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ABSTRACT

To decrease the negative impact of fossil fuels, it is important to search for an alternative to decarbonize
fuel sources. Ammonia (NH3) is an attractive fuel candidate to reduce the CO, emission and hydrocarbon
pollutants. NH3 has many advantages that include its production from renewable sources, whilst enjoying
a large storage and transportation network with comparable combustion properties to coals and alcohols.
However, NH; has drawbacks represented by high NOx emissions which can considerably increase when
NHs is blended with H». It is important to study the chemistry of NH3 whilst investigating the NOx kinetic
mechanisms to be aware of the causative parameters behind this matter. The present study deals with
analysing the performance of various kinetic reaction mechanisms from the literature in terms of estimation
of N>O mole fraction. Sixty-eight chemical kinetic mechanisms have been analysed numerically by
Chemkin-Pro software. A preliminary estimation has been conducted applying a symmetric mean absolute
percentage error (SMAPE) to compare the numerical outcomes with the experimental measurements from
the literature to highlight the kinetic models with low level of discrepancy and proper estimation of N,O
mole fractions. The sensitivity analysis along with rate of production/consumption of N,O investigation at
several conditions of equivalence ratio (0.6,1,1.4) has been conducted to check the discrepancies among
the mechanisms and shed light on the reactions that dominate the formation/consumption of N»O at different
conditions. The study found that the kinetic model developed by Klippenstein et al. (2018) accurately
predicts N,O mole fraction. However, the model's precision decreases as the equivalence ratio increases
from 1 to 1.4. Along with that the rate of production/consumption analysis revealed the NH+NO=N,O+H
reaction has a dominant role in the formation of N>O for all studied conditions, while the consumption of
N0 is dominated by reactions NoO+H=N,+OH, N,O (+M) =N,+O(+M) and N,O+NH»=N,H»+NO at all
analysed conditions.

Keywords: Kinetic reaction mechanism, Ammonia, Burner stabilised-stagnation flow, Kinetic modelling
N>O mole fraction.

1. INTRODUCTION

The vast spreading population and rapid economic
development in recent decades have affected dramatically
the global energy consumption. Fossil fuel sources such as
coal, petroleum and natural gas are kept at the top of the
major energy sources across the world. The emissions and
the pollutants that can be released by the combustion of
these fossil fuels include CO,, CO, NOx, SO,, volatile
compounds, particulate matter, etc. which have extremely
negative impacts on the ecosystem [1]. Due to the negative
effects of CO,, it has been necessary to develop new
technologies that aim to reduce problems that correlate with
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energy consumption. These factors combined with more
strict regulations lead to investigate carbon-free fuel
sources linked to renewable energy resources [2]. Ammonia
(NHs) is a promising alternative carbonless fuel due its high
hydrogen density content, hence making it an attractive
hydrogen carrier fuel. The fuel enables 1) CO,, SOx and
soot emission free flue gases; 2) producibility from different
sources such as renewable sources and biomass; 3)
transportation and storage can be done using working
existing infrastructure. All these factors make NH; a
favourably clean fuel candidate for the energy sector.
However, high NOx emission and narrow flammability



limits are the main problem that restricts the use of NH3 in
large-scale thermal devices [3,4]. The combustion
properties of NHj3, in terms of laminar burning velocity,
have been studied and improved by blending NH;3 with
other doping agents as a fuel. However, this can increase
NOx emissions [3-6].

The term NOx stands for all nitrogen oxide forms generated
by combustion, which are mainly nitric oxide (NO),
nitrogen dioxide (NO) and nitrous oxide (N2O). The
greenhouse effect of N,O is also very important as it has
300 times larger Global Warming Potential than CO, [7,8].
Several experimental and numerical studies have been
carried out on NH3-H> blends in terms of N>,O emission [9—
11]. It has been found that the concentration of N,O reaches
its peak at 85/15 vol% NH3s/H, with a thermal power of
20kW and a Reynolds number of 40,000.[9]. Numerically,
many studies have been carried out on NHj3 in terms of
understanding the chemical kinetics of NH3 combustion to
improve the reaction mechanism of NOx. The performance
of most advanced kinetic models was improved on the basis
of experiments conducted on many combustion
configurations, an exercise that resulted in adding new
reactions or updating Arrhenius parameters that govern the
rate of reactions [12—15].

The current study aims to analyze the performance of
kinetic reaction mechanisms for estimating N>O in a 70/30
vol% NH3/H; blended fuel at the full range of equivalence
ratios (0.6-1.4). Additionally, the study aims to identify the
reaction steps responsible for NoO formation/consumption
and reveal the reasons for discrepancies in the estimation of

experimental measurements of N>O in ammonia

combustion systems.

2. NUMERICAL SETUP AND KINETIC MODELING

Chemkin-Pro package of ANSYS software was used to
study the performance of 68 chemical kinetic mechanisms
in stabilised-stagnation flame simulations. The numerical
simulations applied the same boundary conditions as those
used in the experiments in terms of atmospheric conditions,
plate temperature and inlet velocity of the blend, Table 1.
Also, the length of the computational domain was set to 2
cm in accordance with the distance of the top plate from the
nozzle burner used in the experiments. In addition, the
maximum number of grid points allowed with adaptive grid
control, gradient and curvature thresholds were set to 5000,
0.01, 0.01, respectively.

Table 1. Boundary conditions used in the experiments

# Equivalence ratio ¢ Vin (cm/s) Plate temperature Tw (K)
1 | 0.6 25.53 4935
2 | 0.8 31.26 511.5
3 | 1.0 42.57 563.6
4 | 1.2 40.96 574.7
5 | 1.4 30.86 504.0

Table 2 lists the tested kinetic reaction mechanisms in
this present study in terms of the number of species and
reactions. The experimental measurements have been
conducted at Tohoku University using a stagnation flame
configuration to determine the concentration of N>O from
the combustion of 70/30 vol% NH3/H: blended fuel. The
details of the experimental setup can be found elsewhere

Table 2: Kinetic reaction mechanisms adopted in the present study.

# Kinetic mechanism NO'.Of No. .Of Ref. # Kinetic mechanism No'.Of No. .Of
reactions species reactions species

1 Bertolino et al., 2021 264 38 [16] 35 Dagaut et al., 2008 250 41 [17]
2 Mei, Ma, et al., 2021 264 38 [18] 36 Gregory et al., 2000 325 53 [19]
3 Han et al., 2021 298 36 [20] 37 Coda Zabetta & Hupa, 2008 371 60 [21]
4 Mei, Zhang, et al., 2021 257 40 [22] 38 Alzueta MU, 2016 654 131 | [23]
5 Gotama et al., 2022 119 26 [12] 39 Shmakov et al., 2010 1207 127 [24]
6 Shrestha et al., 2021 1099 125 [25] 40 Esarte et al., 2011 536 79 [26]
7 Z. Wang et al., 2021 444 91 [27] 41 Abian et al., 2015 201 31 [28]
8 X. Zhang et al., 2021 263 38 [29] 42 T. Wang et al., 2018 925 81 [30]
9 Arunthanayothin et al., 2021 2444 157 [31] 43 T. Faravelli, 2017 158 29 [32]
10 Stagni et al., 2020 203 31 [15] 44 POLIMI, 2014 155 29 [33]
11 Han et al., 2019 177 35 [34] 45 Marques et al., 2073 318 61 [35]
12 De Persis et al., 2020 647 103 [36] 46 Aranda et al., 2013 566 95 [37]
13 Mei et al., 2019 265 38 [38] 47 Jiang et al., 2020 60 19 [39]
14 Lietal., 2019 957 128 [40] 48 Sun et al., 2022 486 66 [41]
15 Okafor et al., 2019 356 59 [42] 49 Song et al., 2019 158 29 [43]
16 Glarborg et al., 2018 231 39 [44] 50 Mével et al., 2009 203 32 [45]
17 Shrestha et al., 2018 1081 124 [46] 51 Da Rocha-Mathiue et al., 2019 66 22 [47]
18 Otomo et al., 2018 213 32 [48] 52 Da Rocha-Otomoet al., 2019 51 21 [47]
19 U. Mechanism, 2018 41 20 [49] 53 Da Rocha-Okafor et al., 2019 70 24 [47]
20 Klippenstein et al., 2018 211 33 [50] 54 Kovaleva et al., 2022 354 59 [51]
21 Nakamura et al., 2017 232 33 [13] 55 Houshfar et al., 2012 -Mid temp 91 26 [52]
22 Y. Zhang et al., 2017 251 44 [53] 56 Houshfar., 2012 -High temp et al 430 52 [52]
23 Lamoureux et al., 2016 934 123 [54] 57 Houshfar et al., 2012-Low temp 198 35 [52]
24 Xiao et al., 2017 276 55 [55] 58 Capriolo et al., 2021 2300 201 [56]
25 Song et al., 2016 204 32 [57] 59 Xu etal., 2023 389 69 [58]
26 Nozari & Karabeyoglu, 2015 91 21 [59] 60 Thomas et al., 2022 1099 125 [60]
27 Mathieu & Petersen, 2015 278 54 [61] 61 Kovacs et al., 2020a 214 34 [62]
28 Duynslaegher et al., 2012 80 19 [63] 62 Kovdcs et al., 2021 537 70 [64]
29 Klippenstein et al., 2011 202 31 [65] 63 Kovacs et al., 2020b 214 34 [66]
30 K. Zhang et al., 2011 701 88 [67] 64 Saxena & Williams, 2007 288 59 [68]
31 Lamoureux et al., 2010 883 119 [69] 65 Valké et al., 2022 537 70 [70]
32 Konnov, 2009 1207 127 [71] 66 Alzueta et al., 2001 464 65 [72]
33 Mendiara & Glarborg, 2009 779 79 [73] 67 Nakamura & Shindo, 2019 485 66 [74]
34 Tian et al., 2009 703 84 [75] 68 Glarborg, 2022 270 41 [14]
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[76]. To examine the effect of equivalence ratio on the N>O
mole fractions, various equivalence ratios have been
applied in the range of 0.6-1.4. A top stagnation plate was
fixed 2 cm above the outlet section of the burner to manage
generating a stagnation flow. The values of the top plate
surface temperature and (7w) and the mixture inlet velocity
(Vin) were varied because of the variation in equivalence
ratios and this variation changed the laminar burning
velocity. The experimental data from [76] have been
selected as it matched the conditions of our interest in terms
of NH3/H; ratio, the range of the equivalence ratio and the
standard conditions of the unburned gas.
A symmetric mean absolute percentage error (SMAPE or
SMAPE) formula has been adopted according to [77] to
select the best kinetic reaction mechanisms that give better
performance in the prediction of N>O mole fraction when
compared with the experimental data from [76].

Where F: is the forecast from numerical calculations; and
Ay is the actual value from experiments.

3. RESULTS AND DISCUSSION

This section presents the results of the sensitivity analysis

and the rate of production/consumption analysis of the most

important reactions which affect N>O. Fig. 1 shows the

performance of the mechanisms by comparing their
simulation results with the experimental measurements
from [76] in terms of symmetric mean absolute percentage
error (SMAPE). As a preliminary step, these error values
were used to identify the reaction mechanisms that show
low discrepancy with the experiments. While Fig. 2 shows
the variation of mole fraction of N,O as a function of
equivalence ratio in the (0.6-1.4) range. The mole fraction
of N>O was taken at the end of the computational domain

(at X=2cm), which corresponds to the sampling point of the
steady state

oty experimental emission defined under
— 7 ael 0, ( ) " . .
SMAPE = ar) 100% 1 conditions. Because of the different trends at different
equivalence ratios, the analysis will be presented for three
categories, namely lean (¢=0.6), stoichiometry (¢=1) and
rich flames (p=1.4).
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Fig. 1. Symmetric mean absolute percentage error (SMAPE) of N,O mole fractions calculated by 68 reaction mechanisms at various equivalence ratios.
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Fig.2. Variation of N20O concentration as a function of equivalence ratio.

3.1 Lean flame conditions

As can be seen from Fig. 2, the mole fraction of N>O has its
maximum value at ¢=0.6, then it decreases sharply to zero
as ¢ is increased to 0.8. Reaction mechanisms of (Glarborg
et al, 2018) [44] and (Klippenstein et al, 2018) [50] show a
good estimation for N>O mole fraction when their outcomes
compared with the experimental measurements along the
lean range of 70/30 vol% NHs/H; blended fuel. According
to Fig. 1, the (Nakamura et al, 2017) kinetic model [13]
shows 1% estimation error for N,O mole fractions at ¢p=0.6,
whilst Klippenstein’s mechanism demonstrates better
performance than the Glarborg’s model. Therefore, both
kinetic models, i.e., Nakamura and Klippenstein, will be
investigated in detail with local sensitivity and rate of
production/consumption analysis of N>O to reveal the
reasons behind the discrepancy among the selected
mechanisms.

Figures 3 and 4 show the reactions with the largest positive
and the negative sensitivity coefficients for N,O mole
fraction in the Nakamura and the Klippenstein mechanisms.
The positive and negative sensitivity coefficients are
normalized to their sum separately and shown as a
percentage. As can be noticed from Fig. 3, reactions
H+0,=0+0H (R1) and NH+NO=N,O+H (R2) are the most
important for increasing N>O mole fractions, furthermore,
they are also promoting the system’s reactivity via reactive
H, O and OH radical formation. In addition to that, both
selected kinetic models show different trends in sensitivity
coefficients, which can be explained by the mechanistic
differences and variations in the Arrhenius parameters
which latter govern the rate of these reactions, which in turn
determine the reactivity of the system, (see, Table 3).

In Figure 4, reactions 2HNO=N,O+H,O (R3),
HNO+OH=NO+H>O (R4), and H>O,+O=0OH+HO; (R5)
show large negative sensitivity coefficients in Nakamura's
kinetic model, indicating that they are the most important
reactions responsible for decreasing the system reactivity
and lowering the N>O mole fractions, while Klippenstein’s
model identifies reactions NNH+O,=N,+HO; (R6) and
NNH+O=NH+NO (R7) as the most inhibiting ones for N,O
production. It can be noticed that reaction R3 has no impact
on N>O production in the Klippenstein model, whereas it

¥ (Nakamura et al., 2017)
NH2+0=HNO+H (R17) H (Klippenstein et al., 2018)
2NH2=NH3+NH
H+02(+M)=HO2(+M)
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Fig.3. Reactions with the largest positive sensitivity coefficients for N,O
mole fractions in 70/30 vol.% NHs/H, premixed flame at ¢=0.6 in the
Klippenstein and Nakamura kinetic models
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Fig.4. Reactions with the largest negative sensitivity coefficients for N,O
mole fractions in 70/30 vol.% NHs/H, premixed flame at ¢p=0.6 in the
Klippenstein and Nakamura kinetic models
appears to have substantial retarding effect in the Nakamura
model.

Figures 5 and 6 show the variation of N>,O production and
consumption rates as a function of distance, respectively, by
the most important N»>O reactions in the Nakamura and the
Klippenstein mechanisms.

As can be noticed from Figs. 5 and 6, the net production rate
of N>O increases when the temperature of the system
increases sharply and then this is followed by a sudden
decrease downstream. According to Nakamura’s kinetic
model, the climbing influence of the total component of
N2O is governed by the action of reaction R2 which is
responsible for 99% of the N>O formation in the
combustion zone (see Fig. 7), while the decrease in N,O is
basically due to the retarding influence of reaction
N>,O+H=N,+OH (R8) which accounts for 85% of the
summed reaction rate of all N,O consuming reactions (see
Fig. 8). Similarly, Klippenstein’s kinetic model shows an
increase in the total N>O due to the R2 reaction and then
consumed by reactions R8 and N,O(+M)=N»+O(+M) (R9),
which thus are considered substantial in the consumption of
N>O (see Fig. 8).

The chemical pathways presented in Fig. 9 also show the
dominant role of reaction R2 in the formation of N,O,
which indicates the dominant role of NH radicals in the
production of N>O (i.e. accounts for almost 98%), as well



as the substantial part of reaction R8 in the consumption of
N0, which leads to production of N> and OH.

Figure 8 shows different trends among the selected
mechanisms, where the Nakamura kinetic model shows
higher level of N>O consumption by reaction R8 compared
to the Klippenstein model. Meanwhile, the rate of
consumption of reactions R9, N,O+O=N,+0O, (R10),
N>0+0=2NO (R11) and N,H,+NO=N,O+NH, (R12) in the
Klippenstein kinetic model demonstrate higher values than
those of the Nakamura model; what’s more reaction R12
has negligible effect in the Nakamura mechanism. This
differences in sensitivities can be justified by the variation
of Arrhenius parameters that govern the reactions in each
mechanism (see table 3), which affect the rate of the
selected reaction (see Fig. 10). As noticed from Fig. 10 the
Heat Release Rate (HRR) predicted by Klippenstein is
greater than that estimated by Nakamura’s model.
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2HNO=N20+H20 (R3) N2H2+NO=N20+NH2 (R12)
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Fig.5. The rate of production/consumption of N,O for 70/30 vol% NHs/H,
mixture at lean conditions estimated by model (Nakamura et al., 2017).
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Fig. 6. The rate of production/consumption of N,O for 70/30 vol% NH/H,
mixture at lean conditions estimated by model (Klippenstein et al., 2018).

M@ (Nakamura et al., 2017)
M (Klippenstein et al., 2018)

N+NO2=N20+0
NH+NO2=N20+OH
N2H2+NO=N20+NH2 (R12)
2HNO=N20+H20 (R3)

NH2+NO2=N20+H20 (R23)
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Rate of production of N,0 (%)

Fig. 7. Rate of production in (in %) at ¢=0.6 estimated by the (Nakamura
et al., 2017) and (Klippenstein et al., 2018) kinetic models.

H (Klippenstein et al., 2018)
® (Nakamura et al., 2017)

N2H2+NO=N20+NH2 (R12)

N20+0=2NO (R11)

N20+0=N2+02 (R10)

N20(+M)=N2+0(+M) (R9)

N20+H=N2+OH (R8)
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Rate of consumption of N,O (%)

Fig. 8. Rate of consumption (in %) at ¢=0.6 estimated by the (Nakamura
et al., 2017) and (Klippenstein et al., 2018) kinetic models.
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Fig. 9. Chemical reaction pathways of N,O formation/consumption at
flame zone (7= 1498 K) and at »=0.6 predicted by the Klippenstein model.
Arrow lines refer to chemical transformations, percentages (%) show to the
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Table 3: Key reactions of N,O formation generated from Nakamura and Klippenstein kinetic models.

(Klippenstein et al., 2018)

(Nakamura et al., 2017)

NO. Reaction
A n E A n E

1 H+02=0+0H 1.00E+14 0.00 15286 1.040E+14 0.00 15286

2 NH+NO=N,O+H 2.700E+15 -0.780 20 1.800E+14 -0.3510 -244.0

3 N20+H=N+OH 6.4E07 1.835 13492 3.310E+10 0.0000 5090.0

4 N20(+M)=N2+0(+M) 9.9E10 0.000 57901 9.900E+10 0.0000 57960

5 N20+0=N+0 9.2E13 0.000 27679 3.690E+12 0.0000 15944.0
6 N20+0=2NO 9.2E13 0.000 27679 9.150E+13 0.0000 27693

7 N2H2+NO=N20+NH 4.0E12 0.000 11922 3.000E+10 0.0000 0.00
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Fig. 10. The reaction rate profiles of reactions most influential to the formation/reduction of N,O mole fractions for 70/30 vol% NHs/H, mixture
at = 0.6. The result for the (Nakamura et al., 2017) and (Klippenstein et al., 2018) models are shown with solid and dashed lines, respectively.

3.2 Stoichiometric flame conditions

Based on Fig. 2, it has been noticed that the mole fraction
of N,O is increased slightly. It has been shown that most of
the tested mechanisms cannot prediction of N>O mole
fraction (see Fig. 1). The estimation accuracy of
Klippenstein kinetic model has fallen back and the SMAPE
increased to 12%. As can be seen from Fig. 1, the (Y. Zhang
et al, 2017) kinetic model [53] shows low discrepancy
levels ~3% compared to experimental measurements.
Therefore, the Klippenstein and Zhang reaction
mechanisms will be analysed regarding their behaviour in
the estimation of N>O and we will shed light on the reasons
behind their discrepancy at this condition.

Figures 11 and 12 show the most influential reactions on
N>O mole fractions with positive and the negative
sensitivity  coefficients estimated by Zhang and
Klippenstein kinetic mechanisms, respectively. As can be
seen in Fig. 11, reactions R1, H,+O=H+OH (R13),
H,+OH=H+H,0 (R14) and 20H=0+H,0 (R15) are the
most important reactions that promote N,O formation in the
Klippenstein model, knowing that the previous reactions

show no effect on N,O mole fraction in Zhang mechanism.
In  addition, Zhang  mechanism  shows  that
NH+OH=HNO+H (R16),

NH»+O=HNO+H (R17), R2 and NH,+H=NH+H, (R18)
are the most dominant reactions boosting the mole fraction
of N>O by increasing the H and H pools in the system,
hence improving system’s reactivity; it has been also
noticed the ineffective action of these reactions in
Klippenstein mechanism.

According to Fig. 12, both models show the highest
negative sensitivity coefficient (Klippenstein: 17%, Zhang:
14%) for reaction RS, thus this reaction is considered the
most influential in retarding N»,O formation. Along with that
reactions N+NO=N,+0 (R19) and NH+NO=N,+OH (R20)
also show higher values in the Klippenstein model than the
Zhang model. Several reactions have a high negative impact on
the concentration of N2O and their relative sensitivities are very
similar in the two mechanisms, which was not the case for the N.O
formation promoting reactions. The variation in prediction of
the sensitivity coefficient values is justified based on the
differences in Arrhenius parameters of the two mechanisms.

u (Y. Zhang et al., 2017)
H (Klippenstein et al., 2018)
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Fig.11. Reactions with the largest positive local sensitivity coefficients for
N,O mole fractions in 70/30 NH;H, vol% premixed flame at ¢=1 in the
Klippenstein and Zhang kinetic models

Fig. 12. Reactions with the largest negative local sensitivity coefficients
for N>O concentration in 70 NH3/30 H; (%vol.) premixed flame at =1 in
the Klippenstein and Zhang kinetic models



Figures 13 and 14 illustrate the rate distribution
formation/consumption of N>O along the computational
domain estimated by Zhang and Klippenstein kinetic
reaction mechanisms, respectively. As can be observed
from the figures, the total component of N>O increases at
first, which is caused by the N>O forming reaction R2. This
phenomenon can be clearly observed for both selected
kinetic models (see Fig. 15). Meanwhile, the consumption
effect of reactions R8, N,O+H,=N,+H,O (R21), R9, R12
and NNH+O=N,O+H (R22) is the reason behind the
decline of the total N»>O (see Fig. 16).

It is also noticed that while in the Zhang mechanism
reaction R21 is the second most influential in inhibiting
N>O formation, it is not even included in the Klippenstein
mechanism. (see Fig. 16). Further, the N>O production rates
of reaction R2 estimated by Zhang mechanism is higher
than that of Klippenstein. Similarly, the N>O consumption
rates of reactionsR9, R21 and R22 demonstrate higher
consumption rates in the Zhang model than in the
Klippenstein kinetic model.

Figure 17 illustrates the main pathways for the formation/
consumption of N>O in terms of net reaction rate in the
reaction zone where T=1619 K. As shown in the figure,
formation of N>O from NO occurs mainly (in 98%) via
reaction with NH radicals according to R2, as well as

dashed pathways: NH>+NO»=N,O+H,O (R23) and
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Fig. 13. The rate of production/consumption of N,O in 70/30 vol% NHs/H,
mixture at stoichiometric conditions by model (Y. Zhang et al., 2017).
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Fig. 14. The rate of production/consumption of N,O in 70/30 vol%
NHi/H, mixture at stoichiometric conditions by model (Klippenstein et
al., 2018).
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H (Y. Zhang et al., 2017)
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0% 20% 40% 60% 80% 100%
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Fig. 15. Rate of production at stoichiometric conditions estimated by the
(Y. Zhang et al., 2017) and (Klippenstein et al., 2018) kinetic models.
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m (Y. Zhang et al., 2017)
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Fig.16. Rate of consumption at stoichiometric conditions estimated by the
(Y. Zhang et al., 2017) and (Klippenstein et al., 2018). kinetic models.
HNO+NO=N,0+0H (R24) also contribute to the formation
of N>O. On the other hand, the chemical pathways for the
consumption of N>O shows that N,O decomposes almost
exclusively (in 99%) into N; by reacting with H atoms in
reaction R8 (~0.97%99%=96%) and by unimolecular decay
in R9 (~3%), whereas the remaining 1% of N>O is

consumed by reaction NoO+NH>=N,H»+NO (R25).
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Fig. 17. Chemical reaction pathways of N,O formation/consumption at
flame zone (7=1619 K) and at =1 predicted by the Klippenstein model.
Arrow lines refer to chemical transformations, percentages (%) refer to
the contribution of reactants to the transformation, numbers stand for
the net reaction rate in kmol/m’s, which is also visualized by line



3.3 Rich flame conditions

The mole fraction of N>O starts decreasing when the
equivalence ratio increases to rich conditions and become
close to zero at p=1.4 (see Fig. 2). The performance of the
tested mechanisms in predicting the mole fraction of N,O
deteriorate from ¢=1.2, where many of the tested
mechanisms give an estimated error over 20%. When ¢
increases to 1.4, the prediction accuracy of the kinetic

mechanisms demonstrates a slight improvement (see Fig. 1).

In addition, the prediction accuracy of the Klippenstein
kinetic model has declined and the SMAPE has increased
to 27%. Although the performance of Klippenstein kinetic
mechanism at the rich conditions considerably deteriorates,
several reaction mechanisms showed a superior
performance in the estimation of N>O. Such is the (Sun et
al, 2022) kinetic model [41], which recorded 1% as SMAPE
based on the experimental measurements. Therefore, both
Klippenstein and Sun kinetic reaction mechanisms will be
analysed in term of sensitivity and rate of
formation/consumption of N>O to examine the reasons
behind their discrepancies at these conditions.

As shown in Figure 18, the N,O mole fraction can be
extremely boosted by the action of the reactions R2,

NH+H,=NH,+H (R26), NH>+NO=N+H,0 (R27) and R16.

Reactions R2, R16 and R26 are responsible for increasing
the system’s reactivity by increasing the H pool. It should
be highlighted that reaction R27 has no influence on N,O
mole fraction in the Klippenstein mechanism.

2NH2=NH3+NH M (Sun et al., 2022)

H+02+H20=HO2+H20

u (Klippenstein et al., 2018)

N2H3=N2H2+H
N+OH=NO+H
N+02=NO+0

NH2+0=HNO+H (R17)
NH+OH=HNO+H (R16)
NH2+NO=N2+H20 (R27)
NH+H2=NH2+H (R26)
NH+NO=N20+H (R2)
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Fig. 18. Reactions with the largest positive local sensitivity coefficients for
N,O mole fraction in 70 NH3/30 H, vol% premixed flame at p=1.4 in the
Klippenstein and Sun kinetic models

Figure 19 illustrates that reactions R1, RS, R27 and
NoH,+H=NH,+NH (R28) has a considerable effect on
reducing the concentration of N,O by consuming H and NO
species. Although both kinetic models show nearly the same
reactions which have positive/negative trends on N,O
concentration, the estimated figures in most cases are
different for the two mechanisms.

H (Sun et al., 2022) N2H2+H=NNH+H2

® (Klippenstein et al., 2018) O+HZ=0H+H
N+NO=N2+0 (R19)
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Fig. 19. Reactions with the largest negative local sensitivity coefficients
for N,O concentration in 70/30 vol% NHi/H, premixed flame at ¢=1.4 in
the Klippenstein and Sun kinetic models.

As illustrated in Figs. 20 and 21, the increasing trend of
the total N>,O can be explained by the increasing rate of the
N>O producing R2 reaction. Furthermore, both selected
kinetic models give the same estimation for the N,O
production rate of reaction R2 (see Fig. 22). Meanwhile, the
peaking rates of N>O consuming reactions R8 and R9 cause
the sharp decrease in the total rate of N,O concentration
change. In addition, the rate of reaction R8 estimated by the
Klippenstein kinetic model is higher than that of Sun’s
reaction model (Fig. 23).
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Fig. 20. The rate of production/consumption of N,O in 70/30 vol%
NH;/H, mixture at 9=1.4 estimated by Sun kinetic model.

NH+NO=N20+H (R2)
2HNO=N20+H20 (R3)
--------- N20+H=N2+OH (R8)
777777777 N2H2+NO=N20+NH2 (R12)

NH2+NO2=N20+H20 (R23)
NH+NO2=N20+0H
--------- N20(+M)=N2+0(+M) (R9)
————————— NNH+0=N20+H (R22)

Total = === = Temperature (K)
) 2250
a 1.0E-04
o e e e 2000
T —_—— [E—
S 1750 _
=] 5.0E-05 =
3 1500 @
= ]
8 1250 ®
o A i
8 0.0E:00 1000 &
< £
g 750 @
%5 -5.0E-05 500
3z
© 250
o
Q. -1oe08 o
= 0.6 0.7 0.8 0.9 1 11 12 13 14

Distance(cm)

Fig. 21. The rate of production/consumption of N,O in 70/30 vol%
NHs/H, mixture at ¢=1.4 estimated by the Klippenstein kinetic models.
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Fig. 22. Rate of production of N,O at ¢=1.4 estimated by the (Sun et al.,
2022) and (Klippenstein et al., 2018) kinetic models.
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Fig. 23. Rate of consumption of N,O at ¢=1.4 estimated by the (Sun et al.,
2022) and (Klippenstein et al., 2018) kinetic models.

It has been also observed the dominant role of the reaction
R2 in increasing N>O concentration, as well as the negative
influence of reactions R8 and R9 on the consumption of
N-O at rich conditions can be seen clearly in the pathway
diagram in Fig. 24.
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Fig. 24. Chemical reaction pathways of N,O formation/consumption at
flame zone (T= 1478K) and at ¢=1.4 predicted by the Klippenstein kinetic
model. Arrow lines refer to chemical transformations, percentages (%) refer
to the contribution of reactants to the transformation, numbers stand for the
net reaction rate in kmol/m’s, which is also visualized by line thickness.

The diagram shows the rates at 1478K, which corresponds
to the peak value of the total N>O production rate. The
pathway diagram shows that reaction NO+NH=N,O+H
(R2) accounts for about 98% of the NO to N,O
transformation. Further, reaction NoO+H=N,+OH (R8) is
responsible in 98% for the decomposition of N>O to Ny, and
the formation of N>H; from NH; takes place in 23% via
reaction NH>+N>O=N,H,+NO (R25) (see blue lines in Fig.
24).

4. CONCLUSIONS

The present study numerically investigated the mole
fraction of N,O using 68 chemical kinetic mechanisms from
the literature. The resulting numerical data was compared
with experimental measurements from literature using
symmetric mean absolute percentage error (SMAPE) to
evaluate the performance of the selected mechanisms in
predicting N>O concentration in a 70/30 vol% NH3/H,
premixed flame. The study concludes that:

1. Most of the analysed chemical kinetic mechanisms
exhibit low accuracy in predicting N>O concentration
at certain equivalence ratios, particularly very lean
conditions (¢=0.6) and rich conditions (¢=1.2).

2. (Klippenstein et al, 2018) kinetic model generally
predicts N>O mole fractions accurately, but its
performance deteriorates as the equivalence ratio
increases from stoichiometric to rich conditions.

3. The chemical reaction NH+NO=N,O+H plays a
substantial part in the formation of N,>O for all tested
conditions.

4. The consumption of N>O is mainly governed by
reactions NoO+H=N,+OH, N>O(+M)=N+O(+M) and
N,O+NH,=N,;H,+NO, which show a domination role
at all equivalence ratios.

5. For local conditions of ¢, the (Nakamura et al, 2017)
mechanism show good performance with 1% of error
at 0.6, while the (Y. Zhang et al, 2017) and (Sun et al,
2022) kinetic models demonstrate proper performance
at stoichiometry and rich conditions, with 3% and 1%
errors, respectively.

6. The observed inconsistency among the reaction
mechanisms in the estimation of N>O mole fractions
can be attributed to the variations in the reactions that
control the consumption of N>O. On the other hand, all
the examined kinetic models showed analogous N,O
production rates and reactions governing NO
generation.
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