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Abstract

Numerical simulation of soot formation in a laminar premixed burner-stabilised benchmark
ethylene stagnation flame was performed with a new detailed population balance model employ-
ing a two-step simulation methodology. In this model, soot particles are represented as aggregates
composed of overlapping primary particles, where each primary particle is composed of a num-
ber of polycyclic aromatic hydrocarbons (PAHs). Coordinates of primary particles are tracked,
which enables simulation on particle morphology and provides more quantities that are directly
comparable to experimental observations. Parametric sensitivity study on the computed particle
size distributions (PSDs) shows that the rate of production of pyrene and the collision efficiency
have the most significant effect on the computed PSDs. Sensitivity of aggregate morphology to
the sintering rate is studied by analysing the simulated primary particle size distributions (PPSDs)
and transmission electron microscopy (TEM) images. The capability of the new model to predict
PSDs in a premixed stagnation flame is investigated. Excellent agreement between the computed
and measured PSDs is obtained for large burner-stagnation plate separation (≥ 0.7cm) and for
particles with mobility diameter larger than 6 nm, demonstrating the ability of this new model to
describe the coagulation process of aggregate particles.

Highlights

• A new detailed population balance model is presented for soot that is able to describe the evolution of
aggregate morphology and primary particle composition.

• A two-step methodology that accounts for thermophoretic transport in the post-process was employed to
simulate soot formation in a benchmark laminar premixed burner-stabilised stagnation ethylene flame.

• A thorough parametric sensitivity study was performed to understand the influence of key model param-
eters on the predicted PSDs and soot aggregate morphology.

1



Contents

1 Introduction 3

2 Experiment 5

3 Model 5

3.1 Flame model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.2 Gas-phase chemistry model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.3 Particle model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.3.1 Detailed model type space . . . . . . . . . . . . . . . . . . . . . . . . 6

3.3.2 Detailed model particle processes . . . . . . . . . . . . . . . . . . . . 9

4 Numerical method 11

4.1 Flame solver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

4.2 Stochastic particle population balance solver . . . . . . . . . . . . . . . . . . . 12

5 Result and discussion 12

5.1 Thermophoretic correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

5.2 Parametric sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 12

5.2.1 Flame with Hp = 0.45 cm . . . . . . . . . . . . . . . . . . . . . . . . 14

5.2.2 Flame with Hp = 1.2 cm . . . . . . . . . . . . . . . . . . . . . . . . . 14

5.3 Particle size distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

6 Conclusion 23

References 33

2



1 Introduction

Soot is one of the by-products of the incomplete combustion of fossil fuels under global or
local fuel-rich conditions. Research interest in soot mainly stems from environmental and health
concerns, as well as the prospect of improving the utilization efficiency of fossil energy resources
[27, 52, 68].

Extensive experimental studies have been conducted during the past several decades to explore
the underlying mechanism of soot formation. These studies focused on various aspects of soot
particles, including their global properties, size, morphology and chemical composition, etc.
For instance, the soot volume fraction has been measured by light extinction and scattering
[14] and laser light incandescence [56]; the evolution of the particle size distribution (PSD) has
been obtained by scanning mobility particle sizer (SMPS) [1–3, 10, 62, 63, 75]; particle mor-
phology has been studied using transmission electron microscopy (TEM) [75] and atomic force
microscopy (AFM) [1]; the internal parcticle structure has been revealed in more detail through
high-resolution transmission electron microscopy (HRTEM) [8, 9, 64]; the chemical composi-
tion of soot has been analysed by laser microprobe spectroscopy [17, 18] and photoionisation
aerosol mass spectroscopy [47].

However, despite all the progress made by experimental studies on the soot formation mecha-
nism, large gaps still exist in our fundamental understanding of individual soot processes. For
instance, nucleation and surface growth of soot still remain open questions, since it is difficult
for experiments to separate these complex and competitive sooting processes and investigate
them individually. Hence, to get a better understanding of soot formation, detailed modelling
studies performed alongside experiments are of vital importance.

Two key aspects of soot modelling are: the physical description of soot particles and the nu-
merical methods employed to solve the governing population balance equations (PBEs). The
physical description of particles means the internal coordinates or type space used to describe a
simulated particle. The evolution of the particle system is described by PBEs, which are usu-
ally based on Smoluchowski’s equation [55] with additional terms for soot nucleation, surface
growth, condensation, oxidation and sintering, etc.

As far as the physical description is concerned, the simplest way to represent soot particles is a
coalescing sphere model, which describes all particles as spheres of common density [4, 6]. A
subsequent surface-volume model is slightly more detailed, describing a particle by its volume
and surface area [49]. The primary particle model is the most detailed particle model discussed
in the literature, which describes a nanoparticle as a sequence of primary particles [45, 46, 54].
As for the numerical methods to solve the PBEs, the three most common methods in the literature
include the method of moments [24, 26, 28, 71], discrete sectional methods [32, 37, 41, 53] and
stochastic methods [6, 7, 13, 33, 38, 54, 57, 72]. The first two methods are generally restricted
to one or two internal particle dimensions. By contrast, stochastic methods do not have this
limitation – a member of the population of nanoparticles can have several thousand internal
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coordinates, which allows for a detailed description of soot particles [36]. For instance, Mitchell
and Frenklach [45] investigated soot aggregation by representing a single aggregate particle
as a union of intersecting spheres using a dynamic Monte-Carlo method. Morgan et al. [46]
extended this simulation approach from one single aggregate to a population of aggregates.
Although the model was able to capture the evolution of full structural detail of soot particles,
the computational cost was so expensive that limited the further development of this detailed
model.

Besides the structural information, the chemical composition of soot particles is also desirable in
simulations. Since it is a general consensus in the literature that soot particles are formed from
polycyclic aromatic hydrocarbons (PAHs) [25, 52, 68], the growth of PAHs attracted a great
deal of research interest and various of kinetic Monte-Carlo (KMC) models for PAH growth
have been developed by several research groups [11, 51, 67, 70]. Based on the primary particle
model and the KMC-Aromatic Site (KMC-ARS) model [11, 51] for PAH growth, Kraft and
co-workers have developed more detailed population balance models for soot by considering
the detailed composition (i.e. PAHs) of soot particles [11–13, 51, 54, 72–74]. These models
describe soot particles as aggregates composed of primary particles, which are in turn composed
of individual PAHs, rather than just carbon atoms as in previous soot models. However, the
aggregate morphology was not tracked in these models.

In order to simulate soot formation in flame conditions, the flame chemistry and structure need
to be solved as well. The burner-stabilised stagnation (BSS) flame configuration with a nanopar-
ticle sampling probe embedded in the stagnation plate was introduced due to its advantage of
easily-defined boundary conditions for simulation [3]. The flame structure can be determined
using a pseudo-one-dimensional approximation [3].

With the aforementioned detailed model and stochastic method, Yapp et al. [72] performed a
population balance simulation for soot in a premixed C2H4 BSS flame. However, the model [72]
only tracked the composition of each individual primary particle, while the relative position of
these primary particles was not known. The unknown morphology of particles can result in un-
certainty when comparing computed PSDs with measured ones, because mobility measurements
yield the mobility diameter of particles, which is determined by aggregate morphology. If the
coordinates of primary particles are not tracked, an assumption about the fractal dimension of the
aggregates is required to derive their simulated mobility diameters. In addition, thermophoretic
transport effects were overlooked in the post-processing step of previous study [72], yet should
be accounted for as the temperature gradient is steep near the stagnation plate [39].

The purpose of this paper is to present a new detailed population balance model for soot,
investigate its capability in predicting the PSDs in a stagnation flame and understand the in-
fluence of key model parameters on the simulated soot properties. The benchmark C2H4 BSS
flame in Ref.[10] was chosen to be simulated with the new model, because the experimental
PSDs reported in Ref.[10] were from three different laboratories and their results were in good
agreement. This new model represents soot particles as aggregates composed of overlapping
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polydispersed primary particles, where each primary particle consists of a number of PAHs. The
coordinates of all primary particles in an aggregate are tracked providing a detailed descrip-
tion of the particle morphology. Hence, the collision diameter (dc) and mobility diameter (dm)
of aggregate particles can be estimated in a more reasonable way, without assuming a fractal
dimension (Df) for the aggregates, thus introducing less uncertainty when comparing with mea-
sured PSDs. The changes in particle type space allows for a more physical model compared with
our previous work [72]. A smoothing factor, which was introduced into the old model to account
for particle rounding due to mass growth [13, 54], is no longer needed in the new model as the
particle morphology is known. Thermophoretic transport has been accounted for in the post-
process by introducing a modified simulation volume scaling term [39]. A thorough sensitivity
study is carried out to understand how the model parameters effect the computed PSDs. Further-
more, the sensitivity of sintering rate to the simulated aggregate morphology is also investigated
since the accurate morphology of aggregate particles is tracked.

2 Experiment

In this study, we model the C2H4 BSS flame experiment of Camacho et al. [10]. The exper-
imental details were introduced in [3, 10]. Briefly, Camacho et al. [10] produced soot in the
same benchmark ethylene-oxygen-argon premixed BSS flames (unburned gas composition (mo-
lar basis): 16.3% C2H4, 23.7% O2 and 60% AR; cold gas velocity = 8.0 cm/s (STP)) at several
burner-to-stagnation surface separations (Hp = 0.4, 0.45, 0.55, 0.6, 0.7, 0.8, 1.0, 1.2 cm) across
three laboratories (Stanford, Shanhai Jiao Tong and Tsinghua). The temperature profiles were
measured by a coated fine wire thermocouple. The same design of the sampling probe and simi-
lar mobility measurement techniques (TSI SMPS) were employed to determine the particle size
distributions (PSDs).

3 Model

A detailed soot model must contain two principle components: gas-phase chemistry, which
determines the flame structure, and soot particle population dynamics, which describes the evo-
lution of the particle ensemble. Since this work aims to model soot formation in a stagnation
flame, a flame model is also necessary to be coupled with the gas-phase reaction model to pro-
duce the species profiles.
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3.1 Flame model

The flow in the stagnation flame is assumed to be axisymmetric and is modelled using a pseudo
one-dimensional approximation, which has been described in detail by Manuputty et al. [42] and
Yapp et al. [72].

3.2 Gas-phase chemistry model

The gas-phase chemistry is described by the ABF reaction mechanism [4] which contains 101
species and 543 reactions, along with a thermodynamic property file and a transport property
file. The largest PAH in the ABF mechanism is pyrene (A4).

3.3 Particle model

Two different particle models – spherical model and detailed model, have been used during
different simulation steps serving different purposes, which will be discussed in the methodol-
ogy section (see Section 4). Since this work focuses on the detailed soot model, only a brief
description on the spherical model will be given.

In the spherical model, soot particles are represented as spheres. Three types of particle pro-
cesses namely inception, coagulation and surface reactions have been incorporated. Inception
is modelled as the collision of two gaseous pyrene molecules, coagulation is modelled as the
coalescence of two soot particles, and the surface reactions include the reactions of gaseous
actylene, hydrogen atoms, oxygen, OH and pyrene with the surface of soot particles. A more
detailed description can be found in Refs. [4, 58].

In the detailed model, soot particles are represented as aggregates composed of overlapping
spherical primary particles, where each primary particle consists of a number of PAHs. Growth
of PAHs is described by a kinetic Monte-Carlo Aromatic Site (KMC-ARS) model, starting from
A4 [11, 51], which is the final structure in gas-phase simulation and the starting structure in
particle-phase simulation. The dynamics of the soot particle population are described by the
Smoluchowski equation [31] with additional terms for particle inception, surface growth, ox-
idation, condensation and sintering. A more detailed description of the model may be found
elsewhere [13, 54, 72]. A brief description of some of the most important aspects of the model
and a detailed description on new features of the current model are given below.

3.3.1 Detailed model type space

The type space is the mathematical representation of a particle. The detailed particle model type
space is illustrated in Fig. 1. A particle, Pq, containing n(Pq) overlapping primary particles, is
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represented as
Pq = Pq(p1, . . . , pn(Pq),D), (1)

where a primary particle pi, with i ∈ {1, . . . ,n(Pq)} is represented as

pi = pi(m1, . . . ,mn(pi),r,s), (2)

where mx, with x ∈ {1, . . . ,n(pi)}, represents the exact structure of a planar PAH and n(pi) is
the total number of PAHs within the primary pi. r is the radius of the primary particle and
s represents the position of the primary center relative to the center of mass of the aggregate
particle. D is the connectivity matrix used to store the center to center separation di, j of any two
neighboring primaries pi and p j. This approach of describing aggregate particles as overlapping
polydispersed primary particles is based on the work of Mitchell and Frenklach [45], Morgan
et al. [46], Eggersdorfer et al. [21, 22] and Lindberg et al. [40]. The detailed model equations
can be found in [40].

Figure 1: An illustration of the detailed particle model type space showing an aggregate
particle (solid outlines) composed of primary particles modelled as overlap-
ping spheres (indicated by the dashed lines). Redrawn based on Ref. [40]

Particle properties that are of interest in population balance simulations, such as collision di-
ameter (dc) and mobility diameter (dm), can be defined based on the aforementioned particle
type space. The collision diameter is required to calculate the collision rate, while the mobility
diameter needs to be determined so that it can be compared with experimental PSDs.

For a spherical particle, that is a particle containing only one primary, its mobility diameter is
equal to the spherule diameter, while its collision diameter is assumed to be:

dc = max

((
6V
π

)1/3

,dA

(
2nC

3

)1/2
)
, (3)

where the first term in the parenthesis represents the equivalent spherical diameter and the second
term represents Frenklach’s geometric relationship for the most condensed PAH series [30, 72].
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V is the volume of the primary particle calculated from the total mass of carbon and hydrogen
atoms and the density of soot material ρ . dA is the size of a single aromatic ring, which is
1.395

√
3 Å [30]. nC is the maximum number of carbon atoms in a PAH within the primary

particle.

For a fractal aggregate particle, characterisation of its diameter becomes more involved. Aggre-
gates are usually characterised by their gyration diameter dg or radius of gyration rg. The most
common definition of rg and dg is:

rg
2 =

∑
np
i=1 mp,iri

2

m
, (4)

dg = 2rg, (5)

with m and mp,i being the total and primary particle mass, respectively; ri is the distance between
the center of primary pi and the center of mass of the aggregate; np is the number of primary
particles within the aggregate. Primaries are treated as point masses [20]. Note that Eq. (4) will
yield rg = 0 when np = 1. Filippov et al. [23] proposed another way to calculate rg, which can
yield the equality of gyration and spherule radius in the limit np = 1 as:

rg,F
2 =

1
np

np

∑
i=1

(ri
2 +ai

2), (6)

where ri is the distance between the center of primary pi and the center of mass of the aggregate,
and ai is the sphere radius of primary pi. Eq. (4) and Eq. (6) should yield the same rg when
the number of primaries within an aggregate approaches infinity. In the model, the collision
diameter of aggregates follows the form of Eq. (6) as:

dc = 2rg,F. (7)

The mobility diameter (dm) of an aggregate can also be estimated based on its gyration diameter
(dg) as defined by Eq. (4) and Eq. (5) [35]:

dm = dg

((
1

nva

)0.2

+0.4

)
, nva > 3 (8)

dm = dc, nva ≤ 3 (9)

where nva is equivalent number of primaries, calculated by:

nva =
m

mva
=

m
π

6 dva
3
ρ
, (10)

mva is the mass of primary particle with diameter dva; ρ is soot density; dva is mean surface-
equivalent diameter [19]:

dva =
6V
S
, (11)
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where V and S are total aggregate volume and surface area, respectively. Eq. (8) is a dis-
crete element modelling (DEM)-derived relationship between dm and dg of fractal-like carbona-
ceous aerosols experiencing agglomeration and surface growth from free molecular to transition
regime, accounting for primary particle polydispersity and aggeration [35]. Since Eq. (8) can
only be applied when nva > 3, dm of aggregates with nva ≤ 3 is assumed to be equal to dc, which
is calculated by Eq. (6) and Eq. (7).

3.3.2 Detailed model particle processes

Six different particle processes – inception, coagulation, surface growth, condensation, sintering
and coalescence are incorporated in the detailed model:

Inception A primary particle is formed when two PAH molecules stick after a collision. The
sticking probability of these two PAHs can be determined by simple collision efficiency models
in the form of a step function. If a certain criterion is satisfied for the two colliding PAHs, the
sticking efficiency is 1; otherwise the sticking efficiency is 0. In the model, two parameters
– inception threshold and inception mode, need to be predefined to determine the inception
process. The unit of inception threshold is the number of aromatic rings. Although the starting
structure in our particle population balance simulation are pyrene molecules, they can grow up
to larger PAHs containing more aromatic rings based on the KMC-ARS model [51]. Assume
the number of aromatic rings in two colliding PAHs are n1 and n2, respectively. Four different
inception modes – min, max, combined or reduced represent if min(n1,n2), max(n1,n2), n1+n2

or
n1n2

n1 +n2
exceeds the inception threshold, the sticking efficiency would be 1, otherwise it would

be 0 [13].

Coagulation An aggregate is formed when two particles (primary or aggregate) stick in point
contact after collision. The rate of collision is determined by a collision efficiency of particles
(0 ≤ A ≤ 1) and a transition regime coagulation kernel, which is dependent on the mass and
collision diameter of each collision partner [50]. The orientations of colliding particles and
point of contact are determined by ballistic cluster-cluster aggregation with a random impact
parameter [34]. A more detailed description can be found in [40].

Surface growth PAHs in a primary particle can grow via surface reactions with gas-phase
species, which is described by the KMC-ARS model [11, 13, 51]. Having noticed the fact
that PAHs in large primary particle may grow slower compared with that in gas-phase as it is
more difficult for gas-phase species such as H and C2H2 to diffuse to interior PAHs inside a
large primary, two free parameters – the critical number of PAHs ncrit and growth factor g are
introduced to differentiate PAH growth in a large primary particle and a small one. If the number
of PAHs inside a primary particle exceeds ncrit, a growth factor g ∈ [0,1] will be applied to the
growth rate as a multiplier of all PAHs within that primary particle [54].

In the previous model, a free parameter – smoothing factor s was introduced to account for the
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particle rounding due mass growth [13, 54, 72]. However, this rounding effect can be incorpo-
rated without s in the new model, because soot particles are modelled as overlapping spheres
with mass added to the free surface. A particle undergoing surface growth means all PAHs
inside it will be updated according to the KMC-ARS model. Taking the growth of a certain
primary pi in one aggregate as an example: total mass growth of pi during a certain timestep
can be calculated by subtracting the total mass of PAHs inside pi before surface growth from the
total mass of the PAHs inside pi after surface growth. Then this increased mass will be added
to the free surface of pi, at the same time assuming the position and radii of all other primary
particles within this aggregate do not change, hence the aggregate becomes rounder. A detailed
mathematical description of surface growth based on the aforementioned particle type space can
be found in [40].

Condensation A particle can grow via condensation of a gas-phase PAH, following a collision
between the PAH and a particle (primary or aggregate). The rate of condensation is calculated
in the same manner as coagulation (transition regime collision kernel), except that one of the
collision partner is a PAH molecule. The collision diameter of a PAH molecule can be estimated
according to its number of carbon atoms, as shown by the second term of Eq. (3). A free model
parameter – the condensation threshold, is introduced to describe the collision efficiency of the
collision between the particle and the PAH molecule. If the number of aromatic rings of the
colliding PAH molecule exceeds the condensation threshold (in units of the number of aromatic
rings), the sticking efficiency would be 1, otherwise the sticking efficiency is 0. Condensation of
PAHs on an aggregate can also make the particle more round in a similar way to surface growth.

Sintering Sintering is performed individually on each pair of neighbouring primaries pi and
p j in an aggregate, which are neighbors in an aggregate. The centers of pi and p j approach
each other during sintering, while their masses are conserved, so the diameters of pi and p j also
increase. Meanwhile, the positions of all other primary particles within the aggregate, except
pi and p j, will be adjusted accordingly, due to the assumption that all other neck areas are
unchanged when sintering is performed on pi and p j. A detailed mathematical description of
sintering based on the aforementioned particle type space can be found elsewhere [21, 40]. The
characteristic sintering time is given by [66]:

τs = Asdi, j exp
[

Es

T

(
1− dcrit

di, j

)]
, (12)

with As being the pre-exponential factor, di, j being the minimum diameter of two neighboring
primary particles, Es being the activation energy and dcrit being the critical primary particle
diameter below which the primaries are assumed to be liquid-like and will “coalesce” instanta-
neously. The sintering level s, a descriptor for the degree of sintering between two neighboring
primaries, is defined as:

s =
ri, j

Ri, j
, (13)

where ri, j and Ri, j are the smaller radius and neck radius of pi and p j, respectively. Two neigh-
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boring primary particles will merge into one larger primary particle if s≥ 0.95. Besides sinter-
ing, surface growth and condensation can also cause an increase in the sintering level.

Coalescence Coalescence refers to the process by which two nascent spherical soot particles
fuse into a larger spherical particle instantaneously after colliding with each other. This infinitely
fast restructuring process is due to the liquid-like nature of nascent soot particles [17]. It is perti-
nent to mention that the sintering model in the form of Eq. (12) also accounts for coalescence of
nascent soot particles. If the smaller particle between the two colliding nascent particles has a di-
ameter less than dcrit, Eq. (12) will produce a infinitely small τs (comparing to the characteristic
collsion time), thus leading to a coalescence process.

4 Numerical method

The numerical method consists of two parts. The first simulation step couples the gas-phase
chemistry, flame and a spherical partcle model solved by method of moments with interpola-
tive closure (MoMIC) [26] to calculate the flame profile. The gas-phase species concentrations,
temperature and convective and thermophoretic velocities are then supplied as input into the
second simulation – the post-process. These need to be expressed in terms of the residence
time of a Lagrangian particle travelling from burner to stagnation plate. The conversion from
distance to residence time was performed using the combined axial convective velocity and ther-
mophoretic velocity [3]. The second simulation step post-processes the flame profile with the
detailed particle model solved by stochastic method to resolve the morphology of the soot par-
ticles. A similar two-step simulation methodology has been used successfully to simulate soot
formation in laminar premixed flames without a stagnation surface [13]. In this work, an im-
proved post-processing method proposed by Lindberg et al. [39] which is capable of accounting
for thermophoretic transport effects is employed to perform the population balance simulations.
More detailed discussion on the two-step methodology used in this work may be found in [39].

4.1 Flame solver

The gas-phase flame structure simulation is performed using kineticsr software package [15],
with a one-dimensional stagnation flow approximation. ABF gas-phase chemistry [4], together
with a thermodynamic property file and a transport property file are supplied as input. The tem-
perature profile is given based on experimental measurements, so the energy equation does not
need to be solved. Other governing equations including the continuity equation, momentum
equation, species transport equation and transport equations for the first six moments of par-
ticle size distribution (PSD) based on the spherical soot model (in Section 3.3) may be found
in [42, 72]. The effect of inception and surface reaction on key gas-phase species profile can
be approximately accounted for in this way. MoMIC [26] is used to close the moment trans-
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port equations [26]. These equations are solved as a boundary-value problem with boundary
conditions specified according to experimental conditions, employing a damped Newton search
algorithm to obtain the steady-state solutions. Manuputty et al. [42] have discussed the simula-
tion of premixed stagnation flame in detail.

4.2 Stochastic particle population balance solver

The particle population balance is solved using a Monte Carlo method [6], with various en-
hancements to improve the efficiency. A majorant kernel and fictitious jump are used to speed
up the calculation of coagulation rate [33, 50]. A linear process deferment algorithm (LPDA) is
employed to improve the efficiency of performing surface growth and sintering [48].

To account for the significant thermophoretic transport effects caused by the strong temperature
gradients near the stagnation surface in BSS flame, a correction to the post-process through
a modified simulation sample volume scaling term has been introduced. This thermophoretic
correction method is discussed in detail by Lindberg et al. [39].

5 Result and discussion

5.1 Thermophoretic correction

Figure 2 shows the effect of applying the thermophoretic correction [39] to the post-processing
step on soot volume fraction (Fv) using stochastic method for the C2H4 BSS flame with a stag-
nation plate height Hp = 1.2 cm. In order to compare the results obtained by the method of
moments and those from post-processing the gas-phase profile using the stochastic method, the
same particle model – spherical model, is used in both simulations. Figure 2 indicates that Fv

obtained by post-processing by the thermophoretic correction (red dash line) is in agreement
with the result predicted by method of moments (black solid line). However, if the post-process
is performed without the thermophoretic correction, Fv is overestimated by more than a factor
of two near the stagnation surface, where the temperature drops steeply, as shown by the blue
dash-dot line in Fig. 2. Thus, the two-step methodology that accounts for thermophoresis is nec-
essary to ensure that the soot particle population dynamics and integral properties are correctly
simulated in the presence of a strong temperature gradient.

5.2 Parametric sensitivity analysis

All the free model parameters in this new model need to be assigned a value. Some of the
most important parameters including their range and initial values are listed in Table 1, and the
meaning of these model parameters have been explained in Section 3.3. Since the dominant
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Figure 2: Effect of the thermophoretic correction on soot volume fraction (Fv) (left Y-
axis) against height above burner (HAB). Measured temperature profile in
Ref. [10] (right Y-axis) is also shown. The stagnation plate height (Hp) is
1.2 cm.

soot particle process can be different within flames with different structure, i.e. flames with
low stagnation plate height (Hp) and with high Hp, PSD sensitivity studies for different model
parameters are performed for flames with two different Hp.

Generally speaking, for flames with relatively low Hp (i.e. Hp < 0.6 cm), the dominant soot
processes are inception, coalescence and surface growth, because the soot particle residence
time is too short for them to coagulate and form fractal-like aggeragates. Hence, at this stage,
the soot particles are nearly spherical, which has been reported by a number of experimental
studies [2, 43, 44]. The near-spherical morphology of nascent soot particles can be used to
simplify the modeling work, because the sintering process does not need to be considered under
these conditions as there are no aggregates (the sintering rate can be regarded as infinitely fast);
thus leaving us fewer free model parameters to investigate. In contrast, for flames with relatively
high Hp (i.e. Hp > 0.6 cm), the residence time is long enough for soot particles to coagulate
and form aggregates, so coagulation becomes the dominant process rather than inception. As
most soot particles are in aggregate structures when sampled at high flame height, the sintering
process needs to be taken into consideration.

Based on these different features of particle processes within flames with different Hp, the sen-
sitivity of the computed PSDs to parameters including the inception threshold, condensation
threshold, inception mode, soot density, rate of production of A4 (ω̇A4) and collision efficiency
(A) are studied for a flame with Hp = 0.45 cm; while the sensitivity of the computed PSDs to the
growth factor g and sintering model parameter dcrit are investigated for flame with Hp = 1.2 cm
after all other parameters have been assigned.
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5.2.1 Flame with Hp = 0.45 cm

As has mentioned before, all soot particles are forced to be spherical during the simulation for
flame with Hp = 0.45 cm, meaning all collisions between particles lead to coalescence rather
than coagulation. Figures 3(a)–(c) show that the inception threshold, condensation threshold
and inception mode have little effect on the tail of the PSDs, although they can effect the shape
of the simulated PSDs significantly when particle diameters are smaller than 3 nm. It is worth
mentioning that the lower limit of particle diameter is 2.5 nm from experiments, while the small-
est particle diameter in simulation is only 0.87 nm, which is the size of a single pyrene molecule.
Due to the lack of experimental data for sub-2.5 nm particles, it is hard to make any inference
towards the soot nucleation mechanism using the simulated PSDs. Soot density has an obvious
effect on the position of the PSDs as shown in Fig. 3(d). However, changes in soot density
will only cause a translation of the simulated PSDs, while the shape of PSD almost stays un-
changed. Figure 3 also shows that agreement between the simulated PSDs and the experimental
measurements cannot be achieved by adjusting the inception threshold, condensation threshold
or inception mode. Changing the soot density may result in a better agreement but cannot be
correct, as the density has to be larger than 1.8 g/cm3 to do so, which will go beyond the upper
limit.

Figure 4 shows the sensitivity of simulated PSDs to the rate of production of A4 (ω̇A4) and the
collision efficiency (A). The ω̇A4 profile is calculated by solving a set of governing equations
coupled to gas-phase chemistry, flow model and the first six particle moments using MoMIC, as
introduced in Section 4. In a rigorous sense, ω̇A4 is a set of input data rather than a free parameter
for the model. To study the sensitivity of the computed PSDs to ω̇A4, two multipliers, 0.5 and
0.1 are applied to the original ω̇A4 profile to produce the new input data for the simulation. The
simulated PSDs are plotted in Fig. 4(a). Larger ω̇A4 will shift the PSD to the right, because larger
ω̇A4 results in more soot nuclei entering the sample volume. In Fig. 4(b), the simulated PSDs
with a collision efficiency ranging from 0.01 to 1.0 are displayed. Larger collision efficency will
produce larger soot particles at the expense of reducing the number of small particles. Both ω̇A4

and collision efficiency A have significant effect on the simulated PSDs.

5.2.2 Flame with Hp = 1.2 cm

As soot aggregates are typically observed in flames with Hp > 0.6cm, so the aggregate structure
must be considered when performing population balance simulation for Hp = 1.2cm. Figure 5
shows the sensitivity of the simulated PSDs to the growth factor g. As introduced in Section
3.3, g is a multiplier applied to the growth rate when the number of PAHs in a primary par-
ticle exceeds ncrit, intended to differentiate the growth rate for gas-phase PAHs and large soot
particles. Since ncrit is hard to estimate unless the spatial arrangement of PAHs in a primary is
known, we simply choose 50 as used in earlier studies [13, 72]. The simulated PSDs are not very
sensitive to the growth factor g, as g = 1.0 (black solid line) and g = 0.0263 (red dash-dot line)
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Figure 3: Sensitivity of the simulated (lines) PSDs to (a) Inception threshold; (b)
Condensation threshold; (c) Inception mode; and (d) Soot density ρ; for
Hp = 0.45 cm. Symbols are experimental data reported by Tsinghua in Ref.
[10]

produce very similar PSDs in Fig. 5. (0.0263 is the optimized value by Chen et al. [13].) This
result seems to be a little unexpected at first, yet the lower sensitivity of g can be well explained
by examining the concentration of H atom and the ratio of primary particles containing more
than ncrit (i.e. 50) PAHs against the equivalent residence time, which are shown in Fig. 6. The
percentage of larger primary particles (primary particles with nPAH ≥ 50) exceeds 50% after a
residence time of 0.02 s. At this time, the concentration of H atoms is below 10−5, which means
surface growth is nearly stopped after 0.02 s based on the hydrogen-abstraction-C2H2-addition
(HACA) surface growth mechanism [29]. Hence, it does not matter whether a factor g is applied
to the growth rate or not.
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Figure 4: Sensitivity of the simulated (lines) PSDs to: (a) Rate of production of A4
(ω̇A4); (b) Collision efficiency (A); for Hp = 0.45 cm. Symbols are experi-
mental data reported by Tsinghua in Ref. [10].
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Figure 5: Sensitivity of the simulated PSDs (lines) to the growth factor g for Hp =
1.2cm. Symbols are experimental data reported by Tsinghua in Ref. [10].

The sensitivity of the computed PSDs to the sintering rate is shown in Fig. 7. The sintering
rate is given by Eq. (12). To investigate the sensitivity of the computed PSDs to the sintering
rate, dcrit is varied while other parameters in the sintering model, As and Es are given the same
value as estimated by Chen et al. [13] (see Table 1). dcrit is of interest because it is a critical
parameter above which macroscopic expressions for sintering process are applied, while below
which neighboring primary particles will coalescence instantaneously [66]. Figure 7 shows
that the simulated PSD with dcrit = 1.58 nm (black solid line) and dcrit = 5.0 nm (red dash-
dot line) are quite close to each other, except for when the particle diameters are smaller than
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6 nm. The blue dash line in Fig. 7 represents an extreme case in which sintering process is
excluded during the simulation. This indicates that the computed PSD is not sensitive to the
sintering rate. Another extreme case in which sintering rate is infinitely fast, leading to only
spherical particles is also studied, and the resulting PSD is shown as the magenta dotted line
in Fig. 7. The simulated PSD simply based on spherical particle assumption can deviate a
lot from experimental results, indicating that aggregate structure of soot particles does need to
be considered in soot models. One interesting point that should be mentioned here is that the
magenta line begins to deviate a lot from experimental data at dm ≈ 20 nm, which may suggest
that soot particles begin to form aggregates when mobility diameter exceeds 20 nm. This finding
is in agreement with a recent experimental study on the effective density of nascent soot particles
in a premixed ethylene flame, that suggests an inflection point in the effective density of nascent
soot occurs at dm ≈ 20 nm [69]. To explain the inflection point, TEM images were examined in
[69], indicating soot morphology changing from spherical-like to non-spherical shapes at dm ≈
20 nm.

Although the computed PSDs are not sensitive to dcrit, the primary particle size distribution
(PPSD) and the distribution of the number of primary particles per aggregate can be very sensi-
tive to dcrit, as shown in Fig. 8. If sintering model is turned off, the diameter of more than 80% of
primary particles is less than or around 5 nm (see Fig. 8(a)). Meanwhile, the distribution of the
number of primaries in a particle can be very widespread — the number of primaries in a particle
can reach 200 (see Fig. 8(d)). When the sintering model is turned on with dcrit = 1.58nm, most
primaries are around 9.0 nm and the largest number of primaries per aggregate can reach ≈ 40 ;
if dcrit = 5.0nm, most primaries can grow to 13.0 – 15.0 nm and the largest number of primaries
per aggregate is reduced to about 10. This indicates that for aggregates, combination of different
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number of primaries and primary size may lead to similar mobility diameters, as shown in Fig.
7. This suggests that mobility diameter measurements are not enough, and more experimental
results such as TEM images are desired for further study of sintering and coalescence of soot.

Simulated TEM-style images of soot particles with different characteristic mobility diameters
(≈ 10, 20, 30 and 50 nm) are displayed in Fig. 9. It is worth emphasizing that one of the biggest
advantages of this new model compared to other soot models is that TEM-like images of soot
particles can be generated from simulation results, because the coordinates of primary particles
are tracked. An assumption about the fractal dimension of soot aggregates is no longer needed.

Since primary particles grow larger either by sintering/coalescence or surface growth, it is inter-
esting to investigate the relative contribution to the growth of primaries of these two processes.
Here we do not differentiate between sintering and coalescence since they are similar in nature —
primary particles become larger through these two processes by restructuring themselves rather
than by gaining mass from gas-phase species. Moreover, the sintering model used in the de-
tailed population balance simulations does have the advantage of accounting for the coalescence
of nascent soot as discussed in Section 3.3.2. Figure 10 shows the evolution of the average
primary particle diameter (left axis) with time. In order to demonstrate the effect of surface
growth, the concentration of H atoms (right axis) against particle residence time is also shown.
The growth of primary particles nearly stops after 0.03 s, meaning that sintering/coalescence
and surface growth slowed significantly after 0.03 s. In fact, after 0.02 s, the mole fraction of H
atoms is almost below 10−5, and the HACA surface growth can hardly take place with so few
H atoms. When the sintering rate is set to zero, which in fact also excludes the coalescence of
nascent soot particles, the eventual average primary particle size is around 5 nm (see the black
dot line in Fig. 10), indicating that surface growth alone can only result in a primary size of about
5 nm and sintering/coalescence plays a very important role in the growth of primary particles.
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Figure 8: Effect of dcrit on primary particle size distribution ((a), (b), (c)) and distribu-
tion of the number of primaries per aggregate ((d), (e), (f)) for Hp = 1.2 cm.

Table 1 summarizes the results of the parametric sensitivity study. Among all the parameters
listed in Table 1, the simulated PSD is most sensitive to the rate of production of A4 (ω̇A4) and
the collision efficiency (A). It is also sensitive to the soot density (ρ), but the change in density
will only cause a translation of the simulated PSD, while the shape is unchanged. The computed
PSDs are not sensitive to the inception mode, inception threshold, condensation threshold or
sintering model parameter dcrit, especially for larger particles. However, the morphology of the
simulated soot particles can be very sensitive to dcrit.

5.3 Particle size distribution

Population balance simulations at several Hp (0.45, 0.55, 0.6, 0.7, 0.8, 1.0, 1.2 cm) are performed
using the value of free model parameters listed in Table 1, with collision efficiency A = 1, and
rate of production of A4 (ω̇A4) determined by the method of moments with ABF gas-phase
chemistry. Unlike the parametric sensitivity study in section 5.2.1, here the spherical particle
assumption is not made even at low Hp, although the particles are still approximately spherical
at low Hp with the detailed model.

The computed PSDs are displayed in Fig. 11. Despite the predicted PSDs being in qualitative
agreement with experimental data, obvious discrepancies still exist, especially for flames with
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Table 1: Model parameters and their sensitivity to PSD.

Parameter Range Value Sensa Ref./Comment

(1) Material property
Soot density, ρ

(g/cm3)
0 - 2 1.0 + Totton et al. [65]

Wang et al. [69]

(2) Nucleation
ω̇A4 (mol/cm3/s) ++ Gas-phase input
Inception mode Combined - This work,

assignedInception threshold > 1 32b -

(3) Condensation
Condensation
threshold

> 1 4b - This work,
assigned

(4) Surface growth

ncrit ≥ 2 50
Chen et al. [13]
Yapp et al. [72]

Growth factor, g 0 - 1 1 - This work,
assigned

(5) Coagulation

Efficiency, A 0 - 1 1 ++ This work,
size dependent

(6) Sintering
As (s/m) N/A 1.10×10−14

Chen et al. [13]
Yapp et al. [72]

Es (K) 1.8×104 9.61×104

dcrit (nm) 1 - 5 1.58 -

aSensitivity; ++ means the computed PSDs are very sensitive to this parameter; + means the com-
puted PSDs are sensitive to this parameter; - means the computed PSDs are not sensitive to this param-
eter.

bThe unit is number of six-member rings.

lower Hp (i.e. 0.45, 0.55 cm). Moreover, the prediction of small particles with mobility diameter
dm less than 4 nm is poor for all Hp. However, the poor performance of the prediction of small
soot particles can be expected for a number of reasons. First, the soot nucleation mechanism is
still under exploration. The nucleation process in this detailed soot model is described as any
two PAHs with the sum of the number of six-member rings exceeding 32 colliding and then
sticking together to form nuclei. While this is clearly an approximation, current soot modelling
work has to compromise due to the fact that the soot nucleation mechanism is still poorly un-
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derstood. Second, PAHs start growing from A4 molecules, which are added into the particle
sample volume based on their rate of production. Unfortunately, the gas-phase PAH chemistry
is still far from reliable. For instance, Bakali et al. [5] reported that the A4 mole fraction in a
premixed mathane flame predicted by the ABF mechanism was overestimated by more than a
factor of 10 compared with experiment. However, simulated PSDs can be very sensitive to the
rate of production of A4 (ω̇A4) according to the sensitivity study in section 5.2.1. Third, in the
current simulation the collision efficiency is A = 1, which should be the upper limit. Nonethe-
less, many studies have pointed out that collsion efficiency is size dependent [16, 41, 59, 60].
The predicted PSDs are very sensitive to the collision efficiency as discussed in section 5.2.1,
it is very likely that this oversimplified collision efficiency model would cause part of the dis-
crepancy between the simulated and experimental PSDs. Moreover, the assumption that soot
density is constant 1.0 g/cm3 is unlikely to be the case. According to a recent experiment study
on effective density of nascent soot in a premixed C2H4 flame, soot density can be varying in
the range from 0.6 g/cm3 to 1.0 g/cm3, even when soot particles are still nearly spherical [69].
This non-constant density of nascent soot may be due to the different spacial arrangement and
various C/H ratio of the constituent PAHs inside a primary particle.

In contrast, the predicted PSDs at high Hp (≥ 0.7cm) are encouraging, especially for particles
with mobility diameter larger than 5.0 nm. This excellent agreement is mainly because coagula-
tion is the dominant process at higher Hp due to the long residence time, and this new model has
an advantage in modelling the formation of aggerates since the coordinates of all primary parti-
cles are tracked during the simulation. With the detailed geometrical information of simulated
particles known, the collision diameters and mobility diameters of soot aggregates can be calcu-
lated based on their gyration diameter (see Eq. (4)) rather than simply assuming all aggregates
have a fractal dimension of 1.8 as most soot models have previously done [13, 41, 72, 73]. There
are a significant number of studies trying to uncover the relationship between mobility diameter
and gyration diameter of nanoparticles with fractal structure, and the research is still ongoing
[35, 61]. A better description of the coagulation process would definitely improve the model
performance in predicting PSDs for larger aggregate particles. In addition, for flames with high
Hp, particle residence time can be longer than 60 ms (for example, the residence time for soot
particles in flame with Hp = 1.2 cm is 61.8 ms), but after about 20 ms the surface growth rate is
very slow due to the low H atom mole fraction (below 10−5, see Fig. 6) and the rate of produc-
tion of A4 is also quite low, which makes coagulation the only dominant process, and thus the
model performs better.

Figure 12 shows the simulated soot particle number density (N) and volume fractions (Fv) com-
pared with experimental measurements. In Fig. 12, the gray error bars show the N and Fv mea-
sured by experiments [10], with the upper and lower limit being the maximum and minimum
measured data among four individual experimental setup [10]. The open circles are simulation
results that correspond to the PSDs displayed in Fig. 11. At Hp = 0.6, 0.7, 0.8 cm, both N and
Fv are underestimated compared with experimental results, though the error bars of experimental
data are quite large. In general, the simulation results tend to underestimate both N and Fv at
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most Hp, except for Hp = 0.45 cm, at which height both N and Fv are overestimated. This is due
to the fact that the smallest particle in simulation is only a single A4 molecule which diameter
is 0.87 nm, while the smallest particle that can be detected by experiment is about 2.5 nm in
diameter. At other heights, one possible explanation for the underestimation of N is that the
collision efficiency A = 1 is overestimated.

It is worth emphasizing that the population balance simulation with the detailed soot model is
a post-processing procedure based on the input gas-phase profile. However, large uncertainties
can exist in the calculated ω̇A4 profile in the first step simulation due to the fact that gas-phase
PAH chemistry is far from reliable, as mentioned earlier. Fig. 12(b) shows the comparison
between soot volume fractions predicted by the MoMIC (red open triangles) and measured by
experiments (gray error bars). For different Hp, Fv can be either overestimated or underestimated
by MoMIC, suggesting the uncertainties in the input gas-phase profile. Unfortunately, the simu-
lated PSDs are found to be very sensitive to the input ω̇A4 profile, as discussed in the parametric
sensitivity study in Section 5.2. Moreover, other parameters can hardly effect the shape of the
computed PSDs except the input ω̇A4 profile and the collision efficiency A. Having realized the
uncertainties in the input ω̇A4 profile and the likely to be overestimated collision efficiency A and
their significant effect on the computed PSDs compared with other parameters in the detailed
soot model, new population balance simulations are performed by varying input ω̇A4 profile and
A, and the results are shown in Fig. 13. Better agreement between the simulated PSDs and
experimental measurements is achieved, especially for flames with lower Hp. In addition, the
post-processed integral properties of soot – the particle number density N and volume fraction
Fv for almost all Hp are consistent with the experiments after these modifications (see the open
square symbols in Fig. 12). In Fig. 13, different input ω̇A4 profile and collision efficiency A
(≤ 1) are used at each individual Hp in order to make the simulated PSDs as close to the measured
PSDs as possible. It is worth mentioning that the collision efficiency A increases with Hp. Since
the mean particle size increases with Hp, Fig. 13 suggests that the collision efficiency increases
with particle size, which is in consistent with other studies [16, 41, 59, 60]. For instance, an ex-
periment conducted by Sirignano and D’Anna [59] suggests that sub-10 nm nano-particles can
have a sticking efficiency more than one order of magnitude lower than unity. In a more recent
study, Sirignano and D’Anna [60] attributed the size-dependent sticking efficiency to the drastic
drop of van der Waals interactions between small nano-particles, which can become lower than
the kinetic energy of particles at flame temperature. At Hp = 0.45 and 0.55 cm in Fig. 13, a very
low collision efficiency A = 0.2 is used to fit to the experimental PSDs, which indicates small
nascent soot particles (dm≤ 8 nm) can have collision efficiencies much lower than 1. In contrast,
at Hp = 1.2cm, a relatively high efficiency A = 0.8 is used for the purpose of fitting, indicating
that collision efficiency of large particles (dm ≥ 20nm) can be very close to 1. It should be noted
that here one collision efficiency is used for one Hp, which makes the collision efficiency an av-
erage property of all particles at that Hp, since at any Hp, both small particles and large particles
exist. At Hp = 0.45 cm, average collision efficiency A = 0.2 was used for all particles, yet small
particles can have an efficiency much lower than 0.2 while large particles can have an efficiency
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higher than 0.2. Likewise, at Hp = 1.2 cm, the average collision efficiency A = 0.8 was used for
all particles; however, such an efficiency must be overestimated for small particles, which leads
to the number density of particles less than 5 nm being underestimated.

6 Conclusion

In this paper we have presented a new detailed population balance model for soot, which is able
to track aggregate morphology as well as detailed composition of soot particles during simula-
tion. A two-step methodology that accounts for thermophoretic transport in the post-process was
employed to simulate soot formation in a benchmark laminar premixed BSS ethylene flame. A
thorough parametric sensitivity study was performed to understand the influence of key model
parameters on the predicted PSDs and soot particle morphology. By comparing the computed
PSDs with experimental measurements and investigating the simulated soot particle morphol-
ogy, we provided insight into soot formation processes and suggested future work on soot mod-
elling.

Comparison of the soot volume fraction obtained by post-processing with and without ther-
mophoretic correction against the MoMIC solution from the first simulation demonstrates that
the thermophoretic effect must be accounted for when the temperature gradient is significant.

The parametric sensitivity study for the benchmark C2H4 BSS flame shows that soot PSDs are
most sensitive to the rate of production of pyrene and collision efficiency based on the current
model. Changes in soot density will lead to an overall shift of the simulated PSDs. Other model
parameters including the inception mode, inception threshold, condensation threshold, growth
factor g have little effect on the computed PSDs. The sensitivity of the simulated PSDs to the
sintering rate has been studied by varying dcrit in the sintering model. Although the sintering rate
does not have pronounced effect on the computed PSDs, the aggregate structure of soot particles
does need to be considered in soot models. The predicted PSD can deviate significantly from
experiments when sintering rate is infinitely fast leading to only spherical particles. Unlike the
insensitivity of dcrit to the computed PSDs, particle morphology was found to be very sensitive to
dcrit, which can be demonstrated by both PPSDs and simulated TEM-like images. Experimental
TEMs are required to carry out further study on the sintering model of soot.

When comparing computed PSDs with the observed ones, a relatively good agreement was
obtained at higher Hp (≥ 0.7cm) for particles with dm larger than 6 nm, showing the advantage
of current population balance model in describing the coagulation process of aggregate particles.
However, at lower Hp (< 0.7cm) or for particles with dm smaller than 6 nm at all Hp, simulated
PSDs can deviate significantly from the measured ones. This disagreement may be attributed
to the unknown nucleation mechanism for soot, relatively poor knowledge towards the gas-
phase PAH chemistry, overestimated collision efficiency and nonconstant density of nascent
soot. Encouraging agreement between computed and measured PSDs at all Hp was achieved
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after making some changes in input rate of production of A4 and collision efficiency of particles.
In addition, the collision efficiency of particles was suggested to be size dependent – larger
particles have a higher collision efficiency that may be close to 1 while small particles may have
collsion efficiency an order of magnitude lower than 1.

Nevertheless, the fact that the computed PSDs are not fully consistent with the measured ones
together with the results obtained from the parametric sensitivity study suggests future work
on soot modelling should focus on the following two aspects. First of all, a better understand-
ing of soot nucleation process, especially gas-phase PAH precursor chemistry, is imperative to
make further progress. Second, a more fundamental study on the collision efficiency of nascent
soot particles is desired. A more detailed relationship between collision efficiency, particle size,
temperature and pressure, may help to improve the agreement between computed and measured
PSDs. Moreover, the detailed description of each particle in this new model yields more simula-
tion quantites that are directly comparable to experimental observations, such as TEM images.
The capability to acccurately track aggregate morphology can facilitate further studies on soot
processes relating to morphology evolution, such as sintering and coalescence.
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(a) dm = 10nm,dcrit = 1.58nm (b) dm = 10nm,dcrit = 5.0nm

(c) dm = 20nm,dcrit = 1.58nm (d) dm = 20nm,dcrit = 5.0nm

(e) dm = 30nm,dcrit = 1.58nm (f) dm = 30nm,dcrit = 5.0nm

(g) dm = 50nm,dcrit = 1.58nm (h) dm = 50nm,dcrit = 5.0nm

Figure 9: Simulated TEM images of particles with mobility diameter dm ≈ 10, 20, 30,
50 nm for Hp = 1.2 cm. First column: dcrit = 1.58 nm is used in the sintering
model. Second column: dcrit = 5.0 nm is used in the sintering model.
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Figure 11: Computed PSDs (lines) at several Hp with the value of free model parame-
ters listed in Table 1. Collision efficiency A = 1 in all simulations. Symbols
are experimental data reported by Tsinghua in Ref. [10].
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Nomenclature

Upper-case Roman

A Collision efficiency
As Pre-exponential factor, see Eq. (12)
D Connectivity matrix, see Eq. (1)

Dm Mobility diameter
Es Activation energy, see Eq. (12)
Fv Soot volume fraction
Hp Burner-stagnation plate separation
M0 Zeroth moment of particle size distribution
M1 First moment of particle size distribution
N Soot number density
Pq Particle with index q, see Eq. (1)

Ri, j Neck radius of primary pi and p j, see Eq. (13)
S Aggregate surface area, see Eq. (11)
T Temperature, see Eq. (12)
V Primary particle volume, see Eq. (3), Eq. (11)

Lower-case Roman

ai Sphere radius of primary particle pi, see Eq. (6)
dA Size of a single aromatic ring, see Eq. (3)
dc Collision diameter, see Eq. (3), Eq. (7)
dm Mobility diameter, see Eq. (8), Eq.(9)
dg Gyration diameter, see Eq. (5)

dcrit Critical primary particle diameter, see Eq. (12)
di, j Center to center distance of primary particle pi and p j

di, j The minimum diameter of two neighboring primaries pi and p j, see Eq. (12)
dva Mean surface-equivalent diameter, see Eq. (11)

g Growth factor
mx PAH with index x, see Eq. (2)
m Particle mass, see Eq. (4)

mp,i Primary particle mass, see Eq. (4)
nC Number of carbon atoms, see Eq. (3)

n(pi) Number of PAHs in primary particle pi, see Eq. (2)
n(Pq) Number of primary particles in particle Pq, see Eq. (1)
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np Number of primary particles within an aggregate particle, see Eq. (4), Eq. (6)
nva Equivalent number of primary particles in an aggregate, see Eq. (10)

ncrit Critical number of PAHs within a primary particle
pi Primary particle with index i, see Eq. (2)
p j Primary particle with index j
r Primary particle radius, see Eq. (2)

rg Radius of gyration, see Eq. (4)
rg,F Radius of gyration defined by Filippov et al. [23], see Eq. (6)

ri Distance between the center of primary particle pi and the center of mass of the
aggregate, see Eq. (4)

ri, j Smaller radius of primary pi and p j, see Eq. (13)
s Position vector of primary center relative to aggregate center of mass, see Eq. (2)
s Smoothing factor
s Sintering level, see Eq. (13)

Upper-case Greek

Lower-case Greek

ρ Soot density, see Eq. (10)
τs Characteristic sintering time, see Eq. (12)

ω̇A4 Rate of production of A4

Superscripts

Subscripts

A Aromatic, see Eq. (3)
C Carbon
c Collision

crit Critical
g Gyration
i Primary particle index
j Primary particle index

m Mobility
p Stagnation plate
q Aggregate particle index
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s Sintering

Symbols

A4 Pyrene

Abbreviations

ABF Appel, Bockhorn, Frenklach
AFM Atomic force microscopy
BSS Burner-stabilised stagnation

DEM Discrete element modelling
HAB Height above burner

HACA Hydrogen abstraction C2H2 addition
HRTEM High-resolution Transmission electron microscopy

KMC-ARS Kinetic Monte Carlo – aromatic site
LPDA Linear Process deferment algorithm

MoMIC Method of moments with interpolative closure
PAH Polycyclic aromatic hydrocarbon
PBE Population balance equation

PP Primary particle
PSD Particle size distribution

PPSD Primary particle size distribution
PSDF Particle size distribution function
SMPS Scanning mobility particle sizer

STP Standard temperature pressure
TEM Transmission electron microscopy
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