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 A B S T R A C T

A major challenge in the chemical kinetics of ammonia is the quantification of the role of the bath 
gas in pressure-dependent reactions, in the full operating space. To this purpose, this work systematically 
investigates the impact of third-body colliders on ammonia and ammonia/hydrogen pyrolysis and oxidation 
chemistry, through an integrated workflow: after incorporating recent high-level theoretical calculations into 
a comprehensive detailed kinetic model, the key pressure-dependent reaction rates were parametrized through 
a fitting procedure, obtaining average errors below 3% compared to the starting theoretical values, while 
explicitly accounting for collider-specific behavior. Validation against experimental data highlighted the impact 
of major colliders on ignition delay times, species profiles, and laminar flame propagation. It was found that 
recombination reactions involving NH3, HNO, and HO2 are significantly affected by the bath gas composition, 
including ammonia itself as a collider, which is often ignored in most kinetic models. Species profiles in both 
pyrolysis and oxidation conditions showed significant sensitivity to the collider-specific effects: specifically, 
ammonia third-body effect in the recombination reaction H + O2(+M) → HO2(+M) was found to play a major 
role in the inhibition of H2 oxidation, confirming the previous hypotheses. On the other hand, laminar flame 
speeds exhibited a lower sensitivity, with deviations typically within experimental uncertainties. Finally, the 
impact of mixture rules in the kinetic predictions was assessed by considering the four pressure-dependent 
reactions for which theoretical data on ammonia-related collision efficiencies are currently available. It was 
found that adopting a more accurate reduced-pressure mixture rule instead of a linear mixing, important 
deviations in the pressure-dependent rate constants at higher pressures were observed, yet with a moderate 
effect on macroscopic observables like ignition delay time and laminar flame speeds.
. Introduction

In the last decade, ammonia (NH3) has gained increasing attention 
n the energy transition scenario as an energy carrier, thanks to its 
avorable physical properties and carbon-free nature [1]. However, 
ts wide-range utilization as a fuel still faces important scientific and 
echnological challenges, to be overcome before its full-scale implemen-
ation [2]. Among them, the major issues arise from the intrinsically 
eak combustion features of ammonia compared to fossil fuels: higher 
gnition delay times and heat of vaporization, extremely low lami-
ar flame speeds, and narrow flammability limits. All of these make 
he retrofitting and adaptation of conventional combustion devices a 
hallenging task [3]. Moreover, ammonia combustion is inherently 
ssociated with the significant formation of nitrogen oxides (NOx) 
ia the fuel-bound nitrogen path [4,5], which requires a thorough 
nderstanding of chemical kinetics to effectively mitigate emissions.
As a result, ammonia pyrolysis and oxidation chemistry have be-

ome an active research field in recent years [5,6]. Such area could 
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greatly benefit from the decades of experimental and theoretical meth-
ods first developed for conventional fuels, which has triggered a rapid 
expansion of available experimental datasets, kinetic rate estimations, 
and consequently kinetic mechanisms: Alnasif et al. [7] recently iden-
tified 61 distinct ammonia kinetic mechanisms published over approxi-
mately the past 50 years up to 2023, a number so large that structured 
methodologies are often necessary to systematically quantify and com-
pare their predictive performances [8,9]. In spite of these advances, 
few specific fundamental areas of ammonia chemistry are still poorly 
understood or are systematically neglected across the kinetic models. 
In 2018, Glarborg et al. [5] comprehensively reviewed the state of the 
art of NH3 pyrolysis and oxidation, highlighting the key areas that still 
require fundamental research. Since then, significant advances have 
been made on many of these gaps, thus expanding the fundamental 
knowledge needed for detailed kinetic modeling.

However, one important aspect that has not yet received a system-
atic attention in ammonia kinetic mechanisms is the role of third-body 
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colliders in pressure-dependent reaction rates. The importance of col-
lisional energy transfer is well recognized even for the combustion 
chemistry of conventional hydrocarbons, where it has often received 
limited attention [10,11]. Expectably, due to the hierarchy principle, 
this lack of knowledge impacts ammonia kinetics, too [12]. To accu-
rately represent the pressure and temperature dependence of a given 
reaction rate in a fixed bath gas, the state-of-the-art methodology 
is the use of logarithmic interpolation schemes (PLOG keyword in 
the CHEMKIN standard) [10,13]. Such interpolation effectively maps 
reaction rates, regardless of the number of wells and channels involved 
in the underlying Potential Energy Surface (PES) [14,15]. However, the 
major drawback of such an approach is related to the fixed properties of 
the bath gas, according to the collider chosen for the theoretical study. 
This makes impossible, within the classical PLOG formalism, to capture 
mixture effects, i.e. where multiple bath gases are involved.

On the other hand, reviewing the available low-pressure rate con-
stants evaluated in various bath gases [16] shows that H2O, CO 
and CO2 are typically several times more efficient colliders than N2, 
whereas Ar and He, which are most often used as dilutants to perform 
fundamental experiments, are less efficient colliders [17].

Bertolino et al. [18] found that third-body efficiencies of diluents 
like H2O and CO2 dominate hydrogen ignition and speciation in MILD 
combustion conditions, and that a single third body efficiency param-
eter impacted model variance more than entire groups of sensitive 
reactions (up to 20%). They also showed that replacing TROE for-
mulations with PLOG formats for fall-off reactions can cause errors 
up to 2000% in combustion targets when third-body efficiencies are 
not properly handled. Moreover, when NH3 or NH3-rich fuel blends 
are concerned, the potential role of ammonia itself as a collider adds 
further complexity. In recent years, this possibility has been highlighted 
both experimentally and theoretically: Sabia et al. [19] first performed 
an experimental campaign in a non-adiabatic Jet Stirred Reactor, and 
showed that several kinetic models were unable to predict the reactivity 
and speciation trends of H2-NH3-O2 mixtures diluted in Ar or N2, 
especially with increasing NH3 addition. They hypothesized the key 
role of ammonia itself as a collider, enhancing the recombination 
reaction H + O2 (+M) → HO2 (+M). This conclusion was later restated 
by Manna et al. [20], who pointed out that, until then, this aspect had 
not been sufficiently considered in the literature.

At the theoretical level, Glarborg et al. [21] and Jasper [22] were 
the first to set up a workflow to systematically predict third-body 
collision efficiencies by combining automated ab initio PES construction 
with classical trajectories. They successfully validated the framework 
against the available experimental values, showing an average 25% 
deviation. A significant breakthrough of their work was the systematic 
evaluation of collision coefficients involving NH3, providing theoretical 
confirmation of the hypothesis initially proposed by Sabia et al. [19]. 
Moreover, their results highlighted a strong temperature dependence of 
such coefficients, which were found to change by even a factor 2 from 
300 K to 2000 K. This was later confirmed by the same research groups 
with regard to the HNO recombination reaction [23].

In spite of these advances, to the authors’ knowledge, a compre-
hensive kinetic analysis of the impact of these findings on ammonia 
pyrolysis and oxidation chemistry has not yet been performed, due to 
some key limitations. First, while the low- and high-pressure limit rate 
constants might be feasibly estimated, the fall-off behavior is usually 
fully characterized only for a limited number of colliders [24], or 
even just one. Second, evaluating the overall mixture rate constant 
via the CHEMKIN-style superposition of collider-specific rates has re-
cently been demonstrated as not always accurate [25–27]; instead, a 
reduced-pressure linear mixture rule has been shown to be more appro-
priate [28]. Recently, Singal et al. [29] demonstrated the application 
of a such rule to a subset of key reactions relevant to ammonia and 
hydrogen chemistry.

In this scenario, the aim of this study is quantifying the macro-
scopic impact of third-body collider effects on ammonia pyrolysis and 
2 
oxidation chemistry. Building upon the literature review discussed 
above, key pressure-dependent reactions involved in ammonia com-
bustion were first systematically identified. Species- and temperature-
dependent collision efficiencies were then incorporated into an updated 
detailed kinetic framework. This methodology allowed to perform a 
wide-range investigation of the role of both rates and colliders in the 
different conditions of interest for ammonia combustion. Finally, the 
impact of adopting different mixture rules on the predictivity of the 
kinetic mechanism was discussed.

2. Materials and methods

This section outlines the workflow followed for this investigation. As 
a first step, a subset of key reactions was identified through a compre-
hensive review of the experimental datasets combined with sensitivity 
analysis (Section 2.1). Later, such rate constants were parametrized 
to include to role of the collider at variable temperature and pres-
sure (Section 2.2). They were then integrated into an updated kinetic 
mechanism, described in Section 2.3.

2.1. Experimental database and reactions selection

Based on previous works [8,9,30], the experimental database was 
extended according to the latest available data on NH3 and NH3-H2 py-
rolysis and oxidation experiments. They cover a wide range of operat-
ing conditions in terms of temperature T, pressure P, equivalence ratio 
𝛷 and blending ratio XH2

 for NH3-H2 blends. The ignition delay times 
in shock tubes (ST) and rapid compression machine (RCM), speciation 
in jet-stirred reactor (JSR) and flow reactor (FR), and laminar flame 
speed (LFS) as obtained with a variety of methods (Constant-volume 
vessel, heat flux burner, imaging shock tube) were all considered. A 
full list of the included experiments is available in Table S2 of the 
Supplementary Material. They are also available on the SciExpeM
platform [31,32] (available at https://sciexpem.polimi.it).

The key, pressure-dependent rate constants were identified by means
of targeted sensitivity analysis on (i) NH3, NO and N2O mass fraction 
in ST, JSR and FR, (ii) OH mass fraction in ST and RCM, and (iii) 
mass flow rate in LFS-related experiments. Following the hierarchy 
principle, only the reactions involving NH3 chemistry were considered. 
This preliminary step was performed by employing the most up-to-date 
mechanism from the research group [33].

2.2. Rate constants parametrization

The modeling of pressure-dependent reaction rates in gas-phase 
kinetic mechanisms has made significant progress in the latest decades. 
The most traditional approaches have relied on simplified formalisms 
such as the Lindemann model and its extensions (Troe, SRI), which 
were originally developed for single-well reactions [34,35]. Although 
these models include empirical parameters, they describe the basic 
physics of pressure-broadening through theoretically sound functional 
formulations. For elementary systems, this approach has a satisfactory 
performance with typical accuracies within 10%–20% [36]. However, 
when applied to complex multi-well, multi-channel reaction systems, 
additional phenomena such as channel switching and multiple transi-
tion states introduce complexities that result in lower accuracy [37]. 
Moreover, in these cases the Lindemann form and its extensions cannot 
capture even the qualitative behavior, as certain channels may exhibit 
non-monotonic pressure dependence [36]. These limitations motivate 
the development of more sophisticated approaches, such as mixture 
rules [28] or alternative parameterizations, to explicitly capture such 
complex pressure-dependent phenomena.

The state-of-the-art methodology for representing pressure and tem-
perature dependence makes use of logarithmic interpolation schemes 
(PLOG keyword in the CHEMKIN standard). This approach is capable 
to accurately map reaction rates in wide pressure ranges, regardless 
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of the complexity of the underlying PES. However, a major limitation 
of the conventional PLOG model lies in its assumption of fixed bath 
gas properties, preventing to describe mixture effects where multiple 
colliders with different collision behaviors are present.

Although the Chebyshev parametrization is the most mathemati-
cally flexible approach, showing superior fitting capabilities for 𝑘(𝑇 , 𝑃 )
relationships through the use of numerous parameters, to the authors’ 
knowledge it has received limited adoption so far. This is mostly due 
to two main limitations: its lack of physical interpretability and its 
inability to extrapolate beyond prescribed limits, compromising the 
accuracy of simulations when applied outside the fitted parameter 
space.

The most recent theoretical advances have pointed out the impor-
tance of collisional energy transfer in pressure-dependent kinetics [21,
22]. From a practical perspective, the collider-dependent behavior of 
rate constants introduces additional challenges for the related model-
ing. The collider-specific dependency of reaction rates requires compu-
tational frameworks capable of including more parametric dependen-
cies at the same time. Beyond the accuracy needed for representing 
specific collider-dependent rate constants, the resulting impact of such 
parametrization choices on kinetic model predictions must be also 
quantified. This is critical for comparing the performance of different 
parametrization approaches and determining whether the increased 
complexity of collider-aware models justifies their implementation in-
stead of simplified alternatives.

The most basic approach consists in defining independent sepa-
rate reactions for each collider, characterized by their respective rate 
coefficients and combined via a linear superposition. However, as 
demonstrated by theoretical analysis, this approach can introduce sig-
nificant errors in specific multi-component systems, particularly when 
strong colliders are present in high concentrations, due to neglecting 
nonlinear effects arising from different collisional energy transfer char-
acteristics among bath gas species. While errors can be important in 
specific operating conditions, their magnitude depends strongly on the 
operating conditions and collider composition, which motivates the 
need for more advanced mixture rules [25,26,28,29,38].

The framework described below is aimed at accurately representing 
the overall behavior of multiple colliders in complex gas mixtures. The 
mixture rules provide a theoretically-grounded approach for weighting 
individual collider contributions according to their respective efficien-
cies and concentrations, thus enabling more accurate predictions of 
pressure-dependent kinetics in multi-component systems.

2.2.1. Multiple bath-gas modeling framework
Table  1 shows an overview of the methodologies available for 

computing the rate constant in the presence of multiple independent 
collider-specific reactions, each characterized by a different rate con-
stant 𝑘𝑖. The theoretical foundations and implementation details are 
explained in the Supplementary Material. For consistency, we adopted 
the same terminology and abbreviations as Burke and co-workers [28,
29], whenever applicable.

The Independent-Colliders approach is the simplest methodology for 
handling multiple-collider species. In this approach, the overall rate 
constant is evaluated by summing up the collider-specific contributions, 
without any weighting. This approach is based on the assumption that 
each collider gives its own contribution to the overall reaction rate, 
regardless of the gas mixture composition.

The Linear Mixing Rule with Pressure dependence (LMR-P) intro-
duces a composition-dependent weighting by multiplying each collider-
specific rate constant by its mole fraction. This approach recognizes 
that each collider’s contribution should be proportional to its abun-
dance in the gas phase. The LMR-P rule intrinsically accounts for the 
dependence of collisional processes on species concentrations: there-
fore, a highly efficient collider present in trace amounts may contribute 
less to the overall reaction rate than a moderately efficient collider 
present at high concentrations.
3 
Table 1
Equations describing the different methodologies to account for an arbitrary 
number of independent colliders simultaneously. Note that compared to the 
original notation used by Singal et al. [29], the notation 𝛬 (i.e., the absolute 
value of the least negative chemically significant eigenvalue of the master 
equation) is replaced with 𝑘 for a more straightforward interpretation in the 
present context (see also [28]).
 Name Equations  
 Independent colliders 𝑘𝐼𝐶 (𝑇 , 𝑃 , 𝐱) =

∑Ncoll
𝑖=1 𝑘𝑖(𝑇 , 𝑃𝑖)  

 LMR-P 𝑘LMR-P(𝑇 , 𝑃 , 𝐱) =
∑Ncoll

𝑖=1 𝑘𝑖(𝑇 , 𝑃 ) 𝑥𝑖  
 𝑘LMR-R(𝑇 , 𝑃 , 𝐱) =

∑Ncoll
𝑖=1 𝑘𝑖(𝑇 , 𝑃 𝑟)𝑋̃𝑖 

 LMR-R 𝑃𝑟LMR-R(𝑇 , 𝑃 , 𝐱) =
∑

𝑖 𝑘0,𝑖(𝑇 )𝑥𝑖[𝑀]
𝑘∞(𝑇 )

 

 𝑋̃𝑖(𝑇 , 𝑃 , 𝐱) =
𝑘0,𝑖(𝑇 )𝑥𝑖

∑

𝑗 𝑘0,𝑗 (𝑇 )𝑥𝑗
 

Among the linear mixing rules, the Linear Mixing Rule with Re-
duced Pressure Weighting [25–29,38] (LMR-R) is the most advanced 
approach, being based on the observation that the rate constants of 
different colliders behave similarly at the same reduced pressure: thus, 
the reduced pressure, 𝑃𝑟LMR-R, is calculated using a weighted aver-
age of the low-pressure rate constants for each collider. This creates 
a pressure scaling for the mixture that reflects the collective third-
body efficiency of all the species. Normalized mole fractions (𝑋̃𝑖), 
i.e. the fractional contribution of each species mapped to the reduced 
pressure, are computed based on the relative contributions of each 
collider to the overall collisional energy transfer rate according to 
their respective low-pressure rate constants (𝑘0,𝑖(𝑇 )). This weighting 
scheme ensures that colliders with higher intrinsic third-body efficien-
cies (i.e. larger 𝑘0,𝑖 values) have a greater influence on the overall 
reaction rates, even when they are present in lower concentrations. The 
LMR-R method provides a theoretically-based treatment of third-body 
effects by explicitly accounting for the varying collision efficiencies of 
different species through their low-pressure rate constants, which proxy 
third-body effectiveness. This approach is advantageous for pressure-
dependent reactions, as it captures the physics of collisional energy 
transfer, and accounts for the falloff behavior, strongly influenced by 
the nature of the third-body colliders. However, to date it has not been 
integrated into the CHEMKIN standard, while it is fully supported by 
Cantera, starting from version 3.1.0 [39].

2.2.2. Fitting methodology
In order to describe the collider-specific effects (including ammonia 

itself) and assess its impact on subsequent model predictions, the 
previously employed reactions available in PLOG format were con-
verted into falloff-type formulations. Depending on the available data 
and reaction type, either a parametrization including a broadening 
factor (e.g. Troe) or a Lindemann one was adopted. In this way, 
collider-specific efficiencies can be accounted for through modified 
low-pressure limits rates. The conversion from PLOG to falloff was 
performed through a systematic optimization-based refitting procedure 
implemented using a differentiable framework built on JAX [60]. First, 
dense training data were generated from the original PLOG representa-
tions across the relevant operating space (typically 300 K ≤ T ≤ 2500 K
and 0.001 atm ≤ P ≤ 100 atm). For each reaction, initial estimates of the 
falloff parameters were obtained by fitting the high-pressure limit to 
the highest pressure PLOG data and estimating the low-pressure limit 
from the lowest pressure data divided by the total concentration. The 
TROE broadening parameters (𝛼, 𝑇 ∗∗∗, 𝑇 ∗, 𝑇 ∗∗) were initialized using 
temperature-dependent heuristics based on the mean temperature of 
the evaluation range.

The refitting optimization used the L-BFGS algorithm [61] to min-
imize the root mean square logarithmic error (RMSLE) between the 
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Table 2
Selected reactions in the NH3 oxidation mechanism. Reaction rate expression is modified Arrhenius 𝑘 = 𝐴𝑇 𝛽 exp

(

− 𝐸act
𝑅𝑇

)

. Units 
are cm, cal, mol, K. 
 ID Reaction 𝐴 𝛽 𝐸act Notes Ref.  
 R1 NH2 +H (+M) ↔ NH3 (+M) 1.500 × 1014 0.167 0.0 k∞ [40]  
 4.655 × 1030 −4.103 3314.5 k0 (N2) [41]  
 1.556 × 1030 −4.060 3524.6 k0 (Ar) [22], pw 
 1.083 × 1029 −3.655 2998.1 k0 (O2) [22], pw 
 3.182 × 1031 −4.039 3859.0 k0 (NH3) [22], pw 
 2.363 × 1031 −3.967 3920.6 k0 (H2O) [22], pw 
 Troe parameters: 𝛼 = 0.492, 𝑇 ∗∗∗ = 166.4, 𝑇 ∗ = 1893, 𝑇 ∗∗ = 6070 pw  
 R2 H + NO (+M) ↔ HNO (+M) 1.500 × 1015 −0.410 0.0 k∞ [42]  
 1.230 × 1021 −1.912 −395.7 k0 (N2) [41]  
 3.869 × 1020 −1.819 −435.0 k0 (Ar) [23], pw 
 2.239 × 1021 −1.973 36.4 k0 (He) [23], pw 
 8.132 × 1021 −1.978 −138.5 k0 (NH3) [23], pw 
 5.784 × 1021 −1.821 −246.9 k0 (H2O) [23], pw 
 3.423 × 1022 −2.278 20.4 k0 (H2) [23], pw 
 Troe parameters: 𝛼 = 0.623, 𝑇 ∗∗∗ = 6625, 𝑇 ∗ = 186.7, 𝑇 ∗∗ = 4659 pw  
 R3 OH + NO (+M) ↔ HONO (+M) 1.100 × 1014 −0.300 0.0 k∞ [43]  
 1.382 × 1027 −3.656 1404.4 k0 (He) [44], pw 
 Troe parameters: 𝛼 = 0.780, 𝑇 ∗∗∗ = 6310, 𝑇 ∗ = 475.4, 𝑇 ∗∗ = 4770 pw  
 Efficiencies: N2 = 2, Ar = 1.1, NH3 = 6 [45]  
 R4 N2H2 (+M)↔ NNH +H (+M) 3.962 × 1028 −4.392 70455.3 k∞ [46], pw 
 8.571 × 1039 −6.762 70461.8 k0 (N2) [46], pw 
 Efficiencies: Ar = 0.7, O2 = 0.8, NH3 = 6.0, H2O = 5.7 R5 [22]  
 R5 NH2 + NH2 (+M)↔ N2H4 (+M) 5.600 × 1014 −0.414 66.0 k∞ [47]  
 1.625 × 1034 −5.490 1987.0 k0 (Ar) [47]  
 2.048 × 1035 −5.771 2130.1 k0 (N2) [22], pw 
 2.327 × 1034 −5.520 1975.9 k0 (O2) [22], pw 
 6.488 × 1035 −5.675 2572.1 k0 (NH3) [22], pw 
 9.629 × 1035 −5.731 2651.9 k0 (H2O) [22], pw 
 Troe parameters: 𝛼 = 0.31, 𝑇 ∗∗∗ = 10−30, 𝑇 ∗ = 1030, 𝑇 ∗∗ = 1030 pw  
 R6 H + O2 (+M)↔ HO2 (+M) 4.660 × 1012 0.440 0.0 k∞ [48]  
 1.910 × 1020 −1.557 253.9 k0 (N2) [30]  
 3.770 × 1018 −0.713 −794.5 k0 (NH3) [22], pw 
 Troe parameters: 𝛼 = 0.5, 𝑇 ∗∗∗ = 1, 𝑇 ∗ = 1010, 𝑇 ∗∗ = 1030 [30]  
 R7 NH2 + NO↔ N2 +H2O 2.600 × 1019 −2.369 870.0 [49]  
 R8 NH2 + NO↔ NNH + OH 4.300 × 1010 0.294 −866.0 [49]  
 R9 NH2 + NO2 ↔ N2O +H2O 2.601 × 1018 −2.191 455.0 [50]  
 R10 NH2 + NO2 ↔ H2NO + NO 9.095 × 1011 0.032 −1512.1 [50]  
 R11 NH + NO ↔ N2O +H 2.700 × 1015 −0.780 20.0 [16]  
 R12 NH + NO ↔ N2 + OH 6.800 × 1014 −0.780 20.0 [16]  
 R13 NH2 + O↔ HNO +H 2.780 × 1013 −0.065 −188.0 [51]  
 R14 NH2 + O↔ NH + OH 3.090 × 103 2.840 −2780.0 [51]  
 R15 NH2 +HO2 ↔ OH +H2NO 1.566 × 1013 0.000 0.0 [16]  
 R16 NH3 + O2 ↔ NH2 +HO2 1.415 × 1010 1.285 55224.0 [41]  
 R17 NH3 +H ↔ NH2 +H2 1.963 × 104 2.854 8520.2 [41]  
 R18 NH3 + OH↔ NH2 +H2O 1.559 × 105 2.372 118.9 [41]  
 R19 NH3 + O↔ NH2 + OH 4.430 × 102 3.180 6739.9 [41]  
 R20 NH3 +HO2 ↔ NH2 +H2O2 1.173 × 100 3.839 17260.0 [41]  
 R21 NH2 + O↔ NO +H2 2.380 × 1012 0.112 −347.0 [51]  
 R22 NH + OH ↔ HNO +H 1.510 × 1014 −0.314 −308.0 [51]  
 R23 NH + OH ↔ NO +H2 3.430 × 1013 −0.303 −336.0 [51]  
 R24 NH + OH ↔ N +H2O 2.610 × 107 1.660 −945.0 [51]  
 R25 NH2 + NH↔ N2H2 +H 4.260 × 1014 −0.270 −77.5 [47]  
 R26 HNO +H ↔ NO +H2 1.660 × 1010 1.180 −446.0 [51]  
 R27 tHNNO +H ↔ NH2 + NO 1.800 × 1013 0.183 −45.0 [52]  
 R28 tHNNO +H ↔ N2 +H + OH 1.200 × 1014 −0.077 126.0 [52]  
 R29 tHNNO +H ↔ N2 +H2O 7.900 × 1013 −0.139 270.0 [52]  
 R30 tHNNO +H ↔ N2O +H2 6.700 × 106 1.878 143.0 [52]  
 R31 cHNNO +H↔ NH2 + NO 5.800 × 1010 0.313 −182.0 [52]  
 R32 cHNNO +H↔ N2 +H + OH 1.000 × 1014 −0.157 180.0 [52]  
 R33 cHNNO +H↔ N2 +H2O 9.100 × 1013 −0.088 75.0 [52]  
 (continued on next page)
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Table 2 (continued).
 ID Reaction 𝐴 𝛽 𝐸act Notes Ref.  
 R34 cHNNO +H↔ N2O +H2 3.000 × 1013 0.0954 60.0 [52]  
 R35 N2O +H (+M) ↔ tHNNO (+M) 1.700 × 104 3.05 6530.0 k∞ [53]  
 1.300 × 1027 −3.48 7030.0 k0  
 Troe parameters: 𝛼 = 0.12, 𝑇 ∗∗∗ = 10−30, 𝑇 ∗ = 1030

 Efficiencies: H2 = 3.0, H2O = 21, O2 = 1.1, N2 = 1.5  
 R36 N2O +H (+M) ↔ cHNNO (+M) 2.400 × 10−2 4.81 4790.0 k∞ [53]  
 1.200 × 1025 −2.94 6770.0 k0  
 Troe parameters: 𝛼 = 0.12, 𝑇 ∗∗∗ = 10−30, 𝑇 ∗ = 1030

 Efficiencies: H2 = 3.0, H2O = 21, O2 = 1.1, N2 = 1.5  
 R37 tHNNO (+M)↔ cHNNO (+M) 1.3 × 104 3.36 23000.0 k∞ [53]  
 1.0 × 1017 −0.801 16900.0 k0  
 Troe parameters: 𝛼 = 0.074, 𝑇 ∗∗∗ = 10−30, 𝑇 ∗ = 1030

 Efficiencies: H2 = 3.0, H2O = 21, O2 = 1.1, N2 = 1.5  
 R38 N2O + O↔ NO + NO 2.000 × 1010 1.000 24800.0 [54,55] 
 R39 N2O + O↔ N2 + O2 2.600 × 1012 0.500 41100.0 [54,55] 
 R40 NH3 + NO2 ↔ HONO + NH2 2.211 × 1011 0.0 24906.0 [56]  
 R41 H2NO + OH↔ HNO +H2O 2.140 × 1015 −0.751 −464.0 [57]  
 R42 H2NO + O2 ↔ HNO +HO2 1.723 × 105 2.188 18010.0 [58]  
 R43 H2NO + NO2 ↔ HONO +HNO 7.946 × 100 2.950 −3292.6 [58]  
 R44 H2NO + NH2 ↔ HNO + NH3 9.481 × 1012 −0.081 −1643.4 [58]  
 R45 H2NO +HO2 ↔ HNO +H2O2 5.405 × 104 2.160 −3597.7 [58]  
 R46 HNO + O2 ↔ NO +HO2 2.000 × 1013 0.000 15896.0 [46]  
 R47 HNO + NO2 ↔ HONO + NO 7.900 × 102 3.060 3882.0 [59]  
PLOG predictions and the fitted falloff expressions: 

RMSLE =

√

√

√

√
1
𝑁

𝑁
∑

𝑖=1

[

ln(𝑘falloff(𝑇𝑖, 𝑃𝑖)) − ln(𝑘PLOG(𝑇𝑖, 𝑃𝑖))
]2 (1)

where 𝑁 represents the total number of (T,P) evaluation points. Pa-
rameter bounds were enforced to ensure physical meaningfulness (e.g.,
0 < 𝛼 ≤ 1 for TROE parameters, 𝑇 ∗∗∗, 𝑇 ∗, and 𝑇 ∗∗ > 0, and positive pre-
exponential factors). The optimization framework is able to include 
parameter fixing or specify bounds through a flexible configuration 
system, so to incorporate literature-derived constraints when available.

Through this approach, the resulting falloff expressions can repro-
duce the original PLOG behavior across the specified conditions, while 
keeping the mathematical structure required for efficient implemen-
tation in CHEMKIN-compatible solvers and subsequent mixture rule 
applications.

The collider efficiencies for the key reactions previously identified 
were obtained through an extensive literature analysis, including both 
comprehensive reviews [16,46] and recent experimental and theoret-
ical studies. When specific collider data were not available, default 
efficiencies were assigned based on similar reactions. Moreover, to 
incorporate the recent findings by Glarborg and coworkers [21–23] 
on the temperature dependence of collision efficiencies for specific 
reactions, a spline-based functional representation 𝛼𝑖𝑗 (𝑇 ) (efficiency of 
the 𝑗th species acting as collider in the 𝑖th reaction) was derived from 
the available discrete efficiency data points, most of the times provided 
at 300, 1000 and 2000 K. Using these functions, low-pressure limit rate 
constants were calculated as: 
𝑘0𝑖𝑗 (𝑇 ) = 𝑘0𝑖-𝑟𝑒𝑓 (𝑇 ) ⋅ 𝛼𝑖𝑗 (𝑇 ) (2)

over 200 evenly spaced temperature points within the temperature 
range. The resulting 𝑘0𝑖𝑗 (𝑇 ) values were refitted into a modified-Arr-
henius form, i.e. the final expressions adopted in the kinetic mecha-
nism, and shown in Table  2.

Where collider-specific pressure-dependent rates were not avail-
able, the parameters describing the falloff behavior were assumed as 
identical for each collider compared to the reference one. Although 
this is a simplification compared to the full LMR-R methodology, it 
is the most practical option currently supported within the CHEMKIN 
framework. The macroscopic impact of this approximation is quantified 
and critically assessed in Section 3.
5 
2.3. Kinetic modeling

The kinetic model describing ammonia pyrolysis and oxidation, 
integrating the parametrized kinetic rates described above, was de-
veloped starting from the previous studies by Stagni et al. [33,41]. 
These earlier models were assembled following the hierarchy and 
modularity principles within the CRECK kinetic framework [62]. How-
ever, given the recent significant advancements in ammonia [6] and 
hydrogen [63] chemistry, substantial updates were incorporated into 
the NH3 kinetic framework, including the latest theoretical calculations 
for relevant submechanisms. Additionally, thermodynamic properties 
for the NH3 subset were updated based on the most recent ATcT 
recommendations [64]. Transport properties were retained from the 
previous works [33,41].

The core H2-O2 kinetics was upgraded to the latest Galway hydro-
gen mechanism [30,65,66]. This includes the reaction channel HO2 +
HO2 → OH + OH + O2, recently investigated ab initio by Klippenstein 
et al. [63], and the subset describing the OH* chemiluminescence 
pathway [67–69].

The key reactions involved in the NH2O potential energy surface, 
impacting both flame propagation (e.g. NH2 + O → HNO + H) and 
low-temperature kinetics (due to H2NO formation) were revised based 
on the high-level theoretical predictions by Klippenstein et al. [51]. 
Furthermore, the NH2 + HNO reaction, yielding NH3 and NO, which 
was shown to play a role in inhibiting NH3 oxidation, was updated after 
the recent study by Jian et al. [23].

Nitrogen selectivity pathways leading to NO and N2O during am-
monia oxidation were substantially revised following recent findings 
by Glarborg et al. [52] on the N2O + H path via HNNO and the subse-
quent NH+NO channels. Specifically, the predictive capability for N2O 
selectivity at high pressures was improved by explicitly introducing the 
two HNNO isomers (cis and trans) and incorporating their reactivity 
based on isomerization and decomposition rates from Meng et al. [53], 
combined with the HNNO + H reaction rates from Glarborg et al. [52]. 
The NH+NO reaction rate and branching ratio were selected from 
the comprehensive review work by Baulch et al. [16], reconciling a 
vast amount of available experimental data, still remaining consistent 
within uncertainty bounds estimated by Klippenstein et al. [70].

Finally, the low-temperature oxidation chemistry, still an open re-
search field [6], was updated with regard to H NO-related reactions. 
2
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Fig. 1. (a) Comparison between the original rate R1 (kPLOG) [41] and the parametrized rate (kTROE). (b) Contour plot of the ratio between the two rates. N2 is 
the reference collider.
Fig. 2. Comparison between experimental data (symbols) [71–80] and modeling predictions (lines) for (a) R1 (at room temperature - cfr. [21]), (b) R2 (low-
pressure limit) and (c) R5 with the different colliders.
Specifically, H-abstractions by O2, HO2, NO2 and NH2 were revised 
according to recent theoretical work by Stagni and Cavallotti [58], 
while the H-abstraction by OH was updated based on the latest cal-
culations by Klippenstein and Glarborg [57]. Additional refinements, 
not discussed here for brevity, are summarized in Table  2. Although 
tuning the individual reaction rates within their estimated uncertainties 
is a possible follow-up of this activity to further improve the agreement 
with experimental data, such optimization was beyond the scope of this 
study and thus not performed.

The kinetic mechanism is available in CHEMKIN format in the 
Supplementary Material, as well as its comprehensive validation. Ad-
ditionally, a version of the mechanism including the investigated rates 
with reduced-pressure linear mixture rules (Section 2.2) is provided in 
Cantera (yaml) format, which, to the authors’ knowledge is the only 
standard currently fully supporting this feature.

3. Results and discussion

3.1. Rate constants

The rate constants for reactions R1–R4 listed in Table  2, identified 
through literature review and sensitivity analysis, were parametrized 
into TROE format following the procedure described in Section 2.2. 
Specifically, reactions R1 and R2 were parametrized after fitting the 
reverse rates, based on the corresponding rate constants computed 
at the ab initio level in the reference work [41], in PLOG format at 
6 
the different pressure levels. To ensure physical consistency, the high-
pressure limits for reactions R1, R2, and R3 were constrained to the 
respective rates previously calculated in previous studies [40,42,43]. 
On the other hand, for R4 no high-pressure rate was found in the litera-
ture; therefore, no constraint was imposed, and the high-pressure-limit 
Arrhenius parameters were considered as free optimization variables. 
Moreover, in the original work [46], R4 was estimated only at three 
pressure levels, namely 0.1, 1 and 10 atm; therefore, due to their 
limited number, this was the only case in which parametrization was 
performed in the Lindemann form instead of Troe, after summing the 
two dissociation pathways available in [46].

The rate parametrizations achieved satisfactory results for all of 
the 4 reactions. Fig.  1 shows representative results for the ammonia 
recombination reaction R1. The fitted rate differed from the original 
one by a factor ranging between 0.84 and 1.11. However, as shown in 
Fig.  1b, the deviation was much smaller through most of the operating 
space, with the ratio being consistently close to unity. The average 
deviation between the fitted and original rates was ∼2.2%, much lower 
than the uncertainty factor of such rates (usually at least a factor 
of two [41,58]). Details regarding the parametrization of R2–R4 is 
provided in the Supplementary Material; their results are comparable 
to what obtained for R1.

Subsequently, the low-pressure limit rate constants for reactions R1, 
R2, R5 and R6 were refitted via Eq. (2). According to the sources, the 
reference collider was N2 for all reactions except R5, for which Ar was 
selected. For reaction R6, due to the hierarchical formulation of the 
mechanism, only the low-pressure limit rate (𝑘 ) for NH  was obtained, 
0 3
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Fig. 3. NH3 speciation profiles for a mixture of ∼0.5% NH3 in Ar (P = 1.2 
atm) [81], and related prediction with and without reactions parametrization, 
i.e. with and without species-specific low-pressure limits for reactions from R1 
to R6.

as the collision efficiency and/or the falloff behavior for the remaining 
colliders were already defined in the core mechanism [30].

Fig.  2 compares the collider-dependent rates predicted for reactions 
R1, R2 and R5 against the available experimental data. No experimental 
data were found instead for R6 with NH3 as a collider. A reasonably 
good agreement is observed in all the comparisons, capturing both 
pressure dependence and collider-specific behaviors effectively. For 
HNO recombination (Fig.  2b), some deviations are evident at the lowest 
temperatures for H2 and Ar. In particular, for H2, the measured rates at 
ambient temperature seem to contradict the higher efficiency predicted 
theoretically (a factor ∼1.7 at 300 K [23]). For Ar, the rate overes-
timates the experimental data at ambient temperature, too. Anyway, 
a significantly better agreement is observed at combustion-relevant 
temperatures for all three colliders. For the sake of completeness, 
Fig.  2b shows both the TROE-fitted 𝑘0 and the corresponding low-
pressure limit extrapolated from the original PLOG data. The maximum 
deviation is below 10% at the highest temperatures, while being almost 
overlapped for 𝑇 < 700 K.

3.2. Colliders impact on pyrolysis and oxidation chemistry

Using a hierarchical approach, the impact of reaction parametriza-
tions and collider-specific behaviors was first evaluated in pyroly-
sis conditions. Fig.  3 shows the mechanism validation against avail-
able speciation data for NH3 pyrolysis, obtained in shock tube experi-
ments [81]. It is possible to observe that the predicted NH3 temporal 
profiles are particularly sensitive to collider-specific effects, with dif-
ferences exceeding the 12% experimental uncertainty, especially em-
phasized at higher temperatures. The flux analysis under representative 
conditions (Fig.  4a) identified the key elementary steps leading from 
NH3 to N2. It is shown that pressure-dependent reactions play crucial 
roles, specifically ammonia decomposition (R1b) and the subsequent 
diazene (N2H2) decomposition into NNH and H (R4). Sensitivity anal-
ysis (Fig.  4b) points out that decomposition is primarily driven by 
NH3 decomposition in the Ar bath gas, followed by N2H2 formation 
via R25 and its subsequent decomposition R4. Consequently, explicitly 
accounting for the weaker collider efficiency of Ar in R1 significantly 
slowed down the overall consumption rate of ammonia.

The intermediates of the pyrolysis process are also significantly 
affected by collider-specific parametrization: Fig.  5a and 5b show the 
7 
Fig. 4. NH3 pyrolysis in a shock tube (cfr. Fig.  3). (a) Nitrogen flux analysis (T 
= 2096 K. t = 1200 μs), relative to the single molecule. (b) Sensitivity analysis 
to NH3 mass fraction at times corresponding to ∼10% conversion.

time profiles of NH2 and NH, respectively, as measured by David-
son et al. [82]. This dataset has long served as a benchmark for 
the validation of ammonia pyrolysis mechanisms [6,30,83]. Clearly, 
incorporating collider effects in key reaction rates significantly affects 
the mechanism predictions, and neglecting such effects may mislead 
the tuning of other reaction rates due to error compensation. In this 
case, after incorporating the parametrized reactions without additional 
tuning, the NH2 time evolution is predicted reasonably well, in terms 
of both peak time and overall trend. Conversely, especially the peak 
concentration of NH is somewhat underpredicted.

Moving to oxidation conditions, Fig.  6 shows the inhibiting effect 
of ammonia addition on the oxidation of lean H2-O2 mixtures, as 
observed experimentally and predicted numerically in a Jet-Stirred-
Reactor configuration. The experimental trends are well captured by 
the kinetic model, showing a clear inhibition pattern due to ammonia 
addition in both Ar and N2 bath gases. A slight delay in reactivity 
onset (∼35 K without ammonia) is observed when using N2 as the 
bath gas compared to Ar, which is correctly predicted, too. Such a 
configuration is an optimal benchmark for kinetic models as it can lead 
to oscillatory behaviors, due to the coupling between chemical kinetics, 
heat transfer, and mass transport, resulting in limit cycles consisting 
in repeated ignition and extinction [84–86]. In this case, a narrow 
oscillatory region was experimentally observed only for pure H2, with 
both Ar and N2 as bath gases. Such behavior is accurately predicted by 
the kinetic model, in terms of temperature window as well and average 
temperature rise, as well as H  and O  mole fractions.
2 2
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Fig. 5. (a) NH2 and (b) NH species profiles in a mixture of NH3 in Ar [82], and related predictions with and without reactions parametrization.
Fig. 6. Oxidation of H2-O2 mixtures at 𝛷 = 0.5, diluted in 94% Ar-NH3 (top row) and 94% N2-NH3 bath gas, with different NH3 concentration. Experimental 
data [19] vs numerical predictions. Gray symbols and lines indicate oscillating conditions, as identified experimentally and predicted by the model, respectively.
More importantly, the parametrization of pressure-dependent rates 
proved essential for accurately predicting the conversion rate and 
temperature rise as increasing amounts of NH3 were added. Although 
the base model qualitatively predicts inhibition, it progressively loses 
accuracy when ammonia replaces the bath gas, and this discrepancy 
becomes increasingly pronounced with higher ammonia mole fractions. 
To shed light on this, Fig.  7 shows flux analysis with 0% and 10% 
NH3 in N2 environment, at the temperature corresponding to the same 
H2 conversion (10%). Without ammonia (Fig.  7a), hydrogen follows its 
well-known oxidation pathway, undergoing H-abstraction by H and OH 
radicals, providing H atoms. These then react with O2, either branching 
via H + O2 = O + OH or recombining through the pressure-dependent 
reaction R6.
8 
When ammonia is added, it affects the hydrogen oxidation pathway 
to a significant extent, as shown in Fig.  7b. In these conditions, H2
oxidation is promoted by the reverse H-abstraction from H2 (R17). 
Subsequently, NH3 undergoes its consolidated low-temperature oxi-
dation path [41], starting from NH2 radicals. NH2 is converted into 
NO through the H2NO path by reacting with NO2 (R10) and HO2
(R15), respectively, followed by HNO oxidation (R46). On the other 
hand, nitrogen selectivity towards N2 is driven by the thermal DeNOx 
reaction R7, which acts as a radical termination, too.

Fig.  8 explains in detail the overall inhibiting effect of ammonia on 
hydrogen reactivity. Considering N2 as reference bath gas, most inhibi-
tion is due to the previously discussed thermal DeNOx reaction R7 and 
from the reaction involving H-abstraction from NH  by O  R16, which 
3 2
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Fig. 7. Hydrogen flux analysis with (a) 0% and (b) 10% NH3, performed at equal 10% H2 conversion, with N2 as bath gas (cfr. Fig.  6). Flux intensity is relative 
to the single molecule.
is reversed at low temperature and lean conditions (see also [41]). 
Above all, the recombination reaction H + O2(+M) → HO2(+M) (R6) 
is the third most important contribution to the observed inhibition. 
Although NH3 concentration is one order of magnitude lower than 
N2, the sensitivity of the recombination reaction with NH3 as collider 
is comparable to the same reaction with N2, the dominant bath gas. 
Therefore, while the base model qualitatively captures the chemical 
inhibition of ammonia, its partial quantitative accuracy can be related 
to the incomplete description of third-body effects. The parametrization 
of pressure-dependent reactions was able to explain the remaining 
effect, confirming the conclusions by Sabia et al. [19] about the major 
role of ammonia as a collider.

The effect of rate constant parametrization and resulting inclusion of 
third-body dependencies lead to nonlinear changes in the laminar flame 
propagation features, too, as shown in Fig.  9. Here, the models’ output 
is compared against experimental data from Figueroa-Labastida et al. 
for pure NH3 [87] and NH3-H2 blends [88] in an argon atmosphere. In 
most cases, the magnitude of the change in predictions resulting from 
parametrization is comparable to, or slightly exceeds, the experimental 
uncertainties. The largest deviations are observed in rich conditions, 
at higher hydrogen concentrations. It is interesting to note that such 
deviations exhibit a non-monotonic behavior, such that the updated 
model predicts lower flame speeds at high hydrogen contents, and vice 
versa when hydrogen content is reduced or absent.

Fig.  10 sheds light on such behavior: HNO dissociation (reverse 
R2) is one of the main drivers of flame propagation, as it provides 
H radicals, enhancing radical branching through the flame front. In-
cluding the effect of H2O as a ‘‘strong collider’’ increases, as a net 
effect, the backward reaction rate. As R2 is particularly important 
in the flame propagation of pure ammonia (cfr. [41]), the updated 
model predicts slower flame speeds in these conditions. Conversely, as 
hydrogen fraction increases, the relative importance of this reaction 
decreases, causing the model to predict faster flames at higher H2
contents. This deviation is more pronounced for rich mixtures, where 
the importance of ammonia recombination (R1, not shown in Fig.  10 
due to lower sensitivity) progressively increases.

The nonlinear impact of third-body collider effects on laminar flame 
speed becomes apparent when varying the equivalence ratio, as shown 
in Fig.  11a for NH3-air flames. Explicitly accounting for pressure- and 
collider-dependent reactions leads to higher predicted flame speeds 
in lean conditions, while at richer equivalence ratios the predicted 
speed becomes lower. Moreover, the inclusion of collider effects slightly 
shifts the peak flame speed towards stoichiometric conditions. Overall, 
although the observed deviations are still within the experimental un-
certainty range, the inclusion of collider effects changes the shape of the 
flame speed curve. The sensitivity analysis in Fig.  11b provides further 
insight into this inversion: it can be seen that ammonia recombination 
9 
Fig. 8. Sensitivity coefficients to H2 mass fractions, normalized with respect 
to the local maximum value, performed at equal 10% H2 conversion with N2
as bath gas (cfr. Fig.  6). For readability, the reaction H + O2 = O + OH is 
omitted.

R1 and HNO decomposition (reverse R2) play key roles at rich and lean 
conditions, respectively, yet with opposite effects on flame propagation: 
while R1 reduces reactivity by depleting H and NH2 radicals on the 
flame front, R2 enhances branching by feeding H radicals. Compared to 
the base model, both reactions exhibit increased rates, due to the role of 
H2O as an efficient collider, whose concentration increases downstream 
of the flame front. Therefore, the flame propagation characteristics 
are shown to be significantly affected by the role of H2O in the key 
pressure-dependent reactions, while other colliders, including NH3, 
play a comparatively minor role. For completeness, the separate effect 
of each of the 4 reactions is shown in the Supplementary Material.

3.3. Impact of mixture rules

In this section, the macroscopic impact of adopting a simplified 
treatment on mixture rules on the overall predictive capability of the 
ammonia mechanism is considered in detail. Reactions R1, R2, R5, 
and R6, previously identified as critical also by Singal et al. [29] 
in their recent work, were modeled via LMR-R. It is important to 
note that for the first three reactions, temperature- and pressure-
dependent rates 𝑘𝑖(𝑇 , 𝑃 ) were available only for a single reference 
collider, thus temperature-dependent collision efficiencies were added 
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Fig. 9. Laminar flame speed of NH3 and NH3-H2 mixtures at variable T𝑢 and 𝛷, in an Ar-O2 atmosphere (79:21 mol/mol). Experimental data from Figueroa-
Labastida et al. [87,88].
Fig. 10. Sensitivity coefficients to laminar flame speed of NH3 and NH3-H2
mixtures, at T𝑢 = 650 K and P = 1 atm, in an Ar-O2 atmosphere (79:21 
mol/mol). For readability, the reaction H + O2 = O + OH is omitted.

for the species for which they had been calculated. For R6, temperature-
dependent collision efficiency was added only for NH3, as efficiencies 
and pressure-dependent rates are already available for other colliders 
(and 𝑘𝐴𝑟(𝑇 , 𝑃 ), 𝑘𝑁2

(𝑇 , 𝑃 ) and 𝑘𝐻𝑒(𝑇 , 𝑃 ) are uniquely defined, too). 
Singal et al. also applied LMR-R treatment to H + OH (+M) ↔ H2O (+M) 
and OH + OH (+M) ↔ H2O2 (+M), but they were not considered in this 
work as not belonging to the NH3 mechanism, nor data on ammonia 
as a collider were available for these reactions.

As a theoretical comparison, Fig.  12 compares the rate constants 
of NH3 decomposition (R1b) predicted with and without the LMR-R 
formulation, at 1, 10 and 100 atm. Randomly sampled initial tempera-
tures and molar compositions (with mixtures of NH3, O2, N2, H2O and 
Ar) were chosen. Consistent with the formulation in Table  1, both ap-
proaches provide very similar results at low pressures. Deviations occur 
in the fall-off region and become more pronounced closer the high-
pressure limit, especially at the lowest temperatures where this limit 
is reached earlier. Nevertheless, up to combustion-relevant conditions 
(around 100 atm), the average deviation of R1b remains within 30%. 
However, although qualitatively the same behavior is expected for all 
the pressure-dependent reactions, on a quantitative basis the agreement 
between the two models depends on the high-pressure limit and fall-off 
behavior of each specific reaction.

Fig.  13 compares the predicted laminar flame speeds for NH3 and 
NH3-H2 flames in air at variable pressures and equivalence ratios. 
Using the LMR-R mixture rules generally yields slightly higher flame 
speeds: at ambient conditions, predictions are nearly identical between 
the two formulations. As expected, the largest relative deviations are 
observed at elevated pressure and increased H  fractions, and keep 
2

10 
increasing with pressure (a further comparison is available in the SM). 
However, in the 1-10 bar range, the differences between the two 
modeling approaches are always comparable to (or lower than) the 
experimental uncertainty of the reference data. Moreover, unlike the 
effect observed when introducing collider parametrization (Fig.  11a), 
changing the mixture rule does not significantly affect the overall shape 
of the flame speed curves.

To get further insight on this behavior, Fig.  14 compares the mole 
fraction profiles of three key radicals, i.e. H, NH2 and HNO, mostly 
involved in the pressure-dependent reactions, along the flame axial 
coordinate. The same figure also shows the related overall reaction 
rates (R1, R2 and R6, respectively), which significantly affect flame 
propagation (cfr. Fig.  11b), as predicted by the two mixture models. 
The peak reaction rates differ by at most 10% at 10 bar. The higher 
flame speed predicted via LMR-R approach can be primarily attributed 
to the lower overall reaction rate of R1 (cfr. Fig.  12), in spite of the 
higher concentrations of both NH2 and H radicals. This is thus a direct 
consequence of employing LMR-R as mixing rule.

This analysis was completed by analyzing constant-volume ignition 
delay times of NH3-O2 mixtures in the widest possible range of op-
erating conditions. A parametric study was performed by varying (i) 
temperature, (ii) pressure, (iii) equivalence ratio, (iv) dilution ratio and 
(v) type of diluent. Fig.  15 summarizes the most important findings 
for two pure bath gases (N2 and H2O) and two intermediate N2/H2O 
mixtures, in rich conditions. In this analysis, the ignition delay time 
was defined as the time corresponding to the maximum pressure rise. 
It can be observed that the deviations between the two methodologies 
do not exceed 10%, typically remaining below 5% through most of 
the parametric space, and are found at lower mole fractions of more 
efficient colliders (H2O in this case). The strong similarity in the 
predictions between the two approaches must be attributed to the 
relative sensitivity of the 4 reactions across the operating conditions. As 
shown in several previous studies [30,33,41], out of the 4 investigated 
reactions, ignition delay time is sensitive only to R1 and R2, and 
especially at higher temperatures. Conversely, at higher temperatures 
the difference between the rates with and without LMR-R treatment 
is the smallest one, as shown in Fig.  12. However, such comparisons 
might change once a wider set of key reactions for ignition (e.g. R4) 
becomes available. To date, the bottleneck in this process is indeed 
the availability of collider-specific efficiencies outside of the reactions 
subset investigated here (and those previously mentioned related to the 
core H2 chemistry).

Additional case studies, including a sensitivity analysis to each of 
the 4 rates modeled here, as well as laminar flame propagation and 
speciation comparisons, are presented in the Supplementary Material.
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Fig. 11. (a) Laminar flame speeds of NH3-air mixtures at atmospheric pressure: experimental data [89] vs modeling results, performed with and without rate 
parametrization. (b) Sensitivity analysis at 𝑇𝑢 = 373 K and variable 𝛷.

Fig. 12. Ratio kLMR−R∕kPW for R1b at fixed pressures and variable temperature, considering 15,000 random compositions (5000 per pressure) of NH3, O2, N2, 
Ar and H2O, as evaluated via independent colliders (‘‘This work’’) and LMR-R mixture rule (‘‘LMR-R’’).

Fig. 13. Laminar flame speeds of NH3-H2-air mixtures at variable pressure (Tu = 473 K): experimental data [90] vs modeling results, with and without the 
inclusion of reduced-pressure mixture rules.
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Fig. 14. Laminar flame speeds of NH3-H2-air mixtures (𝛷 = 1.1 - cfr. Fig.  13), at variable pressure and NH3-H2 blending ratio. Top row: mole fraction of the 
major species involved in pressure-dependent reactions, with and without the inclusion of reduced-pressure mixture rules. Bottom row: major pressure-dependent 
reaction rates, evaluated with and without the inclusion of reduced-pressure mixture rules.

Fig. 15. Ratio between predicted ignition delay times, with and without the inclusion of reduced-pressure mixture rules. Top row: variable temperature and 
dilution ratio. Bottom row: variable temperature and pressure. The region where ignition delay time exceeded 5 ms (white background) was excluded from the 
analysis.
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4. Conclusions

In spite of remarkable progress achieved in the kinetic modeling 
of ammonia pyrolysis and oxidation over the past decade, signifi-
cant challenges must still be overcome to ensure accurate predictions 
across the broadest range of operating conditions. In this context, 
pressure-dependent reactions have received significant experimental 
and theoretical attention. However, their specific roles in ammonia 
combustion chemistry, as well as the individual contributions of the 
single colliders, had not been systematically investigated until now.

In this work, these gaps were addressed by setting up a com-
prehensive, integrated workflow. Pressure-dependent reactions mostly 
affecting ammonia chemistry were first identified in different condi-
tions, including ignition, speciation and flame propagation. At a second 
stage, the role of third-body colliders was incorporated by combin-
ing recent high-level theoretical calculations, performed for reference 
bath gases, with temperature-dependent collision efficiencies, recently 
obtained via trajectory-based approaches. Although TROE parametriza-
tion might, in principle, be not always suitable for pressure-dependent 
reactions involving complex potential energy surfaces, it proved ef-
fective for fitting the key rates involved in ammonia kinetics, with 
negligible average errors (∼2%–3%), especially when compared to the 
intrinsic uncertainties associated with the underlying theoretical calcu-
lations. These rates were integrated into a detailed kinetic framework, 
properly updated according to the most recent literature findings.

The extensive benchmarking of the kinetic mechanism provided 
important insights into the impact of such rates, as well as the spe-
cific roles of the different colliders. The most significant effect was 
observed with regard to speciation, in both pyrolysis and oxidation 
conditions. In pyrolysis conditions, the largest impact resulted from 
the ammonia decomposition reaction: this was primarily due to the 
lower efficiency of argon, which is commonly used as bath gas in 
fundamental experiments, but its reduced efficiency as a collider has 
received limited attention in kinetic modeling studies. Moreover, the 
inhibiting role of NH3 in stirred conditions, experimentally observed 
when NH3 was co-fueled with hydrogen, found theoretical support in 
the role of ammonia itself as a collider in the H + O2 recombination, 
which subtracts H radicals from the branching reaction H+O2 = O+OH. 
This provided theoretical support to the previous hypotheses regarding 
its strong collider behavior in these conditions.

When considering flame propagation, the macroscopic effect of 
introducing collider parametrization was generally comparable to the 
experimental uncertainty. However, this effect significantly changed 
with the equivalence ratio and, in the case of NH3-H2 flames, with the 
blending ratio. Specifically, the opposite effects of NH3 recombination 
and HNO decomposition, both parametrized in this work, resulted in 
opposite variations at lean and rich conditions, causing a slight shift 
of the peak flame speed towards stoichiometric conditions. In both 
scenarios, H2O emerged as the major key collider responsible for this 
change.

Finally, multiple bath-gas effects were investigated by assessing the 
impact of reduced-pressure mixture rules against the conventional lin-
ear mixing. While at higher pressures important deviations were found 
in the single rates (e.g. NH3 dissociation), the effect on the predicted 
flame propagation was generally within the range of experimental un-
certainties. The peak reaction rates along the flame coordinate showed 
changes of at most 10% when employing the most accurate model. 
Also, when predicting ignition delay times, deviations were still within 
10%, which were more significant when strong colliders (H2O) were 
involved in lower amounts within a less-efficient bath gas. This was 
primarily attributed to the sensitivity of the four rates who underwent 
LMR-R treatment (especially NH3 and HNO dissociation), peaking at 
the highest temperatures, where the difference between the two rates is 
anyway smaller. Such results may anyway change once collider-specific 
efficiencies become available for a larger set of reactions, which is 
13 
currently the bottleneck preventing a wider utilization of the LMR-R 
methodology.

However, it is important to emphasize that, due to the hierarchical 
approach in kinetic mechanism development [62], the parametrization 
was performed only for the reactions directly related to NH3 chemistry. 
In this case, and to the authors’ knowledge, no specific fall-off behavior 
is currently available in literature. Thus, the same reduced-pressure 
dependence as the reference collider was assumed, but with a different 
efficiency [29]. Further experimental or theoretical studies providing 
detailed collider-specific fall-off behavior would be highly beneficial, 
as could potentially change the observed deviations between the two 
modeling approaches.
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