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Introduction
Ammonia can be synthesized using renewable energy sources (such as wind or solar power) or fossil fuels with carbon
capture and storage (CCS) [1,2]; therefore, it is a promising circular carbon-free fuel. However, some characteristics of
ammonia hinder its application as a pure fuel [1,3,4]. These unfavorable combustion properties include: its high ignition
energy, long ignition delay time, and small burning velocity relative to traditional hydrocarbon fuels and hydrogen. To
improve these combustion properties of ammonia, it is often blended with other fuels (co-fuels), most often with
hydrogen [5-10], CO or synthesis gas (H2/CO) [9-12], or methane [8,9].
There are several reaction mechanisms available in the literature that aim to describe the oxidation of NH 3/H2 [13-21]
and NH3/syngas fuel mixtures [11,12,22-26]. However, while the predictions of these models often agree with
experimental results under certain conditions, they deviate from those under other conditions. Furthermore, as Da Rocha
et al. [27] showed for laminar burning velocity and ignition delay time measurements, predictions of the different
models often deviate from each other significantly. Consequently, comprehensive validation and further development
of these models are needed based on a large set of available experimental data.
Therefore, this study aims to assess the performance of 18 recently published detailed reaction mechanisms using a
large amount of experimental data on the combustion of NH3/H2 and NH3/syngas fuel mixtures. The best-performing
models are further investigated by local sensitivity analysis to identify the key model parameters. The results of these
investigations provide more insight into the current state of the modeling of ammonia combustion and may facilitate
the development of better reaction mechanisms.

Materials and Methods
The literature of the experimental investigation of ammonia combustion has been extensively reviewed, and altogether,
4970 experimental data points (in 479 datasets) were utilized from 31 publications. In this work, only shock tube
ignition delay time (ST-IDT) measurements, concentration measurements in jet stirred and flow reactors (JSR and FR),
and laminar burning velocity (LBV) measurements are studied in which the fuel contains NH 3 and the co-fuels are H2
and/or CO. Experiments with NH3/H2 fuel mixtures include also measurements in which the fuel is pure NH 3. The
investigated experiments cover a wide range of combustion conditions (Table 1). In the case of LBV measurements,
the temperature values in Table 1 refer to the cold side temperatures. The experimental data were encoded in ReSpecTh
Kinetic Data (RKD) format XML files [28] and are available in the ReSpecTh site [29]. One XML file may contain
more than one dataset, e. g., in concentration measurements.
Table 1. Summary of NH3/H2 and NH3/syngas combustion experiments utilized in this work.
Experiment type

Datasets

NH3/H2 combustion experiments:
ST-IDT
26
JSR
113
FR
89
LBV
129
Overall:
357
NH3/syngas combustion experiments:
JSR
40
FR
2
LBV
80
Overall:
122

Data points

T/K

p / atm

φ

200
1651
1141
850
3842

1022–2489
500–1452
451–1973
298–476

1.01–41.65
1.00–1.20
1.00–98.69
0.50–10.00

0.50–2.00
0.01–1.50
0.00–2.44
0.40–1.80

229
18
881
1128

900–1350
873–1273
298–443

1.00
1.00
1.00–10.00

0.38–1.51
0.01
0.70–1.70

Simulations were carried out with the Optima++ simulation framework code [30], developed at the ELTE Chemical
Kinetics Laboratory. Optima++ reads the RKD format data files, sets up simulation tasks based on its content, and
invokes a simulation package to perform the simulation(s). In our present work, the OpenSMOKE++ program [31-34]
was used for the simulations. Using it with Optima++, a mechanism can be tested against several thousands of data
points in a single run.
The performances of the mechanisms were assessed based on the evaluation of an averaged error function defined as
follows:
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where NXML is the number of XML data files, N is the number of datasets, Ni is the number of data points in the i-th
exp
exp
dataset, Nds,i is the number of datasets in the XML file to which the i-th dataset belongs. 𝑌𝑖𝑗 and 𝜎(𝑌𝑖𝑗 ) are the j-th
data point in the i-th experimental dataset and its standard deviation, respectively. The corresponding 𝑌𝑖𝑗sim value is the
simulation result for that data point. We assume that the experimental data follow normal (Gaussian) distribution;
therefore, the function E follows a reduced chi-square distribution. For example, if E ≤ 9, then the model can reproduce
the experimental data within their 3σ uncertainty limits, on average.
Brute force local sensitivity analysis [35] was applied to identify the most important parameters of the best-performing
models. The sensitivities of the kinetic and thermodynamic (𝑐𝑝⊖ , Δf 𝐻𝑘⊖ , 𝑆𝑘⊖ ) parameters of the selected mechanisms
were investigated.

Results and Discussions
Significant differences were found between the performances of
the different models investigated. In the case of NH3/H2 fuel
mixtures, the averaged error function values range from 8.1 to
44.1, and from 7.0 to 42.8 in the case of NH3/syngas fuel mixtures.
One example for the large deviations in the predictions of the
mechanisms is shown in Fig. 1. Also, the performance of one
mechanism usually varies significantly with the type of
experiments. For instance, the E value of KAUST-2021 [20] is
2.91 for flow reactor measurements, while it is 17.5 for ST-IDT
experiments.
The best-performing mechanisms are KAUST-2021 [20],
POLIMI-2020 [36], and Otomo-2018 [16] for NH3/H2 fuel
mixtures, and Mei-2021 [26], Mei-2020 [12], and Shrestha-2021
[25] for NH3/syngas systems. The results indicate that further
mechanism development is needed to reproduce the
measurements more accurately.

Fig. 1. Comparison of the performances of the
investigated mechanisms for the LBV
measurements of Han et al. [9]. Symbols denote
experimental results and lines are model
predictions.

Even though the investigated models have different parameter
sets, local sensitivity analysis revealed that the most important reactions and thermodynamic properties are similar. The
most important reactions are not the same for the different types of experiments but most of them include the NH 3, NH2,
and/or NNH species. Among the thermodynamic parameters, model outputs are most sensitive to the data of NH3 and
NH2.

Conclusions
A comprehensive quantitative comparison of 18 detailed reaction mechanisms was performed using a large set of
experimental data in the combustion of NH3/H2 and NH3/syngas fuel mixtures including shock tube ignition delay time
measurements, concentration measurements in jet stirred and flow reactors, and laminar burning velocity
measurements. Results showed that even though some models can reproduce the experimental results very well under
some circumstances, their overall performance should be improved significantly. The authors believe that the results
presented in this work will help in the selection of the best-performing mechanisms for the combustion of NH 3/H2 and
NH3/syngas fuel mixtures and facilitate further mechanism development for these systems.
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Introduction
In recent years, ammonia (NH3) as a carbon-free fuel has attracted extensive attention. However, the direct utilization
of ammonia as a fuel in gas turbine applications meets obvious challenges. It has a low reaction reactivity which may
lead to poor flame stability and low combustion efficiency. Enhancing ammonia combustion by co-firing with highreactivity fuels is considered an effective way to solve this problem. Dimethyl ether (DME), as a renewable fuel, can
be converted and synthesized from CO2 and H2O using renewable electricity from solar energy and wind energy. Thus,
compared with the conventional co-firing strategy with natural gas, NH3/DME co-firing does not introduce an additional
carbon footprint, which has prominent advantages and extensive potential in carbon-neutral and low-emission gas
turbine combustion.
Currently, there are some preliminary research works on NH3/DME combustion reaction kinetics, including laminar
flame speed and ignition delay time, etc. In addition, Murakami et al. studied NH3/DME oxidation characteristics in a
micro-flow reactor and revealed the effects of fuel components and equivalence ratio (ϕ) on its oxidation reactivity.
The results show that under the condition of ϕ=1, when the proportion of ammonia in the fuel mixture increases from
0 to 15%, the oxidation process of DME is promoted and the reactivity of the blending fuels is then enhanced. Reaction
pathway analysis indicates that NOx produced by the NH3 oxidation converts the less-reactive radicals into highly
reactive ones through the so-called NOx sensitization pathway at intermediate temperatures of 800-1000 K. However,
the impact of NO/NO2 addition on the oxidation reactivity of NH3/DME/air mixtures over a wide range of fuel
compositions and NOx concentrations has not been well studied and revealed which would show a remarkable influence
in exhaust gas recirculation application of internal combustion engines. The objective of this work is to propose a
comprehensive kinetic model for NH3/DME and further the understanding of NO/NO2 interaction with NH3/DME over
a wide range of fuel compositions.

Conclusions
NO or NO2 addition has a different impact on the ignition delay time of ammonia/dimethyl ether blending fuels with
different fuel compositions and the underlying mechanism is revealed by sensitivity analysis and reaction flux pathway
studies. NO promotes the oxidation reactivity at smaller ammonia ratios and high NO concentrations, and the effect
will shift from promotion to inhibition as the ammonia ratio in the blending fuel increases. The former is due to the
NO⇄NO2 cyclic sensitization reactions, while the latter comes from the formation of N2 from NO via the De-NOX
reactions. On the other hand, NO2 can significantly promote the reactivity of the blending fuels with a wide range of
NH3 ratios, mainly because NO→NO can be converted via two pathways, CH 3→CH3O and
NH2→H2NO→HONO→OH. The co-exist dual cyclic reaction pathways of NO⇄NO2 increase the OH production rate
significantly.
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Introduction
Maritime transport, heavy-duty vehicles and airplanes will be powered by combustion engines in the coming decades,
despite the recent boom of electric engine technologies for light-duty vehicles [1]. Carbon dioxide (CO2) emissions
constitute the most important part of global greenhouse gas emissions from the combustion of fossil fuels currently
used in combustion engines. Since cryogenic hydrogen is difficult to store over long periods due to its gradual boiling,
ammonia has instead been proposed as a potential hydrogen carrier and carbon-free energy vector that could provide
zero carbon emissions power [2]. However, ammonia thermo-chemical characteristics limit the spreading and actual
application of this fuel. If fossil fuels (diesel/gasoline) are simply replaced by ammonia, the engines would immediately
halt as ammonia does not ignite in the current engine. Ammonia suffers from a very low flame speed [3], making this
fuel challenging to burn. In recent decades, theoretical and experimental research on ammonia combustion mechanisms
has been widely conducted. Table 1 presents recently published mechanisms for ammonia relevant combustion. Despite
the vast number of studies on ammonia oxidation kinetics, wide disparities still exist in the prediction of ammonia
combustion characteristics by different kinetics mechanisms. Ammonia has been tested in different industrial devices,
such as gas turbines, reciprocating engines, industrial furnaces, and co-firing of ammonia in pulverized coal combustion
for power generation. For compression ignition heavy-duty engines, the dual-fuel approach is one of the best solutions
for the utilization of ammonia. Ammonia is burned with a 'pilot' high reactivity fuel, for example, diesel, biodiesel or
dimethyl ether, to achieve reliable ignition. High fidelity numerical simulations based on well-validated chemical
kinetic models are needed to advance the ammonia-based combustion technologies. Three-dimensional (3D)
simulations of ammonia engines are, however, lagged behind due to the lack of reliable chemical mechanisms with a
small number of species and reactions. The current ammonia and ammonia blend mechanisms are limited to the C2
hydrocarbon fuels, as shown in Table 1. Thus, the aim of this work is to develop a skeletal mechanism for nheptane/ammonia blend mixtures that can be used in the simulation of diesel/ammonia dual-fuel combustion.
Table 1 Ammonia mechanisms from the references
Author
Bertolino et al.[4]
Stagni et al.[5]
Shresta et al.[7]
Otomo et al.[9]
Mevel et al.[11]
Nakamura et al.[13]
Glarberg et al.[14]
Okafor et al.[16]
Konnov[17]
Mathieu et al.[18]

Year
2021
2020
2018
2018
2009
2017
2018
2018
2009
2014

Fuel
NH3
NH3
NH3
NH3
NH3
NH3
NH3/C1-C2
NH3/CH4
NH3/CH4
NH3/CH4

NS /NR
31/230
31/203
125/1090
32/213
32/203
33/232
151/1397
59/356
127/1207
35/159

Comments
data-driven approach (635 experimental datapoints)
under-predicts the LBVs of ammonia fuel [6]
predicts a shorter IDT for fuel rich conditions [8]
slightly underestimates LBVs for NH3/H2/air flames [10]
under-predicts the IDTs [12]
satisfactory predictions of IDTs and LBVs [12]
over-prdicts the LBVs [15]
under-predicts LBVs for NH3/H2/air flames [15]
2.5 times over-prdicts LBVs [13]
satisfactory predictions of IDTs and LBVs [12]

Materials and Methods
The skeletal chemical kinetic mechanism for the combustion of n-heptane/ammonia blends is developed using a
technique known as the decoupling methodology. The basic idea of the decoupling methodology can be described to
consist of three steps: development of a complete sub-mechanism for C0–C1 hydrocarbons, development of a reduced
sub-mechanism for C2–C3 hydrocarbons, and development of a skeletal fuel specific sub-mechanism [19]. In the
present study, the n-heptane skeletal mechanism is taken from the recent work of Chang et al. [20], in which a set of
skeletal mechanisms were developed for normal alkanes of C5–C20 by coupling the decoupling methodology, the
reaction class-based global sensitivity analysis method, and a genetic algorithm. The ammonia mechanism is adapted
from the original work of Stagni et al. [21] that was optimized by Bertolino et al. [4] using a machine learning method.
The H2/O2 and NOx sub-mechanisms are nearly the same as those in the n-heptane skeletal mechanism [20], except
that a few reactions need to be adjusted. For the duplicate reactions of these two mechanisms, the reaction rates in the
n-heptane mechanism are considered a high priority. The sub-mechanisms for the ammonia and n-heptane skeletal
mechanism are illustrated in Fig.1. It can be found that the initial skeletal mechanism obviously over-predicts the IDT
of the mixture (NH3, 9.8 vol.%, C7H16 1.03%, O2 9.37%, and Ar 79.8% at p=15 atm and Φ=2.0.) as compared with the
measured data, especially for the data under low-temperature conditions. A sensitivity analysis of the IDT was
performed to identify the key reactions. Then, their rate constants are optimized to enhance the performance of the

skeletal mechanism using the genetic algorithm. As seen in Fig. 1, the final skeletal mechanism satisfactorily reproduces
the ignition behavior of the n-heptane/ammonia blends.

Fig. 1. The sub-mechanisms in the ammonia/heptane mechanism, and comparison of the measured IDTs (symbols)
with the calculated results using the initial/final skeletal mechanism (lines) for the mixture of NH3

Results and Discussions
Experimental studies on the fundamental combustion behavior of NH 3/n-heptane blends are rare. Recently, Yu et al.
[22] measured the IDTs of ammonia/n-heptane mixtures in an rapid compression machine with the pressure of 10 ∼ 15
bar and temperature ranging from 600 ∼ 1000 K. The IDTs of four ammonia/n-heptane mixtures with various NH3/nheptane blending ratios and equivalence ratios studied by Yu et al. [22] are simulated to evaluate the performance of
different mechanisms in the literature and the present skeletal mechanism. The composition, Ar dilution ratio,
ammonia/n-heptane energy ratio and other parameters of the four ammonia/n-heptane mixtures are referred in the
literature [22]. Figure 2 shows the measured and predicted IDTs of various ammonia/n-heptane mixtures at 10 and 15
bar pressures. The simulations are done using the present skeletal mechanism and the detailed mechanisms of Yu et al.
[22] (1376 species and 6499 reactions) and Shrestha et al. [23] (402 species and 2543 reactions). The negative
temperature coefficient (NTC) ignition behaviors for ammonia/n-heptane mixtures is well predicted by the three
chemical kinetic mechanisms. It can be seen that the present skeletal mechanism, specially developed for ammonia/nheptane blend fuel, predicted the NTC behaviour well. The pressure dependence behavior is clearly captured by the
three chemical kinetic mechanisms with the present skeletal mechanism showing the best agreement with experiments.
The Yu mechanism over-predicts the IDTs for mixtures 3 and 4 at 15 bars.
(a) Pressure = 10bar

(b) Pressure = 15bar

Fig. 2. IDTs of n-heptane/NH3/O2/Ar mixtures at the pressure of 10 bar (a) and 15 bar (b). Symbols are the
experimental results and lines are the simulation results using different mechanisms.

Conclusions
In this study, the decoupling methodology and an optimization algorithm were employed to develop a skeletal chemical
kinetic mechanism for the combustion of n-heptane/ammonia blend fuels. The final skeletal mechanism includes 69
species and 389 reactions. The newly developed ammonia/n-heptane mechanism was validated against the experimental
data of ammonia/n-heptane mixtures, including IDTs measured in rapid compression machines.
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Introduction
Future applications of ammonia as a fuel will be probably based in the blending of ammonia with hydrogen or carbon
fuels, at least in the mid-term, in order to facilitate a transition to a carbon free economy. The presence of carbon
combustibles in the mixtures can affect significantly the combustion regime. CO is known to affect enormously the
O/H radical pool of a combustion environment, boosting or suppressing fuel conversion depending on the specific
operating conditions, but other carbon fuels such as methane, representative of natural gas or biogas, may affect as well
the conversion of NH3, but also the final emission of NO.
It is likely that NO will be formed during combustion of ammonia, at least in some extent. On the other hand, both
ammonia and methane are known to be effective NO reduction agents, under specific conditions, in the well-known
selective non-catalytic (SNCR) and reburn processes. While selective non-catalytic reduction of NO by ammonia is
known to proceed efficiently in the presence of air excess at a temperature around 1250 K, NO reburning is particularly
effective at high temperatures and fuel-rich conditions. During the burning of NH3/CH4 mixtures, both NO reduction
mechanisms can be active depending on the specific conditions, and the present work aims to identify their contribution.

Conclusions
The joint presence of ammonia and methane implies changes compared to the presence of combustibles themselves.
Conversion of NO is produced by both SNCR and reburn mechanisms, even though it is seen to be lower compared to
what is obtained when ammonia or methane are present individually. In the NH3/CH4/NO mixtures, ammonia and
methane compete for the radical pool, which results in an inhibition of ammonia conversion and a promotion of methane
conversion. In these mixtures, ammonia is seen to be the most effective reduction agent for NO, under a variety of
conditions, and the SNCR and reburn reduction effects are not additive.
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Introduction
As a carbon-free fuel, safer (on a flammability standpoint) and easier to transport than hydrogen [1], ammonia (NH3)
has received a considerable amount of attention from the combustion community lately [2-11]. Despite this large
amount of research effort, understanding its combustion chemistry remains challenging [12-14], and much work needs
to be done before NH3 can be used in a gas turbine [ ] or an internal combustion engine [16].
Chemiluminescence is often used as a reliable, inexpensive, and robust way to diagnose combustion phenomena in
laboratory and industrial settings, and developing a model for ammonia combustion chemiluminescence could benefit
the development of these applications. Unfortunately, as far as the authors know, there is currently no model for
ammonia-specific chemiluminescence during NH3 combustion in the literature. The aim of this study was thus to
perform chemiluminescence measurements of NH2* during NH3 combustion in a shock tube and to use these data to
develop a tentative model.

Materials and Methods
Experiments were conducted in a single-diaphragm shock tube using He as the driver gas. The mixture of ammonia and
oxygen was highly diluted in Ar and prepared using the passivation method detailed in Mathieu and Petersen [17].
Since the composition can still vary despite the passivation method [12], the composition of the mixture was checked
during the experiments with the use of a laser absorption diagnostic for water [18], by fitting the experimental profiles
at the plateau with the model from Otomo et al. [19] (found to accurately predict H2O levels at the plateau under these
conditions in Alturaifi et al. [13]). The concentration of NH3 was then back calculated, and the equivalence ratio
determined with this technique was ϕ = 0.32±0.01 during our study, indicating high repeatability in the method. NH2*
measurements were taken using a filter centered at 633 nm, as reported in Pugh et al. [20].
A sub-mechanism was created to model these chemiluminescence profiles. Reactions pertaining to the
chemiluminescence sub-mechanism were identified by determining reactions exothermic enough to produce NH2*
from the relevant ground state reactions, meaning that these reactions released more energy than the difference between
ℎ𝑐
the ground state molecule and the relevant excited state (Table 1). This difference is found by the equation ∆E= 𝑁𝐴
𝜆
[21]. These reactions were given rate parameters based on similarity between ground and excited states of OH* in
Kathrotia et al. [22] and added to a literature mechanism – Nakamura et al. [4]--known to work well in ammonia
pyrolysis and oxidation under our conditions [12,14]. Reactions involved in the de-excitation of NH2* through the
release of light and collisional deactivation were also added with the rate coefficients taken from the Kathrotia OH* deexcitation reactions. Thermodynamic data for the excited species were developed by considering the enthalpy of NH2*
compared to the ground state molecule using the thermodynamic data for NH2 from Glarborg et al. as a reference [23].
Table 1: Reactions and rate coefficients for NH2* formation (k=ATn exp(-E/T)).
Reaction
A (s-1)
n

E (K)

NNH+NH  N2+NH2*

1.6108

0.0

5.975103

H2NN+O  NH2*+NO

1.0104

0.0

1.600107

NH2*+M  NH+H+M (reverse)

3.83109

0.0

4.500107

Results and Discussions
Experimental profiles were normalized to the one obtained at the highest temperature, which is the one displaying the
highest signal intensity (Fig. 1a). As one can see, the signal intensity decreases and the timing at which the peak signal
is observed increases when the temperature decreases. The comparison with the model (Fig.1b) shows that the
experimental trends are predicted and that the overall shape of the profiles compares to the experimental ones. However,
the predicted profiles are not wide enough, their timing is too early, and the peak intensity decreases too fast with the
temperature. Note that most of these issues are actually down to the base chemistry for which there are many
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uncertainties remaining [12-14]. Attempts to improve the predictions are ongoing by looking at the rate coefficients
and thermochemistry in this mechanism and other base mechanisms as well.
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Fig. 1. (a) NH2* experimental profiles normalized to the one obtained at 2420 K. (b) selected NH2* experimental and
computed profiles, both normalized to the profile obtained at 2420 K.

Conclusions
The chemiluminescence for NH2* was observed in a shock tube for a wide range of temperatures. Results show that,
as the temperature decreases, the delay at which the peak intensity is observed increases and its intensity decreases. A
tentative mechanism for NH2* chemiluminescence was developed and was able to predict the experimental trends.
However, more work is required on this mechanism as well as on the ammonia chemistry to further improve the
predictions.
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Introduction
Previous studies have widely investigated the laminar burning velocity (SL) of NH3 with air [1-6] and with other O2-N2
oxidizers of varying composition [7, 8] to provide extended experimental data for the improvement of NH3 kinetic
models. However, the SL of NH3-O2 mixtures with different inert gases is rarely studied [8-10]. Inert gases such as Ar
and He can extend the SL database to a higher flame temperature range compared to N2 while keeping the same
concentration of O2; furthermore, they will not be involved in chemical reactions of NH3. Due to the lack of SL data of
NH3-O2-inerts for validation, the up-to-date NH3 kinetic models [11-13] show divergence compared with the literature
SL [9, 10] as well as among models themselves, as shown in Fig. 1. The present study measured SL of NH3-O2 mixtures
with a 30-60% Ar dilution ratio, at an equivalence ratio range of 0.4-1.5. Six advanced NH3 kinetic models were selected
and validated. It was found that the Han model [11] and the Shrestha model [8] give the best performance, further
sensitivity analyses revealed the differences between their dominant nitrogen chemistry under the investigated
conditions.

Fig. 1. Experimental (symbols) [9, 10] and numerical (lines) laminar burning velocity of NH3-O2-inert mixtures. The
left measurements are from Hou et al. [9] and the right are from Li et al. [10].

Materials and Methods
The SL was determined using a typical heat flux burner setup from Lund University. The determination of the SL
includes routine procedures of calibration, test experiments with a well-known fuel and the measurements, accompanied
by the evaluation of experimental uncertainties [14]. In the present work, the uncertainty of SL is determined to be better
than ±1.5 cm/s. Experimental conditions are listed in Table 1. All the experiments were carried out at an initial
temperature of 298 K, and a pressure of 1 atm. Numerical simulations were conducted using the Premix Laminar Flame
Speed code of the Chemkin-Pro software [15] considering multicomponent transport and thermal diffusion options. A
grid-independent solution was ensured by setting the parameters GRAD and CURV to 0.02 and 0.05, resulting in a
number of grid points around 500-700 over the domain of 3 cm.
Dilution ratio XAr%
Equivalence ratio ϕ
40
0.5 - 1.4
50
0.4 - 1.5
35 - 60
0.7
40 - 60
1.0
30 - 60
1.3
Table 1. Investigated NH3-O2-Ar mixtures in the present study.

Results and Discussions
Figure 2 shows present SL data of NH3-O2-Ar mixtures at ϕ=1. With Ar dilution ratio increasing from 40% to 60%, SL
decreases from 54.37 cm/s to 19.76 cm/s. Six comprehensive models published after the year 2020 were selected and
validated using the present results, a brief overview of these models is given below:
1. Han model [11], which contains 36 species and 298 elementary reactions, was developed at Lund University in 2021.

2. Glarborg model [16, 17], which contains 35 species and 208 elementary reactions. The main body of this model was
published in 2021 [16], and rate constants for NH2+HO2 reactions were updated in their most recent work [17].
3. Shrestha model [8], whose H/N/O subset has 32 species and 262 elementary reactions, was developed at Brandenburg
University of Technology in 2020.
4. Stagni model [18], which contains 31 species and 201 elementary reactions, was developed at Politecnico di Milano
in 2020.
5. Zhang model [13], which contains 37 species and 263 elementary reactions, was developed at King Abdullah
University of Science and Technology in 2021.
6. Gotama model [12], which contains 32 species and 165 reactions, was developed at Tohoku University in 2022.

Fig. 2. Experimental (symbols) and numerical (lines) laminar burning velocity of NH3-O2-Ar mixtures versus Ar
dilution ratio at ϕ =1, 1 atm, and 298 K.
For all investigated mixtures shown in Table 1, the Han model [11] and the Shrestha model [8] predict SL quite
accurately. Fig. 3 shows the normalized A-factor reaction sensitivity coefficients for SL calculated using these two
models at ϕ =1, 1 atm, and 298 K, with 40% and 60% Ar dilution. In both models, Ar dilution ratio variation does not
change the dominant reactions, and the chain branching reaction H+O2=OH+O is of the most importance. However,
the remaining sensitive reactions show a large difference between these two models. The Han model [11] shows that
HNO-related reactions HNO+H=NO+H2 and H+NO(+M)=HNO(+M) are very sensitive which however show less
importance in the Shrestha model [8]. Instead, N2H2-related reactions are very sensitive in the Shrestha model [8]
including N2H2+M=NNH+H+M and N2H2+H=NNH+H2, which are not important in the Han model [11]. This
difference is caused by different adopted rate constants for the above reactions in these two models.

Fig. 3. Influence of Ar dilution ratio on sensitivity coefficients for the laminar burning velocity at ϕ =1, 1 atm, and
298 K, calculated by (a) the Han model [11]. (b) the Shrestha model [8].

Conclusions
The present study extended current scarce SL data of NH3-O2-Ar mixtures using the heat flux method, at 298 K, 1 atm
with various Ar dilution ratios. Six advanced NH3 literature kinetic models were validated with new SL data. Calculation
results show that although the Han model [11] and the Shrestha model [8] predict present SL data accurately, from a
microscopic perspective they do not agree with each other, and the rate constants of HNO-related reactions and N2H2related reactions need to be further studied.
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Introduction
Ammonia (NH3) as a carbon-free nitrogen-based hydrogen carrier fuel has attracted research interest in the past few
years. Despite many advantages of ammonia over hydrogen gas, namely, higher energy capacity, easier to be liquified,
stored and transported, and safer, ammonia as fuel still has several downsides, such as low combustion intensities, slow
laminar burning velocity, and narrow flammability range. Numerous studies have focused on overcoming these
challenges, such as blending ammonia with combustion promoters. Among them, the ammonia and methanol blends
are of particular interest due to methanol’s low carbon footprint, high reactivity, and low toxicity. In combustion
science, the detailed kinetic mechanisms containing elementary reactions are effectively employed to study the complex
chemistry of the combustion of different fuels and survey the concentration profiles of all produced stable species and
radicals. Therefore, performing a simulation using such a kinetic mechanism could be beneficial for the environment
and the industry. The objectives of this study are focused on exploring the current capabilities of Reaction Mechanism
Generator (RMG) software to automatically generate a model for ignition of NH 3/CH3OH fuel blend at elevated
pressures. Beyond the experimental results for the IDT of NH3/CH3OH from literature, the autoignition of NH3/CH3OH
mixtures has been investigated in a high-pressure shock tube (HPST) at high temperature to provide additional
experimental points for a wide range of temperature that is beneficial for the model validation.

Conclusions
Mechanism development is a complex process by itself, and it is usually combined with experimental studies to
understand and evaluate the ignition chemistry of the investigated fuel mixtures. In this work, the RMG software is
used to automatically generate a kinetic mechanism for the auto-ignition of ammonia/methanol blend mixtures. The
IDT of ammonia/methanol mixtures was measured in an HPST at the pressure of 10 bar, equivalence ratios of 0.5, 1.0
and 2.0, and temperatures between 1050 and 1550 K for methanol content of 0-20%. These IDT data were combined
with prior literature data for the IDT at 20 and 40 bar and 845 – 1100 K. The detailed mechanism satisfactorily predicted
the combined set of IDTs of ammonia/methanol blends. Further analysis with the kinetic model showed that the
reactions involving C- and N- containing species are found to be significant for the autoignition of different
NH3/CH3OH mixtures.
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Introduction
Burning of fuels to generate energy is essential for domestic and industrial activities. However, the use of hydrocarbon fuels
yields emissions containing harmful pollutants that cause numerous ecological damages that reflect severely on human health
and climate change. Therefore, finding an alternative carbonless fuel for the replacement of conventional fuels and attaining
zero-carbon emissions is of extreme importance. Regarding carbon-free fuels, ammonia (NH3) provides several advantages
over hydrogen (i.e. higher energy density, it can be utilized safely due to its low flammability, and there is a vast existing
infrastructure) [1]. However, the narrow combustion range (0.63–1.4), the low burning velocity (0.07 m/s), high auto-ignition
point (924 K), and the high level of NOx emissions are challenges to be solved for large-scale usage of ammonia [1,2]. To
overcome the drawbacks of NH3-based combustion, hydrogen has been introduced as an additive agent to improve the
combustion characteristics in terms of laminar burning velocity [1,2]. Several studies have been carried out dealing with
improving the laminar burning velocity of NH 3 by blending it with different H2 concentrations [3,4]. According to their
findings, increasing the hydrogen fraction will increase the laminar burning velocity. Meanwhile, adding hydrogen will
change the emission characteristics, which can be considered another challenge for NH3-based combustion, as the emissions
concentrations must follow acceptable limits of emission regulations. The combustion chemistry of NH3 has been also
investigated over the years. Many attempts have been introduced in the hope of understanding the chemical nature of NH3 as
a fuel. Several kinetic reaction mechanisms have been established and improved to study the combustion characteristics of
NH3. These mechanisms can estimate the combustion characteristics of NH3 as a pure fuel [5–14] or blended with other fuels
such as H2 [4]. Not all the mechanisms predict the concentration of NOx emissions satisfactorily due to the lack of information
in their database, which is in turn based on available experimental measurements. The aim of this study is to analyze the
performance of 30 reaction kinetic mechanisms from the literature to test their ability in estimating experimental
measurements (NO emissions) obtained in a parallel program, whilst looking for a minor level of discrepancy.
Materials and Methods
To avoid stabilization issues and obtain accurate measurements, a stagnation flame configuration has been used to determine
the concentration of NO from the combustion of 70%NH3-30%H2 blended fuel. The experimental work has been carried out
at Tohoku University using a stagnation flame configuration. The detail of the experimental setup can be found elsewhere
[15]. Ammonia and hydrogen were used as fuel, and the air was used as an oxidizer. All the experimental tests have been
conducted under atmospheric conditions (T=295K, P=1 atm). The experimental measurements of NO concentration have
been employed for various equivalence ratios, f, ranging between 0.6 and 1.4. To generate a stagnation flow, a top stagnation
plate was mounted 20 mm above the burner outlet. The values of the top plate surface temperature (Tw) and the mixture inlet
velocity (Vin) were varied due to the variation in equivalence ratios, which in turn caused the laminar burning velocity to
change. The numerical simulations have been conducted using CHEMKIN with a premixed laminar burner-stabilized
stagnation flame model. The boundary conditions of plate surface temperature and mixture inlet velocity were determined
using a polynomial based on experimental results. Thirty chemical reaction mechanisms from the literature have been
implemented to check their performance by comparing the product gas characteristics calculated by each one of the tested
mechanisms with the experimental measurements, Table 1. To analyse the performance of each reaction mechanism, the
absolute percentage error (APE) relation adopted by [16] was used to calculate the error percentage between the estimated
numerical data and the experimental results in terms of NO concentration within two ranges of equivalence ratios (lean and
rich conditions).

Table 1: Chemical kinetic mechanisms used in the present work
NO.

Kinetic mechanism

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

(Bertolino et al., 2021)
(Mei et al., 2021a)
(Mei et al., 2021b)
(Gotama et al., 2022)
(Shrestha et al., 2021)
(Wang et al., 2021)
(Zhang et al., 2021)
(Stagni et al., 2020)
(Han et al., 2019b)
(Mei et al., 2019)
(Okafor et al., 2019)
(Song et al. 2019)
(Glarborg et al., 2018)
(Shrestha et al., 2018)
(Otomo et al., 2018)

No. of
Reactions
264
264
257
119
1099
444
263
203
177
265
356
2361
231
1081
213

No. of
species
38
38
40
26
125
91
38
31
35
38
59
153
39
124
32

Ref.

NO.

Kinetic mechanism

[5]
[6]
[7]
[4]
[9]
[10]
[12]
[13]
[25]
[14]
[28]
[30]
[32]
[8]
[35]

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

(U. Mechanism, 2018)
(Klippenstein et al., 2018b)
(Nakamura et al., 2017)
(Song et al., 2016)
(Nozari and Karabeyoʇlu, 2015)
(Mathieu and Petersen, 2015)
(Duynslaegher et al., 2012)
(Klippenstein et al., 2011)
(Zhang et al., 2011)
(Mével,2009)
(Konnov, 2009)
(Mendiara and Glarborg, 2009)
(Tian et al., 2009)
(Dagaut et al., 2008)
(Smith et al., 2000)

No. of
Reactions
41
211
232
204
91
278
80
202
701
203
1207
779
703
250
325

No. of
species
20
33
33
32
21
54
19
31
88
32
127
79
84
41
53

Ref.
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[26]
[27]
[29]
[31]
[33]
[34]
[36]

Results and Discussions

NO (PPm)

The numerical and experimental results show that the maximum concentration of NO reaches a peak when the equivalence
ratio is equal to 0.8 and starts decreasing with the decrease or increase of the equivalence ratio. In the case of f ˃ 1.2, the
formation of NO is almost negligible, Fig.1. Also, the concentration of the unburned NH3 increased when the equivalence ratio
exceeded 1.2. Therefore, 1.2 can be considered the optimal value of the equivalence ratio in which the concentration of NO
formation and production of unburned NH 3 is nearly negligible. Regarding the comparison between the numerical outcomes
and experimental results, the absolute percentage error (APE) function shows that (Glarborg et al., 2018) and (Klippenstein et
al., 2018b) kinetic models have the same trend consistency in the estimation of experimental measurements. On the contrary,
(Gotama et al., 2022) kinetic model gives an accurate estimation under rich conditions and its performance deteriorates when
the equivalence ratio is in the range of 0.6-1.0, Fig.1.
10000
The numerical investigations also show that
Nakamura kinetic model is the best model among the
8000
30 tested, as it can predict the concentration of NO
with a minor level of discrepancy (3%-9%) at the full
range of equivalence ratios (0.6-1.4). Meanwhile, all
6000
the tested mechanisms show that HNO is the major
route for NO formation, and OH radicals have an
4000
important effect on NO production as well. When the
Nakamura et al. (2017)
equivalence ratio equals 0.8, the reaction analysis for
Klippenstein et al. (2018)
2000
Glarborg et al. (2018)
the combustion products estimated by the Nakamura
Gotama et al. (2022)
model revealed that most of the NO formation is due
ExP.
to the kinetic reactions HNO+OH↔NO+H2O,
0
HNO+H↔NO+H2, and NH2+NO↔N2+H2O, where
0.4
0.6
0.8
1
1.2
1.4
1.6
the first reaction is responsible for the formation of
-2000
~30% of NO, while the second and the third reactions
Equivalance ratio (Ø)
oversee productions of ~27% and ~11% of NO,
Fig. 1. The NO concentration of NH3-H2 flames predicted by the four
respectively.
best kinetic mechanisms for the full range of equivalence ratios (0.6-1.4).

Conclusions
An experimental and numerical simulation has been carried out to study and analyze the concentration of NO emission resulting
from the combustion of 70%NH3-30%H2 blended fuel. The main conclusions are listed as follows:
-In the lean conditions, both (Glarborg et al., 2018) and (Klippenstein et al., 2018b) kinetic models work properly, but the
accuracy of the estimation deteriorates when the equivalence ratio moves to rich conditions.
-The kinetic mechanism of (Gotama et al., 2022) predicts satisfactorily the NO concentration at rich conditions rather than lean
conditions, with the error percentage value increasing at the very lean condition (f = 0.6) to values ~36%.
-Along the full range of f = 0.6-1.4, the kinetic model of (Nakamura et al., 2017) leads the tested mechanisms list, where the
estimation error was in the range of 3%-9%. Therefore, it can be considered the best mechanism among the 30 tested models
with a low level of discrepancy.
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