,0, N,O, NO, NOx, and NH; in jet-stirred reactor experiments for
an H,/0,/N;0/NO/N,/Ar mixture that specifically target HNNO pathways. Importantly, we observe signif-
icant formation of NO and NH3—both of which provide signatures of the HNNO mechanism that are not
predicted by previous models without it. Flame simulations using a new sub-model describing pressure-
dependent formation and consumption of HNNO show these pathways to be among the most prominent
formation routes at high pressures and low peak temperatures. However, exact quantification of the role
of HNNO in NOy formation and quantitative predictions of NOy in general require more accurate rate
constants for both HNNO pathways and mixture rules for pressure-dependent reactions.

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

nitrogen—in air, where radicals can attack molecular nitrogen (N;)
present in air to break the strong N-N bond to ultimately form

The formation of nitrogen oxides (NOx) during combustion
is a topic of long-standing and recent interest. Of considerable
societal and engineering relevance, NOx is an undesirable by-
product of combustion leading to smog and ground-level ozone
with detrimental impacts on human and environmental health.
Consequently, achieving minimal levels of NOx to meet increas-
ingly strict regulations is a major constraint in the design of ad-
vanced high-efficiency engines.

As summarized in the landmark review by Miller and Bowman
[1] and the recent review of Glarborg et al. [2], NOx can be formed
during combustion of any fuel—including those without fuel-bound
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NOx. The formation of NOx during combustion in air is both ki-
netically limited and extraordinarily complex. Multiple formation
routes—each with unique dependence on local, instantaneous ther-
modynamic conditions—contribute to NOx formation at the high
pressures and low peak temperatures of interest to advanced, low-
NOx engines [3,4]. Unsurprisingly, knowledge of the fundamental
routes by which the strong N-N bond in N, can be broken is of
paramount importance to the goal of minimizing NOy formation—
in terms of both qualitative understanding of how NOy forma-
tion depends on thermodynamic conditions and quantitative pre-
dictions of NOy formation, particularly under extrapolation.
Historically, there have been four known routes for breaking the
strong N-N bond in N, to ultimately produce NOy and other fixed
nitrogen species [2]. In the so-called thermal mechanism proposed
by Zeldovich [5], the N-N bond is broken via reactions of N, with
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https://doi.org/10.1016/j.combustflame.2023.112632
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2023.112632&domain=pdf
mailto:mpburke@columbia.edu
https://doi.org/10.1016/j.combustflame.2023.112632

J. Lee, M.C. Barbet, Q. Meng et al.

atomic oxygen
0+N; =NO+N (R1)

to produce NO directly and indirectly through the subsequent re-
actions of N with O, and OH. Given the high activation energy
of rate-limiting step (R1) to break the N-N bond in the Zel-
dovich/thermal mechanism, the Zeldovich mechanism is extremely
sensitive to temperature. At sufficiently high temperatures, it is the
dominant formation route for NOx. However, at the lower peak
temperatures of interest to advanced, single-digit NOx engines,
other routes become major contributors to NOx formation [6].

In the “prompt” mechanism proposed by Fennimore [7], the
N-N bond is broken via reactions of N, with CHy radicals, no-
tably CH. Contrary to the reaction originally postulated, the work
of Moskaleva and Lin [8] has now established the reaction to be

CH+N, = NCN +H (R2)

where NOy is formed via subsequent reactions initiated by NCN.
The Fennimore mechanism can be a significant major source of
NOy at richer conditions [1] where fuel-derived radicals are more
prominent. Recent studies have indicated that the relative impor-
tance of this mechanism is diminished at higher pressures [4,9] in
large part due to lower concentrations of CH at higher pressures
[9].

In the NNH mechanism [10], the N-N bond is broken via reac-
tions of an NNH intermediate formed from

H + Ny (+M) = NNH(+M) (R3)
with atomic oxygen
NNH + O = NO + NH (R4)

producing NO directly and indirectly via subsequent reactions of
NH. Previous studies have found the NNH mechanism to be impor-
tant across a wide range of equivalence ratios in premixed config-
urations [11] as well as non-premixed flames [12].

Finally, in the N,O mechanism, the N-N bond is broken via re-
actions of an N,O intermediate formed from

O + Ny (+M) = N,O(+M) (R5)
with O or H

N,O+ 0 =NO+ NO (R6)
N,O +H = NO + NH (R7)

where subsequent reactions of NH produce additional NOx. The
N,0 mechanism, which is often called the “high-pressure” mech-
anism, is considered to be most significant at lean, high-pressure
conditions where other mechanisms are suppressed and the rate
constant for the pressure-dependent reaction (R5) is higher. In fact,
computational studies have suggested that the N,O mechanism is
the dominant source of NOx at the higher pressures and lower
peak temperatures of interest to high-efficiency, low-NOy engines
[4].

We have recently posited [13] that another route—mediated
by an HNNO intermediate—may also play a role, particularly at
the high pressures and low peak temperatures relevant to high-
efficiency, low-NOx engines. For context, the N,O + H reaction (in-
cluding (R7) and its competitive channels) is known to proceed via
HNNO complexes [14-16], which can be stabilized at lower tem-
peratures and higher pressures via the pressure-dependent reac-
tion
H + N,O(+M) = HNNO(+M) (R8)

where HNNO is used here to collectively refer to t-HNNO, c-HNNO,
and ONHN. (Note that, while (R4) also proceeds via HNNO com-
plexes, the higher-energy complexes formed from NNH + O dis-
sociate too rapidly to undergo much stabilization at combustion-
relevant pressures.) Our theoretical calculations for an Ar bath gas
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[13] indicate that stabilized HNNO is the dominant product of the
H + N,O reaction at temperatures below ~ 1300 K and favored
over NO + NH below ~ 1600 K at 30 atm (a pressure relevant to
many stationary gas turbine engines). The branching fraction to
HNNO is likely even higher in the presence of stronger colliders
like H,O and CO, [17-19], whose mole fractions reach tens of per-
cent in many combustion scenarios.

Our electronic structure calculations suggest that HNNO, once
formed from (R8), reacts with radicals in barrierless reactions that
would occur quickly and with high NOy yields [13]. For exam-
ple, our calculations (consistent with other studies [20-22]) sug-
gest that H, OH, and O can add barrierlessly to HNNO to form
complexes with submerged dissociation channels yielding NOx and
other fixed nitrogen species

HNNO + H = NO + NH, (R9)
HNNO + OH = HNOH + NO (R10)
HNNO + O = HNO + NO (R11)

where subsequent reactions of NH,, HNOH, and HNO can also yield
additional NOy. Consequently, based on the fact that this HNNO
mechanism involves another pressure-dependent stabilization re-
action beyond the N,O mechanism, the HNNO mechanism might
be expected to be increasingly favored relative to the N,O mech-
anism at higher pressures and lower peak temperatures. Similarly,
based on the fact that it does not involve carbon atoms, the HNNO
mechanism may be especially relevant to NOx formation during
combustion of Hy, a carbon-free renewable fuel of considerable re-
cent interest where the Fennimore mechanism is inactive.

Yet, while HNNO has been considered as a species in some
theoretical studies and in some kinetic models [23], pressure-
dependent formation of HNNO is not considered in kinetic mod-
els [2,16,23-29] and HNNO has not been known to play a role in
NOy formation. Similarly, while theoretical calculations for H + N,O
are in close agreement with experimental data at conditions where
stabilization is prominent [16,30], we are not aware of previous
validation datasets that are sensitive to the HNNO mechanism—
despite the fact that our modeling studies find it to be among the
dominant routes at the high pressures and low peak temperatures
of interest to high-efficiency, low-NOx engines [13].

Therefore, the objectives of the present paper are to experi-
mentally verify the existence of the HNNO mechanism for NOx
formation, provide an assessment of an initial model describing
pressure-dependent formation and consumption of HNNO, and use
this HNNO sub-model to evaluate the role of the HNNO mech-
anism in NOx formation in flames at some representative con-
ditions. Herein, we report species measurements from jet-stirred
reactor experiments using an H,;/0,/N,O/NO/N,/Ar reactant mix-
ture specifically chosen to accentuate the above-mentioned HNNO
pathways and therefore discriminate their existence. Notably, the
formation of both NO and NH; during reaction of this mixture
at low temperatures provide signatures of the HNNO mechanism
that are captured using our HNNO sub-model but not predicted by
previous models without it. Finally, we present flame simulations
using this new sub-model describing pressure-dependent forma-
tion and consumption of HNNO that reveal these pathways to be
among the most prominent formation routes at high pressures and
low peak temperatures.

2. Experimental methods
Experiments to accentuate the pathways involved in the HNNO

mechanism were conducted at the conditions listed in Table 1 over
an intermediate temperature range using the jet-stirred reactor
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Fig. 1. A simplified schematic of the atmospheric-pressure jet-stirred reactor system used for this study.

Table 1
Experimental conditions with estimated uncertainties.

Mixture composition 5000 ppm N;O (£2%)
4000 ppm H; (£3%)
800 ppm 0, (£2%)
37.5 ppm NO (+2%)
244.5 ppm N; (£2%)

balance Ar
Residence time 1.2 s (£5%)
Pressure 1.02 atm (+1%)
Temperature 650-1180 K (£1%)

(JSR) facility (Fig. 1) used in previous studies of nitrogen kinetics
by Cornell et al. [31,32]. Of note, this facility features a flow de-
livery system capable of preparing diverse multi-component reac-
tant mixtures to sensitize the exact kinetics of interest (such as
in the present experiments chosen by an ad hoc experimental de-
sign and for planned experiments chosen by optimal experimental
design [33]) and several rapid-response inline species diagnostics
for high-throughput and/or semi-automated operation to maximize
the information generation rate [34]. The experimental conditions
in Table 1 were chosen based on computational screening of exper-
imental conditions and observables with the goal of clearly distin-
guishing between models with and without HNNO pathways in a
manner minimally affected by thermal boundary conditions (as as-
sessed by comparing isothermal JSR and adiabatic JSR simulations),
extent of mixedness (as assessed by comparing perfectly stirred re-
actor and plug flow reactor simulations), and uncertainties in ex-
perimental conditions and rate constants for known reactions (as
shown below).

Reactant mixture preparation and flow control was achieved
through a bank of Bronkhorst EL-FLOW Prestige thermal mass flow
controllers (MFCs), which flow each gas into the mixing manifold
before entering the reactor. To reach the experimental conditions
listed in Table 1, a certified gas mixture of N;O/NO/N,/Ar supplied
by Airgas was supplemented by research grade (99.999% purity)
tanks of N,O, O,, Hy, and Ar to give total volumetric flow rates
between 0.988 and 1.79 L/min (with a +2% uncertainty). These vol-
umetric flow rates were chosen in order to yield a fixed residence
time of 1.2 s across the experimental temperature range (650-
1180 K). The uncertainties listed in Table 1 for the mole fraction

of each component in the reactant mixture are based on specified
uncertainties of +0.5% of the reading plus +0.1% of the full scale
for each MFC.

The fused quartz JSR used in the present work was constructed
based on the design of Herbinet et al. [35,36], which conforms
to the design rules introduced by Villermaux and others [37,38].
This particular design has been found to closely resemble the be-
havior of a perfectly stirred reactor under its designed conditions
[39,40] and has been widely used in many previous kinetic stud-
ies [31,32,35,36,41,42]. Immediately prior to entry into the spher-
ical reactor, the gas flows through an annular preheating zone
(whose volume is less than 10% of the JSR volume) with low resi-
dence time and large surface area to heat the gas mixture rapidly
and therefore maintain thermal homogeneity in the reactor [43].
The gas then flows into the reactor via four ~ 0.3 mm nozzles
in a crossed configuration angled 45° from the equatorial plane
to promote turbulent mixing and large recycling rates and, there-
fore, promote homogeneity within the reactor. Our measurements
[31] of the reactor volume via water displacement found an inter-
nal reactor volume of 82 +2 cm?; uncertainty in this volume mea-
surement combined with uncertainties in the gas flow rates lead
to estimated uncertainties in the nominal residence times in the
JSR of approximately +5%.

The temperature in the spherical reactor is controlled by a Ther-
mocoax resistive heating element wrapped around the reactor and
preheating zone and powered by a Digi-Sense temperature con-
troller. The temperature is monitored using two Omega K-type
thermocouple probes (whose locations are indicated as red dots in
Fig. 1) rated for < +1.5 K noise, < +1.5 K deviation from linearity,
and < +2.8 K calibration drift. Thermocouple ‘1’ is located directly
inside the nozzle array via an inner concentric access port within
the annular preheat zone. Thermocouple 2’ is encased in a sealed
2-mm-diameter quartz tube inserted through the outlet with the
tip positioned near the center of the reactor for the present ex-
periments, though it can be translated radially to measure temper-
ature homogeneity. Radial translation of Thermocouple ‘2’ (along
with comparisons against readings from Thermcouple ‘1’) in Ar at
nominal setpoint temperatures ranging from 700 to 1180 K have
indicated spatial temperature uniformity within +5 K [31].

The reactor pressure is maintained with an Equilibar dome-
loaded back pressure regulator in the exhaust line from the reactor
using the pressure signal provided by an Omega digital pressure
gauge located just downstream of the reactor. The pressure used in
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the experiments is maintained at 15.00 psia. Based on the uncer-
tainties in the pressure regulator and measured variability in flow
control [31], the estimated uncertainty in this pressure is < +1% in
the present experiments.

The diagnostics used in the experiments draw sample gas from
the reactor outflow via silica-coated stainless-steel pipes main-
tained at a temperature around 385 K using a secondary “sam-
ple line heater” to ensure all components of the reacted gas mix-
ture remain in a vapor phase. In the present study, two diagnostics
draw from this sample line to measure species mole fractions for
each experimental condition.

Measurements of Hy, O,, N,O, and H,O are provided by an Infi-
con Micro-GC Fusion gas analyzer (GC) using thermal conductivity
detectors on an Rt-Molsieve 5 A column for H, and O, and an Rt-
Q-Bond column for H0 and N;O. Measurements of NO, NOy, and
NH;3 are provided by an Eco Physics AG nCLD-844 CMh chemilu-
minescence analyzer (CLA). Specifically, the CLA contains two in-
dependent cells that can each measure up to 500 ppm of NO. In
addition to measuring NO directly (without the use of a converter),
the first cell (A) also contains an NOx converter that can convert up
to 10 ppm of NO, into NO to give a measure of total NOy. The sec-
ond cell (B) also contains a converter to convert NO, and amines
to NO to give a measure of total NOx-amines (where NH; would
be the only significant amine here). When both converters are in
operation, the device can provide a measure of NH3 from the dif-
ference in the signals provided by cells A and B. Separate tests us-
ing mixtures of NO, and NH3 in Ar prepared using the MFCs indi-
cated that the conversion efficiency of the NOx converter is nearly
~ 100% while the conversion efficiency of the NOx-amine converter
is ~ 92%.

Jet-stirred reactor experiments were performed in two separate
runs, which were conducted 15 months apart—during which time
the CLA was serviced and cleaned and one of the pumps from the
GC was replaced. In each experimental run, species mole fractions
were measured at each reactor temperature set point ranging from
650 to 1180 K. Each measurement was taken for approximately
10 min, allowing all exposed surfaces in the system to adsorb NH3
until equilibrium is reached and mole fractions remain stable [44-
46]. After each measurement, the CLA was flushed with pure Ar
and re-calibrated using certified standard gas mixtures to minimize
NH3 exposure and calibration drift.

In the first experimental run, the mole fractions of N,O, H,,
H,0, O,, and NO were measured. In the second experimental run,
the mole fractions of N,0, H,, H,0, NO, NOy, and NH3 were mea-
sured. In each set of experimental runs, multi-point GC calibra-
tions (over mole-fraction ranges encompassing the full range ob-
served experimentally) were performed using mixtures of each
species with varied mole fractions in Ar prepared by the MFCs for
all species except for H,O. For H,0, during the first experimental
run, multi-point GC calibrations were performed by flowing varied
H,/0,/Ar mixtures into the heated JSR at temperatures where com-
plete conversion of H, and O, to H,0 was observed. For the second
experimental run, the initial multi-point calibration for H,O was
simply scaled to match the high-temperature plateau measured in
the first experimental run. (Despite the indirect nature of this cal-
ibration procedure, the high-temperature plateau values for H,O
are essentially perfectly consistent with the amount predicted un-
der complete conversion of H, to H,O0 in the H,/0,/N,0/NO/N,/Ar
experiments—as shown in Figs. 2 and 3.) As indicated in Figs. S2
and S3 of the Supplementary Material, hydrogen balances of ~ 95—
100% and oxygen balances of ~ 90-100% were obtained across the
experimental conditions (with the lowest oxygen balances corre-
sponding to conditions where O, was below the minimum mea-
surement threshold). While not calibrated in the present experi-
ments, the growth of N, signals on the Rt-Molsieve 5 A column
(shown in Figs. S4 and S5) mirrored the fall of N,O with increasing
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Table 2

Measurement uncertainties for the gas chromatograph (GC).
Observable N,0 H, H,0 0,
Calibration +1-4% +1-8% +2-12% +1-2%
Noise (10) +0.2-3% +0.8-10% +0.6-11% +10-18%
Minimum 50 ppm 100 ppm 200 ppm 20 ppm

Table 3

Measurement uncertainties for the chemiluminescence analyzer (CLA).
Observable NO NOx NH;
Calibration +2% +2% +2%
Drift +2% +1% +2%
Linearity +1% +1% +1%
Noise (10) +0.05-0.9% +0.03-0.8% +0.08-2%
Minimum 25 ppb 25 ppb 25 ppb

temperatures (consistent with model predictions indicating that N,
is the main other N-containing species). Similar to Cornell et al.
[31,32], sources of uncertainty for each species measured during
this study are compiled in Tables 2 and 3; these uncertainties are
combined to produce the error bars accompanying the experimen-
tal measurements in the figures below.

3. Simulation methods

Kinetic simulations were performed in Cantera 2.5.1 [47] using
a variety of kinetic models. Simulations were performed using 9
kinetic models from the literature describing H/N/O kinetics: Glar-
borg et al. [2], Han et al. 23], Shrestha et al. [24], Stagni et al. [26],
Otomo et al. [27], Zhang et al. [25], Lamoureux et al. [29], Klippen-
stein et al. [16], and GRI 3.0 Mech [28].

Simulations were also performed using variants of the model
of Glarborg et al. [2] where the kinetics of HNNO isomers (t-
HNNO, c-HNNO, ONHN) [13] were added. The HNNO sub-models
for pressure-dependent formation and consumption of HNNO are
all based on Meng et al. [13], where rate constants for all phe-
nomenological reactions on the H + N,O PES [16], NH, + NO, PES
(including OH addition to HNNO at the N site adjacent to O) [48],
and HNNO + O, PES [13] were obtained from RRKM/ME calcu-
lations [13]. Due to the importance of third-body efficiencies in
flame simulations [49,50], for the three most important pressure-
dependent reactions within this set

H + N,0(+M) = t-HNNO(+M) (R12)
H + N,O(+M) = c-HNNO(+M) (R13)
t-HNNO(+M) = c-HNNO(+M) (R14)

the rate constants were accompanied by third-body efficiencies for
H,, 05, Ny, and H,0 using values assumed to be the same as those
for H + O, (+M) from Burke et al. [51], which are also consistent
with recent studies [17-19]. A proper treatment of the mixture
composition dependence of rate constants in combustion simula-
tions would require implementation of recently developed and val-
idated reduced-pressure mixture rules [52-56], which are not yet
available in any combustion codes. As an interim solution, the rate
constants for (R12), (R13), and (R14) were expressed in Troe for-
mat with third-body efficiencies—an overall representation that is
implemented in many combustion codes (including Cantera used
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Fig. 2. Species mole fraction measurements and predictions using previous kinetic models [2,16,23-29] at the experimental conditions of Table 1.

here) using a mixture rule that is similar to our linear reduced-
pressure mixture rule [52,54] but is much more limited in its ca-
pabilities. For example, this presently implemented mixture rule
assumes (falsely) that third-body efficiencies are independent of
temperature and pressure and, more importantly here, the Troe
formula cannot provide even a qualitatively accurate representa-
tion of pressure dependence for multi-well/multi-channel reactions
such as (R12)-(R14). While the rate constants for (R12)-(R14) can
fortuitously be fitted using a Troe formula over pressures from
0.001 to 1000 atm (as is used in the HNNO sub-model), the low-
and high-pressure limits in the fit are not meant to correspond to
the actual limits and the representation is not meant for extrapo-
lation.

The rate constants for all other HNNO + H, OH, and O reactions
(except for those resulting from OH addition to the N site adja-
cent to O discussed above) were estimated based on preliminary
electronic structure theory calculations which suggest that H, OH,
and O can all add without intrinsic energy barriers and form the

products indicated in (R9), (R10), and (R11) as well as

HNNO +H = H + N, + OH (R15)
HNNO +H = N, + H,0 (R16)
HNNO + OH = N,0 + H,0 (R17)
HNNO + 0 = N,0 + OH (R18)

Specifically, the rate constants for HNNO + H (R9), (R15),
(R16) were assigned values based on preliminary theoretical kinet-
ics calculations near 1000 K and the rate constants for HNNO + OH
at sites other than the N adjacent to O (R10), (R17) and for HNNO
+ 0 (R11), (R18) were assigned values near the collision limit.

For the purposes of comparison with the present jet-stirred re-
actor (JSR) experiments, isothermal, isobaric, perfectly stirred reac-
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Fig. 3. Species mole fraction measurements and predictions using kinetic models with and without HNNO kinetics at the experimental conditions of Table 1. Prediction
uncertainties for NO and NH3 due to uncertainties in kinetic and physical model parameters are shown in the dashed lines for the model without HNNO kinetics.

tor (PSR) simulations were performed. For the purposes of evaluat-
ing the role of the HNNO mechanism in NOx formation in flames,
freely propagating premixed planar flame simulations were per-
formed for H,/air and H,/O,/N, mixtures of varied equivalence ra-
tios. To illustrate the influence of different aspects of the HNNO
kinetic submodel on the flame predictions, simulations were also
performed using model variants that employ different parameters
as described below.

For the uncertainty-quantified model predictions shown in
Fig. 3 below, which were calculated using our MultiScale Infor-
matics package [34,58,57,59], the uncertainties include both uncer-
tainties in rate constants using the recent uncertainty compilation
from Cornell et al. [32] and uncertainties in physical model pa-
rameters [34] (reactant mole fractions, residence times, pressures,
and temperatures) describing the experiments using the values
in Table 1. (Inverse uncertainty quantification was not performed
here using the present dataset or other datasets, so the uncertain-
ties shown below correspond to the prior rather than posterior

distributions.) Uncertainties in each parameter were propagated
into the model predictions for each species at each experimen-
tal condition using the sensitivity coefficients evaluated by Cantera
[47].

4. Results and discussion
4.1. Experimental results and associated modeling analyses

Species measurements from the present jet-stirred reactor ex-
periments are shown in Figs. 2 and 3. The two datasets for the
species measured in both experimental runs (N,O, H,, H,0, and
NO) are in very close agreement (and generally within experi-
mental error bars), which suggests a high level of repeatability—
especially when considering the long duration between the two
experiments and changes to the diagnostics devices.

The measured mole fractions of all species show an onset of
reactivity around ~ 800 K. At temperatures above ~ 1000 K, the
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measured mole fraction of H, approaches zero and the mole frac-
tion of H,O likewise reaches a plateau. Over the whole temper-
ature range, the N,O mole fraction monotonically decreases with
temperature though exhibits a less pronounced temperature de-
pendence above ~ 1000 K where H, is completely depleted in the
reactor. The O, mole fraction decreases with temperature at lower
temperatures where H, is still substantively present but increases
with higher temperatures where H, is essentially depleted and the
oxygen liberated from N,O consumption forms no additional H,O
(the other major species containing oxygen).

Notably, significant amounts of NO, NOy, and NH5 are also ob-
served at temperatures as low as ~ 800 K. As shown in Fig. S1
of the Supplementary Material, the mole fractions of NO and
NOy, which both rise monotonically with temperature, are es-
sentially indistinguishable from each other within experimen-
tal uncertainties—indicating that nearly all of the NOy signal
is attributable to NO (with negligible contributions from NO,).
While the measured mole fraction of NH3 is negligible below ~
800 K and above ~ 1000 K, it notably reaches clearly detectable
amounts, peaking around ~ 850 K where the measured amount
of NH; formed is comparable to the measured amount of NO
formed.

As shown in Fig. 2, for N,O, H,, H,0, and O,, while predic-
tions using many highly validated and widely used kinetic models
[2,16,23-29] exhibit some differences in the predicted onset tem-
perature for reactivity, they all generally reproduce the qualitative
features of the temperature-dependent reactivity. However, for NO,
NOy, and NH3, none of the models capture the observed behav-
ior. All models predict negligible amounts of NO and NOy at lower
temperatures (below ~ 950 K) and negligible amounts of NH3 at
all temperatures.

In fact, as indicated by uncertainty-quantified model predic-
tions without the HNNO mechanism displayed as red dashed lines
in Fig. 3, uncertainties in conventional NOx formation pathways,
all other reactions, and physical model parameters [34] are insuf-
ficient to explain the experimental observations. Specifically, the
dashed lines indicate the prediction uncertainties stemming from
uncertainties in rate constants for all reactions in the kinetic model
and uncertainties in the reactant mixture composition, residence
time, reactor temperature, and reactor pressure. The measured NO
and NH3; mole fractions greatly exceed these uncertainty bounds
(which are meant to represent two standard deviations).

On the other hand, the model that includes HNNO pathways
predicts significant NO and NH3 formation at these low tempera-
tures (~ 800-950 K) where models without HNNO do not. In fact,
model predictions including HNNO pathways based on our current
estimates agree reasonably well with the experimental measure-
ments for all species, including NO and NH3 at low temperatures.
It should, of course, still be noted that there are some quantita-
tive differences in model predictions (notably NO at higher tem-
peratures and NH3) that appear to be attributable to uncertainties
in several reactions (both within the HNNO sub-model and oth-
ers) and, particularly at higher temperatures, the physical model
for the experiments. In spite of such uncertainties, the model with
HNNO kinetics explains the observed formation of NO and NHj
near ~ 800-950 K in a way that conventional NOx mechanisms
do not. Altogether, the discussion above indicates that the present
measurements provide strong experimental support for the NOy
formation route via HNNO.

To further elucidate the controlling kinetics that explain the ob-
servations, rate of production analyses for the key species were
performed. Similarly, the net rates of reactions that involve a
change in the maximum number of N atoms in a single species
between the reactants and the products, which indicates a break-
ing of the N-N bond across the reaction, were also calculated. The
discussion below focuses on the controlling kinetics at low tem-
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peratures (~ 800-950 K) where the four conventional NOy mech-
anisms are unable to explain the observed formation of NO and
NH;.

As indicated by Fig. 4, the reaction of N,O with H

H+ N,O =N; + OH (ng)
to produce N, and OH and the reaction of OH with H,
OH+H, =H,0+H (R20)

to produce H,0 and H serve to explain most of the N,O consump-
tion, H, consumption, and H,O formation and are the predomi-
nant contributors to the consumption of the key radicals H and
OH. While not the main consumption route for H, the reactions of
H with 02

H4+0,=0H+0 (R21)

H + 03 (+M) = HO, (+M) (R22)

are the primary consumption routes for O, and generate OH and O,
which both react primarily with H,, or HO,, which mostly reacts
with NO

HO; + NO = OH + NO, (R23)
to form OH and NO,, which in turn mostly reacts with H
H + NO; = OH + NO (R24)

to form OH—all of which also impact the radical pool at these
conditions. (R23) and (R24) are also the primary production and
consumption routes, respectively, for NO, and are of roughly equal
magnitude, suggestive of NO, being in quasi-steady state (at very
low mole fractions according to Fig. S1).

For NO and NH3, a much larger number of reactions contribute
substantively to their production and consumption, many of which
simply interconvert fixed nitrogen species (e.g., NO, NO,, HNO, and
HONO; and NH; and NHj3). In that regard, the rates of reactions
that involve a change in the maximum number of N atoms in a
single species from the reactants to products provide a clearer in-
dication of the reactions that break the N-N bond to initiate NO
and NH;3 formation and/or form the N-N bond to return fixed ni-
trogen to N,. For example, Fig. 4 also shows the values of
wp™ = w(ny —ny
for each reaction, k, where wj, is the rate of reaction k, n;\, is the
maximum number of N atoms in any single species in the reac-
tants, and n;\/, is the maximum number of N atoms in any sin-
gles species in the products. In the present H/N/O kinetic models
(where all species with more than 1 N atom have an N-N bond
and all others do not), non-zero values for this quantity correspond
to the rates of each reaction that results in the N-N bond being
broken or formed. (However, in C/H/N/O systems, non-zero val-
ues for reactions of NCN, which has 2 N atoms but no N-N bond,
would not correspond to N-N bond breaking, for example.) The re-
sults shown in Fig. 4 indicate that the primary reactions responsi-
ble for breaking the N-N bond at low temperatures (~ 800-950 K)
involve reactions of HNNO (predominantly t-HNNO) with H, OH,
and O where each produce NO along with NH,, HNOH, and HNO
as co-products ((R9), (R10), and (R11) respectively).

Under the present conditions, where both NO and H, are
present in the reactant mixture, NH, reacts with NO

NH; + NO = H,O + N, (R25)

NH, + NO = NNH + OH (R26)

to return fixed nitrogen to N, (via rapid NNH decomposition to H
+ N, in the case of (R26)) or with either H, or H

NH, + H, = NH; + H (R27)
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Fig. 4. Rates of production for N,O, H,, H,0, O, NO, NO,, NH3, and NH, and net rates of reactions that involve a change in the maximum number of N atoms in any single
species between the reactants and products (see text) using the model with HNNO kinetics at the conditions of the present experiments.

(R28) Therefore, the appearance of both NO and NH;3; in both
the experiments and model predictions with HNNO pathways
are consistent with the HNNO mechanism and cannot be ex-

NH; + H(+M) = NH3 (+M)

to produce NHj3. (At this point, it is worth noting that . A ) ' -
flame simulations indicate that the ultimate fate of NH, in  Plained via conventional NOx formation mechanisms. In fact,
lean and stoichiometric flames is additional NO rather than  the detection of NH; near ~800-950 K is a clear signature of
NHs.) (R9) in particular.
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Fig. 5. Predicted NO mole fractions in freely propagating premixed H,/O,/N, flames for various pressures and equivalence ratios (that yield flame temperatures near ~
1650 K). For equivalence ratios, ¢, of 0.5 and 3.5, the N,/O, mole fraction ratio is 3.76 (characteristic of air); for equivalence ratio, ¢, of 1.0, the N,/O, mole fraction ratio is

8.5 (to yield the same flame temperature as the lean and rich cases).

4.2. Implications for NO production in flames

To understand the role of the HNNO mechanism in NOy for-
mation from non-nitrogenous fuels in flames (a common combus-
tion mode in many engines), freely propagating premixed flame
simulations were performed for H,/O,/N, mixtures across varied
pressures and equivalence ratios yielding flame temperatures near
~ 1650 K, where the Zeldovich mechanism is suppressed. Simu-
lations were performed for various models to illustrate the role
of HNNO in NOx formation as well as the salient features of the
HNNO pathways and impact of uncertainties in various aspects of
the kinetic treatment. In addition to the model with HNNO ki-
netics from Meng et al. [13], variations of this model are also
shown that exclude third-body efficiencies for H + N,O (to illus-
trate the influence of collider-specific rate constants and mixture
rules), that exclude estimated HNNO + radical reactions to non-
NO-forming products (R15), (R16), (R17), (R18) (to illustrate the in-

fluence of branching ratios for HNNO + radical reactions), and that
have five times higher rate constants for all estimated HNNO + rad-
ical reactions (to illustrate the influence of total rate constants for
HNNO + radical reactions). Predicted NO mole fractions from these
simulations are displayed in Fig. 5 as a function of transformed dis-
tance: the “flame residence time”, T = d/sp,, equal to the distance,
d, divided by the burned gas flame speed, s, (similar to elsewhere
[60]).

As depicted in Fig. 5, model predictions that include HNNO ki-
netics yield appreciably higher NO mole fractions than those with-
out HNNO kinetics for all equivalence ratios. Correspondingly, in-
spection of ka"N throughout the flame shown in Fig. 6 reveals
that HNNO pathways are among the primary contributors to N-N
bond breaking for all equivalence ratios, with significant contribu-
tions from HNNO + OH, O, and H at lean and stoichiometric con-
ditions and from HNNO + H exclusively at very rich conditions.
In fact, at very rich conditions, the HNNO mechanism appears to
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Fig. 6. Net rates of reactions that involve a change in the maximum number of N atoms in any single species between the reactants and products (see text) using the model

with HNNO Kkinetics in the flames shown in Fig. 5.

be favored over the N,O mechanism. While the NNH mechanism
appears dominant for lean and stoichiometric conditions at low
pressures and very rich conditions at all pressures, the N,O and
HNNO mechanisms (which both involve pressure-dependent re-
actions) become more prominent at higher pressures. Given the
relevance of lean, high-pressure flames to practical engine condi-
tions, additional analyses were performed to understand the rela-
tive roles of the N,O and HNNO mechanisms. As shown in Fig. 7,
compared to the N,O route, the HNNO mechanism is most promi-
nent in the lower temperature region of these flames—which is
consistent with the higher branching ratio to HNNO relative to
NH + NO at lower temperatures.

Interestingly, while the HNNO mechanism involves an addi-
tional pressure-dependent reaction beyond the N,O mechanism,
comparison of NO predictions with and without HNNO kinetics
in Fig. 5 reveals that the significance of the HNNO mechanism
peaks at intermediate pressures. Within this context, it is impor-
tant to note that the HNNO mechanism not only has an additional
pressure-dependent reaction but also involves additional reactions
with radicals—such that it is higher order in radical concentration
than other NOx formation mechanisms. While the rate constants
for HNNO stabilization increase with pressure, the flame simula-
tions also indicate that the radical mole fractions decrease with
pressure as pressure-dependent radical chain termination path-
ways suppress chain branching [49,61]. In fact, as indicated by
Fig. 7, from 10 to 30 atm, the radical mole fractions decrease
more than three-fold—such that radical concentrations are lower
at 30 atm than at 10 atm. Furthermore, with increasing pressure,
the portion of the flame where radicals reach significant mole frac-
tions is increasingly restricted to a higher-temperature window (to
overcome increased rate constants for pressure-dependent radical
termination routes [49,61])—thereby suppressing reactivity in the
lower temperature region where the branching ratio to HNNO from
H + N,0 is comparatively higher. The reduction in both the mag-
nitude of radical concentrations and span of radical-zone temper-

10

ature windows is more pronounced for lean and stoichiometric
mixtures—where HO, reaction with OH, the most prominent rad-
ical, is only chain terminating (to form H,O0 + O, [62])—than for
rich mixtures—where HO, reaction with H, the most prominent
radical, has a chain-propagating channel to OH + OH in addition
to the chain-terminating channel to H, + O, [51]. Correspondingly,
comparison of NO predictions with and without HNNO kinetics
in Fig. 5 reveals a greater influence of the HNNO mechanism at
30 atm for rich conditions than for lean conditions. (At this point,
it is perhaps worth noting that the exact pressure at which the
contribution of the HNNO mechanism peaks can depend on the
flame temperature. Specifically, additional simulations with higher
initial temperatures—yielding higher flame temperatures—suggest
the influence of the HNNO mechanism persists to higher pressures
for higher flame temperatures.)

Additional analysis of the forward, backward, and net rates of
H + N,O (+M) = t-HNNO (+M) reveal that the rates of HNNO
consumption become sufficiently slow relative to HNNO stabi-
lization at high pressures in lean and stoichiometric mixtures
that H + N;O = t-HNNO is in partial equilibrium—such that
HNNO + radical reactions are the rate-limiting steps. Indeed, com-
parison of NO predictions among models with varied treatments
of HNNO kinetics reveals that, for lean and stoichiometric condi-
tions at 30 atm, predictions are only sensitive to the rate con-
stant for the NO-forming HNNO + radical reactions (R9), (R10),
(R11) and are insensitive to third-body efficiencies for HNNO sta-
bilization and rate constants for non-NO-forming HNNO + radical
reactions (e.g., (R15), (R16), (R17), (R18)). Of course, at conditions
where HNNO stabilization is not a rate-limiting step (e.g., at very
high pressures), the additional pressure-dependent reaction in the
HNNO mechanism does not lead to a higher order pressure depen-
dence. By contrast, at lower pressures, where H + N,O = t-HNNO is
not in partial equilibrium, predictions are sensitive to rate constant
parameters for formation of HNNO as well as both NO-forming and
non-NO-forming consumption pathways for HNNO.
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Fig. 7. Predicted mole fractions of H, OH, and O and net rates of reaction for selected reactions within the N,O and HNNO mechanisms using the model with HNNO kinetics
in the flames shown in Fig. 5.

In addition to the discussion above related to general under-
standing of HNNO kinetics in flames, an equally important conclu-
sion to be drawn from Fig. 5 is that model predictions are sen-
sitive to many aspects of the HNNO kinetic sub-model that are
currently based on estimates and are subject to high uncertain-
ties. In this regard, improved quantification of collider-specific rate
constants for H + N,O (and accompanying mixture rules [54]) and
channel-specific rate constants for HNNO + radical reactions would
be highly worthwhile for exact quantification of the role of HNNO
in NOx formation and quantitative predictions of NOyx in general.

5. Conclusion

Jet-stirred

reactor experiments

were performed for
H,/0,/N,0/NO/N,/Ar reactant mixture over intermediate tem-

peratures that specifically target a new NOy formation mechanism
via an HNNO intermediate (formed from H + N,O stabilization). In
the experiments, the mole fractions of N,0, Hy, H,0, and O, were
measured using gas chromatography and the mole fractions of
NO, NOy, and NH3 were measured using chemiluminescence with
high levels of repeatability and quantified uncertainties. While
model predictions using various models reproduce the qualitative
behavior observed for N,O, H,, H,0O, and O,, the experimental
measurements identified appreciable amounts of NO and NHs3 at
lower temperatures (~ 800-950 K) that are not predicted by pre-

vious models. In fact, prediction uncertainties due to uncertainties
in known NOy formation pathways, other reactions, and physical
model parameters were also found to be insufficient to explain the

dan

1

experimental observations. By contrast, model predictions with a
new HNNO kinetic sub-model [13] explain the appearance of both
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NO and NH; at temperatures near ~ 800-950 K and are, in fact,
in reasonable quantitative agreement with the measured mole
fractions of each.

To explore the implications of the HNNO mechanism for NOy
formation from non-nitrogenous fuels in flames (a common com-
bustion mode in many engines), freely propagating premixed flame
simulations were performed using this new HNNO kinetic sub-
model [13] for hydrogen flames at varied pressures and equiv-
alence ratios. These simulations reveal significant contributions
from the HNNO mechanism to overall NOy formation at all equiv-
alence ratios. While the pressure-dependent stabilization reactions
in the HNNO mechanism would lead to increased rate constants
for HNNO formation at higher pressures, the flame simulations re-
veal that the lower radical mole concentrations in flames at higher
pressures serve to reduce the rates of HNNO consumption path-
ways, including those that produce NOy. Correspondingly, the sig-
nificance of the HNNO mechanism is found to peak at intermedi-
ate pressures rather than increase monotonically with pressure (at
least for the flame conditions explored here).

While the model predictions with HNNO kinetics and present
experimental measurements are in reasonable agreement, it is of
course worth noting that many aspects of this initial HNNO ki-
netic sub-model are currently estimated on the basis of prelim-
inary electronic structure calculations (for HNNO + H, OH, and
0) and analogy to other reactions for third-body efficiencies (for
H + N,O = HNNO) and are, likewise, subject to high uncertain-
ties. In this regard, improved quantification of those aspects—
including collider-specific rate constants for H + N,O (and accom-
panying mixture rules [54]) and channel-specific rate constants for
HNNO + radical reactions—would be highly worthwhile for exact
quantification of the role of HNNO in NOx formation and quantita-
tive predictions of NOx in general.
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