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Abstract

There has been a growing interest in utilizing ammonia (NHs) as a fuel in recent years. Due to ammonia’s poor
combustion properties, it is often used in combination with hydrogen (H:) to enhance combustion performance.
Over the past decade, several detailed kinetic mechanisms have been developed to model NHs and NHs/Ha
combustion under different conditions. However, no single mechanism has been universally accepted as the most
accurate. This study systematically assesses the performance of 24 NHs combustion mechanisms published
between 2019 and 2024 by examining how accurately they reproduce indirect experimental data. The experimental
data collection used for this evaluation includes shock tube ignition delay times (IDT), laminar burning velocities
(LBV), and species concentrations measured in shock tubes, jet-stirred reactors, and flow reactors. With a total of
17,242 data points across 1,327 data series from 110 publications, this is, to the best of our knowledge, the most
extensive data collection ever employed for NHs/H. mechanism testing. The performance of the mechanisms was
assessed based on how many of the experimental data points were reproduced within the 16, 24, 35, etc. uncertainty
limits, where ¢ is the standard deviation of the experimental data. Significant differences were observed between
the performance of the different models investigated, and their performance also highly depends on the type of the
experiment. The NUIG-2024 mechanism (containing 39 species and 312 reactions) had the best performance for
IDT and concentration measurements, where it reproduced 85 and 81% of the experimental data points,
respectively, within their 3¢ uncertainty limits. However, it ranked only 13 in the case of LBV measurements,
and it reproduced only 53% of the LBV data within their 3¢ uncertainty limits. For LBV data, the Mathieu-2024
and KAUST-2023 mechanisms reproduced the experimental data the most accurately. Despite its less accurate
predictions for LBV data, the NUIG-2024 mechanism can be a good initial mechanism for further mechanism
reduction and optimization due to its detailed chemistry and good predictivity for IDT and concentration data.
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1 1. Introduction

2

3 As climate change accelerates, minimizing carbon
4 dioxide (CO:2) emissions from human activities has
sbecome a crucial challenge. One approach to
6 achieving this goal involves utilizing renewable
7energy sources and carbon-free fuels. Ammonia
8 (NHs) stands out as a promising carbon-free fuel due
oto its ability to be synthesized using renewable
10 energy. It offers several advantages, including a high
11 hydrogen density, ease of liquefaction, and an existing
12 infrastructure  for storage and transportation.
13 Additionally, its energy density is comparable to that
14 of fossil fuels like methane (CH4). However, the direct
1suse of NHs as a fuel is hindered by its poor
16 combustion properties, such as high ignition energy,
17 low burning velocity, low heat of combustion, and the
18 potential for significant NOy emissions [1-3].

19 To overcome these challenges, ammonia is
20 frequently blended with co-fuels such as hydrogen,
21 synthesis gas, methane, gasoline, diesel, kerosene,
22 dimethyl ether (DME), diethyl ether (DEE),
23 methanol, ethanol, dimethoxymethane (DMM), or
24 coal to improve its combustion characteristics [4].
25 Among these options, hydrogen (H:) is the most
26 extensively studied due to its carbon-free nature.
27 Beyond its use as a fuel, ammonia also plays a role in
28 the thermal DeNOx process in the power sector [5].
29 For the advancement of NHs-fueled reciprocating
30 engines and gas turbines, accurate chemical kinetic
31 mechanisms are necessary to effectively model the
32 combustion behavior of NHs fuel mixtures under
33 conditions of practical applications. Numerous
34 mechanisms have been introduced in the literature to
3smodel the oxidation of NHs/H. mixtures [6, 7].
36 Research by Szanthoffer et al. [6] has shown that
37 while some models align with experimental data
3gunder certain conditions, they can significantly
39 diverge in others. Additionally, Rocha et al. [8]
40 highlighted substantial discrepancies among the
41 predictions of different models, emphasizing the need
42 for thorough validation and further refinement of
43 these mechanisms.

44 Since our previous performance comparison of
45 NHs combustion mechanisms [6], numerous new
46 models and additional indirect experimental data have
47 been published in the literature. These were also not
agincluded in the study by Girhe et al. [7].
49 Consequently, the objectives of this study are to
s0i) collect all reliable indirect experimental data on
51 NHs and NHas/H> combustion from existing literature;
52 ii) collect all available NHs combustion mechanisms;
53 iii) assess the performance of the mechanisms in a
54 quantitative way based on how accurately they can
ss reproduce the experimental results; iv) identify the
s6 overall best mechanism.

57

s 2. Experimental data collection

59

60  Experimental data were utilized in which the fuel
61 was NHs or NH3/H2, and the oxidizer was O2, i.e.,

62 NOx species were not allowed in the initial gas
63 mixture. The diluents were N2, Ar, and/or He, and
64 H20 was allowed as an additive. In this work, only ST
65 IDT, LBV, and concentration measurements in JSRs,
66 laminar FRs, and STs were utilized in the mechanism
67 comparison. In the case of JSR and FR experiments,
68 the utilized data were always outlet concentration
69 measurements. ST experiments include
70 concentration—time (ct) profile and “characteristic
71 concentration” measurements. Characteristic
72 concentration measurements refer to experiments in
73which a distinguished point of the measured
74 concentration-time curve was selected (e.g.,
75 maximum NO concentration), and in a series of
76 measurements, these selected concentrations were
77 plotted as a function of the independent experimental
78 variable (typically temperature).

79 LBV measurements may suffer from stretch
g0 effects, which should be eliminated experimentally or
81 during the post processing of the measured data by
82 extrapolation. In this study, only those LBV data were
83 utilized when the stretch effects were handled
84 correctly.

85  Table 1 summarizes the main characteristics of the
86 experimental data collection utilized in the present
87 study. The numbers of data series and data points are
88 shown for each type of experiment. The covered
89 ranges of initial conditions (temperature (T), pressure
90 (p), equivalence ratio (), and mole-based percentage
91 0f Hz in the fuel mixture (H2 % in fuel)) are also
92 provided. In the case of LBV measurements, the
93 temperature values refer to the cold-side temperatures
94 of the flames. The “Collection closure” refers to the
95 date when the experimental data collection was
96 finished for the corresponding type of experiment.
97 Therefore, the utilized data collection can be
98 considered complete until those dates. Altogether,
99 17,242 experimental data points (in 1,327 data series)
100 were utilized from 110 publications. This data
101 collection is much larger than those used in our
102 previous work [6] (3,770 data points in 350 data
103 series) and in the work of Girhe et al. [7] (5,201 data
104 points) [31].

105 All data utilized in the present study were encoded
106 in RKD (ReSpecTh Kinetics Data) [9] v2.5 format
107 XML (Extensible Markup Language) data files. This
108 file format is used to store combustion data in the
109 Reaction Kinetics branch of the ReSpecTh database
110 (https://ReSpecTh.hu) [10]. The experimental data
111 utilized in this work were stored in altogether 852
112 RKD format data files.

113

114 3. Mechanisms investigated

115

116 24 detailed reaction mechanisms listed in Table 2
117 were tested against the utilized experimental data
118 collection. In our previous mechanism comparison
119 work [6], the POLIMI-2020 [11], Han-2020 [12], and
120 KAUST-2021 [13] mechanisms performed the best on
121a much smaller collection of NHs and NHs/H2
122 experimental data.



1 Table 1. Summary of the NH3 and NH3/H, combustion experiments utilized in this work.
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Exp. type Series Points T/K p/atm [/) H> % in fuel Collection closure
JSR 334 4917 500-1452 0.99-1.40 0.01-5.19 0-70 11 July 2024
ST-IDT 89 624 1023-2720 1.01-41.65 0.47-2.07 0-70 17 Aug 2024
LBV 445 5093 293-821 0.30-36.58 0.20-2.00 0-100 12 Aug 2024
FR 247 4850 451-1973 0.96-98.69 0.01-23.98 0-91 8 Aug 2024
ST-ct 203 1667 1474-2720 1.15-3.59 0.50-3.46 0-49 2 Sep 2024

ST 9 91 1581-2720 1.15-3.59 0.50-1.84 0-21 2 Sep 2024

> 1327 17242 — — — —

Each of these models has been updated since then, and
only the updated models (POLIMI-2023, CEU-2022,
and KAUST-2023) were used in this study. Four other
mechanisms (Konnov-2021, Bertolino-2021,
Alturaifi-2022, and NUIG-2024) were tested in our
recent study on NHa/air LBV measurements [14]. The
Konnov-2021 model has an updated version [15], but
it had inferior performance than Konnov-2021 for
NHa/air LBV data [14]; therefore, the Konnov-2021
model was used in the present study. The ELTE-2024
mechanism was created in [26] for NHs/air LBV data
by adding one reaction from Alturaifi-2022 to
CEU-2022. The remaining 16 mechanisms were not
used in our previous studies on NHs combustion.

Table 2. Detailed reaction mechanisms investigated in this
study along with the numbers of species and reactions. The
year in the mechanism names refers to the publication year
of the corresponding mechanism preceded by the first or
corresponding author of the corresponding publication or the
institution where the mechanism was created.

Mechanism Species Reactions  Ref.
Alzueta-2024 35 232 [16]
ELTE-2024 32 141 [14]
Glarborg-2024 34 233 [17]
Mathieu-2024 35 280 [18]
NUIG-2024 39 312 [19]
SJTU-2024 34 224 [20]
WUT-2024 35 238 [21]
Yin-2024 36 273 [22]
Han-2023 32 171 [23]
KAUST-2023 32 243 [24]
POLIMI-2023 31 203 [25]
Zhou-2023 33 233 [26]
Zhu-2023 33 214 [27]
Shrestha-2023 34 283 [28]
Alturaifi-2022 34 265 [29]
CEU-2022 32 140 [30]
Shrestha-2022 33 270 [31]
SJTU-2022 34 232 [32]
Sun-2022 36 229 [33]
WUT-2022 32 213 [34]
Bertolino-2021 31 203 [35]
Dai-2021 33 211 [36]
Konnov-2021 36 298 [37]
Li-2019 34 252 [38]
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4. Methodology
4.1. Simulation details

Simulations were carried out with the Optima++
simulation framework code [39], developed at the
ELTE Chemical Kinetics Laboratory. Optima++
reads the RKD format experimental data files, sets up
simulation tasks based on their contents, and invokes
a combustion simulation package to carry out the
simulations. In  our present investigations,
OpenSMOKE-++ [40] and Cantera [41] were used for
the simulations. Optima++ also generates figures and
computes various metrics about the quality of the
reproduction of the experimental data by the
investigated mechanisms.

Most JSR experiments were simulated using the
isothermal—isobaric PerfectlyStirredReactor solver of
OpenSMOKE-++. In other cases, the authors specified
that their JSR experiments had to be simulated
assuming constant heat exchange between the reactor
and the external environment (“non-adiabatic”/“non-
isothermal” approach). This option is not available in
Cantera, and therefore OpenSMOKE++ was used for
the JSR simulations. In some cases, when constant
heat exchange was considered, temperature and
concentration oscillations occurred during the
simulations. In our investigations, the time-averages
of the concentration values during an oscillation
period were taken as simulation results because
experimentally, the time-averages of the oscillating
concentration values were measured [6].

In most experiments carried out in STs, volume
profiles did not need to be considered in the
simulations. The exception was the work of Shu et al.
[42] because significant pressure rises were observed
before the ignitions, especially in the case of longer
ignition delay times (i.e. at lower temperatures). More
details on ST simulations can be found in our previous
work [6].

All FR experiments were simulated with the
isothermal—isobaric assumption. In the case of non-
premixed FR measurements, the preset inlet
temperatures and the corresponding residence times
were used. For the premixed FR experiments, the
given temperature profiles and the reactor geometries
were used as inputs for the simulations. The latter
option is not available in Cantera, so OpenSMOKE++
was used for the FR simulations.
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Figure 1. Representative examples of the performance of the mechanisms. Experimentally measured results (symbols) are plotted
together with model predictions (lines). Error bars correspond to the 2¢ uncertainty limits. Sources of the experimental data are
as follows. JSR: Zhang et al. [13]; ST-IDT: Shu et al. [42]; LBV: Lhuillier et al. [43]; ST-ct: Alturaifi et al. [29].

For LBV simulations, the FreeFlame reactor of
Cantera was utilized with the following settings. The
slope and curvature parameters were set to 0.01 and
0.02, respectively, and the maximum number of grid
points was 2000. This resulted in typically 700-1100
grid points in the simulations, which ensured grid-
independent solutions. The minimum domain size
was set to 3 cm, which resulted in 3-12-cm-long grids
in the computations. The Soret effect (thermal
diffusion) was included, radiative heat transfer
between the flame and the environment was
considered via the optically thin model, and the multi-
component transport model was applied.

4.2. Quantitative mechanism comparison

The performance of a mechanism is characterized
by how accurately it can reproduce the results of
indirect experimental measurements. The method
applied in this study for quantitative mechanism
comparison was suggested by Turanyi et al. [44] and
has been used successfully for several combustion
systems by our research group.

A squared error value can be calculated for each
data point in which the square of the difference

31
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between the measured and simulated results is

normalized by the variance of the corresponding
experimental data point:
yexp _ s&m 2
Esa = (%) @
g (ysd
where
Vsa if J(yse;p) is absolute error
Yt?d = s expy s (2)
Inys, if J(ysd ) is relative error

Here y;* and ySi™ are the measured and simulated
values for the d-th data point in the s-th data series
within the data collection, respectively. a(y.,") is the
standard deviation of the corresponding experimental
data point. The y,, value is inserted untransformed
into Eq. (1) if the corresponding experimental data
point is characterized by absolute error. This applies
to LBV and concentration measurements [45, 46]. If,
however, relative error characterizes the data point, ysd
is transformed logarithmically and inserted into Eq.
(1). This assumption is applied to IDT measurements



O 00 N O U1 B W N

=
o

1
12
13
14
15
16
17
18
19
20
2
22
23
24
25
26
27
28
29
30
3
32
33
34
35
36
37
38
39
40
4
42
43
a4
45
46
a7
48
49
50
5
52
53
54
55
56
57
58
59
0

[N

[y

-

fury

ey

[o2)

[45, 47]. Consequently, the Esgs value is always
unitless, and therefore it can be used to compare
different types of experimental data. The /Es4 value
shows how much o experimental standard deviation
the model can reproduce the experimentally measured
value.

For a large collection of experimental data, we can
investigate the distribution of the \/E, values. In this
case, we may say that the mechanism reproducing the
most experimental data within their 3¢ or 20
uncertainty limits has the best performance. This
approach was used in this work to evaluate the
performance of the mechanisms.

5. Results and discussion

In most publications in the literature, the
performance of a mechanism is assessed by the visual
inspection of figures in which the experimentally
measured results are plotted together with model
predictions. Some representative plots of this type are
shown in Figure 1.

For the quantitative comparison of the
performance of the mechanisms, we would like to
utilize as many experimental data points as possible.
However, it was not possible to use all data points of
the data collection for the comparison, because the
simulations of some data points did not converge with
one or more mechanisms. Not converging simulations
occurred almost exclusively in the case of LBV
measurements. This can occur due to several reasons,
most probably because of numerical problems, e.g.
solver issue or the stiffness of the mechanism. To use
the same data for each mechanism, the data points
whose simulations failed with at least one mechanism
were excluded from the mechanism comparison
(Criterion 1). Some other data points could not be
reproduced within their 3o uncertainty limits with any
of the mechanisms, that is, the ,/Es; values of these
data points were larger than three for all mechanisms.
These data points may have very large systematic
errors which were not considered, or they are related
to experimental conditions that none of the
mechanisms can describe satisfactorily. We could not
identify which one was the real reason, but these data
points were excluded from the quantitative
comparison to ensure that the conclusions are
unbiased (Criterion 2).

As discussed in section 4.2, the mechanisms are
compared based on the ratios of the experimental data
points that they can reproduce within given multiples
of the standard deviation of the experimental data (1o,
20, 30, etc.). This distribution can be visualized in
stacked bar plots, as shown in Figure 2. Separate
stacked bar plots are shown for the three different
measured quantities (concentration, IDT, and LBV)
because the numbers of data points in the data
collection are very different in the three cases (Table
1). The mechanisms are ordered according to the
percentages of the data points that they could
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reproduce within their 2¢ uncertainty limits in
descending order (best mechanism on the top). In the
case of LBV data, the performance of only 21
mechanisms is shown because, for three mechanisms,
more than 5% of the LBV simulations failed (did not
converge), which would have resulted in too many
excluded data points. These mechanisms are Li-2019
(23.2%), SJTU-2022 (12.2%), and Zhou-2023
(5.5%).

Figure 2 shows that the performance of the
mechanisms is relatively similar in the case of
concentration measurements, while more significant
differences can be observed in the case of IDT and
LBV data.

In the case of concentration and IDT data, the best
performing model is NUIG-2024. The H2/O2
submechanism of NUIG-2024 was taken from
NUIGMech1.3 [48] developed at the National
University of Ireland, Galway (NUIG) with three
updates: reaction HO2 + HO2 = OH + OH + Oz was
added to NUIGMech1.3 and the rate coefficients of
reactions H2+ O =H + OH and H + Oz (+ M) = HO:
(+ M) were updated. The rate coefficients of reactions
related to NHsz oxidation, NOx formation and
consumption, and NH3/NOx coupling were selected
carefully from the literature. The resulting model was
validated against various kinds of experimental data
of NHs and NHas/H: oxidation and pyrolysis. Figure 2
shows that the NUIG-2024 model has medium
performance for LBV data (13" in the list). Note that
NUIG-2024 was found to be the best mechanism in
the comprehensive mechanism comparison work of
Girhe etal. [7].

In the case of LBV data, the Mathieu-2024 and
KAUST-2023 mechanisms have the best performance
considering the <20 and <3¢ reproduction ratios,
respectively. Mathieu-2024, developed at Texas
A&M University, was assembled from different
existing submechanisms from the literature. The
H2/Oz chemistry is from NUIGMech 1.1 [49], the NHs
pyrolysis submechanism is from Alturaifi et al. [50],
and the NH3s/NOx mechanism was taken from
KAUST-2021 [13] with modifications suggested in
[29] and [51]. The mechanism was tested only against
NHs experimental data from the same group at Texas
A&M University. Mathieu-2024 has relatively good
performance for concentration data (61) but performs
poorly for IDT data (22M).

The KAUST-2023 model was developed from a
previous model, KAUST-2021 [13], of the same
research group at King Abdullah University of
Science and  Technology (KAUST). The
KAUST-2021 model is a comprehensive NHs and
NHs/H2 oxidation model validated extensively against
experimental data from the KAUST research group
and the literature. The important updates of
KAUST-2023 on the Hz and NHs oxidation subsets
relative to KAUST-2021 are as follows: i) HO2 + HO>
reactions, ii) isomerization and decomposition
reactions of the HONO radical, and iii) bimolecular
reactions of HONO isomers with the H atom.
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KAUST-2023 performs well for concentration data
(3 but performs relatively poorly for IDT data (19™).

Based on these considerations, the NUIG-2024
mechanism can be a good initial mechanism for
further mechanism optimization and reduction
because i) it reproduces concentration and IDT
experimental data the best and ii) it contains the most
detailed chemistry with 39 species and 312 reactions
(Table 2). The mechanism optimization should also
include the accurate determination of NHz third body
collision efficiency parameters and rate coefficients
related to the NHs pyrolysis subset. The rate
parameters of the important H/O reactions may also
be tuned, but in that case, a large amount of
experimental data on neat H. combustion should also
be used in the optimization.

6. Conclusions

A comprehensive quantitative comparison of 24
recent detailed NHs combustion mechanisms was
carried out using a large amount of experimental data
on NHz and NHs/Hz combustion including shock tube
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ignition  delay time (IDT) measurements,
concentration measurements in jet stirred and flow
reactors and shock tubes, and laminar burning
velocity (LBV) measurements. The utilized
experimental data collection consists of 17,242 data
points in 1,327 data series.

The NUIG-2024 mechanism performed the best
for concentration and IDT data, while it had medium
performance for LBV data. With 39 species and 312
reactions, this mechanism contains the most detailed
chemistry among the investigated models. In the case
of LBV data, the Mathieu-2024 and KAUST-2023
mechanisms had the best performance. These
mechanisms  contain  somewhat less detailed
chemistry than NUIG-2024, they have good
performance for concentration measurements and
perform poorly for IDT data. Therefore, NUIG-2024
can be a good initial mechanism for mechanism
optimization and reduction. The optimization should
include tuning NHs third body collision efficiency
parameters, rate coefficients related to the NHs
pyrolysis subset, and, potentially, the rate parameters
of the important H/O reactions.
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Figure 2. Stacked bar plots showing the percentages of the experimental data points that the mechanisms could reproduce within
given thresholds of their standard deviations (o). Separate stacked bar plots are shown for the different measured quantities
(concentration, IDT, and LBV). The mechanisms are ordered according to the < 26 reproduction ratio in descending order (best
51 mechanism on the top). The numbers of excluded/included points are as follows. Concentration: 0 (Criterion 1) + 970
52 (Criterion 2) excluded / 10,555 included; IDT: 1 (Criterion 1) + 26 (Criterion 2) excluded / 597 included; LBV: 145 (Criterion 1)
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