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ABSTRACT

This paper presents a refined method for explicitly identifying the contributions of NHz and Ny to NO, formation.
The approach modifies the nitrogen element in N3 to N*N*, effectively decoupling the reactions originating from
both N3 and NH3 within the chemical reaction mechanism. Building on the previous work by Wu et al. (Energy,
2023, 284, 129291-129303), this study further refines the process of reaction differentiation, particularly under
rotational asymmetric multi-nitrogen atom structures, enabling more accurate identification of reaction path-
ways for different nitrogen source. Notably, a rigorous method is introduced, along with a set of principles for
distributing reaction kinetics parameters. This approach is applicable for distinguishing specific elements in both
the fuel and oxidizer during the combustion process.

The proposed method is then applied to develop a new mechanism comprising 74 species and 946 reactions,
based on the mechanism by Zhang et al. (Combust. Flame, 2021, 234, 111653-111667). The proposed method
successfully uncouples the NO, formation pathways, revealing intricate interactions between NHj3- and Na-
derived intermediates, and elucidating their roles in the formation of NO, NO,, and N,O under varying condi-
tions of temperature, oxygen concentration, and equivalence ratio. Key findings include the temperature-
dependent transition of dominant NO, sources, cross-pathway interactions between NH3 and Ny, and shifts in
formation and reduction pathways. Notably, the present study demonstrates that interactions between NHgs-
derived and N*N*-derived nitrogen species represent a primary NO consumption pathway at elevated com-
bustion temperatures, particularly through reactions such as N + N*O — N*N + O and N* + NO — N*N + O.
Additionally, when the initial reactant temperature approaches approximately 800 K, an overall reduction in
total NO formation is observed, despite the enhanced formation of thermal NO at these higher combustion
temperatures.

1. Introduction

greenhouse gas emissions. Despite its potential, practical applications of
NHj are hindered by several challenges compared to conventional hy-

The development of human society is deeply intertwined with energy
production, and combustion has long served as a primary energy source.
However, the widespread reliance on fossil fuels has led to substantial
environmental challenges, particularly global warming driven by car-
bon dioxide (CO3) emissions. This has created an urgent need for sus-
tainable, low-carbon energy alternatives. Ammonia (NH3) has emerged
as a promising carbon-free fuel that could significantly reduce
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drocarbon fuels, ammonia exhibits poor combustion stability due to its
low reactivity, narrow flammability limits, and low laminar flame speed
[1,2], which can lead to issues such as flame extinction under traditional
combustion modes [3,4]. To address these issues, researchers have
explored various strategies, such as increasing combustion temperature
[5], raising oxygen concentration [6], blending active fuels [7-9],
pressurized combustion [10,11], plasma-assisted combustion [12].
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Table 1
Composition of nitrogen elements before and after source identification,
considering the symmetry and asymmetry of the substances being distinguished.

Before After differentiation Before After

differentiation differentiation differentiation

Ny Ny, N*N, N*N* NO NO, N*O

N N, N* N0 N,0, N*NO,

NH NH, N*H NN*O, N*N*O

NH, NH,, N*Hy NO, NO,, N*O,

NH3 NH3, N*Hg HNO HN*O

NoH, N,H,, N*HNH, HON HON*
N*HN*H HONO HON*O

NoH3 NoH3, N*HNH,, H,NO HoN*O
NHN*H,, N*HN*H, HNOH HN*OH

H,oNN H,NN, HoN*N, NH,;OH N*H,OH
HoNN*, HoN*N* HNO, HN*O,

NoHy NoH., N*H,NH,, HONO, HON*O,
N*H,N*H, NO; N*Os

H,NN HoNN, HoN*N, HNO3 HN*O3
HoNN*, HoN*N*

Nevertheless, a major barrier remains: high emissions of nitrogen
oxides (NO,) produced during NH3 combustion [13]. Kinetic studies
show that NO is the primary NO, component at atmospheric pressure,
formed via the pathway NH3 — NH; — HNO — NO, and the key re-
actions are [14-17]:

NH, + O < HNO +H (R1)
NH + OH < HNO + H (R2)
HNO + OH < NO + H,0 (R3)

with HNO acting as a crucial intermediate [18]. Okafor et al. [19]
emphasize the importance of the reaction NHy + O « HNO + H in NO
formation and flame propagation speed. Wang et al. [20] reported that
the HNO pathway is the primary route for NO formation, accounting for
more than 50% of total NO generation, while over 40% of NO con-
sumption results from reactions involving NO and NH; species. Under
fuel-lean conditions, elevated concentrations of O and OH radicals
enhance the NH; pathway, increasing its significance in NO formation
[21]. Liu et al. [22] demonstrated that under fuel-rich conditions, the
decreased concentration of atomic oxygen suppresses NO formation
through the NH; pathway, causing H radicals to become significant in

Table 2
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promoting NO formation via the HNO route. Zhang et al. [23] further
observed that heat losses near wall regions inhibit the critical
chain-branching reaction H + Oy — OH + O, resulting in localized re-
ductions of OH concentrations, thus suppressing NO formation through
both the HNO and NH pathways. In oxygen-rich environments, NO can
be further oxidized to N0, particularly under lean combustion condi-
tions. Hayakawa et al. [24] demonstrated that the equivalence ratio
strongly influences NO, emissions in NH3 flames. Under fuel-lean con-
ditions, elevated flame temperatures promote OH radical production,
resulting in NO concentrations exceeding 1000 ppm. Conversely,
fuel-rich conditions suppress NO, formation via the DeNO, pathway but
may lead to increased emissions of unburned NHs. Tang et al. [25]
investigated ammonia combustion in a jet-stirred reactor (JSR) and
found that the equivalence ratio plays a crucial role in the formation of
NO;y and N2O, particularly under extremely lean conditions. As the
equivalence ratio increases, HO, concentrations decrease, suppressing
reactions such as NO + HOz < NO; + OH and NH; + NO2 < N5O + H,0.
Further studies by Okafor et al. [26,27] and Khateeb et al. [28] revealed
that N2O formation is influenced by wall heat loss and combustion
residence time, making it a prominent byproduct in lean,
low-temperature environments. These findings are further validated by
Zhu et al. [29] in gas turbines. Combustion pressure is another factor
that significantly affects NO, formation. Elevated pressures promote
reactions like H + OH + M < H,O + M, which reduce OH radical
concentrations and suppress NO formation [27,30]. However, Gar-
cia-Ruiz et al. [31] found that higher pressures decrease NO emissions
but simultaneously increase N2O production due to changes in reaction
kinetics, reflecting the complex interplay between pressure and NO,
formation pathways.

In pure ammonia combustion, NO, emissions can be classified into
two categories based on their nitrogen source: fuel-derived NO, from
NH; and oxidizer-derived NO, from N3 [32]. Understanding the nitro-
gen source of NO, is critical for developing effective emission reduction
strategies. Fuel-derived NO, pathways, including the Extended Zeldo-
vich, HNO, NH; and NNH pathways, are predominant in ammonia
combustion, particularly under stoichiometric and fuel-rich conditions.
Among these, The HNO pathway, characterized by the reaction HNO +
O — NO + OH, is particularly sensitive to flame temperature and radical
concentrations [33,34]. Similarly, the NH; pathway (NH, NH,, and NH3
intermediates) drives NO formation through temperature-dependent
reactions such as NH + O — NO + H and NH, + O — NO + Hj [34].

Composition of nitrogen elements before and after source identification, considering the symmetry and asymmetry of the substances being distinguished (N0 in case

(ii)), the units for A, E, are (em®/mol)™~1/s and cal/mol.

Case Before source identification A b E, After source identification A b E,

Case (i) R45N + O, & NO + O 5.841E9 1.01 6202.0 N+ 0, < NO + O 5.841E9 1.01 6202.0
N* + 02 & N*O + O 5.841E9 1.01 6202.0

Case (ii) R185 NH; + NH < NH3 + N 9574.0 2.46 NH; + NH < NH3 + N 9574.0 2.46 107.3
N*H, + NH < N*Hz + N 9574.0 2.46 107.3
NH; + N*H < NH3 + N* 9574.0 2.46 107.3
N*H; + N*H < N*H3 + N* 9574.0 2.46 107.3

R81 NH + NO < N,O + H 2.7E15 -0.78 20.0 NH + NO < N,O + H 2.7E15 —-0.78 20.0

N*H + NO « N*NO + H 2.7E15 -0.78 20.0
NH + N*O <& NN*O + H 2.7E15 -0.78 20.0
N*H + N*O « N*N*O + H 2.7E15 -0.78 20.0

Case (iii-1) R173 NH + NH < NH, + N 0.57 3.88 342.0 NH + NH < NH, + N 0.57 3.88 342.0
N*H + N*H < N*H, + N* 0.57 3.88 342.0
N*H + NH <& N*H,; + N 0.57 3.88 342.0
N*H + NH < NH; + N* 0.57 3.88 342.0
N*H + NH —» N*H, + N 0.57 3.88 342.0
N*H + NH — NH, + N* 0.57 3.88 342.0

Case (iii-2) R271 NH; + NH; < NoH, + Hj 1.7E8 1.62 1.1783E4 NH;, + NH, < NoH, + Hy 1.7E8 1.62 1.1783E4
N*Hy+N*Hy < N*HN*H + Hp 1.7E8 1.62 1.1783E4
N*Hy+NH, <> N*HNH + H, 1.7E8 1.62 1.1783E4
N*Hy+NH, — N*HNH + Hj, 5.1E08 1.62 1.1783E4

Case (iv) R774 NO + O(+M) < NO(+M) 2.95E14 -0.4 0.0 NO + O(+M) < NOo(+M) 2.95E14 —0.4 0.0
N*O + O(+M) < N*Oy(+M) 2.95E14 —0.4 0.0
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Fig. 1. Conversion processes of various species in PSR at Tipitial = 1600 K, Xo2 = 0.21, and & = 1. Results are calculated by mechanism without nitrogen source
identification (NH3/N2/O,) and nitrogen source identification (NH3/N*N*/O5).

The NNH pathway, involving NH, + NO — NNH + OH, further con-
tributes to NO formation under specific conditions [35]. No-sourced NO,
pathways involve nitrogen from ambient air and include thermal,
NO-intermediate, prompt NO,, and NNH mechanisms [36], which are
largely investigated previously for hydrocarbon fuel combustion.

To accurately distinguish NO,, formation originating from NHs, Yan
et al. [37] and Yang et al. [38] utilized inert argon (Ar) to replace at-
mospheric Ny, thereby isolating NHs-derived NO, formation pathways.
Similarly, Zhao et al. [39] and Yang et al. [40] employed artificial
non-reactive Np distinctly investigate NHs-derived NO, formation
pathways. Li et al. [41] proposed an alternative method involving
combustion of NH3 and hydrogen (Ho) at identical flame temperatures,
attributing observed discrepancies in NO, formation solely to nitrogen
oxidation in NH3.

Recent work by Liu et al. [22] further emphasized the complexity of
NO, formation during pure NH3 combustion, demonstrating the critical
role of the Zeldovich mechanism in NO consumption. These findings
indicate complex interactions between nitrogen species derived from
both NH3 and atmospheric No, which share common pathways but may
exhibit opposing effects. Thus, differentiating NHs-derived from
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Na-derived NO, pathways and elucidating their interactions are essen-
tial for understanding NO, formation mechanisms in ammonia
combustion.

Yan et al. [42] and Yang et al. [43-45] were the first to propose a
method to distinguish nitrogen originating from ammonia (NH3) and
atmospheric nitrogen (N3) within combustion simulations. Specifically,
they introduced labeled nitrogen species (N**5 or Ng;2) to replace at-
mospheric Ny, assigning thermal NO, pathways to these labeled species,
thereby decoupling the formation of fuel-derived and thermal NO,, for-
mation during combustion. Despite this advancement, interactions be-
tween nitrogen species derived from NH3 and N3 remained unexplored.

To address this, Wu et al. [46] introduced a nitrogen-labeling
approach, labeling atmospheric nitrogen as NN* and N*,, to clearly
distinguish thermal NO, from fuel-derived NO, while explicitly incor-
porating their interactions. However, this method did not account for
structural complexities associated with rotational asymmetry in
multi-nitrogen atom species (e.g., distinguishing, N*NO vs. NN*O) and
their implications for reaction product formation. For example, in the
reverse reaction of NoO + H «& NH + NO, cleavage of the N-N bond
explicitly results in NO formation from the nitrogen atom bonded to
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Fig. 2. Rate of production (ROP) for NH; combustion in PSR at Tipitia1 = 1600 K, Xo2 = 0.21, and @ = 1. Results are calculated by new mechanism without nitrogen
source identification (NH3/N2/O,) and with nitrogen source identification (NH3/N*N*/0,).

oxygen, whereas the nitrogen atom distant from oxygen combines with
hydrogen, forming NH. Furthermore, previous approaches inadequately
described the detailed mechanism construction, derivation of reaction
kinetics parameters, and potential errors introduced by nitrogen
labeling.

To further refine the differentiation of nitrogen transformations from
both NH3 and N sources, the present study refines and systematically
extends the method proposed by Wu et al. [46]. Specifically, the present
work systematically details the construction of the nitrogen-labeling
mechanism and provides a rigorous approach for assigning kinetic pa-
rameters. With this method, the present study also develop a new
mechanism with 74 species and 946 reactions based on the detailed
mechanism by Zhang et al. [47] The study discusses the contributions of
different NO, sources, the interactions between nitrogen species from
NH;3 and Ny, and provides a comparison with the artificial species
method.

2. Derivation of nitrogen element source identification method
and construction of new mechanism

This study presents a refined method, building on the work of Wu
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et al. [46], to distinguish nitrogen-containing species derived from both
NH;s and Ny in combustion simulation. The primary objective of this
method is to differentiate the pathways leading to NO, formation, while
accounting for the multi-nitrogen species with rotational asymmetry
structures. By identifying nitrogen elements based on their sources (e.g.,
NH; and N*N*, N* stands for the nitrogen source from N32), the method
allows for the identification of the corresponding reaction pathways
without altering the overall reaction process.

Key principle for constructing the nitrogen-source differentiation is
to ensure that simulation results from the new mechanism remain
entirely consistent with those from the original, undifferentiated
mechanism. Specifically, this differentiation must preserve all inherent
reaction pathways. To achieve this, the new method ensure that the
consumption and formation rates of every species involved in each
elementary reaction remain unchanged. Maintaining the net reaction
rate of each species in each reaction step at any given moment ensures
accurate computation throughout the entire reaction process.

Based on the ammonia combustion reaction mechanism developed
by Zhang et al. [47], this study constructs a new reaction mechanism
capable of identifying nitrogen elements. Table 1 illustrates the
composition of nitrogen-containing reactants before and after the
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Fig. 3. Proportion of NO, from NHjz-sourced (NO,) and N*N*-sourced (N*O,) with different Tipitia1, Xo2 and &, with mole fraction also presented.

differentiation process. Notably, for rotational asymmetrical nitrogen
components (e.g., NoO, NNH), the position of each nitrogen atom must
be considered, which is often neglected in previous studies.

This research also addresses the impact of labeling nitrogen positions
in the differentiation of multi-nitrogen substances with rotational
asymmetric. For example, in the reaction containing NoO:

N+NO, < N,O0+ O (R4)

The nitrogen identification should consider the position of nitrogen
relative to oxygen, with only one nitrogen atom labeled, i.e.,

N" +NO, - N'NO + O (R5)

N+N'0, »NN'O+0 (R6)

This division aligns with the principles for establishing elementary
reactions. Similar considerations apply to other components such as
NNH and N»Hs.

Before outlining the approach, it is important to first explain the
computational methods employed for elementary reactions in the nu-
merical simulations. For reversible reactions such as
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A+B<C+D (R7)

the forward and reverse reaction rates are respectively expressed as
follows [48]:

= k[A][B] @
1 = k:[C][D] @)
And the net reaction rate of reactant A is:
A
€ =KfA][B] ~ e [CD) ®

In the above, ¢ and r, represent the forward and reverse reaction rates,
while k; and k; are the reaction rate constants for the forward and
reverse reactions, respectively; [X] denotes the mole concentration of
component X. The reaction rate constants are calculated using the
Arrhenius equation. Specific cases are discussed below, with detailed
reaction examples from Zhang et al.’s mechanism [47] provided in
Table 2:

Case (i). reactant A and product C both contain nitrogen elements
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@)z, -600K
HNO + OH < NO + H,0
HNO +H < NO +H,
HNO < H+NO

NH, + NO < N, + H,0
NH, + NO « N, + H,0
NH, + NO > NNH + OH
NH +NO < N,0+H
NH+O0O < NO+H
N+NO < N,+0
N+OH < NO+H

nitial

NH, +N"O <> N'NH + OH

-3.60x107 -1.80I><10'7 0.00 4
(b)T =1000 K ROP of NO [mole/(cm™-sec)]

initial

1.80x107 3.60x107

HNO + OH < NO + H,0
HNO +H < NO+H,
HNO < H+NO
NH+NO < N, + OH
NH+0 < NO+H

NH, + NO < NNH + OH
N"+NO - N'N+0

N"+NO < N'N+0
N+NO < N,+0

N+OH < NO+H

NH, +N"0 < N'NH + OH

-3.60x107 -1.80I><10*7 0.00 )
(C) T — 1400 K  ROP of NO [mole/(cm’sec)]

initial —

1.80x1077 3.60x107

HNO + OH < NO + H,0
HNO +H < NO+H,
HNO + O <> NO + OH

HNO < H+NO
NH+NO < N,0+H
NH+O0 < NO+H
N"+NO - N'N+0
N"+NO & N'N+0
N+NO <N, +0
N+OH < NO+H

NH, + N0 < N'NH + OH

-3.60x107 -1.80x107  0.00
ROP of NO [mole/(cm*-sec)]

1.80x1077 3.60x107
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Fig. 4. Rates of production (ROP) of NO/N*O for the top 10 reactions during NH3/05/N*N* combustion in PSR at @ = 1.0, Xopy = 0.21, and Tiyigia1 Of (2) 600 K, (b)

1000 K, (c) 1400 K.

Assume that both A and C contain one nitrogen atom each. In this
case, A can be divided into two components, A; and A*, representing
different nitrogen sources. A similar division applies to C. The reaction is
then divided into two sub-reactions:

A +BoC +D (R8)

A"+BoC +D (R9)

The forward and reverse reaction constants ki and k; remain
consistent, preserving the total reaction rate:

TR ] (] + ) B] k(1] + (€ ID] = ATB]  k[C]ID] =)
4

Similarly,

%:kf([A1]+[Aﬁ])[B]7kr([C1]+[C*])[D]:% )

%:kr(ml]*‘[C*])[D]—kf([Al]+[A*D[B]:$ ©

d[D; + D] _d[D]
dt Tt
If A contains more than one nitrogen atom, this principle applies
similarly, ensuring that the reaction constants remain the same for each
pathway.

Case (ii).

=k:([C1] +[C])D] —ke([Ar] + [A'])[B] ™

both reactants contain nitrogen elements

If both A and B contain nitrogen, reaction R7 should be divided into
four sub-reactions:

A1 +By<C +D; (R10)
A +B oC +D (R11)
A" +BoC +D; (R12)
A +B oC +D (R13)

The reaction constants for the above reactions should also be k; and
k; to ensure the total reaction rate unchanged:
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Table 3

Correlation pathways for NH3-Sourced NO and N*N*-Sourced N*O production

and consumption.

NH3-Sourced [36]

Extened R45N + Oy < R47 N + OH & R49 N + NO < N, +
Zeldovich NO + O NO + H (0]
R50 N* + NO < R52 N* + NO —
N*N + O N*N + O
HNO R714 HNO <« H R716 HNO + O < R718 HNO + H <
+ NO NO + OH NO + H,
R720 HNO + OH R722 HNO + O, R762 NO + OH(+M)
< NO + Hy0 < NO + HO, < HONO(+M)
NH; R57 NH + O & R67 NH + O5 « R686 NNH + O <
NO + H NO + OH NH + NO
R688 NN*H + O
< N*H + NO
DeNO, R81 NH + NO « R82 N*H + NO < R85 NH + NO < N,
N,O + H N*NO + H + OH
R86 N*H + NO < R88 N*H + NO — R141 NH; + NO «
N*N + OH N*N + OH NNH + OH
R142 N*H, + NO R145 NH; + NO R146 NH; + NO <
< NN*H + OH < Ns + H0 N, + H,O
NOundefined R764 NO + HO, R770 NO5; + H & R774 NO + O(+M)
< NO, + OH NO + OH < NOy(+M)
R798 N*NO + O R799 NN*O + O
< N*O + NO — N*O + NO
N*N*-sourced [22]
Thermal R46 N* + Oy < R48 N* + OH « R51 N + N*O «
N*O + O N*O + H N*N + O
R53 N + N*O — R54 N* + N*O «
N*N + O N*N* + O
N,O- R83NH + N*0O < R84 N*H + N*O R798 N*NO + O <
intermediate NN*O + H < N*N*O + H N*O + NO
R799 N*NO + O R800 N*N*O + O
— N*O + NO < 2N*O
NNH R687 N*NH + O R689 N*N*H + O R719 HN*O + H <
< NH + N*O < N*H + N*O N*O + Hp
R721 HN*O +
OH < N*O +
H,0
NO-reburning R87NH+N*O«  R89NH +N*O -  R90 N*H + N*O <
N*N + OH N*N + OH N*N* + OH
R149NH, + N*O  R150 NH, + N*O  R153 NH, + N*O —
< N*N + H;O < N*N + H,O N*N + Hy0
R154 NH, + N*O
— N*N + H,0
N*Oundefined RS8N*H+ O <  RI43NH, + N*O  R715HN*O < H +
N*O + H < N*NH + OH N*O
R765 N*O + HO- R771N*0O5+ H e R775 N*O + O(+M)
< N*0, +OH N*O + OH < N*O(+M)
djA; + A B B N N
AT (1] + D (8] + B — k(1G] + C) (D] + (D7)
— k[A][B] - ki [c)[p) = 22 ®
dt
djC; +C . N d[C
Aot O] kea+ D]+ D7) ~ k(] + A (B + (B =
)]

Similarly, the products follow the same derivation. When A and B
contain more nitrogen atoms, the division of reactions follows the same

process.

Case (iii).

A and B are the same substance

(1) Producing two different species C and D

A+A<-C+D

Assume that A contains a single nitrogen atom, and both C and
D contain nitrogen atoms. The reaction should be divided into
sub-reactions which contain duplicate reactions which are

irreversible:

(R14)
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Ai+A «C +D; (R15)
A" +A -C +D; (R16)
A +A; —>C +D; (R17)
A"+A -C +D (R18)
A"+A -C +D (R19)
A +A -C +D (R20)

The forward and reverse reaction rate constants should be k¢
and k; to ensure the net reaction rate remains unchanged:

Mld—fmzzkf[AI]z + 2ke[A"]? + 4k¢[A1][A] — ke [C1][D4]

— k[C1][D]
—k:[C'][D1] = k;[C'][D"] = 2k¢[A]* — k;[C][D] :% (10)
G‘[[Clditd(]:kr[Cll[Dﬂ+kr[<11][D*]+kr[C"'][D1]+kr [CT][D] —2ke[Aq)?
—2k([A"T?
4kl A =k [C][D] — 2kfAP =5 an

Producing only one product C, with A containing only one ni-
trogen atom:

A+A-C (R21)
The reaction is divided into:

A +A; < Cpy (R22)

A +A <G (R23)

A +A-C (R24)

A +A =C” (R25)

The forward rate constants for R22, R23, R24, and R25 are set
as kg, k¢, 3 k¢, and ki, respectively, with the reverse rate constant
k, unchanged, to preserve the overall reaction rate after dividing:

d[A; +A"]
dt
—ke([Cua] + [C ] +[CT])

= 2kf[A1]2 + Zkf[A*]z + 4kf [Al} [A*]

= 2K(A ~ k((c) = 42

dt (12)

M =ke([Cu] +[C: ']+ [C7]) — 2Kk [A)

dt (13)
, d
—k[C] — 2ks A = £

For cases where A contains more than one nitrogen atom, the
same method applies, ensuring that the net reaction rate is
maintained.
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Fig. 5. Contribution of NOy)(NO + N*O) production pathways in NH3/O3/N; systems under different Tipitial, Xo2, and @ (NO, and N*O,).

Case (iv). reactions involve three-body collisions

A+B+ (M)~ C+D+ (M) (R26)
In this case, a third body M is involved, its effect is reflected in the rate of
progress variable [49]:

qi= (Z (ani) [Xn]

=1

Here, X, is the coefficient of the third body component n, ky; is the for-
ward reaction constant, and k,; is the reverse reaction constant. The
presence of a third body does not alter the overall chemical reaction
equations, and the nitrogen-containing species are unaffected by the
differentiation process. Pressure-dependent reactions [50,51] can be
handled similarly. In this context, the reaction can be reformulated using
the general approach outlined above.

Following this methodology, the detailed NH3 combustion mecha-
nism proposed by Zhang et al. [47] is applied to build a new mechanism.
After incorporating nitrogen differentiation, the original mechanism,
which consists of 38 species and 263 reactions, is expanded to include 74
species and 946 reactions. A comprehensive description of the new
mechanism, as well as the CHEMKIN format data can be found in the
Supplementary Materials.

More generally, this method is applicable for identifying various
elements present in both the fuel and oxidizer. In the Supplementary
Materials, the study present simulation error results for a CH4—CO>
system based on the GRI-3.0 mechanism [47,52], after identifying the
carbon sources, as well as its CHEMKIN format files.

For the kinetic studies, a zero-dimensional perfectly-stirred-reactor
(PSR) are employed. These models simulate constant-volume, constant-
mass, adiabatic systems, where the fuel and oxidizer are fully mixed
prior to the reaction, thus isolating the effects of mixing, convection, and
radiation. The residence time is set at 1.0 s. In this work, the fuel is
denoted as NH3, and the oxidizer is a mixture of O5 and No(N*N*), with
mole fractions ranging from 0.1 to 0.5 for O, and 0.9 to 0.5 for
No(N*N*), and the equivalence ratio is varied between 0.7 and 1.3.

ymmeWM) a4

3
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3. Results and discussion

3.1. Validation of the reaction mechanism based on nitrogen source
identification

This study first present whether the simulation results keep un-
changed after using the nitrogen source differentiation method, thereby
confirming the validity of the proposed approach. Fig. 1 illustrates the
oxidation processes simulated in PSR under two conditions: one without
nitrogen source identification (NH3/N3/O2) and one with nitrogen
source identification (NH3/N*N*/0,). The initial conditions are set to
Tinitial = 1600 K, Xp2 = 0.21, and @ = 1. The “Total” value represents the
mole fraction of species derived from both NH3 and No(N*N*). The re-
sults show a high degree of similarity between both cases, with a
maximum relative error of only 0.00793 % in the peak species mole
fractions. Specifically, the errors for NO, NO,, and N5O are 0.000114 %,
0.00793 %, and 0.00102 %, respectively, indicating that nitrogen dif-
ferentiation has a negligible effect on species conversion.

Fig. 2 presents the rate of production (ROP) for NH3 combustion in
the PSR under the same initial conditions (Tjyjtia = 1600 K, Xoz = 0.21,
and & = 1). The ROP values are compared for cases with nitrogen source
identification (NH3/N*N*/05) and without nitrogen source identifica-
tion (NH3/N3/O2). The ROP values show strong consistency, with a
maximum relative error of 0.612 %. The specific ROP errors for NO,
NOy, and N0 are 0.0036 %, 0.0147 %, and 0.00908 %, respectively,
further validating the accuracy of the nitrogen differentiation mecha-
nism in modeling combustion reactions.

Moreover, the average relative errors for peak and equilibrium
concentrations, as well as maximum ROP values for key species under
varying conditions, including Tinitia (1200 K, 1600 K, 2000 K), Xo2 (0.1,
0.21, 0.5), and @ (0.5, 1, 2), were also evaluated. Across all conditions,
the maximum mole fractions of most components exhibit relative errors
below 0.1 %, which can be considered computational error. For equi-
librium states, the average errors for NO, NO,, and NoO are 0.277 %,
0.139 %, and 0.000 %, respectively. These results confirm that the new
mechanism accurately reproduces chemical equilibrium states and en-
sures reliable emission predictions. The ROP errors for other species
involved in the mechanism, as well as the average relative errors for
peak and equilibrium concentrations, are provided in the Supplemen-
tary Materials.
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Fig. 6. Oxidation pathways for homogeneous rector simulation at Tipitia1 =
1000 K, Xpp = 0.21, and @ = 1 with nitrogen source identification (NH3/
N*N*/03).

3.2. NO, generation of NHs combustion under different conditions

Fig. 3 illustrates the mole fractions of NO, in PSR system under
varying inlet temperatures (Tinitial), OXygen concentrations (Xp2), and
equivalence ratios (&). The figure also differentiates the contributions of
nitrogen oxides from NH3 and N*N*-derived species. In Fig. 3a, the total
mole fraction of NO increases steadily with rising Tinitial- Notably, the
proportion of NO derived from Ny increases sharply, reaching approxi-
mately 0.4 at 1000 K and nearly 0.8 at 1500 K. This shift marks a
transition in the dominant source of NO, from NHs-derived to N*N*-
derived. This temperature range represents a critical transition point in
the NO, formation pathways. As X5 increases, total NO production rises
gradually. However, the proportion of N*O initially increases rapidly
before declining. This behavior is influenced by the dual effects of ox-
ygen concentration on combustion temperature: at lower oxygen levels,
higher temperatures favor the formation of thermal NO from N*N*. At
higher X, the decreasing mole fraction of N*N* becomes the dominant
factor, reducing N*O production from N*N*. When @ varies between 0.5
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and 1.5, the proportion of N*O reach its peak value at @ = 1. This
previously unaddressed trend underscores the importance of further
research to better understand the combined effects of equivalence ratio
on different nitrogen oxide pathways.

Fig. 3b and c depict the mole fraction ratios of NO; to NO under
varying Tinitial, X02, and &. Overall, the trends for NO, and N»O nitrogen
sources are similar to those of NO, although their total mole fractions are
significantly lower. Notably, the differences in the contributions of
N*NO and NN*O highlight the complexity of NH3-N*N* interactions
during N5O formation, underscoring the need for further investigation
into the mechanisms of NO, generation in ammonia combustion.
Moreover, these results validate the optimization method proposed by
Wu et al. [46], confirming the necessity of considering both the sym-
metry and asymmetry of multi-nitrogen atom components in the
mechanism for distinguishing nitrogen species.

Fig. 4 illustrates the rate of production (ROP) of NO/N*O via key
reactions at initial temperatures (Tipjtia) of 600 K, 1000 K, and 1400 K,
with an oxidizer mole fraction (Xp2) of 0.21 and an equivalence ratio (&)
of 1.0. As clearly shown in the figure, the dominance of Ny-derived NO,
formation pathways at higher temperatures can be attributed to two
main factors:

(i) With increasing Tinjtial, the No-derived pathway, particularly the
Zeldovich route (N*N* + O < N* + N*0), is significantly
enhanced, producing abundant NO.

(i) Simultaneously, N* radicals formed with N*O through Zeldovich
route substantial NO consumption via the reaction N* + NO —
N*N + O, thus reducing the net NO concentration in the com-
bustion products.

Regarding NH3-derived NO, formation, as temperature increases, NO
formation through the HNO-intermediate route diminishes, while NH;
pathway NH + O « NO + H become increasingly prominent. This shift
occurs because higher temperatures promote OH radicals convert into H
and O (e.g., OH + OH « O + H0, OH + Hy < H + H50), thereby
inhibiting the HNO + OH — NO + H,0 pathway. Detailed discussion
regarding the rates of production (ROP) for NO as a function of Xp3 and
®, and N3O as a function of Tiyjta), Xo2 and @ is provided in the Sup-
plementary Materials.

Table 3 outlines the primary reaction pathways contributing to NO
formation from NH3; and Ny under various conditions Tipjtiai €
[800-1000] K, Xp2€[0.1-0.5], ®<[0.5-1]. The table presents the top 20
reactions, ranked by their net generation and consumption rates for each
simulation. The results clearly demonstrate the successful identification
of NO, formation mechanisms originating from NH3 and N*N*. Inter-
estingly, the table reveals that intermediates originating from NH3 and
N*N* can also participate in pathways typically associated with the
other nitrogen source, as can be named as “N-N* interaction” reactions.
These cross-pathway interactions highlight a previously unreported
dynamic in ammonia combustion, where nitrogen species transition
between source-dependent mechanisms, suggesting a more complex
interplay than previously understood.

Fig. 5 presents the relative contributions of various reaction path-
ways to NOyoa formation in the NH3/O3/N*N* system under different
conditions of Tinitial, Xo2, and @&, contributions of less than 1% are
recorded as 0. These contributions are calculated as the proportion of
each pathway’s net reaction rate to NOiyy reaction rate under the
conditions of Tipitial € [800 — 1000] K, Xp2€[0.1 - 0.5], #€[0.5 - 1].
Across all conditions, NHs-derived NO dominate, while the generation
and consumption rates of N*O remain relatively low. Notably, the
Extend Zeldovich pathway for NHs-derived NO is the primary con-
sumption route, transitioning to DeNO, pathways only under low oxy-
gen concentrations (0.1), consistent with Liu et al. [22].

At elevated temperatures, NHs-derived pathways involving NH; in-
termediates become more significant, while the contributions of HNO
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and DeNO, pathways decrease. For N*N*-derived N*O, the thermal
route’s contribution steadily increases with temperature. Among the
reduction pathways, NoO intermediates and NO reburning play domi-
nant roles for N*O. The equivalence ratio () also exerts a significant
influence on NO generation. Specifically, the contribution of the HNO
pathway initially decreases but then increases as @ shifts from lean to
rich conditions. For NO consumption, the Extended Zeldovich pathway
sharply increases before declining, while the DeNO, pathway follows
the opposite trend. These variations are driven by changes in O and Oz
concentrations as @ shifts [33,34]. Higher & values near 1 increase
combustion temperatures due to reduced heat capacity, enhancing O
formation. This suppresses HNO production and shifts the balance be-
tween DeNO, and NH; pathways.
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Similarly, as Xo2 increases, the dominant NO consumption pathway
transitions from DeNOj to the Extended Zeldovich pathway, while NO
generation pathways evolve from being primarily HNO-driven to more
intricate combinations. These findings underscore the intricate interplay
of oxygen concentration, equivalence ratio, and nitrogen oxide forma-
tion and consumption dynamics in ammonia combustion. The analysis
highlights the complexity of NO, formation in ammonia combustion and
calls for further research to elucidate the interactions between various
pathways and develop effective NO, emission control strategies.

Fig. 6 illustrates the oxidation pathways in PSR simulated under
conditions of Tipjtiag = 1000 K, Xo2 = 0.21, and @ = 1 using mechanisms
with and without nitrogen source identification. The newly developed
mechanism effectively distinguishes between NHs-sourced and N*N*-
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sourced nitrogen oxides, offering a robust framework for identifying NO
formation sources. Additionally, it explicitly captures the interactions
between intermediates derived from NH3 and N*N*, such as NO — N*N
and N*O — N*N*. These findings emphasize the need to reassess NO,
generation mechanisms in ammonia combustion to account for these
complex interactions. Furthermore, Fig. 6b clearly shows that the gen-
eration and consumption pathways of N*NO and NN*O are distinctly
different, underscoring the necessity and validity of the optimization
method of Wu et al. [46] in this study.

3.3. Comparison with the artificial species method

Fig. 7 compares production of NO/N*O and N2O/N*N*O/N*NO/
NN*QO production under varying Tipitial, X02, and @ using three mecha-
nisms: without nitrogen source identification, with nitrogen source
identification, and with artificial species (FNj3) that lack chemical
reactivity. Notably, the mechanism employing FN5 exhibits significant
deviations in NO production compared to the nitrogen differentiation
mechanism. This discrepancy arises due to two distinct chemical effects
of No on NO formation: (i) Ny directly contributes to NO formation
through reaction pathways involving Nj-derived species, and (ii) Nj-
derived intermediates interact with NHs-derived intermediates, influ-
encing NO production. The FNj approach cannot distinguish between
these two effects of N;. However, the nitrogen source identification
method proposed in this study clearly isolates the second effect, spe-
cifically the reduction in NO mole fraction attributed to N*N*, facili-
tating a more detailed investigation of NO, formation mechanisms from
various sources and pathways in ammonia combustion.

Furthermore, analysis of reaction temperature changes reveals the
following trends: (i) as temperature increases, the chemical effect of Ny
becomes more prominent in the FNy approach, indicating activation of
reactions involving N*N*; (ii) the proportion of NO gradually increases
with rising temperature; and (iii) the interaction between NH3 and N2
intensifies, accompanied by a similar trend in N3O production. These
trends can be attributed to high temperatures enhancing the activation
of the N*N* pathway, resulting in a significant increase in N* in-
termediates that participate in combustion reactions. This behavior is
also observed for NyO. Consequently, the chemical effect of N* becomes
increasingly significant in high-temperature combustion, underscoring
the need for systematic investigation to fully elucidate this complex
process.

Fig. 8 illustrates the net reaction rates of NO and N,O simulated
using three different reaction mechanisms under varying initial reactant
temperatures. The reactions are categorized into three groups based on
the chemical effects of N*N*: (i) reactions originating from N*N*, (ii)
reactions originating from NHg, and (iii) reactions involving interactions
between N* and N. The present nitrogen source identification mecha-
nism effectively separates the reaction rates for each source, high-
lighting the contributions of each pathway to the overall process. As
shown in Fig. 8, the NO production rate from N*-derived reactions in-
creases with temperature, while interactions between NH3 and N*N*
become more significant. Moreover, the N-N* interaction consistently
serves as the consumption path for NO,, even in low temperature case.
Therefore, such N-N* interaction should be carefully considered in low
NO, control strategies. These findings highlight the crucial role of N*N*-
derived reactions in both NH3 combustion. The rise in temperature en-
hances the activity of N*N*-derived reactions, which significantly in-
fluence the NH3 combustion process—an effect not previously identified
in prior studies.

In conjunction with the findings from Fig. 7, it is evident that the
interaction between NH3 and N*N* plays an important role in NO pro-
duction during combustion. Specifically, NO formation predominantly
follows NHs-derived pathways, but these are strongly influenced by
N*N*. This highlights the significant coupling between NH3- and N*N*-
derived species in NO formation. Notably, the artificial FN, method fails
to capture the critical impact of N*N* interactions, emphasizing the
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need for this nitrogen source identification method.

In summary, by identifying between NH3- and Nj-derived nitrogen
species, the proposed approach effectively differentiate their respective
contributions to NO, formation, providing a novel framework for un-
derstanding the complex mechanisms of NO, formation in ammonia
combustion. Furthermore, integrating the artificial species method al-
lows for a clearer differentiation of the two chemical effects of Ny on NO
formation: (i) direct NO production via Ny-derived pathways and (ii) the
influence of Np-derived intermediates on NHs-derived NO pathways,
which is defined as “N-N* interaction” in the present work. This in-
teractions between NH3 and N*N* species during combustion are
discovered not only significant but also increasingly pronounced as
temperature rises. These results underscore the indispensable role of
N*N* (or Ny)-derived species in NO formation during combustion and
highlight the necessity of systematic investigation into these
interactions.

The strengthened interactions between N and N* species are clearly
illustrated in Fig. 4. At an initial reactant temperature of 600 K, the
primary NO consumption reactions include N + NO « N3 + O and NH +
NO < N3O + H. However, as the initial temperature increases, reactions
involving coupled N-N* interactions, specifically N* + NO < N*N + O
and N + N*O « N*N + O, become progressively more significant. By an
initial temperature of 1400 K, these coupled reactions dominate NO
consumption.

It is noteworthy that rising temperatures enhance the thermal
pathway of NN via the reaction N*N* + O < N*O + N*, producing
abundant N* radicals, which in turn substantially promote NO con-
sumption through the aforementioned coupling reactions. This mecha-
nism, clearly illustrated in Fig. 5, highlights how N-N* interactions
significantly reduce the net NO concentration. Furthermore, around
800 K, as depicted in Fig. 3, a slight reduction in total NO formation
occurs despite the concurrent promotion of thermal NO formation. This
observation can be attributed to the enhanced thermal formation of
N*N*, which subsequently accelerates the coupled NO consumption
reactions (N* + NO « N*N + O and N + N*O < N*N + O). Although the
thermal pathways substantially generate NO, the NO/N*O consumption
effect by N/N* radicals remain pronounced—a crucial finding not
identified in previous studies.

These results underline the importance of appropriately controlling
the spatial distribution of N*N* species, particularly within high-
temperature reaction zones, to effectively suppress fuel-derived NO
formation and limit thermal N*O generation during ammonia
combustion.

4. Conclusions

Ammonia (NH3) is a promising zero-carbon fuel with significant
potential for reducing greenhouse gas emissions. However, its applica-
tion is hindered by the substantial formation of nitrogen oxides (NO,)
during combustion, which poses a major environmental challenge. A
critical issue in understanding NO, formation lies in the overlapping
reaction pathways of NH3 and Nj, both of which contribute to NO,
production. To address this, the present study has refined the nitrogen
source identification method proposed by Wu et al. [46], enabling a
precise distinction between NHj3- and Ny-derived reactions without
altering the overall combustion process. This method allows for the
accurate identification of nitrogen species, particularly capturing the
effects of rotational asymmetry in multi-nitrogen atom structures, and
provides comprehensive guidelines for decomposing reaction equations
under a wide range of combustion conditions. The newly constructed
mechanism based on this method facilitates a clear identification of NO,
formation pathways and provides valuable insights into the contribu-
tions of each nitrogen source. The key findings are as follows:

(1) The combustion process remains unchanged with nitrogen source
identification. The mechanism developed using nitrogen
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differentiation produces results nearly identical to these by the
original mechanism, with a maximum error in mole fractions of
less than 0.07 % and species reaction rate errors below 0.612 %.
Moreover, the prediction error of rotationally asymmetric multi-
nitrogen atom species is significantly reduced, as the prediction
error of N»O is reduced to 1/10 compared with the mechanism
that ignore such asymmetric.

The mechanism effectively distinguishes NO, formation from
NH;s- and Nj-derived nitrogen sources. It also uncovers in-
teractions where nitrogen species transition between pathways
typically associated with the other source. Comparisons with the
artificial species (FN3) method quantitatively demonstrate the
distinct contributions of NH3 and N5 to NO formation. Moreover,
the interaction between NHz and Nj is observed very important
for NH3 combustion, especially at higher temperature. Addi-
tionally, the distinct concentration and transformation pathways
of N*NO and NN*O—products of asymmetric multi-nitrogen
atom interactions—highlight the necessity of further refining
the nitrogen differentiation method.

Analysis of temperature (Tipita]), 0Xygen concentration (Xo2), and
equivalence ratio (&) revealed significant transitions in NO,
formation pathways. At higher temperatures, NHs-derived NO
formation shifts toward Ny-derived pathways. Variations in Xo2
and @ also highlight the dynamic of NO, generation, emphasizing
the need for further research into the interplay of these factors.
The present method, combined with the artificial species
approach, quantitatively reveals the chemical effects of N*N* on
NO, formation. These effects become increasingly significant as
temperature rises. Moreover, the N-N* interaction is a primary
NO consumption pathway during combustion through N* + NO
— N*N + O and N + N*O — N*N + O.

In future studies, the aforementioned nitrogen-source differenti-
ation mechanism will be utilized to further elucidate complex
elemental transformations and interactions during combustion.
Additionally, the significance of N-N* interactions in reaction
kinetics simulations on NO, formation and reduction in practical
combustion should also be validated.

(2)

3

-

4

5

-

In conclusion, the newly developed mechanism successfully distin-
guishes NHj3- and Na-sourced NO, formation while maintaining
computational accuracy. This approach offers a robust framework for
understanding the complex pathways of NO, formation during ammonia
combustion. Future research will focus on further exploring the intricate
NO, generation mechanisms and optimizing this differentiation method
for broader applications.
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Symbols

ri: Forward reaction rate

ry: Reverse reaction rate

ky: Forward reaction rate constant

k;: Reverse reaction rate constant

[X]: Mole concentration of component X

M: Third body

Xn: Coefficient of the third body component n

kf: Forward reaction constant involving three-body collisions
kri: Reverse reaction constant involving three-body collisions
Xm: Mole fraction for species m

T: Temperature (K)

Teoftow: Coflow temperature (K)

Tway: Wall temperature (K)

Tpsr: Temperature of perfectly stirred reactor (K)

r: Radial coordinate (mm)

Greek letters
@: Equivalence ratio
e: Turbulent dissipation

Abbreviations

MILD: Moderate or intense low-oxygen dilution

CFD: Computational fluid dynamics

PSR: Perfectly stirred reactor

EDC: Eddy dissipation concept model

DO: Discrete ordinate model

WSGG: Weighted sum of gray gases model

QUICK: Quadratic upwind interpolation for convection kinetics scheme
ROP: Rate of production

RE: Relative error
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