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Abstract

This study employs Reactive force field molecular dynamics (ReaxFF MD) simulations to probe ammonia pyrolysis and oxidation across temperatures and
equivalence ratios, revealing accelerated combustion with temperature and key species variations. Based on the analysis of combustion mechanisms
through molecular dynamics simulations and reaction pathway analysis derived from six published combustion mechanisms, this study has established a
relatively comprehensive combustion pathway for ammonia. A detailed kinetic model for ammonia combustion, comprising 41 species and 351 reactions, is
developed using a hierarchical construction method. The model demonstrated excellent agreement with a wide range of experimental data, including
ignition delay times (IDTs), laminar burning velocities (LBVs), and species concentrations under diverse conditions, thereby validating its predictive
capability. Reaction path analysis and sensitivity analysis revealed that the ammonia combustion process involves two major pathways: N, generation and
NO, generation from NH,. Key reactions affecting performance include NH3, NH,, NH, and H. The reaction NH, + NO = N, + H,0 exhibits the most significant
inhibiting effect on ammonia combustion. Meanwhile, H + O, = O + OH remains a strong promoter for LBVs and key species formation in ammonia, whereas
its promoting effect on ammonia ignition performance becomes considerably weaker. In contrast, the reaction NH, + HO, = H,NO + OH shows the strongest
promoting influence on IDTs. Additionally, NH,-involved reactions that generate radicals such as OH and O, as well as those yielding N, and H,0, also
substantially enhance the ignition performance of ammonia.
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Introduction

The overexploitation of fossil fuels has triggered severe resource
depletion and environmental crises, particularly through excessive
CO, emissions!'. This urgency drives the global energy transition
toward low-carbon and carbon-free alternatives to enable sustain-
able development!. Although hydrogen (H,) is recognized as a
promising carbon-neutral energy carrier, its inherent physicochemi-
cal limitations pose significant barriers to its safe storage, efficient
transportation, and large-scale deployment('. Ammonia (NH;) is an
emerging carbon-free fuel that boasts a high hydrogen content and
high energy density. Owing to its ease of liquefaction, it offers prac-
tical advantages for storage, transportation, and energy storage
systems(?, Its efficient utilization plays an important role in building
a low-carbon energy system. Currently, ammonia is widely regarded
as a highly promising alternative to fossil fuels, with successful tests
in gas turbines and internal combustion engines demonstrating its
potential for practical applicationl.

However, the utilization of ammonia as a fuel presents obstacles,
including its low laminar burning velocity (LBV), poor flammability,
and narrow flammability range. As a result, early research mainly
focused on co-combustion with highly reactive fuels such as H,™,
methane (CH,)', or using techniques such as oxy-fuel combustion®!
to improve the reactivity of ammonia. Although there has been
some progress in the research on the co-combustion of ammonia
and highly reactive fuels, research on the combustion characteris-
tics of pure ammonia in an air atmosphere is still relatively scarce.
More importantly, the combustion reaction mechanism of ammo-
nia is not yet fully understood, and key parameters such as
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pollutant formation are still incomplete, which hinders the large-
scale application of ammonia as a fuel’l. Hence, to enable the effec-
tive use of ammonia as an energy source, a deeper understanding of
its combustion behavior, characteristics, and underlying reaction
mechanisms is required.

As a key combustion parameter, the LBV is essential for describ-
ing flame stability, extinction, and structure, while also playing a
vital role in the assessment and validation of chemical kinetic
models. Takizawa et al.l®l measured the LBV of NH;/Air mixtures
under different equivalence ratios (¢) using the spherical vessel (SV)
method. They found that the LBV of NH; peaked at approximately
7.2 cm/s at an equivalence ratio of 1.1. Furthermore, under lean fuel
conditions, the flame front exhibited a concave inward structure,
a phenomenon attributed to the buoyancy effect that promotes
upward flame propagation. Mei et all®@ compared the flame
morphology and burning velocity of NHs/Air under normal and
oxygen-enriched conditions. Their results demonstrated that an
oxygen-enriched environment enhances flame propagation and sig-
nificantly mitigates the buoyancy effect. Additionally, they observed
that while burning velocity increases with oxygen concentration,
the primary reaction pathway of NH3 remains unchanged. Lhuillier
et al.l'% employed the spherical flame method to measure the
laminar burning velocity of NH; under various temperatures and
hydrogen concentrations at atmospheric pressure. They reported a
progressive increase in LBV with elevated hydrogen content and
temperature. Hayakawa et al.l'l were the first to experimentally
measure the laminar burning velocity of NH;/Air at pressures up to
5 atm, reporting a maximum unstretched LBV of approximately

www.maxapress.com/prkm


mailto:lish@zua.edu.cn
mailto:wkq0213@163.com
mailto:xishuanghui@zua.edu.cn
https://doi.org/10.48130/prkm-0026-0006
https://doi.org/10.48130/prkm-0026-0006
https://doi.org/10.48130/prkm-0026-0006
https://doi.org/10.48130/prkm-0026-0006
https://doi.org/10.48130/prkm-0026-0006
mailto:lish@zua.edu.cn
mailto:wkq0213@163.com
mailto:xishuanghui@zua.edu.cn
https://doi.org/10.48130/prkm-0026-0006
https://doi.org/10.48130/prkm-0026-0006
https://doi.org/10.48130/prkm-0026-0006
https://doi.org/10.48130/prkm-0026-0006
https://doi.org/10.48130/prkm-0026-0006
http://www.maxapress.com/prkm

Progress in Reaction
Kinetics and Mechanism

7 cm/s. Chen et al.l'? examined laminar flame parameters of NH;/Air
mixtures under varying equivalence ratios and initial pressures. They
noted that the maximum flame velocity occurs at an equivalence
ratio of 1.1, and both flame speed and flame thickness decrease with
increasing pressure. Shrestha et al.'3l measured ammonia flame
velocity under high temperature and pressure with varying hydro-
gen and oxygen concentrations. Their findings aligned with those of
Mei & Lhuillier, confirming that LBV increases with temperature and
decreases with pressure. They also provided the first measurements
of ammonia burning velocity at 7 and 10 bar. Kanoshima et al.l'¥
and Liang et al.l'*l also investigated NH3/Air LBV under high tempe-
rature and pressure conditions, corroborating the results reported
by Shrestha et al. Furthermore, Alvarez et al.'® studied NHs/Air
flames under high pressure and observed a non-linear decrease in
LBV with increasing pressure, identifying reactions involving NH,
and NO as particularly significant. Zhou et al.l'’l measured laminar
burning velocities of NHa/Air, NHs/H,/Air, NH3/CO/Air, and NH3/CH,/
Air within temperature and equivalence ratio ranges of 298—423 K
and 0.7-1.4, respectively, and developed a new chemical mecha-
nism for validation. Kohansal et al.l'8] explored NH;/CH,/Air flames
and found that at an ammonia molar fraction of 0.4, the LBV reached
values comparable to those of hydrocarbon flames. They also high-
lighted the absence of direct competitive reactions between NH;
and CH,, noting that competition occurs primarily through con-
sumption of O/H radicals. Liu et al.l'¥! studied NH3/C,H,/Air flames
under elevated temperature and pressure. Their results indicated
that C,H, addition promotes the formation of new intermediates,
enriches reaction pathways, accelerates consumption of both fuels,
and increases ammonia flame velocity. They also emphasized the
critical role of the reaction H + O, = OH + O in enhancing the burn-
ing velocity of NH3/C,H,/Air mixtures.

Ignition delay time (IDT) is a crucial parameter for assessing
burner ignition and flame-holding stability, as well as a key metric
for validating chemical reaction mechanisms!2%, Species profiles (SP)
reflect the dynamic evolution of key components, radicals, pollu-
tants, etc,, during combustion processes, providing insights into
critical chemical reaction mechanisms of fuels. The IDT of NH3/O,/Ar
mixtures was determined by Mathieu et al.l2'l using a shock tube.
Their results demonstrated that lean mixtures exhibited relatively
short IDT at elevated pressures, whereas the equivalence ratio
showed minimal effect under low-pressure conditions. Furthermore,
increased pressure was observed to enhance ignition promotion.
Shu et all?2l further expanded the experimental conditions of
Mathieu and obtained similar conclusions. However, they pointed
out that under lean fuel conditions with a pressure exceeding
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20 bar, the IDT was longer. He et al.l23! measured the IDT of NH;/O,
and NHs/H,/O, mixtures using a rapid compression machine (RCM).
Their results demonstrated that the addition of H, increased the fuel
reactivity and promoted ignition, while the equivalence ratio varied
depending on the amount of hydrogen added. Dai et al.l2 and
Chen et al.2%! also investigated the IDT of NH3/H,/O, mixtures and
observed a consistent trend with the work of He et al.23. However,
Dai et al. pointed out that under any pressure, the ignition of NH;
would slow down with the increase in the equivalence ratio. Peng et
al.2él explored the influence of the fuel concentration on ignition.
The increase in the fuel concentration would intensify the reactions
of NH; with more important radicals, thus promoting ignition.
Regarding the species concentration, Dagaut et al.2”] investigated
the oxidation of NH; under different NO concentrations using a
jet-stirred reactor (JSR) and explained the interaction between NH3
and NO. Manna et al.l?8] conducted an in-depth study on the oxida-
tion and pyrolysis of ammonia. They found that during the ammo-
nia reaction process, the concentrations of NO and H, increased
monotonically, while H, first increased, then decreased, and finally
reached a maximum value. During the pyrolysis process, H, increa-
sed monotonically, and the yield under Ar-H,O dilution was lower
than that under Ar-only dilution. Osipova et al.2% experimentally
investigated the oxidation of ammonia and ammonia/hydrogen
mixtures. Their results demonstrated that hydrogen addition pro-
moted the formation of H, O, and OH radicals, enabling their genera-
tion at significantly reduced temperatures. However, Sabia et al.;3%
explored the combustion of ammonia under N, dilution and found
that NO had the highest concentration under lean fuel conditions,
while H;, had the highest concentration under rich fuel conditions.
Recent years have witnessed significant advancements in ammo-
nia research as a zero-carbon fuel, with mechanisms underlying its
combustion process developing rapidly, as indicated in Table 1.
Since 2015, a variety of typical ammonia or ammonia-blended com-
bustion mechanisms have been developed. However, it is worth
noting that most of these mechanisms are designed for binary or
multi-component fuels blended with ammonia, and their validation
scopes are relatively narrow, usually limited to certain specific com-
bustion characteristics and carried out under limited operating
conditions. For example, based on Song's model3", Otomo et al.3Z
optimized the kinetic parameters of reactions related to NH,, HNO,
N,H,, etc., and constructed a combustion mechanism for NH3/H,/
Air, and only verified it for LBV. Similarly, based on Mei's model®,
Zhang et al.B3! updated the thermodynamic parameters of key
species such as NH,, NH, and NNH, and proposed a kinetic mecha-
nism for predicting the combustion behavior of NH; and NHs/H,

Table 1. Typical combustion mechanism of ammonia and ammonia-blended fuels.

Author Year Number of species/reactions Fuel/oxidizer Properties Ref.
Mathieu et al. 2015 54/278 NH5/O,/Ar IDT [21]
Song et al. 2016 32/204 NH3/0,/N, SP [31]
Otomo et al. 2018 32/213 NH3/H,/Air LBV/IDT [32]
Mei et al. 2019 38/265 NH3/0,/N, LBV/IDT [9]
Han et al. 2020 35/174 NHs/H,/Syngas/Air LBV/IDT [2]
Zhang et al. 2021 38/263 NHs/H,/Air SP [33]
Bertolino et al. 2021 38/264 NHs/Air LBV/IDT/SP [35]
Shrestha et al. 2021 125/1,099 NHs/H,/Air LBV [13]
Dagaut et al. 2022 47/257 NH3/NO/Air SP [27]
Zhou et al. 2023 169/1,268 NH3/H, /CO/CH,4/Air LBV [17]
Wang et al. 2023 35/178 NH3/H,/O,/Air LBV [36]
Zhu et al. 2024 43/312 NHs/Air; NH5/H,/Air LBV/IDT/SP [37]
Shrestha et al. 2025 285/2,364/38/307 NHs/Methanol/Ethanol/Air/NH3/H,/CO/Air LBV/IDT [34]
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blends. However, their validation also mainly focused on the
changes in components. Shrestha et al.;% conducted a comprehen-
sive investigation into the oxidation kinetics of ammonia (NH3)
blended with methanol (CH;OH) and ethanol (C,HsOH) under
various conditions. They measured laminar flame speeds and igni-
tion delay times of NH;-alcohol mixtures, and developed a detailed
kinetic model capable of accurately predicting the combustion
characteristics of both pure NH; and NH;-based fuel blends. There-
fore, the development of an ammonia kinetic mechanism that can
cover a wider range of operating conditions and meet multi-target
requirements urgently needs to be studied.

As a powerful molecular simulation technique, Reactive force field
molecular dynamics (ReaxFF MD) provides the capability to capture
the precise reaction state at any given time point and track the
detailed temporal evolution of all chemical species during combus-
tion. This method has been widely applied to the study of fuel ther-
mochemical reactions, such as pyrolysisi*8l and combustionB9-42,
to deeply explore product distribution and reaction mechanisms
during fuel reactions. So as to deeply explore the product distribu-
tion and reaction channels during the fuel combustion process.
Globally, the ReaxFF MD method has been employed by scholars to
study the reaction mechanisms underlying ammonia and its blend
combustion.

For example, Zhang et al.38 employed ReaxFF MD simulations to
study coal-ammonia co-pyrolysis at temperatures between 3,000
and 3,500 K. Their results revealed that the presence of coal
markedly reduced the activation energy required for ammonia
pyrolysis, thereby accelerating its decomposition. Huang et al.>%
utilized ReaxFF MD to examine the effect of H, on NH; combustion
at different temperatures, systematically analyzing the pathway
from NH; to NO. They found that adding hydrogen increased the
production of H and OH radicals during ammonia combustion,
thereby enhancing the combustion rate, with nitrogen-containing
intermediates like HNO primarily reacting with OH and HO, to form
NO,. Zhang et al.*0! explored the combustion behavior under fuel-
lean to fuel-rich conditions at temperatures of 2,400-3,200 K with
varying NHs3/CH, blending ratios, showing that there was no com-
petitive relationship between ammonia and methane combustion;
instead, methane addition enhanced ammonia reactivity and acce-
lerated NH; consumption. Guo et al.*?! investigated the combus-
tion behavior and product distribution of NH;/CH, at different
temperatures and oxygen contents, revealing the micro-mecha-
nism of NH;/CH, combustion. Wang et al.[*3! studied the combus-
tion process of NH3/CH, in air under high temperature and pressure,
finding that these conditions accelerated NH; consumption and
influenced NO, production. Hong et all*'#4 simulated the co-
combustion behavior of coal and ammonia and NO formation
characteristics under different oxygen equivalence ratios in the
range of 2,500-3,500 K, discovering a competitive relationship
between ammonia and coal, with ammonia dominating oxygen
competition, resulting in an accelerated ammonia oxidation rate at
the expense of coal oxidation, influenced mainly by temperature,
blending ratio, and oxygen concentration. Wang et al.*>! examined
the impact of different ionization degrees on NH; combustion reac-
tion rates and NO, formation, analyzing the mechanism of NO,
formation. They found that at 2,000 K, NO concentration was lowest
when the ionization ratio was 25%, reaching a maximum when the
ionization ratio increased to 50%.

In conclusion, ammonia is widely recognized as a promising
zero-carbon fuel with substantial potential to enable the decar-
bonization of energy systems. However, its combustion mecha-
nisms remain incompletely characterized, with critical parameters,
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including pollutant formation pathways, lacking comprehensive
data. The ReaxFF MD method has emerged as a critical computa-
tional framework for investigating ammonia combustion processes
and reaction mechanisms. However, mechanistic research on
ammonia fuel remains nascent, with limited exploration of ReaxFF
MD-based combustion analysis. This study implements ReaxFF MD
simulations to examine ammonia combustion under varying equiva-
lence ratios and temperatures. By tracking the temporal evolution of
key radicals and products, we elucidate ammonia's primary reaction
networks and molecular-level formation pathways. Furthermore,
novel reaction pathways identified through ReaxFF MD are inte-
grated with established mechanisms to construct a comprehensive
ammonia combustion framework, validated across multiple com-
bustion characteristics.

Simulation methods

ReaxFF MD method

The reactive force field was developed by the Vain group®¢l. This
force field is grounded in the concept of bond order (BO), which
quantifies the formation and rupture of chemical bonds, thereby
enabling the simulation of interactions within chemical systems.
Bond order is fundamentally dependent on interatomic distances
and can be computed directly from them. Atomic interactions are
governed by bond order, and by monitoring the evolution of bond
orders throughout simulations, the formation and dissociation of
chemical bonds can be accurately determined. This method pro-
vides a dynamic description of atomic and molecular interactions
without relying on predefined reaction sites, as required by classical
potentials*6l, Additionally, it allows for the efficient calculation of lar-
ger molecular systems with relatively low computational resources.
The reactive force field incorporates the system's total energy equa-
tion and the empirical bond order formula, as described inl47]:

Esystcm = Ebond + Eover + Eunder + Elp + Eanglc + Etorxiun + EvdWaals + ECoulomh

(1.1)

Vi Pbo4 ri: Pbo6
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The above equation represents the system's total energy Eg e,
where Ebondr Eover/ Eunder/ E/p/ Eanglef Etorsion/ EvdWaaIs and ECoqumb are the
bond energy, over-coordination energy, under-coordination energy,
lone pair energy, angle energy, torsion potential energy, van der
Waals interaction energy, and Coulomb interaction energy, respec-
tively. BO; represents the bond order between atoms i and j, prima-
rily composed of three components: sigma ¢ bonds, 7= bonds, and
7w bonds. Here, ry, ro, and py, denote the interatomic distance, equi-
librium bond length, and empirical parameters, respectively.

Due to its broad application in molecular dynamics simulations,
ReaxFF is capable of modeling chemical reactions and thermody-
namic properties at the microscopic scale. It has been applied in
fields such as high-temperature pyrolysisi8], combustion39-42,

In this study, the ReaxFF submodule within the open-source
LAMMPS program!8 was employed to simulate and analyze the
ammonia combustion process. Post-simulation analysis was carried
out using the Ovito softwarel*?! and the RMD_Digging program
developed by Liu et al.5%, with a particular focus on the evolution of
key product distributions and the reaction pathways of ammonia
combustion.

BO,‘j = BO;; + BO:r] + BOZK

rij Pbo2
= €XP | Prol (F) +exp

4
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This study provides a comprehensive investigation into the
effects of oxygen concentration and temperature on the ammonia
combustion process over a wide range of conditions, encompass-
ing equivalence ratios from 0.5 to 1.5 (covering both fuel-lean and
fuel-rich regimes) and temperatures between 2,800 and 3,600 K.
The stoichiometric combustion of ammonia is described by the
following reaction:

4NHj3 + 30, = 2N, + 6H,0 (1.3)

Three distinct ammonia/oxygen simulation boxes were construc-
ted, each containing 80 ammonia molecules along with 120, 60, and
40 oxygen molecules, respectively. These boxes were configured
with periodic boundary conditions (i.e., ppp boundary conditions in
LAMMPS). The simulation systems outlined in Table 2 were designed
by varying the temperature. Figure 1 provides a visualization of the
ammonia/hydrogen simulation system with an equivalence ratio
of 1.0.

The simulations employed the C/H/N/O ReaxFF force field origi-
nally parameterized by Zhang et al.5" for N,H, decomposition
studies. This framework was subsequently adapted by Hong et al.l*4
and Wang et al.* for NH;/CH, combustion simulations, demon-
strating predictive accuracy for NH; combustion characteristics.
System initialization involved conjugate gradient energy minimiza-
tion to eliminate molecular overlap artifacts. NVT ensemble simula-
tions with 0.1 fs timestep over 500 ps duration were conducted

Table 2. Information about each simulation system.

) Number of
systemTemp(t;{;ature qu:;\ﬁl)ent molecules Size (nm)
NH; 0,
1 3,000 0.5 80 120 22.1029 x 22.1029 x
22.1029
2 3,000 1.0 80 60 18.9575 x 18.9575 x
18.9575
3 3,000 1.5 80 40 17.6354 x 17.6354 x
17.6354
4 2,800 1.0 80 60 18.9575 X 18.9575 X
18.9575
5 3,200 1.0 80 60 18.9575 x 18.9575 X
18.9575
6 3,400 1.0 80 60 18.9575 x 18.9575 X
18.9575
7 3,600 1.0 80 60 18.9575 x 18.9575 X
18.9575
= - o - I—
-
¢ - -
% g
) ok £
C C

Fig. 1 Ammonia/oxygen premixed system (Equivalence ratio = 1.0, N is

blue, H is white, O is red).
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across 2,800-3,600 K for varying equivalence ratios. Atomic trajecto-
ries sampled at 1 ps intervals enabled combustion process tracking.

Post-processing utilized RMD_Digging's species_analysis and
chemi_mechanism modules to extract bond-order evolution, pro-
duct formation patterns, and reactive trajectories. Ovito visuali-
zation software mapped reactant-product correlations, enabling
mechanistic pathway reconstruction.

Mechanism construction, optimization, and
validation method

Recent advances have yielded various ammonia-based combus-
tion mechanisms, predominantly developed for multi-fuel blends
and validated under limited operating conditions. This study estab-
lishes a predictive kinetic framework through hierarchical inte-
gration of NH; combustion models with ReaxFF MD simulations.
The mechanism demonstrates multi-target validation across lami-
nar burning velocities, ignition delay times, and species profiles
under extended conditions: temperatures (298-1,900 K), pressures
(1-40 atm), and equivalence ratios (0.5-2.0). Critical reaction para-
meters are re-evaluated through sensitivity analysis to optimize
model fidelity.

Combustion simulations were implemented via Cantera's Python
interfacel? using three numerical approaches: (1) Adiabatic freely
propagating flames for LBV determination in NHs/Air systems;
(2) Constant-volume reactors for IDT prediction; (3) Perfectly stirred
reactors for species evolution analysis. Parameter configurations
strictly followed experimental protocols, with model validation
conducted against benchmark datasets and comparative mecha-
nism assessments.

ReaxFF MD results and discussion

This study focuses on ammonia combustion, specifically examin-
ing how varying equivalence ratios and temperatures influence the
combustion process. The reaction pathways involved in ammonia
combustion were also analyzed. Systems 1, 2, and 3 are employed to
explore the influence of equivalence ratios, while systems 2, 4, 5, 6,
and 7 are utilized to assess the effect of temperature on the com-
bustion dynamics. To gain deeper insight into the reaction mecha-
nism of ammonia, this study investigated the pyrolysis process at
3,000 K using ReaxFF MD simulations, as illustrated in Supplemen-
tary File 1 (Fig. S1). The results indicate that NH; initially undergoes
dehydrogenation to form NH, and H radicals. The generated H radi-
cals further react with NH; to produce NH, and H,. The NH, radicals
are rapidly consumed through reaction channels such as NH, = NH
+ H and NH, + H = NH + H,, yielding NH and H,. Due to their high
reactivity, NH and N radicals participate in reactions such as NH + H
=N + H, and H + H = H,, maintaining the radical concentrations
at relatively low levels. This process also promotes a continuous
increase in H, formation. Furthermore, as NH, dehydrogenates to
form NH, these intermediate species (NH, and NH) proceed through
a series of direct and indirect pathways toward N, formation, includ-
ing reactions such as NH, + N=N, + H,, NH=N+H NH+H=N +
H, NH + NH = N, + H,, and N + N = N,. These reactions are also
accompanied by H, production, ultimately resulting in faster accu-
mulation and a larger yield of H, compared to N, during ammonia
pyrolysis. Additionally, minor reaction channels such as NH, + NH, =
N,H, NoH, + NH = N,H; + NH,, and N,H, = N,H, + H, are also
observed in the process. The reaction mechanisms of ammonia
pyrolysis described above must also be given priority consideration
when developing combustion mechanisms for ammonia.

Li et al. Progress in Reaction Kinetics and Mechanism 2026, 51: e014
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Influence of equivalence ratio on ammonia
combustion

Figure 2 depicts key combustion metrics at 3,000 K for equiva-
lence ratios (¢ = 0.5, 1.0, 1.5). Lean conditions (¢ = 0.5) exhibit near-
total NH; consumption with O, surplus, whereas stoichiometric
combustion (¢ =1.0) achieves complete reactant depletion. Fuel-rich
systems (¢ = 1.5) retain unreacted NH;. These consumption patterns
align quantitatively with literature benchmarks!%, validating the
C/H/N/O ReaxFF force field's fidelity in ammonia combustion dyna-
mics. While equivalence ratio variations minimally alter the primary
reaction sequence, residual reactants engage in secondary pyrolysis
upon partner depletion - O, in lean or NH3 in rich environments.

Figure 3 depicts the changes in key radicals and products over
time during ammonia combustion at different equivalence ratios
when the temperature is 3,000 K. Figure 3a shows the variation
curve of NH, radical over time. Under fuel-rich conditions, the peak
concentration of NH, radicals is moderately lower than that
observed under fuel-lean to stoichiometric conditions, with a small
residual amount of NH, remaining. This behavior can be attributed
to the excess ammonia present under fuel-rich conditions, which
moderates the formation of NH, radicals, leading to a reduced peak
value. However, the excess NH; undergoes thermal decomposition,
leading to an increase in NH, through reactions such as R1:

NH;(+M) = NH, + H(+M) (R1)

Figure 3b and c present the temporal evolution of OH and H,
concentrations, respectively. As shown in Fig. 3b, the peak concen-
tration of OH radicals is highest under fuel-lean conditions and
lowest under fuel-rich conditions. In Fig. 3¢, a larger amount of H,
persists under fuel-rich conditions. Under both fuel-lean and stoi-
chiometric conditions, H, is gradually consumed after reaching its
peak. The peak H, concentration under stoichiometric conditions is
higher than that under fuel-lean conditions, and the consumption
process occurs over a longer duration. These findings align with
both the OH/H, variation trends observed in lean combustion
conditions!*¥ and the H, behavioral characteristics documented
under fuel-rich environmentsi'l. The observed kinetic behavior
likely originates from radical oversaturation mechanisms inherent to
fuel-lean combustion regimes, where molecular oxygen (O,) serves
dual roles as both oxidizer and chain-branching promoter, thereby
accelerating radical pool proliferation through enhanced H-abstrac-
tion efficiency. After the ammonia fuel is completely reacted, there

a —a—$=0.5
80 - T —o—¢=1.0
—A—g=15
« 60
jas)
Z
Gy
o
b5}
L 4
g
=
4
20
| R ety
1 1 1 1 1

0 100 200 300 400 500
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Fig. 2 Evolution of main reactants at different equivalent ratios.
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are still surplus oxygen molecules and O radical participating in the
reaction process, through reaction channels such as R2—R4:

H+0,=0+0H (R2)
H+0O =0H (R3)
O+H, =0OH+H (R4)

This results in the generation of more OH radical and accelerates
the consumption of H,, leading to a higher amount of OH but a
lower production and rapid consumption of H, under lean-fuel con-
ditions. Under rich-fuel conditions, due to the insufficient oxygen
content itself, the complete reaction of NHj is restricted, resulting
in the least amount of OH generated. The remaining H, may be
because after the existing oxygen consumes part of the ammonia,
there is still an excess of ammonia, causing some of the ammonia to
decompose and participate in the reaction process. H, is a key inter-
mediate species during ammonia combustion. Its formation prima-
rily relies on pathways R5 and R6, both of which originate from H
radicals. Therefore, the consumption channels of H radicals directly
influence H, generation. Under conditions with sufficient oxygen,
such as when the equivalence ratio is greater than or equal to 1,
H radicals tend to react with O, to form species like OH, which
suppresses pathways such as NH; + H=NH, + H, and H + H = H,.
Additionally, the resulting OH can further consume NH;. As a result,
H, does not accumulate effectively in oxygen-rich environments. In
contrast, at an equivalence ratio of 1.5, H, can accumulate over an
extended period before being consumed later. This behavior is
consistent with the results shown in Fig. 3c. This leads to an excess
of H radical under rich-fuel conditions, through a series of reactions
such as R5 and Ré:

NH; +H = NH, + H, (R5)
H+H=H,

result in additional H, formation under fuel-rich conditions.

Figure 3d shows the curve of NO changing with time. As
expected, the emission of NO is mainly concentrated under lean-fuel
to stoichiometric ratio conditions. This may be because subsequent
reactions promote the further conversion of NO to N,, resulting in a
decrease in NO. NO formation becomes negligible under fuel-rich
conditions due to oxygen-deficient combustion environments.
This is probably due to the insufficient oxygen atmosphere, which
restricts the formation of NO, leading to the emission of more
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Fig. 3 Temporal evolution of main radicals and products at different equivalence ratios.

unreacted ammonia. Variations of H, O,, and N, under different
equivalence ratios are presented in Supplementary File 1 (Fig. S2).

Influence of temperature on ammonia
combustion

Figure 4 tracks the kinetic progression of NH;/O, consumption at
¢ = 1.0 across thermal gradients. Thermal acceleration markedly
enhances decomposition kinetics, with elevated temperatures
(> 3,000 K) inducing earlier combustion initiation compared to refe-
rence studies*'#4, a manifestation of our extended thermal regime
investigation.

Distinct differential depletion kinetics emerge: Oxygen achieves
complete conversion within 50 ps at 2,800 K, while residual NH;
persists at 21% concentration until 125 ps. This reactant hierarchy
(O, > NHj3) validates the force field's predictive capacity for sequen-
tial consumption patterns in ammonia oxidation.

Figure 5 delineates temperature-dependent radical dynamics
and product evolution at ¢ = 1.0 (see Supplementary File 1, Fig. S3
for full speciation). NH, radicals exhibit rapid peaking followed by
accelerated depletion at elevated temperatures (Panel A). Tempera-
ture-dependent peak amplification manifests in OH/H, profiles
(Panels B-C), with OH displaying thermal stabilization (sustained
concentration post-peak) contrasting H,'s transient intermediate
behavior. NO formation kinetics (Panel D) confirm literature-
consistent!4! thermal acceleration effects, though divergent post-
peak trajectories emerge under our equivalence ratio constraints.
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Reaction mechanism and pathway analysis

Figure 6 explores the ammonia combustion reaction network at
an equivalence ratio of 1.0 and a temperature of 3,000 K. Figure 6a
illustrates the nitrogen atom transfer pathways during the ammo-
nia combustion process, while Fig. 6b depicts the hydrogen atom
transfer pathways. The red lines represent the newly discovered
paths.

In Fig. 63, it is shown that ammonia initially undergoes hydrogen
abstraction reactions, predominantly producing NH, radicals. These
NH, radicals further convert into NH radicals, with only a small frac-
tion of NH; directly forming NH radicals. The subsequent reaction
pathways of NH, radicals are diverse. They can be directly or
indirectly converted to N, through the generation of radicals such as
N,H,, N,H;, and N,H,, or they can be converted to NO through the
generation of NH,OH, HNOH, and HNO, which is similar to that in
previous studiesi*64%], Notably, this study identifies a small amount
of NH,OH, which primarily contributes to the indirect formation of
HNOH and H,NO through reactions R7-R10:

NH, + OH = NH,0H (R7)
NH,OH = NH + H,0 (R8)
NH,OH +H = H,NO + H, (R9)
NH,OH + OH = H,NO + H,0 (R10)

Li et al. Progress in Reaction Kinetics and Mechanism 2026, 51: e014
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Fig. 5 Variation curves of radicals and formation products with time at different temperatures.

Regarding the reaction pathways for the formation of N,, they can be
summarized into two relatively major paths. One approach is the con-
version to form NNH. NH can directly form NNH through reaction R11:

NH+NO = NNH+0 (R11)

Alternatively, NH can react with N,H,, leading to a sequence of
reactions: NH — (N,H, — N,H3;) — N,H, — NNH. In the analysis of
N,H,, it was found that, in addition to being formed by NH,, NH, and

Li et al. Progress in Reaction Kinetics and Mechanism 2026, 51: e014

N,H;, a very small amount of N,H;0H can also generate N,H,
through reaction R12:
N,H3;0H = N,H, + H,0 (R12)
This intermediate has not been mentioned in other literature. It is
noteworthy that NNH and N, can interconvert through reactions,
although initially, NNH predominantly converts to N,. As N, accumu-
lates, it gradually begins to convert back into NNH.
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The other major pathway is the formation of NO. It can be
converted to form NO through the route of NH, — NH (— HNOH) —
HNO — NO (that is, the route in the blue dashed box), which is
consistent with the description36451, What is relatively different is
that during this process, it is found that H,NO, as an isomer of
HNOH, can also generate HNO, but the contribution of H,NO is rela-
tively large. NO can be produced through the reactions of HNO and
HONO radicals, with HNO being the primary contributor. HONO
formation is closely related to NO and NO, and can be converted
through reactions R13-R17:

NO +OH = HONO (R13)

NO +HO, = NO, + OH (R14)
HONO +H = NO + H,0 (R15)
HONO + OH = NO, + H,0 (R16)
H,NO +NO, = HNO + HONO (R17)

The conversion relationships among HONO, NO, and NO, align
with those described in the literaturel*®, although in literature7),
HONO is not considered a primary interconversion species with NO
but is only mentioned in the mechanism files. Notably, when the NO
production significantly increases, it can lead to the formation of
two intermediate species, H,N,O and HNNO, through reactions
R18-R20:

NO +NH; = H,N,0 (Rl 8)
NO +NH = HNNO (R19)
H;N,O =HNNO+H (R20)

Prior to this, these intermediates were only mentioned in the
literature!], but with some distinctions. The analysis in the study by
Wang et al.*?! pertains to fuel-lean conditions, and H,N,O was not
mentioned in the absence of ionization, being identified only under
conditions with a high degree of ionization. It can convert to N,
through reactions R21-R23:

NH; + NO = H,N,0 (R21)
H;N,O+H =HNNO +H, (R22)
HNNO =N, +OH (R23)

with NO being relatively less prevalent under ionized conditions.
However, in this study, H,N,O and HNNO are both detected under
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stoichiometric conditions, where NO is observed to decline after
reaching a certain concentration due to the presence of H,N,O and
HN,0, leading to an increase in N,.

Figure 6b lists some species that contribute to the formation of
H,, H,0, and H,0,. The hydrogen atom transfer pathways in these
nitrogen-hydrogen compounds tend to favor hydrogen abstraction
reactions, which primarily promote the formation of H,, H,0, and
H,0,. The generated H, mainly originates from the reactions of NH;,
NH,, NH, and N,H, with single hydrogen atoms, while H,O is largely
produced from the reactions between nitrogen-hydrogen com-
pounds and OH radicals. Additionally, H,0, formation mainly
depends on reactions involving HO, radicals. Of course, aside from
these pathways, other reactions with O atoms and other species or
self-decomposition reactions can also produce H,, H,0, and H,0,,
although their contributions are relatively minor.

Model construction and verification
analysis

In this study, based on six well-performing NH; kinetic models,
combined with the new reaction pathways obtained from ReaxFF
MD, a relatively complete comprehensive kinetic mechanism model
for NH; combustion is constructed by coupling. Moreover, the
kinetic parameters of key reactions exerting a strong influence on
combustion characteristics are updated and optimized. To validate
the reliability and accuracy of the model, extensive comparisons are
performed against existing experimental data for a wide range of
ammonia combustion properties, including laminar burning velo-
city, ignition delay time, and species concentration profiles. Further-
more, kinetic analyses—such as reaction path and sensitivity analy-
ses—are employed to elucidate the underlying reaction pathways
and key mechanistic features of ammonia combustion.

Model construction

Seven NHj; kinetic models demonstrating validated predictive accu-
racy for NH;/Air and NH3/H,/Air combustion systems were systemati-
cally evaluated: Otomo model32, Mei model®, Han model?, Zhang
modelB3], Wang model3%, Zhu model®7), and Shrestha model34.
These mechanisms are selected based on their demonstrated fidelity
in reproducing LBVs and ITDs across equivalence ratios and pressures.
Figure 7 shows the comparison of each mechanism. Although these
mechanisms can predict the combustion characteristics of ammonia,

Li et al. Progress in Reaction Kinetics and Mechanism 2026, 51: e014
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they exhibit significant differences in reaction pathways, as shown in
Supplementary File 1 (Fig. S4 and Table S1). Through the comparative
study, it was found that the Mei model and the Zhang model showed
good performance in the prediction of LBV, while the Zhu model
showed good performance in the prediction of IDT. The Zhang
model33 was based on the Mei model®®! and updated the thermody-
namic parameters of NH, and NH. Therefore, in this study, based on
the hierarchical construction method, taking the Zhang model®3! as
the foundation, changes were made by combining the newly added
species and the changed reaction parameters in the Zhu model37),
and the new reaction paths discovered in the reactive molecular
dynamics simulation are added.

The kinetic reaction mechanism is constructed through a
coupling approach and primarily consists of three core components.
The first component comprises validated sub-mechanisms for H,,
H,0,, and OH radicals. The H, sub-mechanism and related compo-
nents have been comprehensively validated against experimental
hydrogen combustion data by the Glarborg research group!=3.,

The second component addresses two distinct pathways for
nitrogen species formation: (1) NH; — N, pathway: Utilizes reaction
parameters from the Zhang model33]. (2) NH; — NOx pathway:
Incorporates critical intermediates (HNNO, t-ONNH, c-ONNH) exclu-
sively identified in the Zhu model37), which contribute to NO, for-
mation, as demonstrated both in literature®* and by our ReaxFF MD
simulations. These intermediates have been systematically inte-
grated into the current mechanism.

The third component incorporates novel reaction pathways iden-
tified through ReaxFF MD simulations, notably the H,N,O species - a
newly characterized NO precursor. This marks the first integration
of H,N,O into ammonia combustion kinetics (Supplementary File 1,
Table S2 for mechanistic details). Reaction parameters for R2-1/R2-2
originate from NIST-curated studies!>>->7], while R2-3/R2-4 parame-
ters were derived through analogy to Zhu's framework37),

To enhance NHs/Air mixture combustion predictability, 21 key
reactions (Supplementary File 1, Table S3) are calibrated through
synergistic integration of Zhang'sB3! and Zhu'sB71 frameworks.
These modifications primarily target: (1) LBV-sensitive reactions
(R3—1 to R3-9), (2) IDT-sensitive reactions (R3—10 to R3-18), (3)
Product-forming reactions (R3—19 to R3—21) for NH;/H,0/NO gener-
ation. The final mechanism encompasses 351 reactions and 41
species, with combustion characteristic sensitivities detailed in
subsequent analysis.
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Model validation
Laminar burning velocity

This model systematically examines LBV across extensive operat-
ing conditions, spanning equivalence ratios of 0.8-1.6, pressures of
1-5 atm, and temperatures of 298-500 K. The results are compared
and validated against experimental data in the literaturel®-9, as
shown in Fig. 8. For validations under additional operating condi-
tions, Fig. S5 in the Supplementary File 1 is referenced. Specifically,
Fig. 8a—d investigates the influence of temperature, while Fig. 8d, e
focuses on the impact of pressure.

Under different temperatures (i.e., Fig. 8a—d), the current model
predicts that laminar burning velocity increases continuously with
rising temperature, peaking near an equivalence ratio of 1.1, align-
ing with literature findings!’%. At 298 K and 1 atm, ammonia's low
flame speed makes it susceptible to buoyancy effects, introducing
minor deviations in experimental data under lean- and rich-fuel
conditions. Nonetheless, the model's predictions broadly capture
experimental trends from lean-fuel to peak equivalence ratios, with
slight discrepancies only under moderately rich-fuel conditions.
The Otomo model®2 exhibits comparable accuracy to the current
model. Predictions from the Meil, Hanl?, and Zhang33! models
moderately overestimate experimental values, whereas the Wang[36!
and ZhuB7! models show significant deviations. At temperatures
above 298 K, the current model demonstrates robust performance
in predicting laminar burning velocity, covering 90% of experimen-
tal data with a minor underestimation at 500 K. The Otomo model32
achieves good agreement at 473 K but underestimates result under
other conditions. The Mei® and Zhang®3! models remain slightly
over predictive, while the WangB% and Zhul3l models perform
worst, consistently overestimating experimental results. The Han
model@ underpredicts at 373 K but overestimates under all other
conditions.

Under different pressures (i.e., Fig. 8d-f), the current model's pre-
dictions at 3 and 5 atm show exact agreement with experimental
values, with only a minor underestimation at 1 atm. The Meil® and
ZhangB3! models demonstrate good accuracy at 1 atm but syste-
matically overpredict under elevated pressures. The Otomo
modelB32 achieves partial agreement under fuel-rich conditions at
3 atm, underpredicts at 1 atm, and overestimates at 5 atm. The
Wang9! and ZhuB7l models remain the least accurate across all
conditions. The Shrestha model34 generally overestimates the
predictions of ammonia flame speed.

b 10,000 F
NH,/0,/Ar, ¢ = 1.0, p = 10.0 atm
@
2
< 1,000
£
>
<
©
o Otomo et al.(2018)
8 ——— Mei et al.(2019)
=100 Han et al.(2020)
= Zhang et al.(2021)
Wang et al.(2023)
Zhu et al.(2024)
= Shrestha et al.(2025)
B Chen etal.(2021)
I 0 1 1 1 1

0.55 0.60

1,000/T (1/K)

0.65 0.70

Fig. 7 Comparison of predictive capabilities of different mechanism. (The lines represent predictions seven comparative models, while the symbols
correspond to experimentally measured data reported in Lhuillier et al.l'%, Takizawa et al.[¥), Mei et al.l), Shrestha et al.'®), and Chen et al.l**)).
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Fig. 8 Comparative verification of laminar burning velocity. (The line is the prediction result of this model and the other seven models, and the points are
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Ignition delay time

Validation is performed across a broad range of conditions, span-
ning lean-to-rich fuel (equivalence ratio 0.5-2.0), low-to-high
pressure (1- 40 atm), and two dilution cases (Ar and N,), as illus-
trated in Fig. 9. For additional validations, see Supplementary File 1
(Figs S6 and S7). Under Ar dilution, the current model exhibits
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excellent agreement with Chen's data, with only a slight overpredic-
tion at high temperatures under 10 atm. The Mei® and ZhuB37
models perform similarly to the current model. The Otomo model32
underpredicts at low pressures, while the Han@ and WangG®
models generally overpredict. The Zhang model3! shows the poor-
est accuracy. For N, dilution, the current model's predictions across
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equivalence ratios of 0.5-2.0 align closely with experimental data.
Notably, at an equivalence ratio of 1.0 and 20 bar pressure, the
predictions exhibit an exact match with experimental values. Under
these conditions, the Zhang modelB3! improves significantly, mirror-
ing the current model's trend. However, the Mei®®! and ZhuB7!
models underpredict at low temperatures, and other models display
limited accuracy. The Shrestha model®4 predicts ammonia ignition
delay times relatively quickly at conditions of 10 atm and below,
while its predictions are slower at conditions above 20 atm. In

a NH,/O,/Ar, ¢ = 1.0, p= 1.2 atm
10,000 4 = This model
— —Otomo et al.(2018)
— = Mei et al.(2019)
- — —Han et al.(2020) =
2 — = Zhang et al.(2021)
[} — —Wang et al.(2023)
£ — —Zhu et al.(2024) _ =
> — —Shrestha et al.(2025) — - _ -
< P -
\ I Chen etal.(2021) -
Cd
o -
g 1,000 -~ - --
= b ] - — -
= - — -
50 ._ -~ - - -~
= s~ _ -
=z - -
-~ -
-
- -
- -
T T T T T
0.52 0.54 0.56 0.58 0.60 0.62
1,000/T (1/K)
¢ NH,/O,N, ¢ = 0.5, p = 20 atm

——— This model

— —Otomo et al.(2018)

— —Mei et al.(2019) ’
o~ — = Han et al.(2020) ‘s _
510,000 — —Zhang et al.(2021) PR
g ~— = Wang et al.(2023) ad
g — —Zhu et al.(2024) Prad P
2 — = Shrestha et al.(2025) ,”/ - L 4 -
o) B Shuetal.(2018) ”, _= m
=
.2 z
S 1,000 4 =
=
=1
K

100 T T T T T T T T T

0.66 068 070 072 074 076 078 080 082 0.84

1,000/T (1/K)
© NH,/O,/N, ¢ — 1.0, p — 40 atm 7
-,
- 7
- _
1,000 4 -7 ==
P -
7
3 rd
[}
E 7
z s
o} - This model
o - - 1.(201
= 1004 thmoeta(08)
ks = =—Mei et al.(2019)
= — —Han et al.(2020)
20 — = Zhang et al.(2021)
[ | ~ = Wang et al.(2023)
— —Zhu et al.(2024)
= = Shrestha et al.(2025)
B Shu et al.(2018)
10 T T T T T T T T
0.62 064 066 068 070 072 074 076 0.78

1,000/T (1/K)

Progress in Reaction
Kinetics and Mechanism

summary, the current model demonstrates robust predictive
capability for ignition delay time across wide-ranging operating
conditions.

Species profiles

Given that ammonia inherently contains nitrogen, its combustion
can result in significant emissions of NOx pollutants, which predomi-
nantly occur under fuel-lean to stoichiometric conditions. Conse-
quently, research on ammonia combustion chemistry emphasizes
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Fig. 9 Comparative verification of ignition delay time. (The lines represent predictions from the present model and the other seven models, while the
symbols correspond to experimentally measured data reported in Shu et al.?? and Chen et al.??).

Li et al. Progress in Reaction Kinetics and Mechanism 2026, 51: e014

Page 110f17



Progress in Reaction
Kinetics and Mechanism

the analysis of key species such as NH;, H,O, NO, and N, under
lean-fuel environments. The model predictions for these species are
validated against experimental data obtained from Dagaut et al.l2]
and Osipoval?9], as shown in Fig. 10. For other simulation conditions,
refer to Supplementary File 1 (Fig. S8). The oxidation of NH; is
mainly divided into three parts: the preparation stage at low
temperatures (< 1,300 K), the rapid oxidation process at medium
temperatures (< 1,370 K), and the slow oxidation and stabilization at
high temperatures (> 1,370 K). In the research on components, the
present model still shows good prediction performance. However, a
limitation of this model is its tendency to underpredict the
consumption rate of NH; and the formation rate of H,0O at interme-
diate temperatures, along with a slight underestimation of NO
concentration. In comparison, several existing models exhibit faster
prediction rates in this temperature regime. For instance, the
models proposed by Otomo et al.BZ and Mei et al.l! overpredict
the rates of NH; consumption and H,O generation compared to
experimental values. Although the models developed by Zhang et
al.B3l and Zhu et al.B”) demonstrate improved accuracy in predict-
ing NO formation, they perform poorly in capturing NH; consump-
tion and H,O generation. The models by Han et al.l”) and Wang et
al.Bé show relatively better performance in predicting NH; and H,0O
profiles but tend to overpredict the formation rates of NO and N,.
The Shrestha modelB4 predicts changes in NH; concentration

a 0.0012
NH, NH,/O,/N,, ¢ =0.6, p = 1.0 atm
= This model
0.0010 4 ‘_\5_%—\_\ — =Otomo et al.(2018)
\ N \- — —Meietal.(2019)
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0.0008 - \ Zhang et al.(2021)
g \ \ \ Wang et al.(2023)
5 \ W\ — —Zhu et al.(2024)
& 0.0006 \ \ — —Shrestha et al.(2025)
o ‘o M Dagaut et al.(2022)
§ \ W N
0.0004 - \ W
v e
\
0.0002 - \
\
~ [
0.0000 1— . ; e |
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Temperature (K)
C 0.00008
NO /
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— =—Otomo et al.(2018) 4
000006 ] — —Meietal(2019) , / P s —
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— —Han et al.(2020) , P y [ ]
Zhang et al.(2021) , V /7
g Wang et al.(2023) , Vs 7
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E000004] — —Shresthaetal2o2s) /4, 2
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Temperature (K)
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relatively quickly overall, while also generating products such as
H,0 and N, at a faster rate.

Kinetic analysis
Reaction path analysis

Fig. 11 depicts the primary reaction path analysis for ammonia
combustion at a temperature of 1,600 K, a pressure of 1 atm, and an
equivalence ratio (¢) of 1.0. The reaction pathways are analyzed
using the nitrogen-element tracing method. Fifteen important reac-
tion species and some reactions with an important reaction channel
ratio greater than 1% are listed, Lysis reaction (LR). The results
demonstrate that the primary reaction pathways identified by this
model are in good agreement with those obtained from ReaxFF MD
simulations. The formation of NH, from NH; mainly occurs through
reactions R5, R24, and R25:

NH3 +OH = NH; + Hzo (R24)

NH; + O = NH; + OH (R25)

Among them, R24 is dominant. The subsequent reactions of NH,

can be divided into two parts: one is the process of generating N,,
and the other is the process of generating NO.

The process of generating N, can be divided into two main paths.

One is NH, — (NH or N,H, — N5H; —) NyH, (H,NN) — NNH — N,

b 0.0016
H,0
0.0014 P
// r
/7
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f It ' 7
W/
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Fig. 10 Species concentration profiles comparison between present model (solid lines), seven reference models (dashed lines), and experimental

measurements (symbols) from Dagaut et al.?”) and Osipova et al.??,
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and the other is NH, — NH — N(NNH) — N,. The first path is the
primary one. In the first path, the formation of N,H, from NH, can
occur through reaction R26:

NH, +NH, +M = NoHy + M (R26)

N,H, is generated indirectly. It can also be directly generated into
N,H, through reactions R27 and R28:

NH, +NH = N,H, + H (R27)

NH;, + NH; = N,H; +H; (R28)
It is worth noting that in this process, both N,H, and N,H; are
regarded as important substances and appear simultaneously in the
reaction pathway in this model, which is consistent with the results
of ReaxFF MD. However, in other models, these two substances are
not simultaneously reflected as important substances in the main
pathway. For example, the Otomo model®Z, Mei model®, and
Zhang model3! do not consider N,H, as an important species, while
the Wang model3¢! does not include N,H; as one of the 15 impor-
tant species. The generation of N, from N,H, mainly occurs through
reactions R29-R35:

N,H, +H=NNH+H, (R29)
N,H, + NH, = NH; + NNH (R30)
NH, +M =NNH+H+M (R31)
N,H, + OH = NNH + H,0 (R32)

N,H, + O = NNH + OH (R33)

NNH = H+N, (R34)

NNH+0, =HO, +N, (R35)

This pathway is dominant in the formation of N,. Although the
vast majority of H,NN is converted into N,, due to the relatively

Progress in Reaction
Kinetics and Mechanism

small amount of H,NN generated from N,H;, the formation of N,
from H,NN is not the main pathway.

Similarly, the process of generating NO can also be divided into
two main paths. One is NH, — NH or H,NO and HNOH — HNO —
NO, and the other is NH, - NH — N — NO. The first path is the
dominant one, and this path is basically consistent in the analysis of
various models. In the main pathway of NO formation, H,NO and
HNOH, as isomers, can react with radicals such as NH,, H, O, and OH
to generate HNO, but H,NO is dominant, which is consistent with
the results of ReaxFF MD. The formation of NO from HNO mainly
occurs through reactions R36-R41:

HNO + O, =NO+HO, (R36)
HNO +NH = NH, +NO (R37)
HNO+H =H,+NO (R38)
HNO+0O =NO+OH (R39)
HNO =H+NO (R40)
NH, + HNO = NH; + NO (R41)

The generated NO can react with substances such as NH and N,
enabling inter-conversion with NO. Although HNNO and H,N,0O,
which are involved in the formation of NO, are not shown in this
reaction diagram, they are still important substances for NO
formation. Moreover, when considering the main reaction path-
ways involving 20 important substances, HNNO is shown as one of
the important substances.

The generated NO can react with substances such as NH and N to
achieve mutual conversion with N,. Although HNNO and H,N,0,
which are involved in the formation of NO, are not shown in this
reaction diagram, they are still important substances for NO forma-
tion. Moreover, when considering the main reaction pathways

NH;
+OH[652%
18.6%
$72%
0. +] 5 707
NHz Q. 3 HzNO M 15.2 E‘ HNOH ‘
+NH,| 20.5%
+NH{ 7.6%
+NH, | 2.4% +H [7.0%
+OH 1.1% +OH [3.0% +0, [46% )
: H |iw 0 k49 +NH,; |6.1%
o 15% He39%
0 [22%
+OH [1.1%
y
H,NN W
15.6%
+NH; 11.5%
9.7%
9.0%
+NH 17%
LR | 49.9% 1.7%
—
+H,0 [44% [+NH,
+NH |28% [17.6%
N [L7%
+H M NH 30.4% 12.4% 1.3%

Fig. 11 The main reaction path of the ammonia combustion process.
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involving 20 important substances, HNNO is shown as one of the
important substances.

Sensitivity analysis

To investigate the key reactions influencing ammonia combus-
tion characteristics, a comprehensive sensitivity analysis is conduc-
ted under various equivalence ratios, pressures, and temperatures.
The results, presented in Fig. 12, include the effects of equivalence
ratio on laminar burning velocity (LBV) and ignition delay time (IDT)
across different pressure and temperature conditions, along with
concentration profiles of major species such as NH;, H,0, and NO. A
positive sensitivity coefficient indicates that the reaction promotes
LBV, IDT, or species formation, whereas a negative value suggests an
inhibitory effect.

In the LBV sensitivity analysis, the reaction H + O, = O + OH
exhibits the strongest promoting effect on ammonia LBV across all
equivalence ratios, whereas the reaction NH, + NO = N, + H,O
shows the greatest inhibitory influence. In addition, reactions such
as 20H = O + H,0, NH, + OH = NH + H,0, HNO = H + NO, and N,0O
(+M) =N, + O (+M) are more sensitive under lean-fuel conditions. As
the equivalence ratio increases, reactions such as O + H, = OH + H,
NH, + N = N, + 2H, and N,H, + H = NNH + H, gradually become
more sensitive reactions. For IDT, as the equivalence ratio increases,
the sensitive reactions basically remain unchanged; only the sensi-
tivity coefficients change. Different from LBV, the reaction NH, +

a H+0,~0+0OH
NH,+NO=NNH+OH
NH,+NO=N,+H,0
HNO=H+NO
NH,+NH=N,H,+H
NLO(+M)=N,+O(+M)
20H=0+H,0
N,H,+M=NNH+H+M
O+H,=OH+H
ONH,=N,H,+H,
NH,+N=N,+2H
NH,+M=NH,+H+M
NH+H=N+H,
N,H,+H=NNH+H,
NH,+OH=NH+H,0
NH,+O=H+HNO

Laminar burning velocity
p=1.0 atm,7=298 K

b NH,+HO,~H,NO+OH

N,O+H=N+OH I 4-0.9
HNO+H=H,+NO B =10
NH,+H=NH+H, .
H+0,(+M)=HO,(+M) =13
NH,+NO=N,+H,0
T L L L
-0.4 -0.2 0.0 0.2 0.4 0.6

Sensitivity coefficients

C H+0,=0+0OH

Reaction mechanism for ammonia combustion

HO, = H,NO + OH replaces H + O, = O + OH and becomes the most
important reaction promoting IDT, while the reaction NH, + NO =N,
+ H,0 is still the most important inhibitory reaction. Similarly, the
study by Shrestha et al.3¥ also found that the promoting reaction H
+ 0, = 0 + OH was not identified as a key reaction in enhancing NH;
ignition, while the reaction NH, + NO = N, + H,0 was observed to
significantly inhibit the ignition characteristics of NH;. The results of
the sensitivity analysis of NH3, H,O, and NO show that the sensitive
reactions of NH;3 and H,0 are completely the same. However, due to
NH; being a reactant and H,0 being a product, the promoting or
inhibitory effects of the sensitive reactions are completely opposite.
The most important inhibitory reaction of NO is the same as that of
H,0. The difference is that NH, + NO = N, + H,0 is the most impor-
tant reaction promoting the formation of NO, and reactions related
to NO formation, such as NH; + O = NH, + OH and NH + NO = N,O +
H, gradually become more important.

It is worth noting that most of these sensitive reactions are related
to NH;, NH,, and NH. Whether for LBV, IDT, or H,0 and NO (except
NH;), NH, + NO = N, + H,0 is always the most important inhibitory
reaction, and H + O, = O + OH is a relatively important promoting
reaction. At the same time, it was found that reactions such as H +
0, =0 + OH, NH, + NO = N, + H,0, and NH;, + NO = NNH + OH are
sensitive to any characteristic. The difference is that reactions such
as H + O, (+M) = HO, (+M) and NH, + O = H + HNO (and reactions
R3—1 to R3—-9 in Supplementary File 1, Table S3) are mainly sensitive

H,NO+0,=HNO+HO,
NO+HO0,=NO,+OH
NH,+NO=N,+H,0
NH,+NO,=H,NO+NO
NH,+NO=NNH+OH
NH,+0,=H,NO+0
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NH+0,=HNO+O
H+0,=0+0H
NH,+HO,=NH,+H,0,
H,NO+NH,=HNO-+NH,

Ignition delay time
p=20.0 atm,7=1,300 K

NH,+NO,~N,0+H,0 I /-0.5
NH,+HO,=NH,+0, I /-1.0
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NH,+NO=N,+H,

-3 -2 -1 0 ! >

Sensitivity coefficients

NH,+NO=NNH+OH
NH,+O=H+HNO
NH,+NO=N,+H,0
2NH,=NH,+NH
NH,+NH=N,H,+H
NH,+H=NH+H,
NH+0,=HNO+O
N,H,+M=NNH+H+M
ONH,=N,H,+H,
NH,+HO,=NH,+0,
HNO+0,=NO+HO,
HNO-+H=H,+NO
NH,+HNO=NH,+NO
NH+NO=N,O+H
NH,+0=H,+NO
20H=0+H,0
NH+0,=NO+OH
NH,+O=NH,+OH
NH+M=NH,+H+M
NH,+NO=N,+H,0

Speciation
$=1.0, p=1.0 atm, 7=1,200 K
|
0
I No

-25 20 -15 -10

-0.5 0.0 0.5 1.0 1.5

Sensitivity coefficients

Fig. 12 Sensitivity analysis of laminar burning velocity, ignition delay time, and species.
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to LBV, while reactions such as NH; + HO, = NH, + H,0, and NH, +
HO, = H,NO + OH (reactions R3—10 to R3-18 in Supplementary
File 1, Table S3) are more sensitive to IDT, and NH; + O = NH, + OH
and NH + NO = N,O + H are only sensitive to NH3, H,0, and NO.

Additionally, the reaction mechanisms of key intermediates,
including OH, NH,, and NH, during ammonia reaction processes
were examined based on rate of production (ROP) analysis. This
analysis aims to elucidate the substantial influence of critical reac-
tions on their formation and consumption, as depicted in Supple-
mentary File 1 (Fig. S9). The production rate analysis reveals that
reactions such as O + H,0 =20H,H+ 0, =0+ OH,and O + H, =OH
+ H play major roles in promoting OH generation, many of which
involve O radicals. In contrast, reactions including NH; + OH = H,0 +
NH,, OH + H, =H + H,0, and NH, + OH = NH + H,0 contribute to OH
consumption, often accompanied by the formation of H,O. The
primary reactions responsible for the formation of NH, and NH are
NH; + OH = NH, + H,0, NH, + OH = NH + H,0, and NH + OH = H +
HNO, indicating that reactions with OH not only serve as the main
pathway for NH; consumption but also act as key channels for
generating NH, and NH. The further consumption of NH, and NH
also occurs via reactions with OH, such as NH, + OH = NH + H,0 and
NH + OH = H + HNO, underscoring the crucial role of OH in the
ammonia combustion process.

Conclusions

Based on the ReaxFF MD simulation method, this paper methodi-
cally investigated the effects of varying equivalence ratios and
temperatures on ammonia combustion behavior while elucidating
the molecular-level reaction network and formation mechanisms
of major products. By integrating newly identified ReaxFF MD-
derived reaction pathways with existing mechanisms, a comprehen-
sive ammonia combustion mechanism was developed. Further-
more, the model's combustion characteristics were extensively vali-
dated across diverse conditions. Key conclusions are summarized
below:

(1) Variations in equivalence ratios (i.e.,, oxygen content) do not
alter the reaction sequence of key radicals and products during
ammonia combustion but significantly influence their quantitative
yields. Elevated temperatures accelerate reaction kinetics, enhanc-
ing both the formation rates and peak concentrations of critical
radicals and products.

(2) ReaxFF MD simulations reveal that NH, undergoes multiple
reaction pathways, predominantly forming N, and NO. While
isomers HNOH and H,NO both contribute to HNO generation, H,NO
exhibits a dominant role. NO formation is primarily mediated by
HNO, whereas N, production relies on NNH. Crucially, H,N,O and
HNNO act as pivotal intermediates in NH; combustion, driving the
conversion of NO to N, via the sequential pathway: NO — H,N,0 —
HNNO — N,.

(3) Employing a hierarchical construction approach, the critical
reaction pathways in ammonia combustion were systematically
identified through chemical kinetic analysis. By integrating ReaxFF
MD simulations with combustion mechanism analysis, these
reaction channels were rigorously validated and refined, culminat-
ing in a comprehensive ammonia combustion mechanism compris-
ing 351 reactions and 41 species. Notably, the H,N,O species was
incorporated into the ammonia kinetic mechanism for the first time
as a pivotal pathway for NO formation. The mechanism was exten-
sively validated across diverse operating conditions, including flame
propagation speed, ignition delay time, and species concentration
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profiles. Results demonstrate strong predictive accuracy, confirm-
ing the model's robustness in capturing multi-target combustion
characteristics.

(4) The mechanism reveals through path analysis that ammonia
combustion reaction pathways are primarily categorized into two
dominant routes: one governing N, formation and another involv-
ing NH, conversion to NO,. The analytical results align closely with
simulations obtained via the ReaxFF MD method. Sensitivity analy-
sis further identifies that the majority of sensitive reactions are asso-
ciated with species including NH;, NH,, NH, and H. Notably, Sensiti-
vity analysis of laminar burning velocity (LBV), ignition delay time
(IDT), and key species reveals that the inhibiting reaction NH, +
NO = N, + H,0 consistently dominates across these three com-
bustion characteristics. The promoting reaction H + O, = O + OH
remains significantly influential on flame speed and the formation
of major species, while its promoting effect on IDT becomes nearly
negligible. Conversely, the reaction NH, + HO, = H,NO + OH
exhibits the strongest promoting effect on IDT. Furthermore,
NH,-involved reactions that generate radicals such as OH and O, as
well as those producing N, and H,0, also contribute substantially to
enhancing the ignition performance of ammonia.

This study effectively promotes the efficient application of NH;.
High-precision NH; combustion mechanism research reveals the
unique nitrogen chemistry behavior of NH;, particularly key inter-
mediates and reaction pathways (e.g.,, NH, + HO, = H,NO + OH,
NH, + NO = N, + H,0), deepening the understanding of nitrogen-
containing fuel combustion mechanisms. In terms of model deve-
lopment, this study develops a high-precision kinetic model appli-
cable over a wide range of conditions. It solves deviations in tradi-
tional mechanisms and offers a reliable foundation for simulating
and predicting complex fuel systems like ammonia and its blends.
This strongly supports the engineering application of low-carbon
energy technologies.
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