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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• MD suggests a power law dependence of 
the nucleation rate on fuel 
concentration.

• A MD-informed particle dynamics 
model captures the measured soot vol
ume fraction.

• The MD-based model outperforms semi- 
empirical nucleation rates.
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A B S T R A C T

A hierarchical modeling approach is presented for describing soot growth dynamics, encompassing reactive 
Molecular Dynamics (MD) simulations and a monodisperse particle dynamics model. Reactive MD is employed to 
investigate nucleation of soot nanoparticles during isothermal acetylene pyrolysis at 1200–1800 K. A “lumped” 
soot nucleation rate is determined by tracking the rate of formation of soot clusters at various fuel concentra
tions, following a power law dependency with the initial acetylene concentration. The MD-obtained soot 
nucleation rate is incorporated in a monodisperse particle dynamics model describing soot formation in laminar 
premixed methane flames. The soot volume fraction predicted by the monodisperse model with the MD-derived 
nucleation rate is in good agreement with measurements in a methane nucleation flame (φ = 1.95), showing 
significant improvement (3 orders of magnitude) compared to a semi-empirical nucleation rate. The MD-derived 
nucleation rate also performs well in the methane sooting flame (φ = 2.32), yielding soot volume fractions 
comparable to experimental measurements.
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1. Introduction

Reducing soot emissions is critical in hard-to-abate sectors, such as 
aviation, heavy-duty transportation, and steel manufacturing, which 
continue to rely on fossil fuels [1]. Developing cleaner combustion de
vices is essential for eliminating soot emissions but requires better un
derstanding of soot growth dynamics [2]. Soot formation begins with 
combustion of hydrocarbon fuels, which decompose into small radicals 
that initiate reactions producing large polycyclic aromatic hydrocarbons 
(PAHs) [3]. These PAH precursors nucleate to form incipient soot par
ticles that grow via surface reactions and coagulation into agglomerates, 
while further downstream in the process, oxidation of soot with O2 and 
OH reduces the particle mass and diameter [4].

Soot dynamics have been traditionally simulated by macroscopic 
models, including method of moments [5,6], kinetic models [7], and 
population balance equations (PBE) [8,9] coupled with computational 
fluid dynamics [10,11]. Such models determine the evolution of the soot 
number density, N, and volume fraction, fv, while accounting for the 
agglomerate structure using empirical correlations based on the fractal 
dimension [7,12]. Mesoscale models, such as discrete element method 
(DEM) [13] or Monte Carlo simulations [14,15] describe the detailed 
dynamics of soot morphology during surface growth and coagulation in 
flame reactors. That way, easy-to-use relations for the soot agglomerate 
structure [16] and polydispersity [17] have been derived and interfaced 
with PBEs to improve the accuracy of the estimated soot N and fv [18]. 
Still, such DEM [13] and PBE simulations [18] rely on the measured soot 
nuclei to close the soot mass balance, as there is a large uncertainty 
associated with the particle nucleation mechanism and rate.

The existing mechanisms of soot nucleation can be classified into 
three main categories: chemical, physical, and hybrid nucleation [19]. 
Chemical nucleation involves gas-phase reactions of acetylene (C2H2- 
based) and between PAH radicals (PAH-based) that lead to solid soot 
nanoparticles [19]. This mechanism faces thermodynamic and kinetic 
limitations at flame temperatures as hydrogen abstraction and covalent 
bond formation [20], or formation of reactive sites on PAH surfaces, are 
only favorable at high temperatures and cannot explain the rapid soot 
formation observed experimentally in flames [19]. Physical nucleation 
occurs when PAHs dimerize through physical forces (e.g., van der 
Waals) to form soot nuclei. However, physical dimerization of moderate 
sized PAHs, such as pyrene, can be reversible at high temperature flame 
conditions, making dimers unstable [20,21]. Larger PAHs may provide 
stronger interactions [20], but their decreasing concentration with 
increasing PAH size limits their role in nucleation [22]. Hybrid mech
anisms that combine physical and chemical nucleation have been pro
posed, suggesting enhanced dimer stability through chemical bond 
formation [19]. Despite some calculated kinetic constants [23], these 
mechanisms require further integration into detailed models and vali
dation against experimental data. Recent findings show that reactive 
dimerization of PAHs can limit nucleation reversibility, emphasizing the 
need to incorporate both mechanisms in soot formation models [24,25].

Detailed soot models account for nucleation by solving rate equa
tions of elementary gas-phase reactions up to the formation of PAHs (the 
most commonly considered soot precursors [26]), and dimerization re
actions of those PAHs. One of the most recognized detailed model is the 
comprehensive framework by Frenklach et al. [27], which outlines 
detailed reaction pathways for PAH formation and subsequent soot 
nucleation. While these models offer greater generalizability compared 
to C2H2-based soot nucleation models and can be applied across a wide 
range of conditions, they often rely on gas-phase reaction mechanisms 
for predicting PAH formation, which require reaction rate constants for 
individual reactions [28]. The inclusion of many species and reactions in 
these gas-phase mechanisms is computationally demanding, making 
them impractical for real-world applications. Even though simpler C2H2- 
based nucleation rates have been proposed, such as the Lindstedt [29] 
and Moss-Brookes nucleation rates [30], they are semi-empirical in 

nature and have been developed for a limited range of conditions. 
Furthermore, one of the largest uncertainties in the soot nucleation 
mechanism from PAHs lies in predicting the transition from gas mole
cules to solid particles. Despite ongoing research, the precise mechanism 
of soot nucleation remains elusive due to the complexity of the chemical 
reaction network and due to the difficulty of directly observing nucle
ation dynamics in experiments, which occur rapidly (within microsec
onds [31]) and at high flame velocities.

Despite advancements in understanding soot nucleation mecha
nisms, there is still no consensus on which specific PAHs contribute to 
soot formation and the mechanisms behind this transition. Ab initio 
approaches can provide insight into soot formation pathways [32] 
without knowing or assuming the contributing precursor molecules. For 
example, reactive molecular dynamics (MD) simulations [33] have been 
used to propose an “ab initio” expression for the nucleation rate of soot 
nanoparticles formed during n-heptane pyrolysis at high temperature by 
tracking the formation of clusters.

Here, reactive MD is employed to investigate soot nucleation during 
acetylene pyrolysis in a typical flame temperature range (1200–1800 K) 
and different acetylene concentrations. The soot nucleation rate is 
determined by MD without prior assumptions about the chemical re
action network or nucleation mechanisms. An easy-to-use “lumped” 
nucleation rate equation is proposed as a function of concentration of 
acetylene, a key intermediate formed during combustion of many hy
drocarbon fuels that drives PAH and soot formation [27] and serves as 
an indicator of the soot nucleation zone in flames [29]. The MD-obtained 
soot nucleation rate is interfaced with CHEMKIN PRO [34] and a 
monodisperse particle dynamics model, and is benchmarked against 
soot volume fraction measurements in low-pressure premixed methane 
flames [35] and semi-empirical correlations [30].

2. Theory

2.1. Reactive molecular dynamics (MD) simulations

Isothermal reactive MD simulations of acetylene pyrolysis were 
performed at 1200–1800 K, corresponding to the typical temperature 
range for soot formation in methane [36] and ethylene [37,38] pre
mixed flames. A total of 10,000 acetylene molecules were distributed 
randomly in a cubic simulation cell, with initial fuel density ranging 
from 0.05 to 0.1 g/cm3 (corresponding to 1.92–3.84 kmol/m3), using 
MAPS Scienomics 4.4 [39]. All MD simulations were performed with 
periodic boundary conditions in the NVT (constant number, volume, 
temperature) ensemble, using ReaxFF forcefield for hydrocarbons [40] 
in LAMMPS [41] with integration time step of 0.25 fs [42].

2.2. Nucleation rate by reactive MD

The nucleation rate, J, is calculated by tracking the rate of change in 
the number density, Nn≥n (#

m3), of clusters with size larger than a 
threshold size, n [43]: 

J =
dNn≥ n

d t
(1) 

where t is the elapsed time. Eq. 1 is applied in the nucleation-dominant 
region, where the rate of cluster formation is constant [43]. This region 
corresponds to the time frame where the number of clusters increases 
linearly with time. When n exceeds the critical cluster size, steady-state 
nucleation is reached and the rate of change of the cluster concentration 
becomes independent of the cluster size [43,44].

2.3. Gas-phase kinetics by CHEMKIN PRO

Two low-pressure premixed methane flames by Desgroux et al. [35] 
are simulated using the PREMIX code in CHEMKIN PRO [34] with the 
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CaltechMech reaction mechanism [28]. The inlet fuel compositions 
correspond to equivalent ratios, φ, of 1.95 (nucleation flame) and 2.32 
(sooting flame) [35: Table 1]. A total flow rate of 3.96 L/min STP and 
pressure of 26.7 kPa were used for both flames. A fixed gas temperature 
profile, obtained from experimental measurements [36], was applied in 
each flame. The convergence criterion is defined with an absolute 
tolerance of 10− 9 [45] in the species mass fractions. Temperature- 
gradient-induced mass diffusion is considered, and mixture-averaged 
diffusion coefficients are applied.

2.4. Soot dynamics

A monodisperse particle dynamics (PD) model [46] is used to 
describe soot dynamics during concurrent nucleation, surface growth, 
and coagulation by tracking the total aggregate number, N, surface area, 
A, and carbon molar concentrations, C. The nucleation rate obtained by 
MD and the temperature and acetylene profiles obtained by CHEMKIN 
PRO are used as input in the PD model (workflow in Fig. S1). The rate of 
change of the total aggregate number concentration, dN

dt , increases due to 
particle formation by nucleation and decreases due to particle con
sumption by coagulation: 

dN
dt

=

(
dN
dt

)Nucl.

+

(
dN
dt

)Coag.

(2) 

Similarly, the rate of change in total carbon molar concentration, dC
dt , 

increases by nucleation and surface growth: 

dC
dt

=

(
dC
dt

)Nucl.

+

(
dC
dt

)SG

(3) 

The evolution of the total aggregate surface area concentration, A, is 
[47]: 

A/N
a0

=

⎛

⎜
⎝

V/N
v0

⎞

⎟
⎠

Ds

/3 (4) 

where a0 and v0 denote the primary particle surface area and volume, 
respectively, V is total aggregate volume concentration (V = C MWc

ρsoot
), and 

Ds is the surface fractal dimension quantifying the morphology of soot 
aggregate, with Ds = 2 corresponding to smooth spherical particles and 
Ds = 3 to agglomerates with primary particles in point contact [47]. For 
the methane nucleation flame (φ  = 1.95), experiments [35] suggest 
negligible contribution from surface growth and coagulation, so these 
surface growth and coagulation contributions are excluded from eqs. 2 
and 3, consistent with the approach of Kholghy et al. [24]. An equivalent 
approach was employed by Desgroux et al. [35], who used a low fraction 
of active sites available for surface reactions to suppress the effect of 
surface growth. For the sooting methane and the ethylene flames, the Ds 
employed in the present soot PD model (Supplementary Information, 
Fig. S2: line) is obtained by fitting the Ds (Supplementary Information, 
Fig. S2: squares) [18] against the soot volume-equivalent diameter, dv, 
derived by DEM at these specific flame conditions [38]: 

Ds = 2.411 − 0.888 exp
(

− dv

/8.665

)

(5) 

The choice of Ds has a negligible effect on fv predictions at sooting 
flame conditions (Fig. S3).

The detailed nucleation, surface growth, and coagulation rates 
employed in eqs. 2 and 3 are discussed in Sections 2.4.1–2.4.3.

2.4.1. Nucleation rate
The soot nucleation rate is traditionally modeled by chemical kinetic 

models that include detailed reaction mechanisms involved in soot 
formation. Only a few nucleation rates are determined solely based on 
the initial fuel concentration and can be directly implemented in eq. 2, 

bypassing the need for reaction rates of individual reactions. The Moss- 
Brookes correlation is such a semi-empirical nucleation rate that relies 
on the C2H2 molar concentration, [C2H2] [30]: 
(

dN
dt

)Nucl.

= CαNAv exp
(

−
Tα

T

)

[C2H2] (6) 

where Cα = 54 1/s is a model constant, NAv is the Avogadro number, Tα 
= 21,100 K is the activation temperature for nucleation, and T is the 
reaction temperature. The local [C2H2] and T are derived by CHEMKIN 
PRO as a function of residence time (Supplementary Information: Sec
tion S2).

The contribution of nucleation to the rate of change of the total 
carbon molar concentration in eq. 3 is given by: 
(

dC
dt

)Nucl.

=
ρsoot

MWc

πd3
crit

6

(
dN
dt

)Nucl.

(7) 

where ρsoot = 1500 kg/m3 [38] is the nascent soot density, MWc is the 
carbon molecular weight, and dcrit is the soot critical cluster size. 
Typically, a pyrene dimer is considered as a representative critical nu
cleus of soot, corresponding to 32 carbon atoms. Here, the volume- 
equivalent diameter of a sphere with 36 carbon atoms is used, i.e. dcrit 
= 0.97 nm, corresponding to the critical cluster size obtained by MD 
(discussed in Fig. 2).

2.4.2. Coagulation
The rate of decrease of the soot agglomerate number concentration 

due to coagulation is [48]: 
(

dN
dt

)Coag.

= −
1
2

βN2ρgas (8) 

The collision frequency function, β, in the free molecular regime 
(Knudsen number, Kn > 10) is estimated by [49]: 

β = γpolyγvdW 4

̅̅̅̅̅̅̅̅̅̅̅
πkBT
mAg

√

d2
c (9) 

where γpoly= 1.35 [17] is an enhancement factor accounting for primary 
particle polydispersity during coagulation in the free molecular regime, 
γvdW = 2.2 [50] is the van der Waals enhancement factor for coagulation 
of small soot particles, kB is the Boltzmann constant, and dc and mAg are 
the soot agglomerate collision diameter and mass, respectively. All 
conditions in the present work correspond to Kn > 60. The soot mass is 
determined by: 

mAg = ρsootnpπ
d3

p

6
(10) 

where dp is the primary particle diameter 
(

dp = 6V
A

)

, and np is the 

number of primary particles per agglomerate 

(

np = 6V
Nπd3

p

)

[46]. The 

collision diameter, dc, in eq. 9 is calculated by [16]: 

dc =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

dp
̅̅̅̅̅̅̅̅
3/5

√
np

0.45, np ≤ 1.8

dp
np

0.45

n− 0.2
p + 0.4

, np > 1.8

(11) 

2.4.3. Surface growth
The carbon addition rate due to surface growth in eq. 3 is determined 

by the hydrogen abstraction‑carbon addition mechanism [51]: 
(

dC
dt

)SG

= 2ksχsoot[C2H2]
A

NAv
(12) 
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where ks is the surface reaction rate coefficient 

(ks = 80 T1.56exp
(

− 1912.4
T

)

[51]), χsoot is the number of active sites on the 

soot particle surface [22]: 

χsoot = α χsoot− H
kf

kb

[H]

[H2]
(13) 

where α is the fraction of available sites ([52]: eq. 43), χsoot− H = 2.3 ×
1019 sites/m2 [53] is the total number of available surface sites, and kf 

and kb are the forward and backward reaction rates of soot with H in the 

reaction: Soot − H+ H → kf

← kb
Soot • + H2. The kf

kb 
ratio ranges from 0.017 

for single aromatic molecules [54] to 1.354 for graphene [55]. Here, an 
average kf

kb
= 0.685 is used (with sensitivity analysis of this ratio pro

vided in Fig. S4). The time-variant concentrations of atomic, [H], and 
molecular hydrogen, [H2], along with [C2H2] and T are obtained by 
CHEMKIN PRO.

3. Results and discussion

3.1. Soot nucleation by MD

Fig. 1 shows 2D snapshots of hydrocarbon molecules and clusters 
formed during acetylene pyrolysis at 1600 K and residence times, t, of 
(a) 0.25, (b) 0.5, (c) 0.75, (d) 1, (e) 1.25, and (f) 2 ns. Early on (t = 0.25 
ns), C2 dimerization reactions lead to the formation of small linear 
molecules (Fig. 1a: red molecules), which grow into longer linear mol
ecules upon polymerization (Fig. 1b: red molecules and Fig. S5). During 
these early stages of acetylene pyrolysis, a wide variety of reactive 
species and PAH-like molecules are formed [56]. Clusters composed of 
more than 36 carbon atoms, representing the critical cluster size (as 

discussed in Fig. 2), first emerge at 0.75 ns (Fig. 1c: purple molecules). 
As nucleation proceeds (t = 1 ns), the number of critical nuclei and 

Fig. 1. Snapshots of hydrocarbon molecules and soot clusters formed during acetylene pyrolysis by reactive MD simulations at 1600 K and residence times, t, of (a) 
0.25, (b) 0.5, (c) 0.75, (d) 1, (e) 1.25, and (f) 2 ns.

Fig. 2. Temporal evolution of the number of clusters consisting of at least n 
carbon atoms formed during acetylene pyrolysis at T = 1600 K with initial 
concentration, [C2H2]0 = 0.1 g/cm3. Once the number of C2H2 molecules (green 
dot-broken line, right axis) starts to decrease, the number of clusters with n ≥
12 increases due to C2 dimerization and polymerization reactions. The number 
of clusters for larger n (>30) increases later due to nucleation, at around 0.75 
ns, before it drops due to cluster-cluster collisions. The nucleation-dominant 
region for each threshold size (shaded area) is defined as the time during 
which the number of clusters n lies between 20 % and 80 % of the maximum n. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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stable clusters increases (Fig. 1d: purple molecules), growing rapidly 
into larger clusters upon condensation and surface growth at 1.25 ns 
(Fig. 1e: green molecules) followed by coalescence and further surface 
growth until the formation of incipient soot nanoparticles (Fig. 1f: black 
and blue nanoparticles).

Fig. 2 shows the temporal evolution of the number of carbonaceous 
clusters having at least n carbon atoms formed during acetylene pyrol
ysis at T = 1600 K with initial concentration [C2H2]0 = 0.1 g/cm3. The 
evolution of the cluster count is shown for threshold sizes of n = 12 (dark 
blue line) up to 44 (dark red line), along with the temporal evolution of 
C2H2 molecules (green dot-broken line, right axis). For t ≲ 0.5 ns, all 
molecules have less than 12 carbon atoms as hardly any C2H2 molecules 
have reacted. At t = 0.5–1 ns, more than 90 % of the C2H2 molecules are 
rapidly consumed followed by C2 dimerization and polymerization re
actions [57] (Supplementary Information: Fig. S5), and the number of 
clusters with n ≥ 12 increases almost linearly. Increasing the threshold 
size, indicating the formation of larger carbonaceous clusters, results in 
slower nucleation of fewer such species. For example, fewer clusters 
with n ≥ 32 (light orange line) begin to form at t ≈ 0.75 ns (Fig. 1c). The 
number of these large clusters is approximately one order of magnitude 
lower than that of clusters with n ≥ 12. The concentration of species 
with n ≥ 32 increases upon nucleation reaching a maximum of 25 at 1.2 
ns, followed by a decrease at t ≳ 1.2 ns as these clusters either react with 
each other or are scavenged by larger ones, while the C2H2 concentra
tion has practically plateaued.

The time where the number of clusters n lies between 20 % and 80 % 
of the maximum cluster concentration for each threshold size denotes a 
nucleation-dominant region [44], indicated by the shaded area in Fig. 2. 
Within this region, quasi-steady state nucleation takes place as the 
number of clusters increases almost linearly with time, with the slope 
representing the nucleation rate [43]. All clusters with size equal or 
greater than the critical size are stable, exhibiting a similar formation 
rate. So, for n ≥ 36 (molecular weight of 432 g/mol), where the slopes of 
the evolving number of clusters become practically parallel (three 
consecutive slopes vary less than 15 %), the critical nucleus size has been 
reached [44]. The critical sizes obtained for different initial C2H2 con
centrations and process temperatures are shown in Fig. S6, all exhibiting 
a critical cluster size of ~36 carbon atoms. These results are consistent 
with size exclusion chromatography and absorption spectra measure
ments of soot nucleation by pyrene pyrolysis in tubular flow reactors at 
lower temperatures (T = 800–1100 K), indicating a molecular weight of 
the critical nucleus of at least 400 g/mol [58]. Critical cluster sizes 
within this range (30–52 carbon atoms) have been proposed by reactive 
MD simulations for soot formed by n-heptane pyrolysis with initial 
concentration of 0.1 g/cm3 at high temperature (T = 2200–2600 K) 
using the same approach [33]. The nucleation rate can be obtained by 
the number of clusters larger than or equal to the critical nucleus size of 
36 carbon atoms formed per unit volume per unit time, i.e. the slope of 
the linearly increasing number of clusters corresponding to the 
nucleation-dominant region in Fig. 2.

Fig. 3 shows the nucleation rate, JMD, for critical soot clusters, as a 
function of the initial C2H2 molar concentration obtained during 
isothermal acetylene pyrolysis MD simulations at 1200–1800 K. At low 
fuel concentration, JMD hardly varies with temperature. Increasing the 
initial C2H2 concentration results in an exponential increase in the 
nucleation rate with an order dependency of n = 3.5 for the employed 
range of initial acetylene concentrations, regardless of the pyrolysis 
temperature. A phenomenological model is proposed to describe the 
dependence of the MD-derived nucleation rate, JMD, on the acetylene 
concentration for the temperature range employed here: 
(

dN
dt

)Nucl.

= JMD = kMD[C2H2]
n (14) 

where kMD is the nucleation rate constant and n = 3.5 is the reaction 
order. Eq. 14 corresponds to a global nucleation rate, where 

contributions of intermediate species are accounted for implicitly, 
resulting in a strong apparent dependence on C2H2 concentration. The 
effect of temperature on the nucleation rate is quantified by kMD, ob
tained by fitting the fuel concentration-dependent JMD with eq. 14 at 
each temperature. The kMD shows a minor variation with temperature, 
ranging between 0.802•1032 to 1.677•1032 m7.5

kmol•s. This kMD variation 
with temperature leads to a PD-predicted difference in soot volume 
fraction, fv, of up to 52 % compared to experiments (Fig. S7), which falls 
within the range of experimental uncertainty reported for both nucle
ation (±100 %) and sooting flames (±55 %) [35]. Therefore, an average 
kMD of 1.299•1032 m7.5

kmol•s is used hereafter and the MD-derived nucleation 
rate becomes: 
(

dN
dt

)Nucl.

= JMD

[ #

m3s

]
= 1.299 • 1032 [C2H2]

3.5 (15) 

It is noted that eq. 15 has been derived for a temperature range of T 
= 1200–1800 K and the temperature-invariant nucleation rate coeffi
cient may need to be revisited at conditions outside this range, as it may 
overestimate the soot nucleation rate below 1000 K. Eq. 15 has been 
derived at high fuel concentrations corresponding to pressures of 
189–568 atm and is implemented into the monodisperse PD model 
(Section 2.4) simulating the dynamics of soot formation in two low- 
pressure premixed methane flames with equivalence ratios of φ =
1.95 and 2.32 (Section 3.2).

3.2. Soot particle dynamics in methane premixed flames

Fig. 4 shows the soot volume fraction, fv, as a function of height 
above the burner (HAB) in the nucleation flame (φ = 1.95), predicted by 
the monodisperse PD model (lines) with the nucleation rate obtained by 
MD (eq. 15; solid line) and by Moss-Brookes (eq. 6; broken line), 
excluding contributions from surface growth and coagulation. The PD- 
predicted fv is compared with soot volume fraction measurements in 
the nucleation flame (circles [35]). The fv increases abruptly with 
increasing HAB up to 0.5 cm, regardless of the employed nucleation 
model. This increase in fv is associated with an increase in the nucleation 
flame temperature and the concurrent production of acetylene from 
methane decomposition, promoting the formation of soot nuclei. At 
HAB > 0.5 cm, fv increases with a slower rate approaching 160 ppt when 
the Moss-Brookes nucleation model (broken line) is used, significantly 

Fig. 3. MD-obtained nucleation rate, JMD, of incipient soot nanoparticles with 
critical cluster size of 36C atoms as a function of the initial molar concentration 
for acetylene pyrolysis at T = 1200 (squares), 1400 (circles), 1600 (triangles), 
and 1800 K (diamonds). The nucleation rate is fitted using eq. 14 (lines) to 
determine the reaction rate constant, kMD.
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overpredicting the measured fv (circles) across the nucleation flame by 
nearly three orders of magnitude. When the MD nucleation rate (eq. 15) 
is used, the PD model predicts fv = 0.8 ppt at HAB = 5 cm, on par with 
measurements [35] exhibiting fv = 0.01–0.14 ppt at HAB = 1–4.5 cm, 
confirming the validity of the proposed nucleation rate for nucleation- 
dominant soot growth. Even though the MD-proposed nucleation rate 
has been derived at high fuel concentrations (Section 3.1), soot volume 
fraction calculations based on this model are in good agreement with 
experiments (Fig. 4 and Fig. S8), significantly improving predictions 
from the semi-empirical C2H2-based nucleation model [30]. The 
remaining deviation from experiments is within the measurement un
certainty as laser-induced incandescence only detects particles capable 
of absorbing light at 1064 nm [59]. However, caution is needed when 
eq. 15 is applied near atmospheric pressures.

The proposed MD nucleation rate is also applied to sooting flames, 
where additional soot growth mechanisms, i.e. surface reactions and 
coagulation, take place. Fig. 5 shows the fv as a function of HAB in the 
sooting methane flame with φ = 2.32, as predicted by the monodisperse 
PD model using the MD-derived (solid line) and Moss-Brookes nucle
ation rates (broken line) and as obtained by measurements in the sooting 
flame (circles [35]), with soot primary particle diameter predictions 
shown in Fig. S9.

At low HAB, the increase in fv is primarily driven by nucleation, as 
also observed in the nucleation methane flame (Fig. 4). Once soot nuclei 
have been formed, they grow through surface reactions, leading to a 
further increase in the soot volume fraction at higher HAB. The fv by 
both nucleation rates increases with HAB. The Moss-Brookes nucleation 
rate, however, consistently overpredicts the soot volume fraction mea
surements (circles) by approximately 1 (at high HAB) to 3 orders of 
magnitude (at low HAB). The MD-derived nucleation rate overpredicts 
the fv at HAB <1.5 cm by up to 1 order of magnitude, but underestimates 
it by up to a factor of 3.4 at higher HAB. This could be partly attributed 
to the fixed absorption function used to measure fv [35]. In such pre
mixed flames, the absorption function increases with HAB, so neglecting 
the size-dependent absorption function of incipient soot may result in 
underprediction of fv at small HAB and overprediction further down
stream [60]. Even though both nucleation models predict an earlier 
onset of soot formation than that observed by experiments, the MD- 
based one follows the measured fv more closely at low HAB compared 

to the Moss-Brookes model. The earlier predicted onset of soot formation 
arises from the fact that, under real flame conditions, acetylene does not 
directly produce soot nuclei. Instead, it undergoes a series of chemical 
reactions to form PAHs, which then drive soot nucleation.

The MD-derived nucleation rate is also benchmarked against a 
burner-stabilized stagnation (BSS) ethylene flame [38] (Supplementary 
Information: Section S3). Even though the BSS temperature profile 
(Fig. S10) spans a wider range than the temperature the MD-based rate 
was developed for, it yields improved soot volume fraction predictions 
compared to the Moss-Brookes model (Fig. S12b and S15b), demon
strating its potential applicability to other fuels.

4. Conclusions

Soot nucleation is investigated during isothermal acetylene pyrolysis 
using reactive molecular dynamics (MD) over a flame temperature range 
of 1200–1800 K. A soot nucleation rate equation is proposed as a 
function of the initial fuel concentration, by tracking the formation of 
soot clusters with time in high-pressure MD simulations. The MD- 
obtained nucleation rate, derived in the temperature range of 
1200–1800 K, shows a 3.5-order dependence on the initial acetylene 
concentration. This rate is validated in premixed flames by employing a 
monodisperse particle dynamics model accounting for concurrent 
nucleation, surface growth, and coagulation. The soot volume fraction 
predicted by the monodisperse model with the nucleation rate obtained 
by MD is in excellent agreement with measurements in both nucleation 
(φ = 1.95) and sooting (φ = 2.32) methane premixed flames. So, even 
though the nucleation rate effectively depends only on C2H2 concen
tration, which may affect the predicted localized soot concentration 
compared to PAH-based mechanisms, it reliably predicts the overall soot 
volume fractions. This work demonstrates that MD can provide reliable 
lumped nucleation rates, which, despite being developed over a narrow 
temperature range (1200–1800 K), can effectively serve as an alterna
tive to cumbersome chemical kinetic mechanisms in premixed flames. 
The proposed MD-informed particle dynamics model can be directly 
integrated into computational fluid dynamics simulations without 
relying on complex chemical reaction pathways for nucleation. This 
approach allows for connecting operating conditions with soot yield 
predictions for the design of cleaner combustion systems.

Fig. 4. Soot volume fraction, fv, as a function of height above the burner (HAB) 
in nucleation methane flame (φ = 1.95), predicted by the monodisperse PD 
model (lines) excluding surface growth and coagulation, using the MD-derived 
(eq. 15; solid line) and Moss–Brookes nucleation model (eq. 6; broken line). The 
MD-obtained nucleation rate is in agreement (within the same order of 
magnitude) with soot volume fraction measurements (circles [35]).

Fig. 5. Soot volume fraction, fv, as a function of height above the burner (HAB) 
in sooting methane flame (φ = 2.32), obtained by the monodisperse PD model 
(lines) accounting for surface growth, coagulation, and nucleation using the 
MD-derived (eq. 15; solid line) and Moss–Brookes nucleation model (eq. 6; 
broken line). The fv is compared with soot volume fraction measurements in the 
sooting flame (circles [35]).
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