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Abstract: Ammonia (NH3) has been receiving the attention of researchers as an alternative promis-
ing green fuel to replace fossil sources for energy production. However, the high NOx emissions are 
one of the drawbacks and restrictions of using NH3 on a broad scale. The current study investigates 
NO production/consumption for a 70/30 (vol%) NH3/H2 mixture using kinetic reaction mechanism 
concepts to shed light on the essential reaction routes that promote/inhibit NO formation. Sixty-
seven kinetic reaction mechanisms from the literature have been investigated and compared with 
recently reported measurements at a wide range of equivalence ratios (ϕ) (0.6–1.4), atmospheric 
pressure and temperature conditions. Both numerical simulations and experimental measurements 
used the same combustion reactor configuration (premixed stabilized stagnation flame). To high-
light the best kinetic model for the predicting of the NO experimental measurements of NO, a sym-
metric mean absolute percentage error (SMAPE) has been determined as a preliminary estimation 
by comparing both numerical and experimental measurements. The results found that the kinetic 
reaction mechanism of Glarborg showed an accurate prediction with a minor error percentage of 
2% at all lean and stoichiometric conditions. Meanwhile, the kinetic model of Wang accurately pre-
dicted the experimental data with 0% error at ϕ = 1.2 and underestimated the mole fraction of NO 
at 1.4 ϕ with an error of 10%. The sensitivity analysis and rate of production/consumption of NO 
mole fractions analysis have also been implemented to highlight the most important reactions that 
promote/inhibit NO formation. At lean and stoichiometric conditions, Glarborg kinetic model 
shows that the kinetic reactions of HNO + H	⇌	NO + H2, HNO + O	⇌	NO + OH, and NH + O	⇌	NO 
+ H are the most important reaction routes with considerable effect on NO formation for 70/30 
(vol%) NH3/H2 mixture. In contrast, the reactions of NH2 + NO	⇌	N2 + H2O, NH2 + NO	⇌	NNH + OH, 
NH + NO	⇌	N2O + H, and N + NO	⇌	N2 + O significantly consume NO to N2, NNH, and N2O. 
Further, Wang’s mechanism illustrated the dominant effect of each HNO + H	⇌	NO + H2, N + OH	⇌	NO + H, NH + O	⇌	NO + H in NO formation and NH + NO	⇌	N2O + H, NH2 + NO	⇌	NNH + OH, 
and NH2 + NO	⇌	N2 + H2O in the consumption of NO mole fractions. 

Keywords: ammonia; burner-stabilized stagnation flame; kinetic modeling; NO formation/ 
consumption; reaction mechanisms 
 

1. Introduction 
Energy plays a crucial role in human life, while the combustion of conventional fuels, 

such as coal, significantly contributes to most of the total energy production throughout 
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human history. The vast increase in worldwide population and the increase in relevant 
industrial processes has contributed to the deterioration of the ecosystem causing envi-
ronmental issues such as climate change. Carbon dioxide (CO2) is the most prominent 
GHG responsible for raising global temperatures, since 30% of the global warming impact 
is caused due to the production of CO2 [1]. Due to the role of combustion as an important 
contributor to GHG emissions, finding fuel sources to attain zero carbon emissions is crit-
ical [2]. Both ammonia (NH3) and hydrogen (H2) can be used as carbon-free fuels. How-
ever, it is preferred to use NH3 over H2—in some circumstances—as NH3 is an efficient H2 
carrier with high gravimetric hydrogen density, which makes it a potential medium for 
hydrogen storage; further, the handling, transportation, and distribution of NH3 are com-
paratively more accessible and safer compared to H2 [3]. 

Furthermore, the vast existing infrastructure and the ease of NH3 liquefication com-
pared to pure H2 significantly impact transport processes and final costs [4]. Despite the 
significant advantages provided by NH3, there are some concerns about the drawbacks 
represented by the low burning velocity and high nitrogen oxides (NOx) formation when 
using this molecule [4]. High-fuel NOx formation coincides with increasing environmental 
challenges [3]. The ideal combustion of NH3 produces only nitrogen (N2) and water (H2O) 
without having NOx traces [5]. However, in practical combustion systems, NOx produc-
tion is substantial, especially under fuel-lean conditions [5]. 

Similarly, the low burning velocity is a practical challenge. To overcome this draw-
back of NH3 and improve its combustion characteristics, it is recommended to blend NH3 
with another fuel such as H2 [6]. Moreover, as there will be no CO2 production in the by-
products, H2 can be considered the cleanest additive when mixed with NH3. In addition, 
the capability of producing H2 as a product from the cracking process of NH3 can have 
further benefits. The effects of adding H2 to the NH3 flames have been investigated exper-
imentally by Choi et al. [7] using counterflow non-premixed NH3/H2/air flames. Their 
study found that the radical pools of H, OH, and O increase when the H2 fractions increase 
in the mixture, resulting in an increase in the maximum flame temperatures and the blow-
off resistance. 

Several experimental studies [8–14] have been carried out on ammonia-based com-
bustion. Tohoku University’s studies have focused on developing turbine burners with 
low-NOx formation [8,9]. The research group used both pure NH3 as fuel and blended fuel 
of NH3/H2. Their outcomes showed that the NO mole fraction rapidly decreased in rich 
conditions, whereas the concentration of unburned NH3 increased under the same condi-
tions [9]. Additionally, the total NH3 emission resulting from swirling flows is affected by 
the unburnt NH3 flowing nearby the liner wall [9]. Several experimental studies have been 
performed at Cardiff University, United Kingdom, on H2/NH3 blends by using a generic 
tangential swirl burner to burn a variety of mixtures at different power outputs NH3 [10–
13]. Their studies have investigated various equivalence ratios and blending ratios, such 
as spectrometric profiles and emissions (NO, N2O, NO2, and NH3). Their finding showed 
that the maximum concentration of NO hits the peak in lean conditions (ϕ ≈ 0.9) for pure 
NH3 and NH3/H2 blends. 

In contrast, NOx concentration decreases when moving the equivalence ratio to the 
leaner or richer conditions, typically more towards the rich side. Studies have shown that 
the concentration of NH2 increases at rich conditions, and both NH2 and NNH have high 
sensitivity to NO formation/decomposition [13]. Along with this effect, NH3 oxidation 
processes and NOx production were experimentally investigated by Abián et al. [14] using 
a laboratory quartz tubular flow reactor. The experimental outcomes showed that increas-
ing O2 levels would decrease the temperature requirements to attain the complete oxida-
tion of NH3, and high levels of O2 promote NO formation. 

Since NH3 lacks carbon, NO is the major harmful pollutant from NH3 combustion. In 
most cases, the fuel-bound nitrogen is the main contributor to NOx formation in NH3 
flames rather than the thermal NOx produced by atmospheric nitrogen [15]. Conse-
quently, a deep understanding of NH3 combustion chemistry is required. Furthermore, a 
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detailed analysis of NOx production pathways is necessary to precisely estimate emissions 
due to fuel-bound nitrogen. Nowadays, the development and optimization processes on 
NH3 as fuel for practical applications such as gas turbines and internal combustion en-
gines are carried out using high-accuracy computer modeling of fluid and gas dynamics 
of the conversion process inside the combustion chamber. In addition, NH3, as a promising 
fuel, needs reliable kinetic mechanisms. The chemical kinetic reaction mechanisms should 
be based on a comprehensive understanding of the chemical conversion of the fuel and 
intermediate formations due to fuel oxidation. Several attempts have been made to estab-
lish reliable, comprehensive models for NH3 oxidation [16–18]. The previously established 
mechanisms [16,18–22] have been used as baseline mechanisms for development and op-
timization purposes in the oxidation of NH3 mixtures.  

Improving the kinetic mechanisms for NH3 involves investigating the rate constants 
parameters of the reactions that have nitrogen-containing species, which in turn contrib-
ute considerably to the oxidation process of NH3. Updating the rate constant parameters 
and thermochemical data for nitrogen-containing species and highlighting the key gas-
phase reactions of NH3 combustion affect the optimization process of NH3 oxidation and 
move it closer to the practical level. Many studies have been carried out in previous years 
that aimed to improve NH3 kinetics based on the experimental tests of combustion of NH3 
using several combustion systems, such as burner-stabilized premixed flames, shock-
tube, jet-stirred reactors, and plug-flow reactors [23–28]. Nozari and Karabeyoglu [29] de-
veloped a kinetic reaction mechanism for predicting the NOx formation for the combus-
tion of NH3/H2 blends, containing detailed nitrogen-related sub-mechanisms, which con-
sisted of 30 species and 240 reactions. Their findings indicate excellent consistency with 
the experimental measurements and data from the developed model reactions. Another 
study was carried out by Zhang et al. [30] by implementing a jet-stirred reactor (JSR) to 
oxidize NH3/H2 blends at atmospheric conditions and using the experimental results to 
develop a kinetic model able to estimate the NOx measurements reliably. Based on the 
analysis of their developed model, they found that H2 effectively impacts the nitrogen-
related radicals (NH2, NH, and N), where the concentration of these radicals decreases 
when the H2 blending ratio increases, which, in turn, reduces NO formation. Conversely, 
the promotion of the oxygenated radicals (O, OH, and HO2) has improved with an in-
creasing H2 level resulting in the enhancement of NO formation.  

Recently, a comprehensive study was carried out by András et al. [31] by investigat-
ing the performance of 18 recently published kinetic reaction mechanisms using a wide 
range of experimental measurements reported by previous studies of different fuel com-
binations of pure NH3, NH3/H2, and NH3/syngas blends. The experimental measurements 
included a data set of ignition delay times measured in a shock tube, concentration meas-
urements in jet-stirred (JSR) and flow reactors (FR), and laminar burning velocity meas-
urements. Their methodology has included a quantitative method that compared the out-
comes of the tested mechanisms to the collected experimental measurements using a 
unique framework code, Optima ++. A sensitivity analysis of the best-performing kinetic 
models determined the most influential model parameters based on the simulation out-
comes. Their findings showed that although essential reactions are not the same for dif-
ferent types of combustion experiments, most of these reactions contain NH3, NH2, and 
NNH species. Furthermore, the radical species of H, O, OH, HO2, NH3, NH2, O2, and H2 
have the most sensitive effect on thermodynamic properties. 

Although numerous attempts have been made to improve the accuracy of model pre-
dictions, the optimization for the developed models has been restricted to specific condi-
tions. Additionally, the enhancement process must be comprehensive and rely on massive 
data sets of experimental measurements with broad boundary conditions for the combus-
tion of NH3 and its blends. Therefore, the current study aims to investigate combustion 
chemistry’s performance in kinetic modeling of a 70/30 (vol%) NH3/H2 mixture. The in-
vestigation process includes the following steps: (1) utilization of recently reported NO 
measurements by Hayakawa et al. [32], which is based on using stagnation flame 



Energies 2023, 16, 3847 4 of 30 
 

 

configurations for accurate measurements employing better-collected samples, especially 
at very lean conditions where maximum NO formation takes place, as well as to avoid 
stabilization issues which take place at lean conditions of NH3-based fuels [9,32–34]; (2) 
modeling of 67 kinetic reaction mechanisms from the literature by studying their perfor-
mance in the estimation of NO mole fractions at atmospheric conditions of pressure and 
temperature and various equivalence ratio (0.6–1.4); and (3) applying symmetric mean 
absolute percentage error (SMAPE) analyses for a preliminary estimation to highlight the 
best-performing kinetic model for the estimation of NO mole fractions at lean, stoichio-
metric, and rich conditions. 

2. Numerical Setup and Kinetic Modeling 
Sixty-seven chemical kinetic mechanisms have been analyzed numerically by ANSYS 

Chemkin-PRO 2022 R2 software. A burner-stabilized stagnation flame model was adopted 
in this study. All numerical simulations have been implemented in a one-dimensional 
computational model 2 cm in length that mimics the same distance applied from experi-
ments (the distance from the nozzle burner to the top plate). For all tested cases, the grid 
properties, such as the maximum number of grid points allowed and the adaptive grid 
control based on solution gradient and curvature, were set to 5000, 0.01, and 0.01. This 
study has also considered mesh dependency to achieve precise results. Table 1 shows each 
tested mechanism in terms of the number of species and reactions. 

To avoid stabilization issues and obtain accurate measurements, a stagnation flame 
configuration has been used to determine the mole fraction of NO from the combustion 
of 70/30 (vol%) NH3/H2 blended fuel. Experimental work has been carried out at Tohoku 
University using a stagnation flame configuration. The detail of the experimental setup 
can be found elsewhere [32]. 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 = 295 K, P = 1 atm). The experimental measurements of NO concentration 
have been employed for various equivalence ratios, ϕ. A top stagnation plate was 
mounted 2 cm above the burner outlet to generate a stagnation flow. 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 caused the laminar burning velocity to change. Ex-
perimental measurements from [32] were selected regarding the same condition of inter-
est, such as the mole fraction of hydrogen in the fuel, the range of the equivalence ratio, 
and the standard conditions of the unburned gas. 

A symmetric mean absolute percentage error (SMAPE) formula was utilized [35] to 
determine the optimal kinetic reaction mechanism with superior performance compared 
to experimental measurements [32]. This formula involved computing the discrepancy 
between the experimental measurements and the numerical simulation, thereby generat-
ing more accurate estimations of the selected mechanism’s performance across various 
equivalence ratios, as specified in Equation (1). 

It is worth noting that the SMAPE method is preferred for error estimation when the 
actual value reported by experiments is close to zero [36]. This preference arises from the 
sensitivity of error estimates to small values reported by experiments, which may lead to 
a reduction in estimation accuracy. This phenomenon can be observed in the absolute per-
centage error (APE) when utilized as a means of error estimation. SMAPE = | − |+ ∗ 100% (1)

where Ft is the forecasting value standing for numerical calculations, and At is the actual 
value from experiments. 

  



Energies 2023, 16, 3847 5 of 30 
 

 

Table 1. Kinetic reaction mechanisms adopted in the present study. 

No. Kinetic Mechanism 
No. of 

Reactions 
No. of 

Species Ref. No. Kinetic Mechanism 
No. of 

Reactions 
No. of 

Species Ref. 

1 Bertolino et al., 2021  264 38 [37] 35 Dagaut et al., 2008  250 41 [38] 
2 Mei et al., 2021  264 38 [39] 36 Gregory P. Smith et al., 2000 325 53 [40] 
3 Han et al., 2021  298 36 [41] 37 Coda Zabetta and Hupa, 2008 371 60 [42] 
4 Mei, et al., 2021  257 40 [27] 38 Alzueta MU, 2016  654 131 [43] 
5 Gotama et al., 2022  119 26 [24] 39 Shmakov et al., 2010  1207 127 [44] 
6 Shrestha et al., 2021  1099 125 [25] 40 Esarte et al., 2011  536 79 [45] 
7 Z. Wang et al., 2021  444 91 [46] 41 Abian et al., 2015  201 31 [47] 
8 X. Zhang et al., 2021  263 38 [30] 42 T. Wang et al., 2018  925 81 [48] 
9 Arunthanayothin et al., 2021  2444 157 [49] 43 T. Faravelli, 2017  158 29 [50] 

10 Stagni et al., 2020  203 31 [23] 44 POLIMI, 2014  155 29 [51] 
11 Han et al., 2019  177 35 [52] 45 Marques et al., 2009  318 61 [53] 
12 De Persis et al., 2020  647 103 [54] 46 Aranda et al., 2013  566 95 [55] 
13 Mei et al., 2019  265 38 [56] 47 Jiang et al., 2020  60 19 [57] 
14 Li et al., 2019  957 128 [28] 48 Sun et al., 2022  486 66 [58] 
15 Okafor et al., 2019  356 59 [59] 49 Song et al., 2019  158 29 [60] 
16 Glarborg et al., 2018  231 39 [61] 50 Mével et al., 2009  203 32 [62] 

17 Shrestha et al., 2018  1081 124 [63] 51 Da Rocha et al., 2019 
(Improved Mathiue mech.) 

66 22 [64] 

18 Otomo et al., 2018  213 32 [65] 52 Da Rocha et al., 2019 
(Improved Otomo mech.)  

51 21 [64] 

19 U. Mechanism, 2018  41 20 [66] 53 
Da Rocha et al., 2019 

(Improved Okafor mech.)  70 24 [64] 

20 Klippenstein et al., 2018  211 33 [67] 54 Kovaleva et al., 2022  354 59 [68] 

21 Nakamura et al., 2017  232 33 [69] 55 Houshfar et al., 2012 (Midd 
temp.)  

91 26 [70] 

22 Y. Zhang et al., 2017  251 44 [71] 56 Houshfar et al., 2012 (High 
temp.) 

430 52 [70] 

23 Lamoureux et al., 2016  934 123 [72] 57 
Houshfar et al., 2012 (Low 

temp.) 198 35 [70] 

24 Xiao et al., 2017  276 55 [73] 58 Capriolo et al., 2021  2300 201 [74] 
25 Song et al., 2016  204 32 [75] 59 Xu et al., 2023  389 69 [76] 
26 Nozari and Karabeyoğlu, 2015 91 21 [29] 60 Thomas et al., 2022  1099 125 [77] 
27 Mathieu and Petersen, 2015  278 54 [78] 61 Kovács et al., 2020  214 34 [79] 
28 Duynslaegher et al., 2012  80 19 [80] 62 Kovács et al., 2021  537 70 [81] 
29 Klippenstein et al., 2011  202 31 [82] 63 K. Zhang et al., 2011  701 88 [83] 
30 Saxena and Williams, 2007  288 59 [84] 64 Lamoureux et al., 2010  883 119 [85] 
31 Valkó et al., 2022  537 70 [86] 65 Konnov, 2009  1207 127 [16] 
32 Alzueta et al., 2001  464 65 [87] 66 Mendiara and Glarborg, 2009 779 79 [88] 
33 Nakamura and Shindo, 2019  485 66 [89] 67 Tian et al., 2009  703 84 [26] 
34 Glarborg, 2022  270 41 [90]      

3. Results and Discussion 
Figure 1 refers to the data estimated numerically by Chemkin-Pro 2022 R2 software 

for 67 chemical kinetic reaction mechanisms from the literature and formed according to 
the SMAPE formula for preliminary estimations. Figure 2 presents the experimental meas-
urements and the numerical data of three of the most accurate kinetic reaction mecha-
nisms based on the SMAPE calculations that predicted the NO mole fractions closer to the 
experimental measurements at various equivalence ratios (0.6–1.4); see Figure 1. 
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Figure 1. NO mole fractions for 67 reaction mechanisms calculated by symmetric mean absolute 
percentage error (SMAPE) formula at various equivalence ratios (ϕ). 

 
Figure 2. Variation of NO, NH3, H2 mole fractions as a function of equivalence ratio. 

The mole fraction of NO was taken at the end of the computational domain (at X = 2 
cm), where the NO concentrations are defined under steady-state conditions while corre-
sponding to the experimental emission sampling point of interest. Due to the estimation 
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of the selected mechanisms, which present different trends when the equivalence ratio has 
changed from lean to rich conditions, analyses of the results will be divided into two cat-
egories, namely, lean to stoichiometric flames (ϕ = 0.6–1) and rich flames (ϕ = 1.2–1.4). In 
this way, the rationale behind obtaining different levels of NO formation/decomposition 
prediction by the mechanisms will be appropriately highlighted. 

3.1. Lean Condition Flames 
As shown in Figure 1, at ϕ = 0.6, most of the kinetic reaction mechanisms would not 

be able to estimate the mole fraction of NO properly and gave 100% as a percentage error. 
This number decreased severely when the equivalence ratio increased to 0.8 and 1, and 
then the estimation accuracy improved. The inefficient prediction of most kinetic reaction 
mechanisms at the very lean condition (ϕ = 0.6) is due to the instabilities of ammonia 
flames, causing difficulties in interpreting its chemical kinetics. Along with the lean con-
ditions, many of the selected mechanisms gave a sharp variation with a high level of dis-
crepancy compared to experimental measurements. In addition, when the equivalence ra-
tio moves along the lean condition, most of the selected mechanisms’ estimation fluctuates 
from low to high error values. Interestingly, along the lean range (0.6–1 of ϕ), both Glar-
borg [90] and Nakamura [69] mechanisms recorded low discrepancy values with errors 
ranging between 2–4%, respectively. Therefore, both mechanisms have been selected to 
study the characteristics of 70/30 vol% NH3/H2 flames at atmospheric conditions and along 
the lean stoichiometric range of ϕ, hence, comparing the outcomes of each mechanism to 
shed light on the reasons behind the discrepancies. 

As shown in Figure 2, when ϕ is 0.6 to 1, the variation of estimated data obtained by 
Glarborg and Nakamura has the same trend as the measured data from experiments. 
Meanwhile, Wang’s mechanism [46] has predicted those trends randomly. However, 
Wang’s mechanism predicts NO mole fractions satisfactorily with a minor level of dis-
crepancies at rich conditions, which will be explained later in the following section. 

According to Figure 2, both the Glarborg and Nakamura kinetic models produced 
similar results when estimating the amount of H2. The figure shows that the mole fraction 
of H2 is at its lowest levels between 0.6 and 0.8 of ϕ. After this point, it gradually increases 
until reaching a high value at 1.4 of ϕ. This can be explained by the fact that a significant 
amount of H2 is consumed in the post-flame zone for lean conditions of ϕ (0.6 and 0.8), 
but the mole fraction remains constant after passing through the flame zone at higher val-
ues of ϕ (1–1.4), indicating that it is not completely consumed in the post-flame zone (as 
shown in Figure 3). 

 
Figure 3. Variation of NH3 and H2 mole fractions as a function of axial distance at lean flame condi-
tions (ϕ = 0.6, 0.8, 1) estimated by the Glarborg,[90] kinetic model. 

Figure 4 shows that the kinetic reaction NH2 + H	⇌	NH + H2 (R1) significantly affects 
the formation of H2, and its production rate increases sharply with increasing equivalence 



Energies 2023, 16, 3847 8 of 30 
 

 

ratios. Additionally, both kinetic reactions NH3 + H	⇌	NH2 + H2 (R2) and NH + H	⇌	N + H2 
(R3) positively promote H2 production, demonstrating a considerable increase in the pro-
duction rate at lean conditions. In addition, the kinetic reaction HNO + H	⇌	NO + H2 (R4) 
shows opposite trends to what has been observed from the previous two reactions with a 
rate of production of H2 governed by this kinetic reaction which decreases gradually with 
increasing equivalence ratio from 0.6 to 1. It is likely that due to the decrease in the level 
of HNO concentration, NO is also reduced. 

 
Figure 4. Rate of production analysis of H2 in 70/30 vol% NH3/H2 premixed flame at lean conditions 
estimated by the Glarborg, [90] kinetic model. 

Figure 2 also presents the variation of NO mole fraction as a function of equivalence 
ratio. The mole fraction of NO peaked at ϕ = 0.8. It has been noticed that the mole fraction 
of NO decreased gradually at either leaner or richer conditions than ϕ = 0.8. NO mole 
fractions estimated by Glarborg and Nakamura’s kinetic models produced better perfor-
mance compared to the other models considered here in the lean and close to stoichio-
metric zones. At ϕ = 0.6, the estimated NO value by Glarborg is identical to the experi-
mental data. At the same time, Nakamura’s prediction slightly underpredicts the NO mole 
fractions; see Figure 2. Concurrently, Wang’s kinetic model predicted zero NO at very lean 
conditions. The Nakamura kinetic model demonstrates the same underestimation at 0.8 
of ϕ, while the Glarborg mechanism showed overestimation by 4% compared to experi-
mental measurements. The error estimation of Wang’s model has improved from 100% at 
ϕ = 0.6 to 13% at ϕ = 0.8; see Figure 1. At the stoichiometric condition, Glarborg and Wang’s 
model reaction gives nearly the same figures of NO mole fraction values, while the Naka-
mura model diverts slightly from the experimental result to give an underestimation trend 
of 7% SMAPE. 

Sensitivity analyses have been performed at ϕ = 0.8 to highlight the reasons behind 
the discrepancies among the selected kinetic mechanisms, where NO concentration was 
the highest. Glarborg and Nakamura’s mechanisms are selected for this analysis due to 
their better performance when compared to experimental results, as in Figure 2, giving 
minimum SMAPE among other tested mechanisms at lean conditions, as in Figure 1.  

Figure 5 refers to the positive sensitivity coefficients of the kinetic reactions while 
demonstrating the most important kinetic reactions that promote the system reactivity 
and increase the mole fraction of NO. The positive sensitivity coefficients are normalized 
to their sum separately and shown as a percentage. Both kinetic models of Glarborg and 
Nakamura have displayed high positive sensitivity toward the chain branching reaction 
H + O2	⇌	O + OH (R5). This reaction promotes the system’s reactivity by producing more 
reactive OH radicals. Even though the Nakamura mechanism has a higher sensitivity co-
efficient of the kinetic reaction R5 than Glarborg, both kinetic models gave nearly the same 
sensitivity coefficient of the reaction NH + OH	⇌	HNO + H (R6), which in turn increases 
HNO pools to promote NO formation. In Nakamura’s mechanism, the kinetic reactions 
N2O + O	⇌	2NO (R7), NO + HO2	⇌	NO2 + OH (R8), HNO + O	⇌	NO + OH (R9), NH + O2	⇌	HNO + O (R10), N + OH	⇌	NO + H (R11), H2 + OH	⇌	H + H2O (R12), and HNO + OH	⇌	
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NO + H2O (R13) have sensitivity coefficients in the range of 3–15%, but their sensitivity 
coefficients are equal to zero in Glarborg’s mechanism. Similarly, Glarborg’s mechanism 
shows the reactions reactivity of NH2 + O	⇌	HNO + H (R14), 2NH2 (+M	⇌	N2H4(+M) (R15), 
R6, NH2 + HO2	⇌	NH3 + O2 (R16), NH2 + NH	⇌	tHNNH + H (R17), R12, and R1 in the range 
of 3–16%; however, they do not show any sensitivity toward promoting NO mole fraction 
in Nakamura’s mechanism. 

 
Figure 5. Reactions with the largest positive local sensitivity coefficient for NO in 70/30 vol% NH3/H2 
premixed flame at ϕ = 0.8 estimated by the Glarborg, [90] and Nakamura et al., [69] kinetic models. 

Figure 6 presents the reactions with negative sensitivity towards NO production. The 
negative sensitivity coefficients are normalized to their sum separately and shown as a 
percentage. As shown in Figure 6, Glarborg’s mechanism shows high negative sensitivity 
coefficients for the kinetic reactions ‘NH2 + NO	⇌	N2 + H2O (R18)’ and NH2 + NO	⇌	NNH 
+ OH (R19). In contrast, for Nakamura’s mechanism, the same kinetic reactions demon-
strate 4% and 1% negative sensitivities, respectively. Both reactions consume the im-
portant key radical (NH2), destroying NO to form N2 and NNH. Additionally, the sensi-
tivity coefficient of the reaction NH + NO	⇌	N2O + H (R20) has a higher effect in Naka-
mura’s model (12%) than in Glarborg’s, where it is estimated at 5%. In both mechanisms, 
the latter reaction impedes the system reactivity by producing less reactive H radicals. In 
addition, Nakamura’s kinetic model shows how 8 of the kinetic reactions hinder the reac-
tivity of the NO mole fraction. Those kinetic reactions do not influence the system reac-
tivity in Glarborg’s mechanism; see Figure 6. 

 
Figure 6. Reactions with the largest negative sensitivity coefficients for NO in 70/30 vol% NH3/H2 
premixed flame at ϕ = 0.8 estimated by the Glarborg, [90] and Nakamura et al., [69] kinetic models. 
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The present study has also considered the ROP analysis of NO to shed light on the 
most important kinetic reactions contributing to NO formation/consumption. Figures 7–9 
outline the variation of the key reactions of NO production/decomposition along the axial 
axis of the computational domain in terms of equivalence ratio. The figures have been 
established based on Nakamura kinetic model’s estimation. The spatial distribution of the 
key reactions with the maximum mole fraction of NO formation/decomposition has been 
selected for each equivalence ratio using the mechanism chosen to highlight the variation 
of the reactions. 

 
Figure 7. The rate of production/consumption of NO in 70/30 (vol%) NH3/H2 mixture at lean condi-
tions estimated by the Nakamura et al., [69] kinetic model. 
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Figure 8. Rate of consumption (in %) as a function of equivalence ratio estimated by the Nakamura 
et al., [69] kinetic model. 

 
Figure 9. Rate of production (in %) as a function of equivalence ratio estimated by the Nakamura et 
al., [69] kinetic model. 

As can be seen from Figure 7, the total mole fraction of NO decreased at first and then 
increased downstream along the lean range of equivalence ratios. The declining pattern 
in NO formation is due to the high reactivity of R18, R19, and R20 in the reduction of NO 
mole fraction. Besides all the mentioned reactions having the most significant consuming 
effect of NO, the former reactions’ consumption rate (R18) decreases when the equivalence 
ratio increases from 0.6 to 1. At the same time, the reaction (R20) demonstrates a climbing 
trend with an increasing equivalence ratio; see Figure 8. Furthermore, the kinetic reaction 
N2 + O	⇌	N + NO (R21) substantially impacts the NO decomposition rate at lean conditions 
when the temperature of the reaction increase as a function of the equivalence ratio. This 
is because the kinetic reaction R21 is one of the thermal NO reactions governed by high 



Energies 2023, 16, 3847 12 of 30 
 

 

temperature; hence, it is listed under the Zeldovich mechanism [65], as in Figures 7 and 8. 
In addition, NH + NO	⇌	N2 + OH (R22) also demonstrates an increasing trend with an 
equivalence ratio, and its reactivity peaks at stoichiometry due to the increase in NH rad-
icals availability; see Figures 8 and 10. 

 
Figure 10. Varieties of mole fractions of OH, H, O, NH2, NH, HNO as a function of equivalence ratio 
estimated by two selected kinetic models. 

The NO mole fraction increases significantly downstream due to the high reactivity 
of the reactions R13 and R4, which demonstrate a dominant effect in the formation of NO, 
as well as the contribution from the reactions NO2 + H	⇌	NO + OH (R23), N + O2	⇌	NO + 
O (R24), and R11. The thermal reactions R24 and R11 hardly take part in the formation of 
NO, especially at ϕ = 0.6, due to the temperature dependency of these reactions. As a re-
sult, they show a rapid response to NO formation when the equivalence ratio increases to 
the stoichiometric condition where the temperature is the highest; see Figures 7 and 9. The 
NO production rate from the reaction R13 reaches the maximum at ϕ = 0.6 and then de-
creases as ϕ increases, even though the OH radical availability increases; see Figure 10. R4 
shows the opposite trend, where the NO production rate is directly proportional to ϕ; see 
Figure 9.  

To justify the opposite behavior of the latter kinetic reactions (R4 and R13) in promot-
ing NO formation, Table 2 lists the key reactions of NO production and shows that the 
kinetic reaction ‘R13’ has a more remarkable pre-exponential factor (A) than that of R4. 
Both reactions are sensitive to the temperature, but the kinetic reaction ‘R4’ is more sensi-
tive, and its reactivity increases more rapidly with temperature than reaction R13. Addi-
tionally, the abundance of H radicals improves the R4 reactivity to become more dominant 
at stoichiometry, compared to the reaction R13; see Figures 9 and 10. The kinetic formation 
process of NO is mainly governed by HNO, NH, N, and NO2 mole fractions, and then it 
is consumed early by the DeNOx process through the action of NH2, NH, and N radicals 
at the reaction zone; see Figure 11. 

Table 2. Key reactions of NO formation generated from Nakamura’s kinetic model. Units are mol, 
cm, s, cal. 

NO. Reaction 
Glarborg, [90] Nakamura et al., [69] 

A n E A n E 
R13 HNO + OH	⇌	NO + H2O 6.3 × 1010 0.390 3782 3.6 × 1013 0.00 0 
R4 HNO + H	⇌	NO + H2 6.6 × 1010 0.940 495 4.4 × 1011 0.72 650 
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Figure 11. Variation of mole fractions of N, NH, NH2, NO, OH, H, and HNO and heat release rate 
(HRR) in flame structure estimated by the Nakamura et al., [69] mechanism at ϕ = 0.8. 

Glarborg’s mechanism shows the same NO formation/consumption trend as Naka-
mura’s kinetic model. The NO formation rate through the reactions of HNO radicals is 
considerably higher than the NO consumption rate via NH2 and NH radicals. Therefore, 
the total rate of NO is increased downstream due to the high promotion of NO mole frac-
tion; see Figure 12. Additionally, the kinetic reactions of R4, NH + O	⇌	NO + H (R25), and 
R9, as well as the thermal NO reactions (R24 and R11), contribute towards the increasing 
NO formation rate; see Figures 13 and 14. On the other hand, the chain-termination reac-
tion ‘R18’, chain-branching reaction ‘R19’, R20, and the temperature-dependent reaction 
‘N + NO	⇌	N2 + O (R26)’ in Nakamura’s kinetic model are the dominant kinetic reactions 
in the consumption of NO; Figures 12 and 13. 



Energies 2023, 16, 3847 14 of 30 
 

 

 
Figure 12. The rate of production/consumption of NO in 70/30 (vol%) NH3/H2 mixture at lean con-
ditions estimated by the Glarborg, [90] kinetic model. 
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Figure 13. Rate of consumption (in %) as a function of equivalence ratio estimated by the Glarborg, 
[90] kinetic model. 

 

Figure 14. Rate of production (in %) as a function of equivalence ratio estimated by the Glarborg, 
[90] kinetic model. 

Figure 15 shows the kinetic schemes predicted by the best-performing models. It il-
lustrates the chemical reaction pathways of NO formation/decomposition and the net re-
action rate of the kinetic reactions that influence NO mole fractions. It also demonstrates 
the tendency of the radical’s percentage (%) reactivity toward either formation or decom-
position of NO. Reaction pathway analyses were conducted at equivalence ratios that 
yield the highest NO formation (ϕ = 0.8) and at a temperature of 1770 K, which corre-
sponds to the point of maximum occurrence of the total NO component; see Figure 12. As 
shown in Figure 15, the kinetic mechanisms of Glarborg and Nakamura show that HNO, 
NH, and N radicals form the main pathways for NO formation. At the same time, N, NH, 
and NH2 are responsible for consuming the majority of NO. The kinetic scheme of Glar-
borg demonstrates the substantial contribution of the HNO → NO pathway (65%) towards 
NO formation through the reaction R4. On the other side, N, NH, and NH2 radicals tend 
to consume NO at different concentrations and produce N2 through the kinetic reactions 
R26, R20, R22, R18, and R19, where activities of N, NH2, and NH radicals are 53%, 25%, 
and 22%, respectively, while 96% of NH2 is consumed via the reaction R19 to convert NO 
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to NNH. Even though the kinetic models display similar NO production/destruction pat-
terns, the concentration of the reactions varies from one kinetic model to another. 

 
Figure 15. Chemical reaction pathways of NO formation/consumption at flame zone (T = 1770 K) 
and at ϕ = 0.8 predicted by the Glarborg, [90] and Nakamura et al., [69] kinetic models. Arrow lines 
refer to chemical transformations, percentages (%) show the contribution of a reactant to the trans-
formation, numbers stand for the net reaction rate in kmol/m3s, which is also visualized by line 
thickness. 
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Regarding the description of NO chemistry, the kinetic models of Glarborg and 
Nakamura demonstrate the same NO formation pathways at a temperature of 1770 K. 
Both tested models show the NO formation chemistry through the same pathways de-
scribed by the following sequences: NH3 → NH2 → NH → N → NO, NH3 → NH2 → NH 
→ HNO → NO, NH3 → NH2 → NH → NO, and NH3 → NH2 → HNO → NO. The kinetic 
schemes of Glarborg and Nakamura reveal another reason behind the differences in the 
estimation among selected kinetic models. The reactive radicals (H, OH, and O) that par-
ticipate in the formation of NO through their interaction with HNO, NH, and N demon-
strate different percentages of radicals’ abundance in both mechanisms; see Figure 15.  

Figures 16 and 17 demonstrate the most important reactions that take part in promot-
ing/consuming NO, respectively. As shown in Figure 16, the kinetic reaction R13 plays a 
significant role in NO formation in Nakamura’s mechanism, especially at ϕ = 0.6, but con-
tributes only 1% in NO formation in Glarborg’s kinetic model. The reason can be justified 
by the effect of the Arrhenius parameters that govern the reaction, especially the activation 
energy. As seen in Table 2, the activation energy of reaction R13 is set to 0 in Nakamura’s 
model. The reaction here is independent of temperature compared to its effect on Glar-
borg’s mechanism, identified as a temperature-dependent reaction. An absence in the con-
tribution of the latter reaction in the formation of NO when ϕ equals 0.8 and 1 in Glar-
borg’s mechanism has also bee noticed. Further, the NO production rate for the kinetic 
reactions R4, R9, R25, and HNO + O2	⇌	HO2 + NO (R27) is higher in Glarborg’s kinetic 
model compared to Nakamura’s at lean conditions. The figures for the consumption rate 
are illustrated in Figure 17, where predictions by both kinetic models show nearly the 
same level of estimation. Despite some kinetic reactions demonstrating a slight increase 
in the estimation by Glarborg’s mechanism, the variations between the kinetic reactions 
by both mechanisms are still narrow and not substantial compared to those of Figure 16. 

 
Figure 16. Rate of production (in %) of NO mole fractions at lean conditions estimated by the Naka-
mura et al., [69] and Glarborg, [90] kinetic models. 

 
Figure 17. Rate of consumption (in %) of NO mole fractions at lean conditions estimated by the 
Nakamura et al., [69] and Glarborg, [90] kinetic models. 
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The overprediction in the formation of NO by Glarborg’s mechanism is also due to 
the high heat release rate (HRR). Figures 11 and 18 illustrate the variation of mole fractions 
of key species responsible for the formation/consumption of NO. It has been noticed that 
the heat release rate calculated by Glarborg’s mechanism is higher than that estimated by 
Nakamura’s model. Since increasing the heat release rate will improve the system reactiv-
ity and boost the speed of the reaction, according to Chen et al. [1], both NH2 and OH 
radicals can be considered as criteria/markers for the growth of HRR. 

 
Figure 18. Variation of mole fractions of N, NH, NH2, NO, OH, H, and HNO and heat release rate 
(HRR) in flame structure estimated by the Glarborg, [90] mechanism at ϕ = 0.8. 

3.2. Rich Condition Flames 
Most tested kinetic models gave a high estimation error based on SMAPE at ϕ = 1.2; 

see Figure 1. Both Nakamura and Glarborg kinetic models recorded 100% SMAPE, indi-
cating a very high level of discrepancies compared to the experimental results. The kinetic 
reaction mechanism of Wang [46] has displayed excellent estimation of NO mole fraction 
among other investigated mechanisms; see Figures 1 and 2. The prediction of Wang’s 
mechanism obtained 0% SMAPE at ϕ = 1.2 and 10% at ϕ = 1.4. Therefore, the kinetic mech-
anism of Wang has been selected to analyze the chemical kinetic behavior of the reactions 
under rich conditions. Further, due to the deterioration in the performance of Nakamura’s 
mechanism at rich conditions, especially when ϕ = 1.2, the Nakamura mechanism will also 
be compared to Wang’s outcomes to investigate the reasons behind the discrepancy in NO 
mole fractions at rich conditions.  

Figures 19 and 20 show the reactions with the largest positive and the negative sen-
sitivity coefficients for NO mole fractions in the Nakamura and Wang’s kinetic models at 
ϕ = 1.2. The positive and negative sensitivity coefficients are normalized to their sum sep-
arately and shown as a percentage. Figure 19 highlights the kinetic reactions with the most 
significant sensitivity coefficients in percentage (%) and indicates a positive influence to-
wards the promotion of NO mole fraction. It should be noted that most kinetic reactions 
promote the reactivity of the system by producing either more reactive OH, H, O, or HO2 
radicals, such as the chain branching reactions R5, H2 + O	⇌	H + OH (R28), R12, and H2 + 

M	⇌	2H + M (R29). To show the differences in the prediction among the selected mecha-
nisms, Figure 19 indicates that Wang’s kinetic model shows a slight increase in reactivity 
for the kinetic reactions R28, R12, O + H + M	⇌	OH + M (R30), and H + OH + M	⇌	H2O + 
M (R31). Along with that, Wang’s mechanism also demonstrates a higher value of estima-
tion for the reaction R5 and a lower value for R29 compared to Nakamura’s model, which, 
in turn, shows the opposite trend for Wang’s model in the estimation of sensitivity coeffi-
cients of the reactions mentioned above. The reason behind the variation of the sensitivity 
values of the kinetic reactions R5 and R29 among the mentioned mechanisms can be at-
tributed to the difference in Arrhenius parameters that governed the rate of reaction for 
each kinetic reaction, and their values differ among the selected mechanisms; see Table 3. 
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Figure 19. Reactions with the largest positive local sensitivity coefficient for NO in 70/30 (vol%) 
NH3/H2 premixed flame at ϕ = 1.2 estimated by the Nakamura et al., [69] and Z. Wang et al., [46] 
kinetic models. 

 
Figure 20. Reactions with the largest negative sensitivity coefficients for NO in 70/30 (vol%) NH3/H2 
premixed flame at ϕ = 1.2 estimated by the Nakamura et al., [69] and Z. Wang et al., [46] kinetic 
models. 

Table 3. Key reactions influencing NO formation/consumption of NH3-H2 flames at rich conditions 
and for two kinetic mechanisms. Units are mol, cm, s, cal. 

NO. Reaction 
Z. Wang et al., [46] Nakamura et al., [69] 

A n E A n E 
1 H + O2	⇌	O + OH (R5) 5.0712 ×1015 −0.48596 16126.7 1.040 ×1014 0 15,286.0 
2 H2 + M	⇌	2H + M (R29) 4.9806 ×1018 −1.21273 612.04 4.577 ×1019 −1.4000 104,400.0 
3 N2H2 + NH2	⇌	NH3 + NNH 8.8 ×10−2 4.05 −1610 8.8 ×10−2 4.05 −1610.0 
4 HNO + H	⇌	NO + H2 4.4 ×1011 0.72 650 4.4 ×1011 0.7200 650.0 
5 N + O2	⇌	NO + O 5.9 ×109 1 6280 6.4 ×109 1 6280.0 
6 N + OH	⇌	H + NO 2.17 ×1014 0 49,500 3.800 ×1013 0 0 
7 NH + O	⇌	NO + H 9.9 ×1014 −0.1 69,900 2.000 ×1013 0 0 
8 HNO + OH	⇌	NO + H2O 3.600 ×1013 0 0 3.600 ×1013 0 0 
9 N + NO	⇌	N2 + O 1.529 ×1013 −0.0027 −185.41 1.000 ×1014 0 75,490.0 

10 NH + NO	⇌	N2 + OH 2.7 ×1012 −0.0721 −512 2.200 ×1013 −0.23 0 
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Figure 20 shows sensitivity analyses of kinetic reactions with negative coefficients in 
percentage (%) and illustrates the tendency of the reactions towards impeding NO pro-
duction. Both models demonstrate different kinetic reactions controlling the retardation 
of NO production. The results only share three kinetic reactions with different values, 
namely, N2H2 + NH2	⇌	NH3 + NNH (R32), R4, and R24. Even though the kinetic reaction 
R32 has the same Arrhenius parameters listed in both selected models, Table 3, the nega-
tive value of the activation energy tends to decrease the reactivity of the kinetic reaction 
when the system’s temperature increases. As Nakamura’s mechanism has higher temper-
ature estimation than Wang’s model, this can be attributed to the high estimation value of 
the latter reaction by Wang’s mechanism rather than Nakamura’s model; see Figure 21. 
Further, the reaction rate of the other kinetic reactions, R4 and R24, increases with tem-
perature. The former reaction (R4) also has the same values of Arrhenius parameters in 
both tested models, but its reaction rate estimated by the Nakamura’s kinetic model is 
higher than that of Wang’s mechanism due to the high-temperature estimation by Naka-
mura’s mechanism. 

 
Figure 21. The reaction rate profiles of reactions most influential to the formation/reduction of NO 
mole fractions for 70/30 vol% NH3/H2 mixture at ϕ = 1.2; The result for the Nakamura et al., [69] and 
Z. Wang et al., [46] models are shown with red and blue lines, respectively. 

Figures 22 and 23 present the variation of the rate of production/consumption of NO 
estimated by Wang and Nakamura’s kinetic mechanisms, respectively, at rich conditions 
and indicate the spatial distribution of the most important kinetic reactions in the for-
mation/consumption of NO. The total component of NO starts to decrease to a negative 
value at the earlier stage of the reaction zone due to the action of R18, R19, and R20, which 
are responsible for NO consumption due to the high reactivity of the NH2 and NH radi-
cals. The total NO formation then increases due to the positive effects of the kinetic reac-
tions R4, R25, R13, R11, and NH2 + HNO	⇌	NH3 + NO (R33), where the kinetic reaction ‘R4’ 
has the highest reactivity among the other kinetic reactions. The total component of NO 
decreased afterward due to the thermal NO reactions of Zeldovich mechanism R26 and 
R22’, as well as the reaction NH + NO	⇌	NNH + O (R34) in lowering the mole fraction of 
NO downstream by consuming it via the high reactivity of N, and NH radicals. Most im-
portantly, the amplitude of the total NO formation decreases when the equivalence ratio 
increases from 1.2 to 1.4. This effect leads to a rate of consumption that is more than the 
NO production rate, which, in turn, lowers the mole fraction of NO; see Figures 24 and 
25. 
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Figure 22. The rate of production/consumption of NO in 70/30 (vol%) NH3/H2 mixture at rich con-
ditions estimated by the Z. Wang et al., [46] model reaction. 
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Figure 23. The rate of production/consumption of NO in 70/30 (vol%) NH3/H2 mixture at rich con-
ditions estimated by the Nakamura et al., [69] model reaction. 

 
Figure 24. Rate of production figures in (%) as a function of equivalence ratio estimated by the Z. 
Wang et al., [46] kinetic model. 
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Figure 25. Rate of consumption figures in (%) as a function of equivalence ratio estimated by the Z. 
Wang et al., [46] kinetic model. 

Figure 26 illustrates the kinetic schemes for the best-performing kinetic models, 
which present the chemical kinetic pathways of the kinetic reactions taking part in the 
formation/consumption of NO at the reaction zone when the system’s temperature is 
equal to 1513 K at ϕ = 1.2. The target temperature of 1513 K was selected based on the 
optimal point of total NO component occurrence, as observed in Figure 23. The tempera-
ture was chosen as it corresponded to the maximum yield of the NO component, thereby 
enabling a more comprehensive analysis of the reaction pathways. As shown in Figure 26, 
both Wang and Nakamura’s kinetic models demonstrate the HNO → NO pathway, which 
still plays a substantial role at rich conditions in the consumption of HNO and produces 
NO. The kinetic scheme pathways of Wang mechanisms demonstrate the tendency of high 
reactive H radical (68%) with HNO through the reaction R4, followed by NH2 with 17% 
via R33. Most importantly, the net reaction rate of the former reaction (R4) decreased to 
nearly half of its value compared to the same reaction at lean conditions. For reducing 
NO, NH2 radicals show a high intensity of reactivity of 96% in consuming NO to produce 
NNH radicals. The net reaction rate of the latter reaction increased by 0.084 kmol/m3s 
compared to the value of the same reaction in lean conditions. In addition, the NO → N2 
pathway has a substantial role in NO consumption, with 0.107 kmol/m3s compared to 
other consuming pathways. An amount of 88% of NH2 radicals tend to consume NO and 
produce N2 through the chain-terminating reaction R18. Further, the kinetic mechanism 
of Nakamura shows another NO formation pathway (NH3 → NH2 → N2H2 → NO) at rich 
conditions which is not present in Wang’s mechanism. The NO mole fraction increases by 
the reaction of N2H2 with high reactive O radicals through the kinetic reaction N2H2 + O	⇌	
NO + NH2. Additionally, the kinetic schemes of both kinetic models show different con-
centrations of reactive radicals that tend to react with HNO, NH, and N to form NO. 
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Figure 26. Chemical reaction pathways of NO formation/consumption at flame zone (T = 1513 K) 
and at ϕ = 1.2 predicted by the Z. Wang et al., [46] and Nakamura et al., [69] kinetic models. Arrow 
lines refer to chemical transformations, percentages (%) show the contribution of a reactant to the 
transformation, numbers stand for the net reaction rate in kmol/m3s, which is also visualized by line 
thickness. 
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Some of the kinetic reactions of Nakamura’s model show higher levels of reactivity 
than those of Wang’s model; see Figure 27. For example, the thermal NO reactions of the 
Zeldovich mechanisms R24 and R11 in NO formation [65]. Even though the activation 
energy of the former reaction (R24) is the same in both models, the system’s temperature 
varies among the model’s predictions. It positively affects the reactivity of the mentioned 
reactions. Similar observations can be drawn for the thermal NO reaction (R11) by includ-
ing another affecting factor: activation energy. The latter reaction (R11) in Nakamura’s 
model works as an independent temperature reaction (has zero activation energy). The 
case is not the same with the same kinetic reaction of Wang’s model reaction with an acti-
vation energy equal to 49，500 cal/mol, making it a highly temperature-dependent reac-
tion; see Table 3. 

 
Figure 27. Rate of production of NO in (%) at rich conditions estimated by the Nakamura et al., [69] 
and Z. Wang et al., [46] kinetic models. 

Figure 28 presents the values of the consumption rate of the most important kinetic 
reactions in NO consumption in terms of equivalence ratio. Most kinetic reactions in 
Wang’s model demonstrate higher values than those in Nakamura’s model. The kinetic 
reactions of the Zeldovich mechanism R26 and R22 depict higher values of NO consump-
tion rate in Nakamura’s model than in Wang’s. The reason can be justified based on the 
Arrhenius parameters that governed these two reactions. As seen from Table 3, the Arrhe-
nius parameters’ values differ among the tested kinetic models, where the former reaction 
(R26) has positive activation energy, accelerating the system’s reactivity as temperature 
increases. However, this is not the case for Wang’s model, which shows negative activa-
tion energy values with opposite effects on temperature. The other Zeldovich reaction, 
‘R22’, has different values listed among the selected mechanisms and shows independent 
temperature reaction in Nakamura’s model and has a negative effect on reactivity when 
the system’s temperature increases; see Table 3.  

 
Figure 28. Rate of consumption of NO in (%) at rich conditions estimated by the Nakamura et al., 
[69] and Z. Wang et al., [46] kinetic models. 
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4. Conclusions 
The present study investigated the formation/consumption of NO mole fraction for 

a 70/30 (vol%) NH3/H2 mixture at atmospheric conditions and a wide range of equivalence 
ratios (0.6–1.4). Different chemical kinetic reaction mechanisms (67) designed for ammo-
nia combustion have been examined to assess their performance in NO prediction com-
pared to experimental data from the literature. The main conclusion points are listed as 
follows: 
1. Within the lean and stoichiometric range of equivalence ratios (0.6–1.0), Glarborg and 

Nakamura’s mechanisms demonstrated strong predictive capabilities and closely ap-
proximated experimental measurements, exhibiting minimal discrepancies. Simi-
larly, Wang’s kinetic model yielded accurate estimations of the experimental data, 
although minor errors and deviations were observed at ϕ = 1.4; 

2. Under lean conditions in 70/30 (vol%) NH3/H2 mixture, the kinetic reactions HNO + 
OH	⇌	NO + H2O, HNO + H	⇌	NO + H2, N + O2	⇌	NO + O, and N + OH	⇌	NO + H 
were identified as the primary drivers of NO formation. Conversely, the reactions 
NH2 + NO	⇌	N2 + H2O, NH + NO	⇌	N2O + H, NH2 + NO	⇌	NNH + OH, NH + NO	⇌	
N2 + OH, and N + NO	⇌	N2 + O were found to be the predominant NO-consuming 
reactions, leading to a reduction in the NO mole fraction; 

3. Examination of lean flames demonstrated that the kinetic reactions HNO + H	⇌	NO 
+ H2, HNO + O	⇌	NO + OH, and NH + O	⇌	NO + H are the primary contributors to 
NO formation. These reactions exhibit higher production rates in Glarborg’s mecha-
nism compared to Nakamura’s kinetic model, thus contributing to the overestima-
tion of NO by the former; 

4. Under rich conditions, the kinetic reactions HNO + H	⇌	NO + H2, N + O2	⇌	NO + O, 
NH2 + HNO	⇌	NH3 + NO, and N + OH	⇌	NO + H were identified as the primary 
drivers of NO production. Conversely, the reactions NH + NO	⇌	N2O + H, NH2 + NO	⇌	NNH + OH, NH2 + NO	⇌	N2 + H2O, and N + NO	⇌	N2 + O were found to be the main 
NO consumption reactions, leading to a decrease in NO mole fractions; 

5. Upon analyzing the performance of the chosen kinetic mechanisms under rich con-
ditions, it was found that the reactions N + O2	⇌	NO + O, N + OH	⇌	NO + OH, and 
N2 + H2O	⇌	NH2 + NO may account for the overestimation of NO production observed 
in Nakamura’s kinetic model when compared to Wang’s model. Specifically, the first 
two reactions are part of the NO thermal mechanism in the Zeldovich model and 
exhibit strong temperature dependence. Since Nakamura’s model predicts a higher 
system temperature than Wang’s, these reactions become more reactive, resulting in 
discrepancies in the predicted NO mole fractions; 

6. The variation in NO mole fraction predictions between the studied kinetic models 
can be attributed to the distinct ways in which NO chemistry is represented among 
the chosen models. 
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