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ABSTRACT

There is a growing scientific and industrial interest in ammonia as a zero-carbon fuel. This study examines the
impact of ammonia on the reduction of soot formation in ethylene laminar flames using a comprehensive kinetic
model. The study examines the influence of the NH; radical by incorporating its interaction with gas-phase
aromatic species and soot particles into the adopted model. In this context, reference reaction rates are pro-
posed and discussed. The model is compared to a set of experimental measurements of different target quantities,
including soot volume fraction, f,, in two distinct sets of counterflow flames. The model has been demonstrated
to effectively predict pivotal morphological soot characteristics, including the progression of the average particle
size (D63) in counterflow flames and the particle size distribution (PSD) in premixed burner-stabilized stagnation
flames at a height above the burner, Hj, equals to 5 mm for diverse NH3 concentrations. Nevertheless, it has been
demonstrated that the model poorly predicts the bimodal distribution of the PSD when ammonia is introduced
together with ethylene at H, = 10 mm. Kinetic analyses are conducted to identify the primary competing re-
actions between N-containing species and hydrocarbons, which influence the observed and simulated reduction
in 4-ring PAH in the presence of NHj relatively to pure ethylene flames. It is essential that future experimental
studies be conducted to quantify N-containing hydrocarbons in laminar flames. This will serve to validate the
findings of the kinetic modeling study and refine the understanding of pathways controlling soot chemistry in
ammonia-doped flames.

1. Introduction

mixed to traditional hydrocarbon fuels by drastically reducing soot
emissions even at relatively low NHs content. These evidence raises the

Ammonia (NHjs) is a key-player in the ongoing energy transition.
Scientific interest in ammonia has grown markedly in recent years due
to its high energy density, ease of transportation, and carbon-free na-
ture, making it an attractive energy vector [1]. On the other hand, there
are intrinsic limitations in the combustion characteristics of ammonia
which restrict its application in energy generation system as pure fuel, e.
g., low heating value, low laminar burning velocity and high auto-
ignition temperature [2]. Therefore, blending ammonia with hydro-
carbon fuels has emerged as an effective strategy to enhance combustion
stability and reducing carbon emissions [3,4]. Hydrocarbon combustion
is known to produce carbonaceous nanoparticles, or soot, which
adversely affect both climate change and human health [5,6]. In this
regard, it is largely proven that ammonia has a beneficial effect when
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question on the fundamental mechanism through which ammonia drives
soot suppression.

Many previous experimental studies quantitatively investigated
sooting behavior in co-fired flames with ammonia. Bennett et al. [7] and
Zhou et al. [8] experimentally described soot formation in ammonia/
ethylene laminar counterflow flames, showing that soot volume frac-
tion, f,, peak can be reduced by about 87 % for a 20 % ammonia sub-
stitution to ethylene [8]. Shao et al. [9] confirmed soot reduction in
ammonia/ethylene laminar premixed burner-stabilized stagnation
flames. Steinmetz et al. [10] and Liu et al. [11] assessed similar impact
of ammonia addition and substitution in ethylene co-flow flames.
Different reaction pathways have been explored in the attempt to
numerically predict PAH and soot reduction in ammonia doped
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hydrocarbon flames. With respect to the core chemistry, it was observed
that the interactions between ammonia and methane primary decom-
position products result in a decrease in the concentration of CoHo, a key
intermediate in the formation of benzene as well as in the growth of
larger PAH [12]. Similarly, the addition of NH3 reduced the concen-
tration of propargyl radical (C3Hs) [13], whose self-combination rep-
resents a major pathway towards benzene formation under flame
conditions. More in detail, amino radical (NHjy) reaction with propargyl
was estimated to be the major responsible for reducing pyrene concen-
tration in both premixed and diffusion ammonia/ethylene flames with
HCN and C3Hj interactions playing a minor role [13]. Additionally, N-
containing compounds can also directly interact with aromatic species,
hampering their growth towards soot. This phenomenon has been
studied theoretically by Wang et al. [13], who explored the impact of
HCN addition onto aromatics. They concluded that this pathway can
temporarily block reactive sites and prevent further PAH growth
through HACA mechanism. Liu et al. [11] computed similar reaction
rate constants for HCN-PAH and CyH» [11] at flame-relevant conditions,
assuming the formation of aromatic species having saturated N-atoms in
a heterocycle ring or in R-CN functional groups. On the other hand, Tang
et al. [14] performed the simulation of a series of counterflow flames of
CoHy4/NH;3 from Zhou et al. [8], by including the reaction pathways for
HCN-benzene and HCN-naphthalene theoretically explored [15]. The
authors found a minor role played by HCN addition onto small aromatic
species in suppressing larger PAH growth. Conversely, they identified,
CoHy + N <=> HCN + CH as the main responsible in reducing acetylene
formation. It is important to underline that this variety of pathways
suggested in the recent literature as responsible of soot reduction in
NHs-doped flames primarily arises from the use of different core
mechanisms to conduct the simulations. Moreover, model validation is
typically performed on a limited amount of data, since literature mea-
surements of soot, PAHs, N-containing aromatic and small hydrocarbon
species are scarce.

Finally, it was observed that ammonia not only reduces soot for-
mation in NHs-doped flames, but it also affects particle morphology and
nanostructure. Indeed, soot formed in NHs-doped flames have lower
particle average diameter [8] and primary particle diameter [16] as well
as a different shape of particle size distribution [9] with respect to pure
CoHy flames. Furthermore, soot particles formed in the presence of
ammonia show a more disordered structure, with shorter fringe length
and higher tortuosity and inter-fringe spacing [16].

While much of the literature has emphasized gas-phase reactions
between N-containing species and PAHs, recent evidence highlights that
NH; might react directly with soot particles, competing with CoH; for
active surface sites and thereby reducing HACA-mediated surface
growth [17]. Incorporating these interactions was shown to be critical
for accurately predicting both soot volume fraction and mean particle
diameter. These findings underscore the need to consider nitrogen—soot
surface chemistry, in addition to gas-phase N-PAH interactions, when
interpreting soot suppression in NHs-doped flames.

In this work, the contribution of NHj radical reacting with PAHs and
soot particles is explored using a detailed kinetic model. The model
adopted is based on a hierarchical and modular approach and accounts
for i) Cp-C4 and NH3 chemistry, including interactions between small
hydrocarbons and N-containing species, ii) gas-phase aromatic chemis-
try up to 5-ring PAHs and iii) detailed soot chemistry based on a discrete

Table 1
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sectional approach.

In Section 2 the overall kinetic model is presented, with a focus on
the specific reaction classes introduced in this work to describe the
interaction between NH; and gas- and condensed-phase aromatic spe-
cies. Section 3 benchmarks the model predictive capabilities against a
wide range of measurements of soot volume fraction, average particle
size [7,8] and particle size distribution [9] in laminar ethylene/
ammonia flames in counterflow and premixed burner-stabilized stag-
nation configurations. Kinetic analyses are here performed to quantita-
tively assess the contribution of reactions between N-containing species
and hydrocarbons on soot formation. However, in order to validate the
present model, reliable experimental data on N-containing hydrocar-
bons, either HCN or N-PAHs, are needed to critically narrow down and
discern the analysis of the actual pathways controlling soot formation in
the presence of ammonia.

2. Kinetic model

A detailed kinetic model for the formation and oxidation of carbo-
naceous nanoparticles is used to evaluate the impact of ammonia on soot
reduction in various ammonia/ethylene laminar flames. Particle reac-
tivity, nanostructure, and morphology are described using the discrete
sectional approach. Large-PAH and soot particles are discretized in
lumped pseudo-species, named BINs, with a spacing factor of 2 in the
number of C-atoms between adjacent sections. For each BIN, up to 3
different H/C ratios are considered. BIN1-4 represent large gas-phase
PAH, from 20 to 160C-atoms. Recent theoretical calculations [18] sug-
gest that large aromatic structures with >100 C-atoms behave as
persistent, resonance-stabilized radicals. This assumption is adopted in
the present model. BIN5-25 s represent soot particles larger than 2 nm,
categorized as i) amorphous, liquid-like spherical particles; ii) solid
primary particles with a more ordered internal nanostructure than their
liquid-like counterparts; and iii) fractal aggregates composed of solid
primary particles with a fractal dimension of Dy = 1.8. A detailed
description of the different classification of the BINs adopted in the
model can be found in previous works [19,20]. Seven main reaction
classes are further considered to describe soot reactivity: inception,
surface growth, carbonization, dehydrogenation, coalescence, aggrega-
tion and oxidation. Reference rate parameters of chemical pathways are
taken from the analogy with gas-phase kinetics of aromatic species
[21-23]. As regards physical pathways, instead, the size, temperature
and H/C ratio dependent collision efficiency proposed by Pejpichestakul
et al. [24] is adopted for aggregation reactions, while coalescence and
carbonization rates were recently updated based the volume ratio of the
colliding entities and particle size and H/C ratio, respectively, as
described in [20].

In this work, two additional reaction classes, presented in Section
2.1, are included to account for amino radical (NH,) interactions with
both gas- and condensed- phases, namely, PAH and BIN species. The
reference rate constants of the new classes listed in Table 1 are scaled
according to the collision frequency (gas phase PAH/BIN) and particles
surface areas (condensed phase) as explained in [25] and detailed in
Section 2.1. Instead, HCN + PAH pathways were neglected since they
only have a minor impact on soot formation [13]. Overall, ~ 700
elementary reactions that capture the interactions of the amino radicals
with both large PAHs and BIN. Example of how the rate constants

Reaction classes and related reference rate parameters introduced in the kinetic model.

Reaction class Reference reaction

A [cma/mol/s] E [cal/mol]

R1: NH, + PAH/BIN addition/recombination
R2f: H-abstraction by NH, (forward)
R2b: H-abstraction by NH; (backward)

CeHs + NH, => H + CYCsHs + HCN
CeHg + NH, => CgHs + NHj
CeHs + NH3 => CgHg + NH,

4.5x10"3 4000/7000/10000*
9.7x101° 12500
9.6 x10° 8000

o . . . . . . . .
Activation energies used for NH, reactions with aromatic o-, n-radicals and molecules, respectively.
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change with sections size is shown in figure S5.

The kinetic model, developed using a hierarchical and modular
approach, includes also Cy — C4 and NH3 core chemistry, interactions
between nitrogen-containing species and small hydrocarbons -
including the NH3 + C3Hj3 pathways reactions as proposed in [13], gas-
phase aromatic chemistry up to five-ring PAH (C;8H;0 and C;gH14), and
soot kinetics [20,26,27]. Overall, the here update model accounts for
757 species and 131,146 reactions and it is available in the CHEMKIN
format as supplementary material. Numerical simulations of the one-
dimensional laminar flames in this study are conducted using the
OpenSMOKE++ Suite [28]. The 1-D laminar flame solver incorporates
mixture-average diffusion coefficients, the Soret effect, gas and soot
radiation, and particle thermophoresis [29] within the species transport
equations.

2.1. NH, reactions with PAH and soot

The present work introduces two main reaction classes listed in
Table 1 alongside their respective reference reactions and rate param-
eters: R1) NH, addition/recombination and R2f) forward and R2b)
backward H-abstraction by NH; onto from gas-phase aromatic species
and soot particles. Specifically, for R1 a lumped pathway that ultimately
leads to the removal of a C-atom from the aromatic structure as HCN is
here considered following the theoretical investigation of Altarawneh
et al. [30] and the experimental work by Colussi and Benson [31]. The
latter investigated thermal decomposition of methylated anilines at high
temperatures (T > 1200 K) and low pressures and found that HNC is
released from the anilino radical, which decomposes following the N-C
bond fission, in analogy to the ring contraction/CO elimination channel
in phenoxy radical. HNC can then easily isomerize to HCN [30]. Fig. 1
depicts the mechanism of phenyl decomposition driven by NH; radical:
aniline, formed by the recombination of the two radical reactants, re-
leases an H-atom and subsequently decomposes to cyclopentadienyl
radical and to either HCN or HNC [30].

In the present work, a first estimation of kinetic parameters of the
global reaction depicted in Fig. 1 was carried out by applying a master
equation-based lumping approach [32] with PES-derived rates from
[30] to aniline decomposition into cyclopentadiene and HCN. The rate
constants of the first reaction step, i.e., phenyl radical + NH,, was
estimated as 10™* cm®/mol/s, in line with values for barrierless radical
recombination reactions [13]. Then, the final rate parameters in Table 1
were approximated based on these first attempt parameters [30,32] and
rate rules adopted for other reaction classes involving PAHs within the
kinetic model [25]. Nevertheless, theoretical studies are needed to
assess the quality of these assumptions. Instead, the reference kinetics
for H-abstraction reactions by NH; (R2f and R2b) were taken from [30].

The pre-exponential factors, Ar.f, proposed in Table 1 are then scaled
for each section of the present sectional model according to the collision
frequency, Cy, for large PAH:

G
Cf ref

Apiy = Aref @

where, Cris the collision frequency as defined in [33], and Cfref = 2.26 x

1077yT m3/s refers to the collision frequency between phenyl and
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amino radicals. The pre-exponential factor of condensed phase reactions
is instead scaled according to surface area and hydrogenation level as
follows:

& H
ABIN Aref (1 + n, d12,7ref C> (2)
where n, is the number of primary particles, dj, is the primary particle
diameter, dy, s is the reference primary particle diameter (2 nm) and H/
C is the ration between hydrogen and carbon atom. The mechanism of
NHj-driven carbon loss in large PAH radicals/soot nanoparticles is
shown Fig. S6.

Fig. 2 shows the reference rate constants adopted in the present
model for R1 and R2. In Figs. 2a, R1 is compared with the recombination
reaction rate constant calculated by Wang et al. [13] for C¢Hs + NHp =>
CeHsNH,. While the latter is barrierless, an activation energy of 4 kcal/
mol is considered for the global reaction R1 in analogy with the rate
constants for PAH oxidation by OH adopted in the present model [25],
which is also in line with the slower subsequent elementary steps (see
Fig. 1) leading to HCN elimination. For NHy addition/recombination
reactions with aromatic molecules (CgHg) and n-radicals (e.g., benzyl
C7Hy), the activation energies are increased by 3 kcal/mol and 6 kcal/
mol, respectively, consistent with other PAH reaction classes in the gas-
phase model [23]. Fig. 2b shows that the reference rate constant adopted
for R1 lies between the ones considered in the kinetic model for large
PAH oxidation by OH (yellow dot-broken line) and O, (green dot-broken
line), i.e., the main oxidizing species for PAHs and soot particles [25].

To quantify the impact of uncertainties in the estimated R1 rate
constant, we performed a brute-force sensitivity analysis in flame F9 (20
% NHs), perturbing the pre-exponential Arrhenius parameter indepen-
dently by x 10 and +10. A/10 leads to an overprediction of peak SVF by
a factor of around 4.5, whereas A x 10 suppresses completely soot for-
mation. Benzene and C1¢Hjo mirror these trends, indicating that the R1
rate constant is a leading source of uncertainty for both PAH and soot
predictions under NH3 blending (see Figs. S2-S3). These findings moti-
vate future kinetic studies to derive more accurate kinetic parameters for
R1.

Finally, reaction class R2 contributes negligibly under the present
conditions; however, it is retained for completeness of the kinetic
mechanism. As illustrated in Fig. S4 (SI), which shows forward and
reverse rates for a representative NHy-mediated H-abstraction from
benzene (CgHpg), the reaction proceeds primarily in the reverse direction
up to roughly 950 K. At higher temperatures, the forward reaction ac-
tivates, yielding PAH radicals and NHs. Therefore, although R2 remains
globally weak, it acts mainly in the forward direction in the hottest re-
gions of the flame.

3. Results and discussion

15 laminar ethylene/ammonia flames, in both counterflow and
premixed burner-stabilized stagnation configurations, are here investi-
gated. Their operating conditions are summarized in Table 2.

The first set of experimental data analyzed (flames F1-F9 in Table 2)
are soot volume fraction (f,) profiles measured by Bennett et al. [7] (F1-
4, Table 2) and Zhou et al. [8] (F5-9, Table 2) in ammonia/ethylene
counterflow flames and displayed in Figs. 3a and 3b respectively.

NH
4

NH, NHe /
° C ®
0 (s (92 e

Fig. 1. Decomposition mechanism of phenyl radical reacting with NH, radical.



P. Crepaldi et al.

Fuel 409 (2026) 137695

1015

— C¢Hs + NHy; — H + HCN + C;Hj5, This work
— CgHs + NHy — CgH;NH,, Wang et al. (2024)
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Fig. 2. Reference rate constant for R1 (solid lines) compared with kinetics from literature (a, broken lines [13]) and with reference rate constant for large PAHs and

soot oxidation reaction class (b, dot-broken lines [25]).

Table 2
Operating conditions of laminar ammonia/ethylene flames investigated in this work.
Configuration Flame XNH3 XCoH4 Timax [K] 75 K [s7'1° L [mm]
Counterflow F1 0.00 0.75 2232 0.0968 41 7.35
F2 0.06 0.75 2412 0.0964 41 7.35
F3 0.125 0.75 2247 0.957 41 7.35
F4 0.25 0.75 2256 0.939 41 7.35
F5 0.00 1.0 2261 0.06 101 8.0
F6 0.05 0.95 2258 0.06 101 8.0
F7 0.10 0.90 2258 0.06 100 8.0
F8 0.15 0.85 2257 0.06 100 8.0
F9 0.20 0.80 2254 0.06 100 8.0
*° Vo [em/s]¢
Premixed BSS F10 0.0000 0.163 1859 2.063 8.0 5
F11 0.0163 0.163 1852 2.183 8.0 5
F12 0.0326 0.163 1849 2.304 8.0 5
F13 0.0000 0.163 1859 2.063 8.0 10
F14 0.0163 0.163 1852 2.183 8.0 10
F15 0.0326 0.163 1849 2.304 8.0 10

3Stoichiometric mixture fraction ®Global strain rate. “Equivalence ratio. 9Cold gas velocity.

In Fig. 3a, simulated counterflow flames (lines) with ammonia molar
content varying from 0 to 25 % substituting the inert gas (argon, Ar) and
fixed ethylene mole fraction of xcoys = 0.75, are benchmarked against
soot volume fraction measurements (symbols, [7]) obtained by planar
laser induced incandescence, PLII, with an uncertainty up to 50 % for
large particles (d, > 50 nm) [34]. Fig. 3b instead the shows results of
simulations of Zhou et al. [8] counterflow flames where ammonia mole
fraction is increased by 0.05 up to a maximum value of 0.20 and sub-
stitutes ethylene, compared with measurements by laser extinction and
scattering technique. Fig. 3 demonstrates that the current model un-
derestimates soot formation by factors of 4 and 1.8 for ammonia addi-
tion and substitution, respectively.

However, it is worth noting that the kinetic model adopted here has
been largely validated against 30 laminar counterflow neat ethylene
flames and it was proven to be on par with most of the measured peak f,
in the order of 1 ppm with discrepancies below a factor of 2 [20], in line
with results in Fig. 3b. Because the F1 and F5 flame conditions are
similar, the model produces similar outputs for both cases. The ~1.8

difference between our model and the experimental data [8] is consis-
tent with previous validation [20] and is within the uncertainty of the
model and laser diagnostics. In this regard, both datasets assume the
same constant complex refractive index and use a wavelength-
independent absorption function, E(m) = 0.29. However, the relative
reduction of soot content with ammonia addition, which is the scope of
this work, is not affected by these systemic uncertainties. In this regard,
the present kinetic model shows that soot volume fraction peak is line-
arly reduced with ammonia increasing content with a reduction up to
around 88 % for 25 % ammonia addition, perfectly on par with exper-
imental data that display an 87 % reduction [7]. Therefore, accounting
for NH; recombination and abstraction reactions in the condensed phase
is fundamental to quantitatively describe NH3 inhibiting effect on soot
formation to the best of our knowledge. Indeed, neglecting cross re-
actions would lead to an overestimation by a factor of about 2 of the
peak soot volume fractions in F4 and F9 (see Fig. S1 in supplementary
material). Together with soot volume fraction, key morphological soot
properties such as the evolution of average particle size (Dg3) are here
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Fig. 3. Soot volume fraction, f,, profiles measured (symbols [7,8]) and simulated (lines, this work) in a) F1-F4, [7] and b) F5-F9, [8] flames.
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Fig. 4. Average particle size diameter profiles measured (symbols, [8]) and
predicted (lines) in F5-F9 flames.

derived with the sectional model and compared to PLI measurements [8]
in Fig. 4 for flames F5-F9. The model accurately predicts the decrease in
Dg3 with NH3 substitution along the entire axial coordinate, showing
near-perfect agreement near the oxidizer side where particles form.
Fig. 5 shows the evolution of particle size distribution (PSD) (a,b) as
well as soot volume fraction (c) evolution in laminar premixed burner-
stabilized stagnation (BSS) CyH4/NH3/Os/Ar flames experimentally
studied by Shao et al. [9] (F10-F15 flames in Table 2) as a function of
ammonia addition and distance from the burner Hy, i.e., residence time.
PSD measurements are carried out by scanning mobility particle sizer
consisting of a neutralizer, a nano-differential mobility analyser and an
ultrafine condensation particle counter [9]. Here, ammonia molar con-
tent of 1.16 % (red line) and 3.26 % (green line) is added to ethylene and

compared with pure CyH, flames (blue lines). As already discussed in
[20], the present sectional model reproduces reasonably the measured
evolution of the soot volume fraction for the pure ethylene flame, F10,
(Fig. 5¢), as well as the trends observed for the PSD from H, = 5 mm
(Fig. 5a) to H, = 10 mm (Fig. 5b), moving from a unimodal to a bimodal
distribution. With increasing content of ammonia, at H, = 5 mm a lower
number of small nanoparticles (<6 nm) is generated, in perfect agree-
ment with data, indicating that ammonia inhibits soot inception. At H,
=10 cm, greater deviations between experimental data and simulations
are observed (Fig. 5b). Specifically, in the NH3-doped F14-F15 flames,
measurements reveal a clear bimodal distribution with the PSD throat
shifting towards larger diameters (~5-7 nm) compared to the pure
ethylene case.

The present model predicts a unimodal distribution for NH3-con-
taining flames, overestimating particles formation for small sized par-
ticles (d, < 10 nm) while the ammonia effect on the coagulation mode, i.
e., larger particles, is well described by the present model. However, the
model’s inability to capture the observed bimodal evolution of the PSD
suggests that NH, oxidation pathways remain insufficiently described,
and that their coupling to soot inception and growth must be clarified to
assess their impact on soot morphology and particle size. Moreover, the
scaling law used in the discrete sectional model (i.e., BIN + NHj rate
constants proportional to BIN surface area and hydrogenation level) fails
to capture the NHsz-induced inhibition of soot formation, biasing growth
in the smallest sections and damping the emergence of a bimodal PSD. In
line with these deviations, the resulting soot volume fraction in
ammonia-blended premixed flames is well reproduced only in the
inception zone (low residence time, H, = 5 mm), while discrepancies
increase at longer residence times and higher ammonia contents.

Beyond soot properties (f,, Dg3 and PSD), we qualitatively assess gas-
phase aromatic formation in NH3/CoH4 counterflow flames (F1-F4)
against the PLIF measurements of Bennett et al. [7]. Different PAHs at
four given signal intensities are compared to the model predictions, in
Fig. 6, where PAHs are grouped according to a species-to-wavelength
mapping (Table S1, detailed approach in [35]). The 350, 400, 450,
and 500 nm wavelength correspond to 1-, 2-, 3-, and 4-ring PAHs,
respectively. Fig. 6 reports peak PLIF intensities and peak simulated
mole fractions, each normalized by the F1 peak values. At 350 nm, the
measured PLIF signal is only weakly affected by NH3 addition, which
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Fig. 6. Comparison between measured peak PAH PLIF signals (empty bar, [7]) and simulated peak mole fraction of gas-phase aromatic species in F1-F4 flames (filled

bar). Values normalized with respect to F1.

would suggest limited experimental sensitivity of early soot precursors
(e.g., 1-ring PAHs such as benzene) to nitrogen chemistry. However, this
apparent insensitivity should be interpreted with caution. First, di-
agnostics sensitivity plays a role: PLIF yields depend on excitation/
emission spectra, quenching, and filter bandwidths, and species such as
NHs, H0, and HCN can modify fluorescence lifetimes and effective
quantum yields.

These effects can flatten the observed NH3 dependence of the 350 nm
signal. Second, uncertainties in LIF cross-sections are larger at 350 nm,
such that the band may also include overlapping contributions from
larger aromatics. In contrast with the experimental trend at 350 nm, the
model predicts a decrease in benzene and other early soot precursors
with increasing ammonia content, primarily driven by NH, recombi-
nation pathways. This behavior is consistent with previous experimental
and theoretical studies [11,14,17], which attribute soot inhibition by
ammonia to gas-phase reactions that consume soot precursors. For A >
400 nm, the model reproduces the experimental trends more directly:
the PAH-related signal decreases approximately linearly with NHj
addition, supporting the interpretation that ammonia suppresses the
growth of larger, condensed-phase PAHs. For example, the simulated
peak mole fraction of 4-ring PAHs (500 nm) decreases nearly linearly

with increasing ammonia content, highlighting in particular the role of
R1 (Fig. 7).

Mechanistically, NHy radicals interact with early soot precursors
such as benzene and pyrene. Fig. 7 shows production/consumption rate
profile along the axial coordinate for F1 (0 % NHs - left) and F4 (25 %
NHjs - right) considering only decomposition and growth reactions. In
the pure ethylene case, F1, benzene forms chiefly via propargyl self-
recombination and the HACA mechanism, while pyrene growth is
dominated by HACA. With ammonia addition, NHs-driven decomposi-
tion pathways become the principal sinks for both benzene and pyrene,
yielding HCN and ultimately reducing soot formation. It is worth
mentioning that the temperature profiles calculated in this region for F1
and F4 flames almost overlap. Fig. 8 reports the molar fractions profiles
of a) HCN and b) NH,, for flames F1 (0 % NH3) —F2 (6 % NH3) —F3 (12.5
% NHs) and F4 (25 % NH3s). Although experimental data are not avail-
able in the literature to validate the resulting profiles, as expected, both
HCN and NH; profiles increase with increasing ammonia content.
Interestingly, the increase of NH; mole fraction, Fig. 8c, strongly
resemble the decrease of soot volume fraction (Fig. 3a) moving from F1
to F4, which may support the primary role played by amino radicals in
suppressing soot formation in NHs-doped flames. Indeed, while soot
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Fig. 7. A, b) benzene and c, d) pyrene production/consumption rate profiles along the axial flame coordinate in f1 (pure cyHy, top panels) and F4 (25 % NHj
addition, bottom panels).
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Fig. 8. Simulated mole fraction profiles of a) HCN and b) NH; and c) relative simulated soot volume fraction peak reduction compared to soot measurements and to
computed NH, molar fraction peak increase in F1-F4 flames.
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volume fraction peak displays a reduction of around 87 % for F4 with
respect of F1, HCN and NH; molar fraction peaks face a reduction of 95
% and 98 % respectively, varying NH3 content between 25 % and 0 %.

Finally, it is worth mentioning that among the alternative pathways
summarized in Section 1 and proposed in the literature as responsible of
soot reduction due to NH3-doping in hydrocarbon flames, both the HCN
+ PAH pathways and the CoH; + N<=>HCN + CH reaction proposed in
[11] and [15] respectively, were tested. However, the impact of both
reaction pathways on soot reduction is found to be negligible when
included in the present kinetic model.

4. Conclusions

This study investigates the effect of ammonia on reducing soot for-
mation in ethylene laminar flames using a semi-detailed kinetic model.
Specifically, the study numerically explores the impact of NH; radical by
incorporating its interactions with gas-phase aromatic species and soot
particles into the adopted model. In this regard, due to the lack of
theoretical studies dedicated to these decomposition pathways, tenta-
tive reference reaction rate constants have been proposed and discussed.
Given the limited data available in the literature, it is proposed that NH,
drives the decomposition of aromatic species through addition and
abstraction reactions. For the first reaction class, it has been considered
that the C-atom removal from the aromatic structure occurs through the
release of HCN. The model here presented is tested against data of soot
volume fraction (f,) profiles in two series of counterflow flames. A
maximum model overestimation of f, peak by factor of 4 has been ob-
tained, with very good predictions of the trend in the measured soot
reduction in the case of both ammonia addition and substitution to
ethylene. The model can also satisfactorily predict key morphological
soot properties such as the evolution of the average particle size (Dg3) in
counterflow flames and of the particle size distribution (PSD) in pre-
mixed burner stabilized stagnation flames at H, = 5 mm for different
NHj; contents. However, it was shown that the model cannot reproduce
the bimodal distribution of the PSD when ammonia is added to ethylene
at H, = 10 mm. Furthermore, measured peak PAH PLIF signals and
simulated peak mole fraction have been qualitatively compared. In both
measurements and simulations, it has been observed a more pronounced
reduction of large aromatic species (>2-ring PAHs). Future experimental
studies quantifying nitrogen-containing hydrocarbons in laminar
flames, alongside theoretical investigations of NHy radicals’ role in
suppressing aromatic growth, are crucial for validating this kinetic
modelling study and refining the understanding of pathways governing
soot formation in ammonia-containing flames.
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