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Abstract: Recently, an aerosol dynamics model—the Soot Aggregate Moment Model (SAMM)—that
can efficiently trace the size distribution and morphology of soot particles was developed. In order to
examine the applicability of SAMM in association with open-source CFD and combustion chemistry
solvers, the formation and growth of soot particles in a premixed ethylene/air combustion were
simulated by connecting SAMM with OpenSMOKE++ in this study. The simulation results were
compared with available measurements and with the results of a previous study conducted using
SAMM connected with an in-house CFD code and the CHEMKIN combustion chemistry package.
Both CHEMKIN and OpenSMOKE++ underestimated C2H2 concentration compared to previous
measurements, with deviation from the measured data being smaller for OpenSMOKE++. The chemi-
cal mechanism adopted in the CHEMKIN package was found to underestimate pyrene concentration
by a factor of several tens. OpenSMOKE++ predicted much higher soot precursor concentrations
than CHEMKIN, leading to a higher nucleation rate and a faster surface growth in the latter part
of the reactor. This resulted in a reasonable soot production rate without introducing an artificial
condensation enhancement factor. The overestimation of low-molecular-weight polycyclic aromatic
hydrocarbons in the latter part of the reactor and the neglect of sintering led to an overprediction of
soot production and primary particle number. This result indicates that accounting only for obliter-
ation without sintering in SAMM could not simulate the merging of primary particles sufficiently.
This indication merits further investigation.

Keywords: soot; carbon aerosol; aerosol dynamics; numerical modeling; combustion emission

1. Introduction

The prediction of mass, size distribution, and morphology of soot aerosol particles
emitted from combustion processes is crucial for the quantification of the effects of soot
particles on air quality and climate [1–5]. Despite extensive experimental and numerical
research outcomes during the past half-century, the soot formation mechanism remains
unclear [5–7] because it is a complex process in which several physical and chemical
phenomena, such as thermo-fluid dynamics [8–10], gas-phase and heterogeneous chemical
reactions [11–14], and aerosol dynamics [15–17], are combined. A profound understanding
of the soot formation mechanism requires a complicated investigation procedure including
setting up mathematical models for these phenomena and verifying and revising them by
comparing their predictions with measurements.

In the field of aerosol dynamics, the method of moments [18–20], the sectional
method [4,21–24], and the stochastic approach [25–27] have widely been used. In par-
ticular, the method of moments is the most widely used for soot formation modeling
because it has the highest computational efficiency. It poses the smallest computational
burden to a computational fluid dynamics (CFD) model containing chemical reactions,
which requires long computation time in itself. The most critical drawback of the method
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of moments is that it often traces only values of several moments of soot particles, rather
than explicit particle size distribution or aggregate morphology.

Recently, an aerosol dynamics model—the Fractal Aggregate Moment Model
(FAMM)—was developed based on the method of moments to trace the characteris-
tic bi-modal particle size distribution and morphology of fractal aggregate particles ef-
fectively [28]. Later, the FAMM was modified into the Soot Aerosol Moment Model
(SAMM) [29] that could simulate the formation and growth of soot aerosol particles when
it was combined with combustion chemistry packages such as CHEMKIN [30]. A com-
parison of the predictions of SAMM with available measurements showed that SAMM
could predict the size distribution and morphology of soot particles more than 100 times
faster than the sectional model and that the difference between the predictions of the two
models was much smaller than the differences between the predictions and the measured
data [29]. However, both models need to employ an artificial surface growth enhancement
factor on top of the chemical mechanism used [31] for a reasonable agreement with the
measured data. This result demonstrated that the largest uncertainty in the prediction of
soot formation was associated with soot precursor production through gas-phase chemical
reactions rather than with the subsequent aerosol dynamics. The prediction of soot forma-
tion in combustion flames requires the use of CFD models containing gas-phase chemistry
mechanisms, which consume tremendous computation time owing to the large number of
grids (reaching sometimes millions) needed for solving three-dimensional fluid dynamics
equations [32]. In this regard, the employment of an efficient aerosol dynamics module,
such as SAMM, is expected to be fruitful.

On the other hand, the use of open-source models is rapidly increasing in the field
of CFD combustion modeling, where in-house codes [33,34] and commercial CFD mod-
els [35,36] have been used mostly. A representative example is the CFD software Open-
FOAM [37,38] developed as an object-oriented C++ library package. With its strengths
of being open-source and object-oriented, OpenFOAM has widely been used as a CFD
framework for modeling various thermo-fluid phenomena including chemical reactions,
such as laminar premixed flames [39,40], laminar diffusion flames [41,42], syngas com-
bustion [43], and biomass pyrolysis [44]. OpenSMOKE++ [45] is also an object-oriented
C++ library package for solving a set of differential equations in which combustion chem-
istry and thermodynamics are combined. Combined with the CFD software OpenFOAM,
OpenSMOKE++ can be used to simulate combustion in laminar and turbulent flows [46,47].

In this study, in order to examine the applicability of the soot model SAMM in associa-
tion with open-source CFD and combustion chemistry solvers, the formation and growth
of soot aerosol particles was modeled by combining OpenSMOKE++ simulation with the
aerosol dynamics simulation using SAMM. The model-predicted results were compared
with available measurements as well as with previous SAMM simulation results obtained
using the combination of an in-house CFD code and the CHEMKIN package.

2. Model Description

In this study, all simulations were conducted in two steps: (1) computation of gas
phase combustion chemistry occurring in the reactor using OpenSMOKE++ and (2) soot
chemistry and dynamics calculations using SAMM. In this section, OpenSMOKE++ and
SAMM, the two models used in this study, are introduced briefly, and the model settings
are explained.

2.1. OpenSMOKE++

OpenSMOKE++ is equipped with the gas-phase chemistry mechanism of
Ranzi et al. [14] composed of about 200 species and 6300 chemical reactions and a soot
module [48] that can simulate large polycyclic aromatic hydrocarbons (PAHs) with carbon
atom number equal to or larger than 20 and aerosol particles using a sectional method.
However, the soot module embedded in OpenSMOKE++ assumes rates of aerosol dy-
namics mechanisms, such as nucleation, condensation, and coagulation, to be constant,



Atmosphere 2022, 13, 847 3 of 13

irrespective of particle size. It also assumes that the soot particle morphology is simply
either spherical up to a certain size or aggregated for larger particles. Therefore, in this
study, OpenSMOKE++ was used only up to the production of PAHs. Subsequent aerosol
dynamics leading to soot formation and growth were simulated using SAMM.

In the framework of OpenSMOKE++, high-molecular-weight (HMW) PAH molecules
and soot particles are divided into several “BINs”. BIN1 is defined as having the average
carbon atom number of 20. Subsequent BINs are defined by doubling the average carbon
atom number successively. Although BIN1 to BIN4 are called HMW PAHs, and BIN5
and larger ones are called soot particles in OpenSMOKE++, this classification is quite
arbitrary. In a previous study of the author using SAMM [29], soot inception (nucleation)
was assumed to take place by collisions between two pyrene molecules with carbon atom
number 16 (C16). Similarly, in this study, it was assumed that collisions between two BIN1
molecules caused nucleation. Surface growth due to condensation of vapor species was
assumed to be caused by low-molecular-weight (LMW) PAHs that were smaller than BIN1
molecules. The concentrations of all species up to BIN1 simulated by OpenSMOKE++
based on its gas-phase chemistry were transferred to SAMM, in which aerosol dynamics
were calculated to model soot formation and growth.

Nucleation and vapor condensation are gas-particle conversion mechanisms con-
necting gas-phase reactions and aerosol dynamics. Hence, they are closely associated
with gas-phase mechanisms. Therefore, collision efficiency as an element employed in
OpenSMOKE++ needed to be adopted in SAMM. When collision rates are calculated
for nucleation (collision between PAH molecules) and condensation (collision between a
soot particle and a PAH molecule) in OpenSMOKE++, the following collision efficiency,
suggested based on the experiment of D’Alessio et al. [49], is multiplied:

γ =
102 + σ6.5

105 + σ6.5 (1)

where σ is the collision diameter expressed in nm. Figure 1 shows this collision efficiency
as a function of the collision diameter of soot particle. While the collision efficiency is 0.001
in the case of fresh nucleus particles with a diameter of about 1 nm or less, it increases with
an increasing collision diameter until it reaches 1 for soot particles that grow larger than
10 nm at the latter part of the reactor. In the case of nucleation, the collision diameter, which
is the diameter of BIN1 PAH molecules, is smaller than 1 nm. Thus, γ is always 0.001.
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The growth of soot particles due to surface reactions is represented by the well-known
hydrogen abstraction–C2H2 addition (HACA) [50,51]. OpenSMOKE++ takes into account
surface reactions of resonantly stabilized LMW radicals (C3H3, i-C4H3, i-C4H5, and C5H5)
as well. Aromatic hydrocarbon radicals, including the radicals of single-ring aromatic
hydrocarbons from benzene (C6) to ethylbenzene (C8) and PAH species from indene (C9)
to pyrene (C16) are considered as the soot precursor species contributing to surface growth
by condensation [48].

2.2. SAMM

SAMM includes the aerosol dynamics mechanisms necessary for simulating the
changes in soot particle size distribution and morphology, such as nucleation, coagu-
lation, PAH condensation, surface growth through heterogeneous reactions, obliteration of
primary particles due to surface growth, and sintering. However, sintering was neglected
in this study because of the lack of sufficient measured data for the sintering rate of soot
particles [52]. Influences of the neglect of sintering will be discussed in Section 3 where
model predictions are compared with measurements.

Since the structure and mathematical principles of SAMM have been presented in
detail in a previous paper [29], only a brief explanation of its core elements is presented
here. The main emphasis is on model revisions made for connecting with OpenSMOKE++.

SAMM assumes that soot aerosol particles attain a bimodal size distribution composed
of a nuclei mode containing fresh particles generated by nucleation and an accumulation
mode containing larger particles grown from nuclei-mode particles. Nuclei-mode particles
are spherical and monodisperse, whereas accumulation-mode particles are aggregated and
polydisperse, and their distribution can be expressed by a log-normal function. Therefore,
nuclei-mode particles can be represented by a single variable (particle number), whereas
accumulation-mode particles are represented by four variables (aggregate number, geo-
metric mean aggregate size, geometric standard deviation of aggregate size, and primary
particle number). Therefore, SAMM predicts size distribution and morphology of soot
particles by tracing the time evolutions of these five variables. When nuclei-mode parti-
cles grow via coagulation, PAH condensation, and/or surface reaction, moving all grown
particles into the accumulation mode may make the size distribution of the accumulation
mode unrealistically broad. Therefore, appropriate schemes are used to apportion grown
particles between nuclei and accumulation modes, so that total particle number and mass
are conserved [28,53].

Nucleation, i.e., the production of new soot particles, is assumed to take place by
collisions of PAH molecules that are large enough. For instance, in a previous study of the
author [29], pyrene (C16H10) was selected as the precursor for nucleation. As explained
in Section 2.1, HMW PAHs are represented by BIN1~BIN4 molecules in the chemistry
solver OpenSMOKE++. As the average molecular mass of BIN1 molecules (250) is larger
than that of pyrene (202), BIN1 molecules were selected as nucleation precursors in this
study. Particles generated from collisions between the BIN1 molecules (i.e., BIN2 molecules
in OpenSMOKE++) were regarded as soot nuclei. In SAMM, the collision rate between
nucleation precursors (i.e., BIN1 molecules) is determined according to the free-molecule
regime collision scheme based on the kinetic theory of gas [54]. Because the gas-phase
chemistry of OpenSMOKE++ was used in this study up to precursor PAHs, the collision
efficiency for nucleation used in OpenSMOKE++ (γ = 0.001) was applied in SAMM as well
for fair comparison between the models.

In the original SAMM, six heterogeneous reactions including HACA and soot oxida-
tion by OH and O2 were taken into account for surface growth according to the mechanism
suggested by Appel et al. [31]. For fair comparison with OpenSMOKE++, surface reactions
of resonantly stabilized LMW radicals were added to SAMM in this study. However, the
simulation results showed that the influences of LMW radicals on soot surface growth were
negligible because their concentrations were much lower than the concentration of C2H2.
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Pyrene was the only PAH species considered for condensation on the soot surface in
the original SAMM based on the mechanism of Appel et al. [31]. However, various PAH
species other than pyrene have been suggested as candidate contributors to soot growth by
condensation [55,56], which could result in faster surface growth than that estimated by the
mechanism of Appel et al. [31] considering only pyrene. In this study, SAMM was revised
by allowing C9 (indene) and heavier LMW PAH molecules to be additional condensable
species. The collision efficiency shown in Equation (1) was also employed when the rate of
collision between a soot particle and a condensable species was calculated.

Coagulation is described in SAMM as aggregation without coalescence; individual
coagulation events result in only a reduction of the total aggregate number by 1, without
any changes in total primary particle number or total soot mass. Intramodal coagulations
occurring in the nuclei or accumulation mode and intermodal coagulation occurring be-
tween the two modes are taken into account. In the case of intramodal coagulation in the
nuclei mode, the resulting particles are apportioned between nuclei and accumulation
modes, as mentioned above. A collision kernel calculated as the harmonic mean [57] of
the free-molecule regime kernel [54] and the continuum-regime kernel [58] is used for the
entire particle size range.

2.3. Numerical Experiments

A rich premixed ethylene/air combustion in a jet-stirred reactor (JSR)–plug flow reac-
tor (PFR) system was simulated using OpenSMOKE++. Gas-phase species concentrations
predicted by OpenSMOKE++ were used as input fields for aerosol dynamics simulation by
SAMM. The model-predicted time evolutions of soot particle size distribution and morphol-
ogy were compared with available measurements [59,60] as well as with previous SAMM
simulation results obtained using an in-house CFD code and the CHEMKIN package. The
present model system, in which OpenSMOKE++ and SAMM are combined, is referred to
as “OpenSMOKE-SAMM”, whereas the previous one, in which the in-house CFD code, the
CHEMKIN package, and SAMM were combined, is called “CHEMKIN-SAMM” hereafter.
One can refer to the above-mentioned papers for detailed information on the measurement
methods and to previous papers of the author [23,29] for detailed information on the setup
for numerical simulations. The soot precursor species used for different gas-to-particle
mechanisms in the two model systems are compared in Table 1.

Table 1. Soot precursor species for different gas-to-particle mechanisms.

Mechanism CHEMKIN-SAMM OpenSMOKE-SAMM

Nucleation Pyrene BIN1 molecules
Condensation Pyrene LMW PAHs (C9 to C16)

Surface reaction C2H2 C2H2, C3H3, i-C4H3, i-C4H5, and C5H5

3. Results and Discussion

Figure 2 compares the concentration of a heterogeneous reaction precursor, C2H2,
predicted by OpenSMOKE++ with measured data and that predicted previously by the
CHEMKIN package. Both CHEMKIN and OpenSMOKE++ underpredicted C2H2 concen-
tration compared to previous measurements, with the prediction of OpenSMOKE++ being
slightly closer to the measurement.

Other than heterogeneous reactions, another mechanism that contributes to soot sur-
face growth in SAMM is PAH condensation. PAHs are important soot precursors that
contribute to soot production not only by condensation, but also by nucleation. The concen-
trations of PAHs predicted by the two models were compared with measurement data as
shown in Figure 3. Marr et al. [59] analyzed LMW PAH species with molecular mass of 226
or smaller (C12~C18) using GC–FID, GC–MS, GC–FTIR, and HPLC. The amount of HMW
PAHs with molecular mass larger than 226 was determined by subtracting LMW PAH
mass from the total PAH mass determined gravimetrically. Because CHEMKIN-SAMM
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considers only pyrene as the soot precursor contributing to nucleation and condensation
(see Table 1), only the pyrene concentration predicted by CHEMKIN is included in Figure 3.
On the other hand, OpenSMOKE-SAMM considers not only pyrene, but also other LMW
PAHs for condensation. Therefore, the pyrene concentration as well as the LMW PAHs
concentration predicted by OpenSMOKE++ are compared together in Figure 3. The con-
centration of “BIN1” molecules predicted by OpenSMOKE++ was also compared because
BIN1 molecules represent most of the mass of HMW PAHs and are soot precursors for
nucleation in OpenSMOKE-SAMM.
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As shown in Figure 3, there was a striking difference (by a factor of several tens)
between pyrene concentrations predicted by CHEMKIN and OpenSMOKE++. Considering
that the LMW PAHs mass predicted by OpenSMOKE++ was in order-of-magnitude agree-
ment with the measurement, it appeared that the mechanism of Appel et al. [31] used in
CHEMKIN underestimated the production of pyrene considerably. In terms of nucleation,
the mass concentration of BIN1 molecules predicted by OpenSMOKE++ was about 50 times
higher than the pyrene mass concentration predicted by CHEMKIN. This indicated that the
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difference between the square of number concentration to determine the nucleation rate
was more than 1000 times even after converting it into number concentration. Therefore,
even with a collision efficiency of 0.001, the nucleation rate predicted by OpenSMOKE-
SAMM was larger than that predicted by CHEMKIN-SAMM. On the other hand, in terms
of condensation, the LMW PAHs concentration predicted by OpenSMOKE++ was more
than 100 times larger than the pyrene concentration predicted by CHEMKIN. This implies
that the condensation rate predicted by OpenSMOKE-SAMM will be smaller than that
predicted by CHEMKIN-SAMM in the initial stage of the combustion because of the very
small soot particle size and, correspondingly, low collision efficiency (~0.001). However,
as soot particles grow in the latter part of the reactor, the increase in collision efficiency
(see Figure 1) will lead to a much larger condensation rate according to OpenSMOKE-
SAMM than according to CHEMKIN-SAMM. This is shown below in Figure 4. Concentra-
tions of LMW PAH and HMW PAH (represented by BIN1) predicted by OpenSMOKE++
showed overestimation and underestimation, respectively, compared to the measurements,
resulting in comparable total PAH concentration.
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Soot mass concentrations predicted by CHEMKIN-SAMM and OpenSMOKE-SAMM
were compared with measured data of Marr et al. [59] and Kronholm and Howard [60]
in Figure 4. Although OpenSMOKE-SAMM predicted higher concentrations for the two
important soot precursors C2H2 and pyrene than CHEMKIN-SAMM (see Figures 2 and 3),
it predicted lower soot mass concentration than CHEMKIN-SAMM when only pyrene was
used as the precursor for condensation (pyrene condensation only). This has two reasons.
The first reason is the collision efficiency of Equation (1) applied only to OpenSMOKE-
SAMM when calculating the collision rate between a PAH molecule and a soot particle. As
explained in the discussion for Figure 3, the collision efficiency is very small in the initial
stage of a combustion reaction. The second reason is an artificial condensation enhancement
factor adopted in CHEMKIN-SAMM to compensate for the neglect of other condensable
species than pyrene [23,29]. When all LMW PAH species were used for condensation in
OpenSMOKE-SAMM (all LMW PAH condensation), a much larger soot mass concentration,
which was closer to the measurement, was predicted.

While the “all LMW PAH condensation” simulation of OpenSMOKE-SAMM shown
in Figure 4 provided the best result using this model, its prediction still showed a large
difference from the measurement; the soot mass was underpredicted considerably in the
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early part of the reactor, whereas it was overpredicted significantly in the latter part of the
reactor. This was because, as explained in the discussion for Figure 3, the condensation rate
predicted by OpenSMOKE-SAMM was initially smaller than that predicted by CHEMKIN-
SAMM but became larger than the latter as the soot particles grew. The overprediction
of LMW PAH concentration by OpenSMOKE-SAMM shown in Figure 3 might have also
contributed to the overprediction of soot mass in the latter part of the reactor. The neglect of
sintering, which will be discussed later, is also a possible reason for soot mass overprediction
in the latter part of the reactor.

Figure 5 shows soot particle size distributions predicted by CHEMKIN-SAMM and
OpenSMOKE-SAMM as well as the measurements by Kronholm and Howard [60].
OpenSMOKE-SAMM predicted narrower particle size distributions than CHEMKIN-
SAMM, which could be attributed to the higher surface growth rate of OpenSMOKE-
SAMM, particularly in the latter part of the reactor, as mentioned earlier when discussing
Figures 3 and 4. It is well known that a strong surface growth leads to a narrow particle
size distribution [61]. Another notable difference between models’ predictions was that the
amount of nuclei-mode particles predicted by OpenSMOKE-SAMM was much larger than
that predicted by CHEMKIN-SAMM. This could be attributed to a higher nucleation rate
of OpenSMOKE-SAMM than of CHEMKIN-SAMM, as mentioned earlier when discussing
Figure 3. Compared with the measured size distribution, OpenSMOKE-SAMM underpre-
dicted the particle size at 4.2 ms, whereas it overpredicted the particle size at 12.9 ms, in
agreement with the result for soot mass shown in Figure 4.
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In SAMM, the soot particles are assumed to be fractal aggregates consisting of spherical
primary particles with a fractal dimension of 1.8. Therefore, the morphology of a soot
aggregate particle can be determined once the number of primary particles composing it is
known. In Figure 6, the average numbers of primary particles in a soot aggregate particle
predicted by OpenSMOKE-SAMM and CHEMKIN-SAMM were compared. OpenSMOKE-
SAMM predicted a smaller number of primary particles in an aggregate than CHEMKIN-
SAMM in the earlier part of the reactor. In the latter part of the reactor, however, it predicted
a larger number of primary particles than CHEMKIN-SAMM. This might be attributed
to the higher nucleation rate predicted by OpenSMOKE-SAMM producing more nuclei,
which might have been converted into aggregates by rapid coagulation in the latter part of
the reactor.
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and CHEMKIN-SAMM.

As mentioned above, SAMM treats coagulation as aggregation (without coalescence)
in which the total number of primary particles does not change. Because combustion is a
high-temperature process by nature, coagulation between fresh soot particles produced in
combustion flames is often accompanied by fast sintering leading to spherical particles [62].
Therefore, the neglect of sintering in SAMM inevitably results in an overestimation of the
primary particle number. Kronholm and Howard [60] reported that soot particles were
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mostly spherical, including only a small amount of aggregate particles, in their experiments.
In this respect, the predictions of both models shown in Figure 6 are obvious overestima-
tions. An overestimation of the primary particle number will lead to an overestimation of
the collision diameters of soot particles. This in turn will result in an overprediction of the
surface growth rate, consequently leading to an overestimation of soot mass concentration.
The overpredictions of soot mass concentration and particle size shown in Figures 4 and 5,
respectively, by OpenSMOKE-SAMM in the latter part of the reactor were very likely to be
influenced by the overestimation of primary particle number, at least in part.

The above-mentioned discussion indicates that obliteration of primary particles due
to surface growth, which is accounted for in the current version of SAMM, is insufficient to
model the merging of primary particles. Sintering might have to be taken into account for
a more accurate simulation of soot particle mass, size, and morphology. This conclusion
is quite different from those of previous studies [62–64], in which the effect of sintering
was smaller than that of obliteration in the case of soot particles. Further investigations
on this issue are warranted. As mentioned earlier, the current version of SAMM does not
model sintering because of the lack of sufficient measurements of the sintering rate of soot
particles [52]. However, a sufficiently accurate sintering model is expected to be available
for SAMM in the near future thanks to active ongoing research studies on the sintering of
soot particles [65–67]. Such model will enhance the applicability of SAMM further.

4. Conclusions

A combustion chemistry solver OpenSMOKE++ was connected with a recently de-
veloped soot aerosol dynamics code SAMM to simulate the formation and growth of soot
aerosol particles in a premixed ethylene/air combustion. The simulation results were
compared with results of a previous modeling study using an in-house CFD code and
the CHEMKIN package as well as with available measurements. Both CHEMKIN and
OpenSMOKE++ underpredicted C2H2 concentration compared to previous measurements.
The gas-phase chemistry used in CHEMKIN underpredicted the production of pyrene
severely, which resulted in an underestimated nucleation rate. OpenSMOKE++ predicted a
much higher LMW PAHs concentration than CHEMKIN, enabling the soot surface growth
rate to be simulated reasonably without an artificial condensation enhancement factor.
In the latter part of the reactor, the LMW PAHs concentration was even overestimated
by OpenSMOKE++, which (in addition to the effect of the neglect of sintering) led to
overestimating soot growth rate and primary particle number. The results of this study
demonstrate that OpenSMOKE++ is a promising tool for modeling soot production if it is
combined with an elaborate aerosol dynamics model. However, this study also revealed
the limitations of the current version of SAMM. The effect of obliteration was shown not
to be large enough to account for the observed primary particles merging with neglected
sintering. This was different from results of previous studies reporting that the effect of
sintering was less important than that of obliteration. This requests further investigation
and appropriate model revisions to reduce uncertainties. If the results of recent studies
on the sintering rate of soot particles are utilized properly, the applicability of SAMM is
expected to be further enhanced.
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