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Ammonia is a promising zero-carbon fuel for industrial and transport applications, but its combustion is
hindered by low reactivity, flame instabilities, incomplete oxidation, and the formation of nitrogen
oxides. Accurate and detailed kinetic models are critical for designing optimal burners and engines.
Despite numerous mechanisms published in recent years, large discrepancies remain between model
predictions and experimental data, particularly for NO, species. In this work, we compile updated
thermochemical and kinetic parameters for ammonia combustion from critically evaluated literature
sources and high-level ab initio calculations, minimizing reliance on estimated parameters. A new
detailed kinetic mechanism was generated using the reaction mechanism generator (RMG). For six key
pressure-dependent reactions, recently developed bath-gas mixture rules and temperature-dependent
third-body efficiencies were applied to improve the treatment of composition effects. The resulting
mechanism was validated against experimental laminar-burning velocities, ignition-delay times, flow-
reactor species profiles, and jet-stirred-reactor data, and compared with several recent literature
mechanisms. Without any empirical rate-coefficient adjustments, the model reproduces many
experimental observations with good overall agreement, while remaining discrepancies highlight
persistent uncertainties in nitrogen-oxide chemistry. As no parameters were tuned to reproduce specific
experimental targets, we expect the model to extrapolate well to conditions where experimental data

rsc.li/pccp are limited.

1 Introduction

Ammonia (NH;) has emerged as a promising carbon-free alter-
native to conventional fuels for industrial and transport appli-
cations owing to its high power-to-fuel-to-power efficiency," a
large-scale distribution infrastructure that is already in place, a
high octane rating, and potential for large-scale production
from sustainable sources.>™ Despite these advantages, its
practical use as a fuel poses several challenges. Ammonia is
inherently difficult to ignite and sustain in combustion due to
its low reactivity, which often results in unstable flames and
unacceptable NH; emissions.”> Additionally, high-temperature
oxidation can promote the formation of pollutants such as
nitrogen oxides (NO,). To achieve stable and clean combustion,
ammonia is frequently co-fired with more reactive fuels such as
hydrocarbons or H,,° but this approach introduces additional
design complexity. Accurate and predictive kinetic mechanisms
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are therefore needed as input for computational fluid dynamics
(CFD) simulations, which are used to design clean and efficient
ammonia-combustion reactors.

Although numerous NH; combustion mechanisms have
been developed, recent review articles® ' highlight that these
models often disagree with one another and exhibit systematic
discrepancies relative to experimental results. The disagree-
ment between models stems from the use of inconsistent sets
of reactions, as well as kinetic and thermochemical parameters
for key species and reactions. Discrepancies with experimental
data may arise from missing key reactions (mechanism-
truncation error) and how pressure dependence is treated in
multi-component gas mixtures. Most existing mechanisms
essentially neglect the bath-gas-composition dependence of
pressure-dependent reactions or approximate it using the
classical mixture rule. As demonstrated by Burke and co-
workers,"™® and more recently by Stagni and Dinelli,**
treating the composition effect has a non-negligible effect
on modeling targets such as laminar-burning velocities
(LBVs) and ignition-delay times (IDTs). The classical mixture
rule works well when the important reactions are close to the
low-pressure limit—which is the case for many measure-
ments of modeling targets—but in the fall-off region the
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error introduced by utilizing the classical mixture rule can exceed
typical uncertainties of pure-bath-gas rate coefficients.

In this work, we address these shortcomings by:

(1) Updating the reaction mechanism generator (RMG)
database'>'® with thermochemical and kinetic parameters
recommended by Grinberg Dana and co-workers.”'”"'

(2) Constructing a mechanism with RMG to reduce
mechanism-truncation error.

(3) Refining RMG-estimated rate coefficients with values
obtained from ab initio calculations.

(4) Applying an improved mixture rule developed by the
Burke group for key pressure-dependent reactions,™ and utiliz-
ing temperature-dependent third-body efficiencies determined
by Jasper.*®

The resulting mechanism is comprehensive and can be used
to identify the kinetically important reactions over a wide range
of temperatures, pressures, and equivalence ratios relevant to
ammonia and hydrogen combustion. Once validated, it can be
systematically reduced using model-reduction techniques®® to
enable its use in CFD simulations.

RMG generates kinetic mechanisms by iteratively selecting
species and reactions from a hypothesized “edge” and promot-
ing them to the ‘“core” mechanism by analysing computed
instantaneous fluxes. Both edge and core species and reactions
require thermochemical and kinetic parameters, for which
RMG uses literature values when available and group-
additivity or rate-rule estimates when not. In this work, we
made a conscious effort to minimize the number of reactions
for which RMG needs to rely on such estimates. While this
automated approach ensures broad coverage, uncertainties in
estimates and the occasional generation of ‘“non-physical”
molecules that have valid Lewis structures but are not a
minimum on any potential-energy surface (PES) can degrade
model accuracy.®® To mitigate these issues, we carefully
screened the generated species, removed non-physical candi-
dates, and recalculated thermochemical parameters for valid
species. This procedure enhances the fidelity of the RMG-
generated mechanism.

To further assess performance, we compare the RMG-
generated mechanism developed in this work with state-of-
the-art literature mechanisms. Szanthoffer et al.® and Girhe
et al’ recently ranked and evaluated NH3/H, combustion
mechanisms according to their agreement with experimental
data, identifying both strengths and weaknesses for each
mechanism. Here, we compare our mechanism with five of
the best-performing mechanisms,®?*> as well as with experi-
mental results for pure NH;, pure H,, and blended NH;/H,
mixtures.

2 Computational and modeling
methods
2.1 Rate-coefficient calculations

A detailed description of the rate-coefficient calculations is
provided in the SI, and only a brief summary of the employed
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methods and programs is given here. Depending on the reac-
tion, geometry optimizations and frequency analyses were
performed at the ®B97X-D/def2-QZVP, UHF-CCSD(T)/aug-cc-
pVTZ, CASPT2/aug-cc-pVTZ, and wB97X-D/def2-TZVP levels of
theory.>®™® Single-point energies were evaluated at the CASPT2/
CBS (complete basis set), CCSD(T)/CBS, and CCSD(T)-F12/cc-
pPVTZ-F12 levels of theory. Molpro,>>' Gaussian 16,>* and
ORCA®® software packages were utilized to execute these calcu-
lations. In some cases, we used the automated rate calculator
(ARC),** interfaced with Gaussian and Molpro to facilitate the
quantum-chemistry calculations. CCSDT(Q) corrections were
computed with the MRCC program.**?*® Specifically, high-
level electronic structure calculations were performed for the
O(*P) + HNO, *HO, + °NH, and H + H,NO reaction systems, as
detailed in the SI. Phenomenological rate coefficients were
determined with ARC, Arkane,®” and MESMER 7.1.*% For bar-
rierless reactions, we employed both Gaussrate®® and a custom
implementation of the Flexible-Transition-State Theory (FTST)
method of Robertson et al.;*° this code is provided in the SL
The VRC-TST/Gaussrate output files are also given in the SI.

2.2 Thermochemistry calculations

For each edge species generated by RMG, geometries were
optimized at the ®wB97X-D/def2-TZVPD level of theory. Initial
guess geometries were obtained by selecting the lowest-energy
conformer from a UFF force-field search performed with
RDKit.*' Species with geometries that match the intended
graph representation were considered physical. For species that
failed this initial step, RDKit was used to generate ten addi-
tional conformers, each of which was optimized at the ®B97X-
D/def2-TZVPD level of theory. If at least one of these geometries
matched the intended graph representation, the species was
retained; otherwise, the species was deemed non-physical. In
total, 61 species were identified as non-physical. We confirmed
that these species do not impact core rate coefficients and
forbade these structures during mechanism generation.

For the remaining species, thermochemical parameters were
calculated using ARC. Conformer searches were performed
initially at the ®B97X-D/def2-SVP level of theory, with final
geometry optimization, frequency, and hindered-rotor calcula-
tions performed at the ®wB97X-D/def2-TZVP level of theory.
Single-point energies were obtained at the DLPNO-CCSD(T)-
F12/cc-pVTZ-F12 level of theory. Atomization energy corrections
and Petersson-type bond additivity corrections were applied
following the Wu et al. protocol.*?

2.3 Mechanism generation with RMG

The mechanism was generated under 24 conditions that cov-
ered the ranges 700-1900 K, 1.0-100.0 bar, equivalence ratios of
¢ = 0.25-2.0, and NH3/H, blend ratios ranging from 100%/0%
to 0%/100%. Pressure-dependent rate coefficients were esti-
mated using the modified strong collision method with a grain
size of 2.1 k] mol ™', over a temperature range of 500-2000 K
and a pressure range of 0.1-100 bar. The complete RMG input
file, including further details such as selected tolerances, is
provided in the SI.
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2.4 Modeling methods and analysis

The generated mechanism for the blended oxidation of NH;
and H, was tested against a range of experimental data using
simulations performed with Cantera 3.1.** IDTs and hydroxyl
time histories from shock-tube experiments were compared
with results from ideal zero-dimensional (0D) transient simula-
tions assuming a step-function change in temperature at ¢ = 0,
and the experimental temperature values as reported. LBVs
were determined using one-dimensional (1D) simulations
including multi-component transport and thermal diffusion.
These results were compared with experimental LBV data
extrapolated to zero strain by the experimental group. Finally,
the model’s species-concentration predictions were tested
against concentration-time profiles from jet-stirred reactor
(JSR) and flow reactor (FR) experiments. The FR simulations
were performed as a 1D, constant-pressure reactor with the
measured centreline temperature profiles as inputs.
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As shown below, for many observables the various models
yield similar values, both among themselves and relative to the
predictions of our new mechanisms. In some cases, the devia-
tions between the model predictions and experimental data fall
within the reported experimental uncertainties. It should be
noted that all simulations were performed under ideal-reactor
assumptions, and that the experimental analyses also involve
simplifying assumptions. Future studies would benefit greatly
from the inclusion of well-defined confidence intervals for both
experimental data and model predictions, which would enable a
more quantitative assessment of model-experiment consistency.

The rate coefficients of complex-forming reactions depend
on both pressure and bath-gas composition. However, as men-
tioned in the Introduction, the composition dependence is
typically neglected by assuming a pure N, bath gas or by
approximating it using the classical mixture rule. The classical
mixture rule provides only a crude approximation and can

Table 1 Modified Arrhenius parameters for the reactions added or updated in our mechanism. The superscripted number before each open-shell
species’ formula is its spin multiplicity

No. Reaction A (em® mol ' s™) n E, (k] mol ™) Ref.
Bimolecular abstraction reactions
1 ‘N + ?HO, — °NH + 0, 1.82 x 10°% 9.81 60.5 17
2 2NO + 2HO, — HNO + °0, 1.19 x 10°° 5.06 29.9 17
3 2H,NO + ?HO, — NH;0 + 0, 1.40 x 10°° 4.53 8.1 17
4 2NNH + *HO, — N,H, + %0, 6.25 x 107> 4.57 2.2 17
5 *HO, + *NH, — H,0, + °NH 1.97 x 107° 5.23 34.2 17
6 2HO, + NH; — H,0, + 2NH, 444 x 1071 4.00 75.5 17
7 2HO, + *N,H; — H,0, + *H,NN 2.79 x 1073 4.00 7.9 17
8 2HO, + HNO, — H,0, + >NO, 2.49 x 103 4.52 0.2 17
9 2HO, + N,H, — H,0, + ?2NNH 7.79 x 107+ 3.96 —0.6 17
10 HNO + 2HO, — ?HNOH + 30, 3.08 x 10° 2.98 2.4 17
11 H + HNO — H, + ’NO 1.66 x 10'° 1.18 1.87 45
12 20H + HNO — H20 + >NO 1.20 x 10° 1.19 1.40 46
13 ‘N +°%0, - *>NO + O(°P) 5.90 x 10° 1.01 6.28 47
14 ‘N +20H — *NO + °H 1.08 x 10** —0.20 0.0 47
15 H + *H,NO — H, + HNO 9.60 x 10° 1.50 6.97 pw (RMG estimate)
16 *NO + *H,NO — 2HNO 1.77 x 1072 4.04 84.66 pw
17 30, + *H,NN — 2HO, + *NNH 1.16 x 10 * 4.05 22.0 pw
18 HON + HO, — HNOH + 0, 7.18 x 1072 4.13 0.5 pw
19 ?HO, + HNOH — H,0, + HON 2.56 x 107° 4.86 14.0 pw
20 ‘N + *HNOH — *NH + HON 7.77 x 1072 4.22 33.5 pw
21 *NH + ’HNOH — *NH, + HON 1.18 x 10" 3.65 11.0 pw
22 2NO + *H,NN — HNO + >NNH 1.15 x 10! 3.25 18.9 pw
23 HON + N,H, — ?HNOH + >NNH 712 x 1077 5.50 21.1 pw
24 2°HNOH — NH,OH + HON 3.55 x 10°° 5.15 20.7 pw
25 HON + HONO — 2HNOH + *NO, 8.07 x 1012 6.62 59.9 pw
26 H + NH,O0H — H, + >NH,00 3.75 x 10> 3.35 37.9 pw
27 *HO, + NH,O00H — H,0, + *NH,00 2.37 x 107° 6.27 44.4 pw
28 >NH, + NH,00H — NH; + >NH,00 4.29 x 10°° 4.69 15.9 pw
29 3NH + NH,00H — >NH, + ?NH,00 9.21 x 1077 5.51 36.8 pw
30 2NH,00 + NH,0OH — NH,OOH + *HNOH 1.31 x 10°° 5.96 32.6 pw
31 O(*P) + HNO — *0OH + >NO 7.24 x 10" —1.04 0.0644 pw
2.84 x 10"? 0.322 4.68
32 3NH + HO, — >NH, + %0, 2.40 x 10 %° 11.1 75.0 pw
4.34 x 10° 2.95 —5.79
Well-skipping bimolecular reactions (low-pressure limit)
33 *NH, + O(*P) —» (NH,O/NHOH) — °NH + *0H 3.09 x 10° 2.84 ~11.63 45
34 >NH, + O(*P) - (NH,O/NHOH) — *NO + H, 2.38 x 10" 0.112 —1.452 45
35 ’NH, + O(*P) —» (NH,O/NHOH) — HNO + °H 2.78 x 10" —0.065 —0.787 45
36 H + *H,NO — (NH,OH/NH;0) — H2 + HNO 8.69 x 10° 2.60 4.71 pw
37 H + ’H,NO — (NH,OH/NH;0) — *NH, + >0H 3.704 x 10" 0.15 8.13 pw
38 *HO, + °NH — (*HNOOH) — *OH + HNO 2.60 x 107 1.81 -10.5 pw
39 ’HO, + °NH — (*HNOOH/*H,NOO) - 0, + *NH, 2.22 x 10*” —5.36 25.6 pw
40 *HO, + °NH — (*HNOOH/’H,NOO) — O(’P) + *H,NO 1.24 x 10° 0.386 110.7 pw
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introduce errors of up to a factor of two or so when reactions
are not close to the low- or high-pressure limit. In addition,
practical implementations of the rule in modeling software also
often require the user to specify temperature-independent
efficiencies, when in fact these efficiencies can exhibit strong
temperature dependence."® Recently, the Burke group has
developed improved mixture rules to address some of the
shortcomings of the classical mixture rule,"*™* and the imple-
mentation of their work in Cantera 3.1 allows the user to specify
temperature-dependent third-body efficiencies. To improve our
treatment of composition dependence, we applied the linear-
mixture rule in reduced pressure (LMR-R) for the following key
reactions:

H + 0H(+M) = H,0(+M) (R1)
H +°0,(+M) = *HO,(+M) (R2)
H,0,(+M) = 2°0H(+M) (R3)
NH;(+M) = H + >NH,(+M) (R4)
2°NH,(+M) = N,H4(+M) (R5)
HNO(+M) = H + °NO(+M). (R6)

For the third-body efficiencies, we utilized the results of
Jasper."’

3 Results and discussion

3.1 Rate coefficients

Table 1 lists the reactions added into the RMG-database, as well
as their modified Arrhenius parameters. For most of these rate

coefficients, there are no experimental measurements, but the
O(*P) + HNO — *0H + *NO (R7)

reaction is one exception. We show in Fig. 1 the computed rate
coefficient together with the experimental data measured by

5x10"
4x10"° 1
2~ 3x10"1
‘n
5
£ 2x10"°
™
€
o
X
O(°*P) + HNO —=NO + ?0H (this work)
10" 4 ®  Inomata and Washida experiments
in 0.003-0.01 bar of helium
100 250 500 750 1000 2500
T (K)

Fig. 1 Computed rate coefficient for the O(P) + HNO — 20H + 2NO
reactions shown together with the experimental determination by Inomata
and Washida.** The submerged saddle-point for this reaction was lowered
by 2.4 kJ mol™ to obtain better agreement with experiment.
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Inomata and Washida.** To obtain better agreement with direct
experimental measurement, we lowered the energy of the rate-
determining saddle-point by 2.4 kJ mol *, which is well within
computational uncertainties. Master-equation simulations
revealed that the recombination reaction to form HNO, fol-
lowed by decomposition to H + ?>NO, is never competitive
with (R7).

Consistent with the findings of Monge-Palacios et al.,® addi-
tional computational and experimental studies—particularly
for reactions such as (R7) and other processes involving nitroxyl
radical chemistry—are needed to further refine kinetic models
and represent an important direction for future research.
Master-equation simulations for the

H + *H,NO — (NH,OH/NH;0) — H, + HNO (R8a)

H + *H,NO — (NH,OH/NH;0) — °NH, + >0H (R8b)

and
*HO, + *°NH — (HNOOH/H,NOO) — *0OH + HNO (R9a)

*HO, + *NH — (HNOOH/H,NOO) — *0, + >NH, (R9b)

*HO, + *°NH — (HNOOH/H,NOO) — O(*P) + *H,NO (R9c)

reactions revealed that the initially formed adducts never
stabilize, and that these reactions are at the low-pressure limit
under all practical conditions (p < 100 bar). For (R8), channel (R8b)
dominates over nearly the entire temperature range considered,
while the direct-abstraction reaction H + *H,NO — H, + HNO
becomes competitive at higher temperatures. A similar beha-
viour is observed for (R9): among the well-skipping channels,
only (R9a) is kinetically significant under most conditions, with
the competing direct abstraction pathway forming *NH, + %0,
gaining importance at higher temperatures. The results are
depicted graphically in Fig. 2 and 3.

For the bimolecular abstraction reactions tabulated in
Table 1, the temperature dependencies of the rate coefficients
are depicted in Fig. 4.

3.2 Thermochemistry calculations

Fig. 5 shows a parity plot of the standard enthalpy of formation
(AfHo5 k) estimated by RMG via group-additivity or hydrogen-
bond-increment (HBI) correction to quantum chemistry calcu-
lations according to Pang et al’® for 137 edge species that
passed screening. While most estimates agree within 100 kJ
mol~*, deviations of several hundred k] mol ' are observed for
some species, particularly those obtained from group-additivity
methods. The updated thermochemical data were added to the
RMG-database and then subsequently used for mechanism
generation in this work.

3.3 Summary of RMG mechanism

The RMG generated mechanism consists of 53 species and 704
reactions. The corresponding mechanism files in both Cantera
and Chemkin formats are provided in the SI. All thermoche-
mical parameters are taken from high-level calculations or
recommendations by Grinberg Dana et al’ As shown in

This journal is © the Owner Societies 2026
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Direct abstraction
—’H +*H,NO— H, + HNO

10°1
Well-skipping (low-pressure limit)
2 2 2 2
108_. —— "H+H,NO—~"NH, +“OH
) ——*H +H,NO —~H, + HNO
10 —
300 900 1500 2100

T (K)

Fig. 2 Computed rate coefficients for the well-skipping H + 2H,NO —
(NH,OH/NHz0) — H, + HNO and H + 2H,NO — (NH,OH/NH30) — oNH, +
20H reactions shown together with the direct-abstraction reaction H +
2H,NO — H, + HNO. The first two reactions were found to still be at the
low-pressure limit at 100 bar.

1014
102
—~~ -
'w 1010_-
N 4 Well-skipping reactions
g 10°- ’HO, + *NH—=0OH + HNO
- J]—™Ho, +°*NH—°0, + *NH,
g 10°]—"HO, + "NH— O(P) + *H,NO
~ 7 Direct-abstraction reaction
< q——HO,+’NH— "0, +NH,
1071
10
10° — e
300 900 1500 2100

T (K)

Fig. 3 Computed rate coefficients for the well-skipping 2HO, + SNH —
(HNOOH) — 20H + HNO, HO; + *NH — (HNOOH/H,NOO) — 30, +
®NH, and 2HO, + *NH — (HNOOH/H,NOO) — O(P) + 2H,NO. The
reactions were found to still be at the low-pressure limit at 100 bar. Only
the 20H + HNO forming channel is relevant in practice.

Fig. 6, the kinetic parameters for 359 reactions are sourced
from the literature (RMG-database), and 92 are estimated by
RMG via the pressure-dependent network. The remaining rate
coefficients are determined using estimation rules, primarily for
disproportionation (7 = 194) and hydrogen abstraction (n = 59)
reactions. Although both Cantera and Chemkin input files are
included for completeness, LMR-R is currently implemented

This journal is © the Owner Societies 2026
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only in Cantera; therefore, all simulations presented in this work
were performed using Cantera.

3.4 Model validation

Fundamental combustion experiments of ammonia and
ammonia/hydrogen mixtures provide valuable insights into
how global reactivity of the fuel mixtures and the generation
and destruction of chemical species of interest depend on
temperature (7), pressure (p), equivalence ratio (¢), blending
ratio, etc. The experimental data also serve as validation targets
for the development of an accurate and predictive combustion
mechanism. The performance of the developed mechanism is
validated against a comprehensive set of experimental data for
the combustion of pure H,, pure NH;, and NH3/H, mixtures
with varying H, content. This section presents a selection of
these validation results, focusing on key combustion targets: IDTs,
LBVs, and species profiles measured in JSRs and FRs. To assess
the importance of improved mixture rules, we present two ver-
sions of our mechanism; one that implements the classical
mixture rule with temperature-independent third-body efficiencies
(RMG) and another that implements LMR-R with temperature-
dependent third-body efficiencies (RMG_Burke). Because the
objective of this work is to isolate and assess the impact of
updated N-H-O kinetics on NH;/H, oxidation, our primary
benchmarking set focuses on mechanisms specifically designed
for N/H/O chemistry. Recent quantitative evaluations® consistently
rank NUIG_2023, KAUST 2021, KAUST 2023, and POLIMI/
CRECK 2023 among the best-performing NH3/H, mechanisms
across IDTs, LBVs, and NHjz/H, speciation datasets. These
mechanisms also avoid optimized C;-C; hydrocarbon subsets,
which lie outside the scope of the present N-H-O-only study.
For completeness, additional NH3;-H,-C; mechanisms (e.g,
NUIG_2023;* Shrestha_2025;>° Zhang_2023>*) are compared in
the SI, but all mechanistic conclusions in this work are based on
the N/H/O benchmarking set. Furthermore, we compare the
performance of these two models (RMG and RMG_Burke) with
five recently developed state-of-the-art mechanisms.®**™>

3.4.1 Ignition delay time. IDTs measured in shock tubes
are essential for validating the intermediate- and high-
temperature oxidation mechanisms of ammonia-based fuels.
The performance of the current mechanism was evaluated by
comparing predicted IDTs against two comprehensive experi-
mental datasets for pure NH; and NH;/H, mixtures. Mathieu
and Petersen®! measured IDTs of NH,/O,/Ar mixtures over a
wide range of conditions, covering 1560-2455 K, pressures of
approximately 1.4, 11, and 30 atm, and equivalence ratios of
0.5, 1.0, and 2.0. More recently, Chen et al.>* investigated the
influence of H, addition on the autoignition of NH; in stoichio-
metric NH3/H,/O,/Ar mixtures. Their measurements span
1020-1945 K, pressures of 1.2 and 10 atm, and H, mole
fractions from 0% to 70%. These datasets provide crucial
targets for evaluating the high-temperature performance of
our mechanism.

Fig. 7 compares model-predicted IDTs with shock-tube
measurements for pure NH; at pressures from 1.4 to 30 atm.
Across all conditions considered, the deviations between model
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Fig. 4 The temperature dependencies of the H-abstraction rate coefficients
reactions for clarity, as the full set would be overly crowded in a single plot.

predictions and experimental measurements remain within a
factor of two. At 1.4 atm, the comparison shows a clear
dependence on both temperature range and experimental
dataset. For the lower-temperature measurements of Chen
et al. (1800-2000 K),** all mechanisms underpredict the mea-
sured IDTs. Among them, only the RMG and RMG_Burke
mechanisms reproduce the data within approximately 20%,
which is comparable to the reported experimental uncertainty;
whereas the KAUST mechanisms exhibit substantially larger
deviations, with mean discrepancies exceeding 40%. In con-
trast, for the higher-temperature measurements of Mathieu

Phys. Chem. Chem. Phys.

T (K)

updated or computed in this work. Panels (a)-(d) show different subsets of

et al. (>2300 K),”" all mechanisms reproduce the experimental
IDTs within similar bounds. At 11 atm, a similar dataset-
dependent trend is observed. When compared against the Chen
et al. measurements, only the RMG, RMG_Burke, and NUIG
mechanisms show good agreement with the experimental data,
while the KAUST mechanisms exhibit larger deviations, typi-
cally exceeding a factor of about 1.5. At 30 atm, the inter-model
spread increases modestly. The CRECK_2023 and KAUST_2021
mechanisms provide the closest overall agreement with the
Mathieu et al. data. Overall, these results indicate that while all
modern mechanisms reproduce pure-NH; ignition delays
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across the examined conditions, the relative performance
depends sensitively on pressure, temperature range, and the
experimental dataset used for validation.

The model’s performance for the ignition of NHz/H, mix-
tures was evaluated against the experimental data of Chen
et al.,>® as shown in Fig. 8. At low pressure (1.2 atm), nearly
all mechanisms reproduce the experimental ignition delays
with good accuracy, with typical deviations of less than 20%,
which fall within the experimental uncertainty reported by
Chen et al, indicating limited sensitivity to the choice of
mechanism under these conditions. Among the mechanisms
compared, RMG, RMG_Burke, and NUIG_2024 mechanisms
perform slightly better, although differences between models
remain modest at this pressure. At higher pressure (10 atm),
the spread among mechanisms increases, and nearly all
mechanisms underpredict the experimental ignition delay
times. The largest discrepancies are observed for the 30%
NH;/70% H, mixture, for which the CRECK_2023 mechanism
significantly underpredicts the IDTs, with deviations exceeding
a factor of two. In contrast, RMG and RMG_Burke mechanisms
provide comparatively better agreement under these condi-
tions. This shared tendency among mechanisms to underpre-
dict ignition delays at elevated pressures suggests that the
coupled NH3/H, kinetics under high-pressure, H,-rich condi-
tions are not yet fully captured. In particular, pressure-
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Fig. 7 The NHz IDT predictions of the current RMG mechanisms and
recently developed literature mechanism®22725 compared with experi-
mental data.>>?

dependent competition between NH;- and H,-derived radical
pathways may require further refinement. These discrepan-
cies highlight the need for improved high-pressure rate coef-
ficients and a more complete treatment of pressure- and
temperature-dependent reaction channels in NH;/H, combus-
tion mechanisms.
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3.4.2 Laminar-Burning velocity. LBV is a key target to test a
model’s rate-coefficient parametrisations at high temperatures,
particularly for reactions involving hydrogen atoms. It is a
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fundamental property of a fuel-oxidizer mixture, describing
the speed at which a smooth, unstretched flame front propa-
gates through a stationary unburned gas. LBVs are measured
using a variety of experimental techniques, typically on strained
flames, and then extrapolated to zero-strain values for ease of
comparison. When multiple datasets under similar conditions
are available, it allows for some assessment of the uncertainty
in the measurements. For alternative fuels like ammonia and
ammonia-hydrogen mixtures, accurate LBV data are vital for
designing and optimizing combustion systems for power gen-
eration. Recent experimental work by Lhuillier et al[52] pro-
vides LBVs of NH;/H, mixtures at atmospheric pressure,
covering variations in unburned gas temperature, hydrogen
fraction, and equivalence ratio (¢). These data serve as a
comprehensive benchmark for evaluating kinetic mechanisms
and exploring the chemical interactions that govern flame
propagation.

Fig. 9 compares experimental and model-predicted LBVs for
pure H,, pure NH;, and NH3/H, blends with air at atmospheric
pressure under different unburned gas temperatures. For pure
H, flames, the simulations show excellent agreement with
experimental data under lean and near-stoichiometric condi-
tions (¢ < 1.5). Hydrogen flames exhibit very high reactivity,
with a peak LBV approaching 300 cm s * in the fuel-rich region
(¢ = 1.8). At richer conditions (¢ > 1.5), some discrepancies
between models emerge. The experimental data measured by
different groups often differ by 10% or more, sometimes
exceeding the discrepancies between the model predictions,
likely due to systematic errors associated with varying experi-
mental techniques. For example, Pareja et al,”® using the
particle tracking velocimetry (PTV) method, report higher flame
speeds, whereas the prediction by Aung,>* employing the
spherical bomb technique, obtains slightly lower values. These
differences are largely attributable to methodological differ-
ences: PTV captures local burning velocities in non-stretched
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flame regions but may be affected by flame curvature, while the
spherical bomb approach measures unsteady flame propaga-
tion over short durations, potentially underestimating the LBV.
Despite these methodological differences, all mechanisms and
experimental datasets show consistent trends, and the theore-
tical predictions reproduce the high reactivity and peak loca-
tion of pure hydrogen flames with good accuracy.

In contrast, the LBV of pure NH; flames is substantially
lower than that of hydrogen, with values typically under
10 cm s ', reflecting the intrinsic difficulty of sustaining
ammonia flames. The weakness of these flames likely contri-
butes to the relatively large experimental scatter reported in the
literature, particularly under atmospheric conditions, where
uncertainties of 15-20% are common.®®> The peak LBV occurs
consistently at a slightly fuel-rich equivalence ratio (¢ ~ 1.1)
across both experimental datasets and numerical predictions.
Most mechanisms accurately capture the flame speed under lean
and near-stoichiometric conditions (¢ < 1.0), but they system-
atically overestimate LBVs in the fuel-rich regime (¢ > 1.0), in
agreement with earlier comparisons showing that “most numerical
simulations overpredict when compared with experimental results”
for NH; flames.®® More recent evaluations have reached similar
conclusions, reporting that under rich combustion conditions most
mechanisms substantially overpredict the LBVs.® In the present
comparison, differences among mechanisms become more pro-
nounced at rich equivalence ratios, although no single model
consistently outperforms the others across the full range of condi-
tions examined. These observations highlight the persistent chal-
lenges of modeling ammonia combustion, in which the NH,
radical chemistry plays a central role in controlling flame
propagation.

Blending hydrogen with ammonia substantially increases
the LBV, improving flame stability and making the mixture
more suitable for practical energy applications. However,
experimental measurements of LBVs for NH;/H, blends remain
limited; for example, all data shown in the third panel of Fig. 9
were measured by a single research group.®® For a 70% NH,/
30% H, mixture, the measured peak flame velocity occurs at a
fuel-rich equivalence ratio of ¢ =~ 1.1, and all mechanisms
considered here reproduce both the peak location and magni-
tude with good accuracy. Quantitatively, the deviations between
model predictions and experimental measurements are small
for this blend, with mean absolute errors below 10%. Among
the mechanisms evaluated, RMG_Burke and RMG mechanisms
yield the smallest deviations for the 70% NH,/30% H, case,
with mean discrepancies of less than three percent. Also, the
good performance of CRECK_2023 can be attributed primarily
to its slightly adjusted H,/O, core kinetics, particularly the key
chain-branching step *0, + H = O(*P) + >OH, for which the
pre-exponential factor was increased relative to the originally
evaluated value. In addition, CRECK_2023 employs an empiri-
cally optimized treatment of third-body effects in reactions
such as H + >0OH (+M) == H,0 (+M), which modifies the balance
between radical-branching and radical-termination pathways.
The combined effect of these adjustments leads to an overall
increase in the predicted flame-propagation rate and enables

This journal is © the Owner Societies 2026

View Article Online

Paper

accurate reproduction of the non-linear increase in laminar
burning velocity with hydrogen fraction reported by Lhuillier
et al.®®

In contrast, RMG and RMG_Burke mechanisms were con-
structed strictly from first-principles and evaluated literature
data, without any empirical tuning of rate coefficients to
improve agreement with experimental data. For the 95% NH;/
5% H, mixture, both RMG and RMG_Burke mechanisms tend
to predict slightly higher LBVs than measured. For pure NH;
flames, the standard RMG mechanism predicts marginally
higher LBVs than RMG_Burke near stoichiometric conditions,
whereas for the 70% NH3/30% H, mixture the opposite trend is
observed, with RMG_Burke predicting slightly higher LBVs
than RMG in the same equivalence-ratio range.

In the LBV simulations, as well as most of the other
simulations, utilizing LMR-R and temperature-dependent
third-body efficiencies over the classical mixture rule and
temperature-independent efficiencies only had a marginal effect
on the predicted modeling target. This finding is expected, as the
reactions treated with the Burke rules (R1-R6) are close to the
low-pressure limit under the conditions of the simulations, and
linear-Burke mixture rule reduces to the classical mixture-rule
both at the low- and high-pressure limits. Still, incorporating the
Burke mixture rule for a general-purpose mechanism is worth-
while because it provides a more accurate treatment of the
composition dependence in the fall-off region. We show in
Fig. 10 how the LMR-R and classical treatments predict different
rate-coefficient values for (R2) at elevated pressures.

3.4.3 Oxidation in a jet-stirred reactor. JSR experiments
provide valuable benchmark data for validating kinetic
mechanisms under well-mixed and steady operating condi-
tions. For ammonia systems, speciation data from JSR experi-
ments are particularly important, since the selectivity toward
nitrogen-containing products (*NO, N,O) strongly influences
pollutant formation. In this study, our predictions are com-
pared with the species concentration measurements obtained
in the JSR experiments of Osipova et al.”® for pure NH;, and
Zhang et al.>® for NH;/H, mixtures under lean and stoichio-
metric conditions (equivalence ratios of 0.25 and 1.0) at atmo-
spheric pressure over the temperature range 800-1280 K.
Fourier-transform infrared (FTIR) spectroscopy provided quan-
titative data for major species (NH3, H,0, >°NO, N,0), although
homonuclear species such as N, and H, were not reported.

For pure NH; oxidation at ¢ = 1.0 (Fig. 11), all mechanisms
reproduce the primary features of the speciation profiles: NH;
consumption and the formation of H,O and 2NO are captured
with good fidelity across the investigated temperature range.
The experimental onset temperature for NH; consumption is
closely matched by RMG, RMG_Burke, and NUIG_2024, with
Tonset &~ 1250 K. These three mechanisms also show the best
agreement for H,O, while all mechanisms qualitatively capture
the overall trend of NO formation. In the experiments,”* H, is
observed as a transient intermediate during NH; oxidation,
exhibiting a pronounced peak of approximately 50 ppm near
1470 K. The RMG_Burke mechanism predicts an H, peak of
about 62 ppm at 1473 K, in close agreement with the measured
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value, whereas the standard RMG mechanism underpredicts
this peak, yielding approximately 28 ppm at the same tempera-
ture. The NUIG_2024 mechanism predicts a comparable peak
magnitude (about 36 ppm) at a similar temperature. In con-
trast, the KAUST mechanisms predict substantially higher H,
peak concentrations (exceeding 100 ppm) and shift the peak to
slightly lower temperatures (around 1420 K). The Stagni (2020)
mechanism does not reproduce a pronounced H, peak, with
predicted H, concentrations remaining below 10 ppm over the
entire temperature range. The largest discrepancies-both
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among different models and between models and experi-
ments-are observed for N,O. Among the mechanisms,
NUIG_2024 better reproduces the observed onset than the
other mechanisms. However, as the data extend only to
~1280 K, and there is only one data point with a significant
N,O, it is difficult to draw conclusive judgments regarding the
relative accuracy of the mechanisms.

For NHj/H, blends at ¢ = 0.25 (Fig. 12), the onset of
reactivity shifts to lower temperatures, with fuel consumption
occurring more gradually than in the pure NH; case. Additional
RMG and RMG_Burke comparisons across different NH;/H,
blending ratios are provided in the SI. Among the mechanisms
evaluated, NUIG_2024 provides the closest overall agreement
for the NH;, H,O, and NO mole-fraction profiles under these
conditions. For NO, most mechanisms overpredict the onset of
formation, and the largest deviations occur for N,O, where only
KAUST_2021, KAUST 2023, and NUIG_2024 match the peak
N,O mole fraction within a factor of two. For both pure NH;
and NH;3/H,, KAUST 2024 consistently predicts earlier transi-
tions in all four major species, systematically overestimating
reactivity. Overall, the NUIG_2024 mechanism achieves the best
balance among the tested models but relies on multiple tar-
geted rate adjustments to reproduce the experiment. In contrast,
the RMG-based mechanisms retain ab initio or evaluated litera-
ture parameters without fitting to the present experimental data,
leading to slightly larger deviations while maintaining consistent
predictive behavior across different conditions.

It is noteworthy that KAUST_2024 predicts higher N,O yields
than KAUST 2023 under oxygen-lean conditions (1-10%),
mainly due to employing 50% higher rate coefficient for the
*NH + >NO — N,O + H reaction. In contrast, at higher O,
concentrations, N,O formation proceeds via *NH, + *NO, —
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N,O + H,0, for which KAUST 2024 adopts a rate coefficient
about half that of KAUST 2023, resulting in lower predicted
N,O yields. N,O yields are sensitive to several reaction path-
ways, with different pathways dominating at different condi-
tions. Accurate N,O predictions over a wide range of reaction
conditions will require very accurate determinations of several
different rate coefficients.

3.4.4 Oxidation in a flow reactor. FR experiments provide
critical data on the intermediate-temperature oxidation beha-
viour of pure NH; and NH3/H, mixtures under short residence
times (& 0.05 s). In this work, FR simulations were performed
using a plug-flow reactor (PFR) model with temperature profiles
imposed according to measurements from thermocouples.

Fig. 13, compares simulated and experimental species mole
fractions for two fuel-lean oxidations in inert gas, one using
pure NH; and the other using a 1:1 NH;/H, mixture, alongside
predictions by literature mechanisms.***>’! Our kinetic
mechanisms effectively reproduce reactant consumption
(NH3, O,, H,) and the formation of major combustion products
(N,, H,0). Across all conditions, the largest discrepancies are
observed for *NO, which is generally overestimated by most
mechanisms under flow-reactor conditions. Among the models
considered, KAUST_2024 provides the closest agreement with
the measured NO profiles, predicting systematically lower NO
concentrations. This behavior reflects differences in the treat-
ment of key NO-forming and NO-consuming reactions (reac-
tions 13-14 in Table 1), which have a strong influence on NO,
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chemistry under these conditions. Similar trends were also
observed in the JSR comparisons discussed earlier, indicating
that the formation and destruction pathways of NO, remain a
key source of uncertainty in ammonia combustion modeling.

Despite these discrepancies in nitrogen-oxide chemistry,
several modern mechanisms—including the RMG-based models
developed in this work—reproduce the major species profiles
and key combustion performance metrics, such as IDT and LBVs
reasonably well. However, most models overpredict formation of
the important pollutant >NO by a factor of 2 or more in some
experiments, and many models also similarly mispredict the
strong greenhouse gas N,O. In addition, most models signifi-
cantly overpredict the flame speed of rich ammonia flames.
Some of these discrepancies may arise from experimental uncer-
tainties or from the use of idealized reactor assumptions, which
do not perfectly replicate the actual experimental conditions.

The RMG_Burke provides fairly good performance across
the range of conditions, even though none of its parameters
were adjusted to fit any of the data shown here. The NUIG_2024
achieves slightly better quantitative agreement through selec-
tive rate tuning, particularly in reproducing the experimental
temperature dependence of NO, formation. In contrast, the
standard RMG-generated mechanism tends to predict earlier
reactivity for most conditions, particularly at higher hydrogen
fractions. Additional comparisons between the RMG and
RMG_Burke mechanisms across various NH3z/H, blending
ratios are provided in the SI.
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4 Conclusions

In this work, we developed a new detailed combustion mecha-
nism for NH3/H, blends using RMG. Thermochemical and
kinetic parameters were updated with the best available litera-
ture values or obtained from high-level quantum-chemical
calculations when such data were unavailable. For six key
reactions, the linear mixture rule in reduced pressure devel-
oped by the Burke group were implemented to better treat bath-
gas-composition effects on the rate coefficients. Unlike many
existing NH;/H, mechanisms, the present model incorporates
updated ab initio NH,/O/H kinetics together with composition-
dependent pressure effects and is constructed entirely without
parameter tuning.

Beyond improved model performance, this work provides
several advances in the mechanistic understanding of NH;
oxidation chemistry. New ab initio rate coefficients are
reported for previously uncertain or missing reactions that
govern key NO,-forming pathways, revealing temperature
dependences that differ qualitatively from those adopted in
existing mechanisms.

Extensive validation against IDTs, LBVs, and species profiles
in FR and JSR shows that the new RMG_Burke mechanism
reproduces a broad range of experimental observations with
good overall predictive capability. Explicit treatment of bath-
gas-mixture effects leads to modest but systematic improve-
ments in selected predictions within the validation conditions
considered here.

Despite overall consistency among mechanisms for many
observables, significant discrepancies remain, particularly for
NO and N,O formation and under H,-rich, high-pressure con-
ditions. Applying the Burke bath-gas-mixture treatment to only
six reactions leads to limited but systematic changes under the
conditions examined here; larger impacts are expected at
pressures in which key reactions are in the fall-off region.

Overall, this work presents a reliable and predictive NH3/H,
combustion mechanism that explicitly incorporates bath-gas—
mixture effects. Future efforts should extend this treatment to
additional pressure-dependent reactions and reassess kinetic
sensitivities once composition dependence is more comprehen-
sively implemented. Given that neglecting bath-gas-mixture
effects can introduce errors comparable to or exceeding those
associated with pure-bath-gas rate coefficients, further progress
will require treating both sources of uncertainty in a consistent
framework.
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