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Abstract

Given the recent EURO 6 regulations, which include limits on particle num-
ber density (and hence size) for soot emissions from land vehicles, soot mod-
els must be capable of accurately predicting soot particle sizes. Previous
modeling work has demonstrated the importance of the relative strengths of
nucleation and condensation in predicting soot primary particle size. Due to
this importance, a fundamental reversible model for nucleation and conden-
sation, called the reversible PAH clustering (RPC) model, was developed in
previous work through the use of statistical mechanics and the results from
several recent works.

In the present work, the RPC model is enhanced to include multiple nu-
cleation (or dimerization) events from 6 different PAH size groups, resulting
in 21 unique dimer pairs. In addition, a soot PAH tracking model is devel-
oped to track the amount of each PAH size group within soot particles. The

addition of this model resulted in reduced computation times and the ability
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to investigate PAH-PAH reactions within soot particles. The results of the
enhanced RPC model demonstrate that smaller PAHs are most important
for the nucleation process, while small and large PAHs are important for the
condensation process. These results are shown to be due to the relatively
lower reversibility of condensation versus the nucleation process. These find-
ings are discussed in light of recent experimental results in the literature and
are shown to be well supported.

Keywords: reversibility, PAH nucleation, PAH condensation, laminar

diffusion flame, soot model

1. Introduction

Reducing soot emissions from combustion processes is important due to
the negative health and environmental effects of atmospheric soot. Due to
the highly complex nature of soot formation, detailed numerical models are
employed to gain fundamental understanding of the factors that affect each
mechanism of soot evolution. The recent European emission standard for
land vehicles, EURO 6, includes regulations on particle number density in
addition to total particle mass (and hence particle size), thus accurate mod-
eling of particle number density and size is important. In order to accurately
predict soot particle size for a wide range of conditions, numerical models
must be able to accurately model nucleation and condensation, and their rel-
ative contributions to total soot mass, without reliance on tunable efficiencies

for these processes.



1.1. PAH clustering during soot formation

There has been a significant amount of recent investigations into the na-
ture of physical PAH nucleation and condensation. In work by Sabbah et al.
[1], it was shown that at flame temperatures, the dimerization of two pyrene
molecules was not thermodynamically favored. It was asserted in that work
that any proposed efficiency for the nucleation process should be a function
of equilibrium ratios or constants. There has been some work into attempt-
ing to define an equilibrium constant for the dimerization of other PAHs
as well. In a review article by Wang [2], statistical mechanics was utilized
to define an equilibrium constant for the dimerization of pyrene, ovalene,
and circumcoronene using binding energies taken from [3]. Assumptions had
to be made regarding the average frequency of the vibration modes created
during the dimerization process. Investigations have been performed into the
magnitude of these vibration modes in the work of Totton et al. [4] for a
range of dimers. In Totton et al. [4], a more advanced model for determining
the binding energies between PAHs was developed. Rapacioli et al. [5, 6]
looked at the frequencies of the vibration modes for coronene stacks contain-
ing up to 8 coronenes and vibration modes for various PAH dimers. Their
conclusion was that in general, as PAH stack sizes increase, as would occur
during the condensation process, vibration frequencies reduced. In Elvati
and Violi [7], and Chung and Violi [8], it was determined that the addition
of aliphatic chains, and not only a PAH’s size, influence whether or not a
dimerization was favored. Finally, Lowe and Violi [9] expanded on the work
by investigating heterogeneous dimer pair stability. Their work suggested

that the reduced mass of the pair was the main factor in determining dimer



stability. All of these works reached the conclusion that PAHs much larger
than pyrene (ovalene and larger) would need to be present for physical PAH
attraction to play a role in nucleation and condensation.

The experimental work performed by Teini et al. [10], in which High
Resolution Transmission Electron Microscopy (HRTEM) was used to inves-
tigate the types of particles found within nascent soot, conflicted with the
results of these recent thermodynamic investigations. The HRTEM showed
that the sizes of particles within nascent soot were fairly constant at the core
and edges, and consistent with PAHs containing approximately 20 carbon
atoms, or 5-rings. This finding is consistent with the much earlier work of
[11], where laser micro-probe mass spectrometry (LMMS) was used to de-
termine the mass of PAHs found within nascent soot particles. The masses
were found to be consistent with PAHs consisting of approximately 20 to
21 carbons. It should be noted that in [11], PAHs containing as many as
38 carbons where detected in more mature soot particles. To reconcile the
experimental observations with the theoretical works, it has been suggested
that PAH-based nucleation and condensation may not be controlled by equi-
librium, but rather the overall kinetics (forward and reverse rate), for which
accounting for reversibility is highly important.

Given this evidence, in Eaves et al. [12], the present authors asserted
that the nucleation and condensation processes should be modeled as re-
versible events. A novel, fundamental, reversible PAH clustering (RPC)
model was developed which utilized the recent studies into physical PAH
stacking and statistical mechanics to derive the reverse rates of nucleation

and condensation. It was demonstrated that when considering nucleation as



a reversible event, condensation should be considered reversible (as opposed
to being efficiency-based) as well to give best agreement with experimental
data. While the development of this model was a significant advancement,
there were three limitations of the model as originally conceived. The model
only considered one homogeneous dimerization event (of benzo-a-pyrene, or
A5-A5), assumed that once a cluster larger than two PAHs formed that it
rapidly became amorphous, mature soot, and was very computationally in-

tensive.

1.2. Agenda

In this present work, the RPC model is expanded to include nucleation
and condensation from a wide range of PAH size groups. The surface PAH
tracking model is replaced with a total soot PAH tracking model to allow
for less computational effort and provide the ability to account for PAH
reactions, or carbonization, within soot particles. The performance of the
new model is assessed and is utilized to elucidate the key PAH contributors

to the nucleation and condensation processes.

2. Problem formulation

The flame chosen for this investigation is the steady, non-smoking, co-
flow laminar diffusion ethylene-air flame originally investigated in [13], and
since exhaustively studied by multiple groups. This flame has published ex-
perimental data for soot aggregate and primary particle size and number
densities. These characteristics make it an excellent choice for comparisons

of various soot models. This flame has been extensively studied both exper-



imentally and numerically, thus the details of the burner and flame may be
viewed in [14-16].

For the gaseous phase, the fully coupled elliptical conservation equations
for mass, momentum, energy, and species mass fraction are solved. CoFlame
[17], a parallelized sooting laminar flame solver, utilizes the axi-symmetrical
nature of the flame, and equations are solved in the two-dimensional (z and
r) cylindrical co-ordinate system. Conjugate heat transfer between the solid
fuel tube and the fuel and air streams is modeled using the harmonic mean
method [18, 19]. The chemical kinetic mechanism that is used for this investi-
gation is the one originally presented in [20], with modifications described in
21, 22]. Soot particle dynamics are described using a fixed sectional method,
in which soot particle mass ranges are divided logarithmically into discrete
sections. The soot sectional model includes several processes, those being
nucleation, PAH condensation, HACA surface growth, surface oxidation, co-
agulation, fragmentation, particle diffusion, and thermophoresis.

Nucleation and condensation are modeled as the physical binding of PAHs
to other PAHs (nucleation), or clusters of PAHs or soot particles (condensa-
tion). The nucleation and condensation model employed is referred to as the
reversible PAH clustering (RPC) model. The nucleation process is treated as
fully reversible, while the condensation process is treated reversibly although
net negative condensation rates are disallowed to maintain numerical stabil-
ity. Statistical mechanics is utilized to determine the enthalpy and entropy
of the nucleation and condensation processes for any arbitrary PAH-PAH
or PAH-PAH cluster or soot collision event. These values can in turn be

used to determine an equilibrium constant [2, 4] and subsequently reverse



rate coefficients [12]. Further description of the RPC Model is available in
the Supplemental Material. All other soot processes, including nucleation,
surface growth, PAH surface condensation, surface oxidation, coagulation,
fragmentation, particle diffusion, thermophoresis, and particle radiation are
modeled in the same fashion as in [12, 19, 21, 23-33]. A detailed description
of the governing equations, boundary conditions, solution methodology, and

chemical mechanism can be found in previous works [17].

3. Model development

The RPC model, originally proposed in [12], is modified to allow nucle-
ation or condensation to occur from a wide range of PAH size groups. The
RPC model is expanded to include soot nucleation and condensation from
the dimerization of 6 different PAH size groups, those being PAHs contain-
ing 10 (A2),12 (A2R5, P2), 14 (A3), 16 (A4), 18 (BGHIF, A4C2H), or 20
(BAPYR, the largest PAH in the mechanism) carbons (representative PAHs
are in parenthesis). Multiple homogeneous and heterogeneous dimer pairs
are tracked. The equations utilized to track surface PAHs are replaced by
those for tracking PAHs contained within soot particles so that the effects
of carbonization can be investigated and possible reductions in computation
time. Carbonization is modeled as a process of internal PAHs within the soot
particles bonding with each other, leading to a more layered, graphitic, struc-
ture. In total, the enhanced RPC model solves 322 equations at each control
volume to resolve soot morphology and composition, with 21 dimer sections
containing 2 equations per section (chemically and non-chemically bonded

dimers), and 35 aggregate sections with 7 equations per section (primary



particles, and 6 groups of internal PAHs).

3.1. PAH dimers

Given the 6 different size groups, there are 21 unique combinations pos-
sible for a dimerization, or nucleation, event. To accurately track each com-
bination, the first 21 sections of the particle dynamics model are treated
as dimer sections. In these sections, there are only two equations per sec-
tion, those being the number density of aggregates and the number density
of dimers, as the primary particle and PAH number densities of these sec-
tions are prescribed. The equation for the number density of aggregates for
these dimer sections are the same as originally described in [32] for the first
section. The number density of dimers equation is similar; however, an addi-
tional source term from the effect of carbonization is included. By including
the effect of carbonization, the rate at which physically bonded PAH dimers
reverse into PAH monomers is reduced as the carbonization rate will reduce
the number density of dimers. The difference between the number density of
aggregates and number density of dimers in the first 21 sections would rep-
resent PAH dimers that are chemically, rather than physically, bonded. For
a list of all dimer pairs, the reader is referred to the Supplemental Material.

The binding energies for the various dimer pairs are calculated based on
the binding energy for pyrene from Totton et al. [4] and the linear scaling
of binding energy with collisional reduced mass developed by Herdman and
Miller [3]. The frequencies of the six vibration modes that are created during
a dimerization event are taken from [12] and are kept the same for all possible
dimerization events. It is shown in previous works that the average vibra-

tion frequency does not change significantly between different homogenous
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dimers [12]. While there are very limited studies on heterogeneous dimeriza-
tion, Lowe et al. [9] did demonstrate that the difference in free energies of
dimerization for heterogeneous pairs are primarily due to alterations in bind-
ing energies, rather than entropic, or vibrational frequency, effects. Thus, the
assumption that the average vibration frequency for heterogeneous dimers is

constant and equal to that of homogeneous dimers is applied.

3.2. Soot PAH number density

In order to utilize the RPC model, there must be information about
the PAH content of the soot particles in each section such that the reverse
condensation rates can be determined. Therefore, an additional conservation
equation is solved per section for the PAH number density for each PAH
group included in the condensation process in a similar fashion as primary
particles are tracked in each section [34, 35]. One additional term in the soot

PAH number density equation is the carbonization rate, which is given by:

a Npah
ot

ca - Aexp<}%El?T) (1>

where A is the pre-exponential term, and F, is the activation energy.
The value of E, is taken from [11, 36]. The value of A in the literature varies
by six orders of magnitude; however, in this study it is set to 1.78 x 10,
which is in the range of the values reported in literature [11, 36, 37] and
provides the best agreement with experimental data. It should be noted
that without modeling the carbonization process, soot volume fractions are
under-predicted by several orders of magnitude. This is consistent with all

recent studies on PAH clustering processes, which demonstrate that physical



bonding alone cannot be the sole mechanism of soot formation and that
chemical processes must be involved [4, 9, 38]. A detailed study of the effect
of varying the carbonization rates on predicted soot morphology is left for
future work. For the conservation equation and the other source terms in the
soot PAH number density equation, the reader is referred to the Supplemental

Material.

4. Results and discussion

4.1. Model performance

4.1.1. Computational cost

The original RPC model, starting from an initial guess containing an
accurate temperature field and major species concentrations, takes approx-
imately 420000 CPU-Hours utilizing 384 Intel Xeon processors to reach a
converged solution for the co-flow laminar diffusion ethylene-air flame origi-
nally investigated in [13]. The original RPC model only considered two PAH
size groups and 140 soot transport equations. For the same flame, compu-
tational domain, and number of processors, the enhanced RPC model takes
approximately 101000 CPU-Hours, while considering 6 PAH size groups and
solving 322 soot transport equations. Since computational time is approx-
imately proportional to the number of equations to the power of 2 for the
CoFlame code, the enhanced RPC model computationally costs approxi-
mately 20 times less than the original RPC model for an equal number of
conservation equations. This reduction in cost is attributed to tracking the
total PAH number density within soot particles, rather than attempting to

track soot surface PAH number density, which was numerically cumbersome.
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4.1.2. Soot morphology predictions
The performance of the enhanced RPC model is assessed based on com-
parisons to data available for the co-flow laminar diffusion ethylene-air flame

originally investigated in [13] and results for the original RPC model [12].
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Figure 1: Comparison of experimental values and those computed with the CoFlame code
for soot volume fraction along the pathline of maximum soot on the wings (top) and the
centerline (bottom) for the ethylene-air Santoro Flame [13, 39, 40].

Fig. 1 displays a comparison between the experimental values and those
computed with the CoFlame code with the original and enhanced RPC model

for soot volume fraction along the pathline of maximum soot along the wings
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(top), and the centerline (bottom). Both models produce very similar results
along the wings and centerline of the flame. The predictions are within the
experimental uncertainty along the wings, although there are under predic-
tions of the peak soot volume fraction along the centerline. Numerous studies
have displayed that wing soot formation in this particular flame, and other
diffusion flames, is dominated by acetylene addition; however, recent studies
suggest other species may be important as well [41, 42].

Fig. 2 displays a comparison of N, (aggregate number density) along the
pathline of maximum soot along the wings (left), and the centerline (right).
While the original RPC model predictions are not within experimental un-
certainty, the enhanced RPC model is within uncertainty for the majority of
axial height locations along the wings and centerline. The enhanced RPC
model provides improved predictions for aggregate number density at lower

axial heights. This improved prediction is discussed in section 4.2.
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Figure 2: Comparison of experimental values and those computed with the CoFlame code
for aggregate number density (N,) along the pathline of maximum soot along the wings
(left), and the centerline (right) for the ethylene-air Santoro Flame [14, 16].

The reader is referred to the Supplementary Material for comparisons
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with other morphological parameters (number density of primaries, primary

particle size, and number of primaries per aggregate).

4.2. Contribution of each PAH size group to nucleation and condensation
Due to the uncertainties associated with the carbonization rate, the con-
tribution of each PAH to nucleation and condensation is investigated for four
different carbonization rates with different orders of magnitude for the pre-
exponential term. Model C11 has a pre-exponential of 1.78210*, Model C10

1.78210'° and so on.
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Figure 3: Total path integrated contribution to soot nucleation for each of the 21 dimer
pairs for four models along the pathline of maximum soot along the wings (top), and the
centerline (bottom) for a co-flow ethylene-air diffusion flame.

Fig. 3 displays the total path integrated contribution to soot nucleation

for each of the 21 dimer pairs along the pathline of maximum soot along the
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wings (top), and the centerline (bottom), for the four models. Along the
wings and centerline, the dimer pairs that contribute the most to nucleation
are pair 1 (two 10 carbon PAHs, or A2-A2) and 7 (two 12 carbon PAHs,
or A2R5-A2R5), which are the smaller dimer pairs. Along the centerline,
pair 1 is dominant for the greatest range of carbonization rates, while pair 7
is dominant for the greatest range on the wings. The improved predictions
for aggregate number density along the centerline in Section 4.1.2 can be
attributed to including smaller dimer pairs in the nucleation process. As the
carbonization rate is decreased, there is a trend of larger dimer pairs having
a greater contribution to the nucleation process. Along the wings, Model
CO08 shows significant contributions from dimer pair 11 (10-20, or A2R5-
BAPYR) and dimer pair 21 (20-20, or BAPYR-BAPYR). However, Model
CO08 has poor agreement with experimental soot primary particle diameters
on the centerline, which can be seen in the supplemental material.

Fig. 4 displays the total path integrated contribution to PAH condensa-
tion for each of the 6 PAH size groups along the pathline of maximum soot
along the wings (top), and the centerline (bottom) for the four models. Along
the wings and centerline, both the relatively small and large PAHs play a sig-
nificant role in the condensation process with the highest contributions from
PAHs with 12 carbons (A2R5) and those with 18 carbons (BGHIF). Similar
to nucleation, as the carbonization rate is reduced, larger PAHs have greater
contributions to the condensation process. It should be noted that while not
shown, the trends in the species contributing to nucleation and condensation
are not the same if efficiencies are utilized instead of reversibility along with

a carbonization rate.
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Figure 4: Total path integrated contribution to PAH condensation for each of the 6 PAH
size groups for four models along the pathline of maximum soot along the wings (top),
and the centerline (bottom) for a co-flow ethylene-air diffusion flame.

In summary, the results display that smaller PAHs are dominant for the
nucleation process, while a broad range of PAHs are important for the con-
densation process. It should be noted that even over four orders of mag-
nitude, the trends in which species contribute are largely insensitive to the
carbonization rate. Thus, the results are not purely a function of the cho-
sen carbonization rate. To understand this result, an additional calculation
is performed with Model C10 with all condensation rates equal to zero, or
in other words, PAHs can only undergo a nucleation process. Fig. 5 dis-
plays the total path integrated contribution to soot nucleation for each of

the 21 dimer pairs, for Model C10 without condensation, along the pathline
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of maximum soot along the wings (top), and the centerline (bottom). In the
absence of condensation, the importance of larger dimer pairs to nucleation
is greater than when condensation is permitted. On the wings, dimer pair
19 is dominant (18-20, or BAPYR-BGHIF), which is the third largest dimer
pair considered. While on the centerline a smaller dimer pair, pair 7 (A2R5-
A2R5), is dominant, significant contributions are seen from dimer pair 19 as

well.
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Figure 5: Total path integrated contribution to soot nucleation for each of the 21 dimer
pairs, for Model C10 without condensation, along the pathline of maximum soot along the
wings (top), and the centerline (bottom) for a co-flow ethylene-air diffusion flame.

From these results in Fig. 5, the reason for the observed importance of
smaller dimer pairs in Fig. 3 is due to the presence of condensation. In the

RPC model, the condensation process is less reversible than the nucleation

16



process due to two factors: increased binding energies and lower frequen-
cies of the vibration modes created [12]. Even though the forward rate of
nucleation may be stronger than that of condensation due to increased colli-
sion probability, the thermodynamics (and hence reverse rate) heavily favors
condensation. While there is uncertainty in the frequency of the vibrational
modes, a lower frequency is consistent with literature [5, 6]. Additionally,
the enhanced RPC model demonstrates good agreement for primary particle
diameter, displaying that the ratio of nucleation to condensation strength
is reasonable, as primary particle size predictions are very sensitive to the
relative strengths of these two processes [30]. Thus, once a dimer, or cluster,
is formed from an initial pool of PAHs, it is more probable that remaining
free PAHs will condense on the exist cluster, rather than form a new cluster
or dimer. Since smaller PAHs are formed prior to larger PAHs on a given
streamline in diffusion flames (although there is some evidence against the
generality of this statement [43]), the initial clusters are formed from these
smaller PAHs. Subsequently, any larger PAHs forming in the gas phase pref-
erentially condense rather than dimerize, leading to the low contribution of
larger PAHs to the nucleation process. Due to uncertainties in the gas-phase
mechanism and the employed soot model, it cannot be stated exactly how
small PAHs may be and still be important to the nucleation process; how-
ever, the trend of relative smaller PAHs contributing to nucleation can be
stated with confidence. If a different gas-phase mechanism is employed, the
results may indicate that different dimer pairs are contribute the most to nu-
cleation, thus the conclusions of this study are limited to the general trends

rather than identifying specific dimer pairs.
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The result of smaller PAHs being important to the nucleation process is
consistent with the literature. Teini et al [10] utilized HRTEM to investigate
the sizes of PAHs within nascent soot particles by analyzing fringe lengths.
It was shown that the average size of PAHs were those containing 20 carbons;
however, the mode of the distribution were PAHs with 12 carbons (A2R5).
Apicella et al [44] utilized HRTEM to investigate PAHs with soot particles.
Based on the diameters of the basic structure units (BSU) from nascent soot
(low axial heights) reported in the supplemental material, the results indicate
nascent soot primarily contained PAHs with 12 carbons as well. While the
results of Adkins and Miller [45] for optical band gap (OBG) measurements
suggest that PAHs containing 14 rings, or 42 carbons, are important to the
nucleation process, the work of Commodo et al [46, 47| suggests that the
resulting OBG measurements are a stronger function of the number of PAHs
within BSU stacks, rather than the size of the individual PAHs within soot
particles. While theoretical studies suggest that small PAH dimerization is
not thermodynamically favored, unfavored does not mean impossible. Also,
these theoretical studies neglect the possibility of chemical bonding. The
enhanced RPC model utilizes parameters derived by these theoretical studies
and includes the effect of chemical bonding, thus the conclusions of this study

are congruent with previous theoretical studies [2-9].

5. Conclusions

The original reversible PAH clustering (RPC) model is enhanced to in-
clude 21 dimerization events and tracking of internal PAHs within soot parti-

cles. The enhanced RPC model shows improved agreement with experimen-
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tal measurements for an ethylene-air coflow diffusion flame. FEven though
there is uncertainty in the carbonization rate, when investigating rates that
span four orders of magnitude, the conclusions of this work are consistent.
Smaller PAHs contribute the most to nucleation processes due to condensa-
tion being less reversible than nucleation and the step-wise nature of PAH
growth in diffusion flames, while small and large PAHs are important for
the condensation process. While the exact contribution from each PAH size
group will depend on the predictions of gas phase PAHs from the chemical
mechanism, the general trends observed in this study are not expected to
change as the trends can be explained based on the fundamental knowledge
of the nucleation and condensation processes. Future work should focus on
developing a fundamental model for the carbonization process. Other work
should focus on investigation the role of additional chemical growth species

beyond acetylene as well.
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Title: Model Details and Soot Morphological Parameter Validation
Caption: Details of the enhanced RPC model along with validation of the
enhanced model against experimental data for soot morphological parameters

for the Santoro ethylene-air diffusion flame.
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