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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 employing 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 number 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 (≥ 0.7 cm) 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.
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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 [1–3].

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 [4] and laser light incandescence [5]; the evolution of the particle
size distribution (PSD) has been obtained by scanning mobility particle sizer (SMPS) [6–12]; particle morphology
has been studied using transmission electron microscopy (TEM) [12] and atomic force microscopy (AFM) [9]; the
internal particle structure has been revealed in more detail through high-resolution transmission electron microscopy
(HRTEM) [13–15]; the chemical composition of soot has been analyzed by laser microprobe spectroscopy [16, 17]
and photoionisation aerosol mass spectroscopy [18].

However, despite all the progress made by experimental studies on the soot formation mechanism, large gaps still
exist in our fundamental understanding of individual soot processes. For instance, nucleation and surface growth
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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 numerical 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 particle system
is described by PBEs, which are usually based on Smoluchowski’s equation [19] 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 [20, 21]. A subsequent surface-volume model
is slightly more detailed, describing a particle by its volume and surface area [22]. The primary particle model
is the most detailed particle model discussed in the literature, which describes a nanoparticle as a sequence of
primary particles [23–25]. As for the numerical methods to solve the PBEs, the three most common methods in
the literature include the method of moments [26–29], discrete sectional methods [30–33] and stochastic methods
[20, 25, 34–39]. 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 coordinates, which allows for a detailed description of soot particles [40]. For instance,
Mitchell and Frenklach [23] investigated soot aggregation by representing a single aggregate particle as a union of
intersecting spheres using a dynamic Monte-Carlo method. Morgan et al. [24] 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) [1–3], the growth of PAHs attracted a great deal of research interest and various of kinetic Monte-Carlo
models for PAH growth have been developed by several research groups [41–44]. Based on the primary particle model
and the KMC-Aromatic Site (KMC-ARS) model [41, 42] 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
[25, 36, 37, 41, 42, 45–47]. 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 nanoparticle sampling probe embedded in
the stagnation plate was introduced due to its advantage of easily-defined boundary conditions for simulation [6].
The flame structure can be determined using a pseudo-one-dimensional approximation [6].

With the aforementioned detailed model and stochastic method, Yapp et al. [37] performed a population balance
simulation for soot in a premixed C2H4 BSS flame. However, the model [37] 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 uncertainty 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 [37], yet should be accounted for as the temperature gradient is steep
near the stagnation plate [48].

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 influence of key model parameters on
the simulated soot properties. The benchmark C2H4 BSS flame in Ref.[7] was chosen to be simulated with the
new model, because the experimental PSDs reported in Ref.[7] were from three different laboratories and their
results were in good agreement. This new model represents soot particles as aggregates composed of overlapping
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 description 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
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measured PSDs. The changes in particle type space allows for a more physical model compared with our previous
work [37]. A smoothing factor, which was introduced into the old model to account for particle rounding due to
mass growth [25, 36], 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 [48].
A thorough sensitivity study is carried out to understand how the model parameters effect the computed PSDs.
Furthermore, 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 modelled the C2H4 BSS flame experiment of Camacho et al. [7]. The experimental details
were introduced in [6, 7]. Briefly, Camacho et al. [7] produced soot in the same benchmark ethylene-oxygen-argon
premixed BSS flames (unburned gas composition (molar 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 similar 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 evolution 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 produce the species profiles.

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. [49] and Yapp et al. [37].

3.2. Gas-phase chemistry model

The gas-phase chemistry is described by the ABF reaction mechanism [21] 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 methodology 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 processes 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 acetylene, hydrogen atoms, oxygen, OH and pyrene with the surface of soot particles.
A more detailed description can be found in Refs. [21, 50].

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. A4 molecules, which are the final structure in
gas-phase simulation and the starting structure in particle-phase simulation, are added into the particle simulation
box based on its rate of production (ω̇A4). Growth of PAHs is described by a kinetic Monte-Carlo Aromatic Site
(KMC-ARS) model [41, 42]. Two PAHs sticking together upon collisions form a primary particle. The dynamics
of the soot particle population are described by the Smoluchowski equation [51] with additional terms for particle
inception, surface growth, oxidation, condensation and sintering. A more detailed description of the model may be
found elsewhere [25, 36, 37]. 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.
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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 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), ri, si), (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. It is worth mentioning that the spacial arrangement of the PAHs within a primary
particle is not considered in the current model, which should be one of the future work to help develop the model
further. ri is the radius of the primary particle pi and si 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 pj . The binary tree data structure is used to store the
properties and connections of primaries within an aggregate particle as in previous work [25, 35]. More detailed
discussion regarding this data structure including its merits and constraints can be found in Ref. [52]. The volume
of a primary particle is calculated based on the mass of its component PAHs and the soot density ρ, represented as

v(pi) =
(
∑n(pi)
x=1 ηC(mx)MC +

∑n(pi)
x=1 ηH(mx)MH)/NA

ρ
, (3)

where ηy ∈ Z, ηy > 0 is the number of chemical units of type y, y ∈ {C,H} [53]. MC and MH are the molecular
weights of C and H, which are 12.01 and 1 g/mol, respectively. NA is the Avogadro constant. The volume of an
aggregate particle is defined as the sum of the volumes of all primary particles:

V (Pq) =

n(Pq)∑
n=1

v(pi). (4)

The diameter of a spherical primary particle without any overlaps with other primary particles is calculated as

dsph(pi) =

(
6v(pi)

π

)1/3

. (5)

With the detailed particle model type space shown in Fig. 1, v(pi) can also be given by the volume of a sphere of
radius ri minus the volume of the caps created by overlaps with its neighbors as described by the equations in Ref.
[52, 54]. This approach of describing aggregate particles as overlapping polydispersed primary particles is based on
the work of Mitchell and Frenklach [23], Morgan et al. [24], Eggersdorfer et al. [54, 55] and Lindberg et al. [52].
The detailed model equations can be found in [52].

Particle properties that are of interest in population balance simulations, such as collision diameter (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
)
, (6)

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 [37, 56]. 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 [56]. nC is the maximum number of carbon atoms in a PAH

within the primary particle.
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For a fractal aggregate particle, characterisation of its diameter becomes more involved. Aggregates 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=1mp,iri
2

m
, (7)

dg = 2rg, (8)

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 [57]. Note that Eq. (7) will yield rg = 0 when np = 1. Filippov et al. [58]
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), (9)

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. (7) and Eq. (9) 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. (9) as:

dc = 2rg,F. (10)

The mobility diameter (dm) of an aggregate can also be estimated based on its gyration diameter (dg) as defined
by Eq. (7) and Eq. (8) [59]:

dm = dg

((
1

nva

)0.2

+ 0.4

)
, nva > 3 (11)

dm = dc, nva ≤ 3 (12)

where nva is equivalent number of primaries, calculated by:

nva =
m

mva
=

m
π
6 dva

3ρ
, (13)

mva is the mass of primary particle with diameter dva; ρ is soot density; dva is mean surface-equivalent diameter
[60]:

dva =
6V

S
, (14)

where V and S are total aggregate volume and surface area, respectively. Eq. (11) is a discrete element modelling
(DEM)-derived relationship between dm and dg of fractal-like carbonaceous aerosols experiencing agglomeration
and surface growth from free molecular to transition regime, accounting for primary particle polydispersity and
aggregation [59]. Since Eq. (11) 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. (9) and Eq. (10).

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 [42]. 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
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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 [36]. If the same inception threshold is given, inception should be the easiest with the
combined mode than with other modes.
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 [61].
The orientations of colliding particles and point of contact are determined by ballistic cluster-cluster aggregation
(BCCA) with a random impact parameter [62]. A more detailed description can be found in Ref. [52].
Surface growth PAHs in a primary particle can grow via surface reactions with gas-phase species, which is
described by the KMC-ARS model [36, 41, 42]. In the KMC-ARS model, the rate of PAH growth processes are
modelled based on reactions at radical sites together with steady-state assumption. 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 [25].

In the previous model, a free parameter – smoothing factor s was introduced to account for the particle rounding
due mass growth [25, 36, 37]. However, this rounding effect can be incorporated 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 time step 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 [52].
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.
(6). 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 neighboring primaries pi and pj in an aggregate,
which are neighbors in an aggregate. The centers of pi and pj approach each other during sintering, while their
masses are conserved, so the diameters of pi and pj also increase. Meanwhile, the positions of all other primary
particles within the aggregate, except pi and pj , will be adjusted accordingly, due to the assumption that all other
neck areas are unchanged when sintering is performed on pi and pj . A detailed mathematical description of sintering
based on the aforementioned particle type space can be found elsewhere [52, 54]. The characteristic sintering time
is given by [63]:

τs = Asdi,j exp

[
Es

T

(
1− dcrit

di,j

)]
, (15)

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” instantaneously. The sintering level s, a descriptor for the degree of
sintering between two neighboring primaries, is defined as:

s =
ri,j
Ri,j

, (16)

where ri,j and Ri,j are the smaller radius and neck radius of pi and pj , respectively. Two neighboring primary
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particles will merge into one larger primary particle if s ≥ 0.95. Besides sintering, 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 [16]. It is pertinent to mention that the sintering model in the
form of Eq. (15) also accounts for coalescence of nascent soot particles. If the smaller particle between the two
colliding nascent particles has a diameter less than dcrit, Eq. (15) will produce a infinitely small τs (comparing to
the characteristic collision 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, flow and
a spherical particle model solved by method of moments with interpolative 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 thermophoretic velocity [6].
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 particles. A similar two-step simulation methodology has been
used successfully to simulate soot formation in laminar premixed flames without a stagnation surface [36]. In
this work, an improved post-processing method proposed by Lindberg et al. [48] 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 [48].

4.1. Flame solver

The gas-phase flame structure simulation is performed using k inetic R© software package [64], with a one-
dimensional stagnation flow approximation. ABF gas-phase chemistry [21], together with a thermodynamic property
file and a transport property file are supplied as input. The temperature 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
particle size distribution (PSD) based on the spherical soot model (in Section 3.3) may be found in [37, 49]. 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 transport 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. [49] have discussed the
simulation of premixed stagnation flame in detail.

4.2. Stochastic particle population balance solver

The particle population balance is solved using a Monte Carlo method [20], with various enhancements to
improve the efficiency. A majorant kernel and fictitious jump are used to speed up the calculation of coagulation
rate [34, 61]. A linear process deferment algorithm (LPDA) is employed to improve the efficiency of performing
surface growth and sintering [65].

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.
[48].

5. Results and discussion

5.1. Thermophoretic correction

Figure 2 shows the effect of applying the thermophoretic correction [48] to the post-processing step on soot
volume fraction (Fv) using stochastic method for the C2H4 BSS flame with a stagnation plate height Hp = 1.2 cm.
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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 necessary 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, initial values and references are listed in Table 1. The meaning of these model
parameters have been explained in Section 3.3. In the following sensitivity studies, all the parameters are assigned
with their initial values except the parameter of which the sensitivity is investigated. Since the dominant 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 aggregates. Hence, at this stage, the soot particles are nearly spherical, which has been reported
by a number of experimental studies [10, 66–68]. 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 sensitivity 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. The objective of the parametric sensitivity study is to understand the different influence
of these key model parameters on the predicted PSDs.

5.2.1. Flame with Hp = 0.45 cm

As 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
smallest 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. Since a recent experimental work by Wang et al. [68] reported that the mass
density of nascent soot particles in premixed ethylene flames can be as low as 0.6 g/cm3, so four densities (from
0.6 to 1.8 g/cm3) are chosen to perform the sensitivity study. 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 unchanged. 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 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
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input data rather than a free parameter of 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 will
result in more soot nuclei. In Fig. 4(b), the simulated PSDs with a collision efficiency ranging from 0.01 to 1.0
are displayed. Larger collision efficiency will produce larger soot particles at the expense of reducing the number of
small particles. Both ω̇A4 and collision efficiency A have significant effects on the simulated PSDs.

5.2.2. Flame with Hp = 1.2 cm

As soot aggregates are typically observed in flames with Hp > 0.6 cm, so the aggregate structure must be
considered when performing population balance simulation for Hp = 1.2 cm. 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 particle 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 [36, 37]. 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) produce very similar PSDs in Fig.
5. (0.0263 is the optimized value by Chen et al. [36].) 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 [69]. Hence, it
does not matter whether a factor g is applied to the growth rate or not.

The sensitivity of the computed PSDs to the sintering rate is shown in Fig. 7. The sintering rate is given by
Eq. (15). 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. [36] (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 [63]. 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 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 consistent with the earlier modelling efforts of Kazakov and Frenklach [70], who have employed a “switch-over”
diameter in the range of 25 to 30 nm to simulate soot formation considering both coagulation and aggregation. It is
also 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 [68].
To explain the inflection point, TEM images were examined in [68], indicating soot morphology changing from
spherical-like to non-spherical shapes at dm ≈ 20 nm. In addition, Wang et al. [68] analyzed the primary particle
size distribution (PPSD) of aggregate particles with dm ≈ 50 nm based on the TEM images. As the flame condition
in their work (16% C2H4,24% O2,60% AR, cold gas velocity = 7 cm/s (STP), temperature at stagnation plate =
465 K) is very similar to the flame condition that is simulated in this work (16.3% C2H4,23.7% O2,60% AR, cold gas
velocity = 8 cm/s (STP), temperature at stagnation plate = 511 K), it could be interesting to give more comparison
regarding the simulated and measured PPSD. Fig. S1 shows the simulated PPSD for aggregates with dm ≈ 50 nm
when dcrit = 1.58 nm. The simulated median primary diameter is 9.4 nm which is close to the experimental measured
value 10.44 nm. This agreement is encouraging, indicating the capability of the current model to simulate aggregate
morphology. However, such comparison is not sufficient to optimize the sintering parameters such as dcrit because
the simulated flame condition in this work is not exactly the same as in Ref.[68] and the aggregate morphology may
be sensitive to the slight differences. Actually, another work focusing on simulating morphology of soot particles in
premixed flames is in preparation, with the flame in Ref.[68] being the simulation target.
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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 sensitive 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 = 1.58 nm, most primaries are around 9.0 nm and the largest number of primaries per aggregate can reach ≈ 40
; if dcrit = 5.0 nm, 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 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 interesting 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 detailed 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.

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, growth factor g or sintering model parameter dcrit, especially for larger particles.
However, the morphology of the simulated soot particles can be very sensitive to dcrit. The knowledge gained
from the parametric sensitivity study can facilitate better analysis when comparing the simulated PSDs with the
measured ones under other flame conditions (flames with other Hp), i.e. locate which parameters may have caused
the discrepancies between simulation and experiment results.

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 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

10



Table 1: Model parameters and their sensitivity to PSD.

Parameter Range Value Ref. Sens.1

(1) Material property
Soot density, ρ
(g/cm3)

0 - 2 1.0
Totton et al. [71]
Wang et al. [68]

+

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

this work, assigned
-

Inception threshold > 1 322 -

(3) Condensation

Condensation threshold > 1 42 this work, assigned -

(4) Surface growth

ncrit ≥ 2 50
Chen et al. [36]
Yapp et al. [37]

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

(5) Coagulation

Efficiency, A 0 - 1 1
Chen et al. [36]
Yapp et al. [37]

++

(6) Sintering
As (s /m) N/A 1.10× 10−14

Chen et al. [36]
Yapp et al. [37]

Es (K) 1.8× 104 9.61× 104

dcrit (nm) 1 - 5 1.58 -

1 Sensitivity; ++ means the computed PSDs are very sensitive to this parameter; + means the computed PSDs are sensitive to this
parameter; - means the computed PSDs are not sensitive to this parameter.

2 The unit is number of six-member rings.

fact that the soot nucleation mechanism is still poorly understood. 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. [72] reported that the A4 mole fraction in a
premixed methane 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. Nonetheless, many studies have pointed out that collision efficiency is size dependent
[32, 73–75]. 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 discrepancy 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
[68]. 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 (≥ 0.7 cm) are encouraging, especially for particles with mobility
diameter larger than 6.0 nm. This excellent agreement is mainly because coagulation is the dominant process at
higher Hp due to the drop in nucleation rate, as suggested in Ref. [23, 76] and the ω̇A4 profile for flame with
Hp = 1.2 cm in Fig. S2. Although ω̇A4 is not the same as nucleation rate, it can reflect the variation trend of
nucleation rate to some extent. Since ω̇A4 decreased by more than one order of magnitude from its maximum value
after 20 ms, nucleation became negligible after 20 ms, while the residence time for a Lagrangian particle travelling
from burner to stagnation plate at 1.2 cm is more than 60 ms. In addition, after about 20 ms the surface growth rate
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is very slow due to the low H atom mole fraction (below 10−5, see Fig. 6). Therefore, coagulation dominates for
flames with high Hp. It is worth emphasizing that this new model has an advantage in simulating the formation of
aggregates since the coordinates of all primary particles are tracked. Most previous soot models simply assumed a
constant fractal dimension of 1.8 to deal with aggregate particles [32, 36, 37, 46], while not too many modelling work
paid attention to the detailed aggregate morphology in the past. Efforts on capturing more detailed morphological
information of aggregates were made by Balthasar and Frenklach [76], who employed a time-varying shape factor
instead of a constant fractal dimension to simulate soot formation. In our work, with the detailed geometrical
information of simulated particles known, the collision diameters and mobility diameters of soot aggregates can be
calculated based on their gyration diameter (see Eq. (7)) [59, 77]. Such more physical description of the coagulation
process would definitely improve the model performance in predicting PSDs for larger aggregate particles.

Figure 12 shows the simulated soot particle number density (N) and volume fractions (Fv) compared with
experimental measurements. In Fig. 12, the gray error bars show the N and Fv measured by experiments [7], with
the upper and lower limit being the maximum and minimum measured data among four individual experimental
setup [7]. The open circles are simulation results that correspond to the PSDs displayed in Fig. 11, i.e. simulation
results by post-processing the gas-phase profile calculated by MoMIC (initial ω̇A4 and A were used). Since the lower
detection limit of dm in experiment is ≈ 2.5 nm, thus to conduct a better comparison between the simulation results
and the measured results, number density of particles with dm ≥ 2.5 nm are also displayed by the green symbols
in Fig. 12(a) . However, this treatment cannot be applied to the MoMIC results, because the method of moments
does not track the number density of particles with dm < 2.5 nm. In the method of moment, the smallest particle
contains two A4 molecules, which has a dm ≈ 1 nm, well below the experimental detection limit. This is part of
the reasons why N predicted by MoMIC (red open triangle in Fig. 12(a)) is higher than the post-processed results
(green open circle in Fig. 12(a)). When comparing the simulated volume fraction Fv with the measured ones, it is
unnecessary to exclude particles with dm < 2.5 nm as their contribution to the total Fv is rather small. Therefore, all
the simulated particles are accounted for in Fig. 12(b). In general, the post-processed results do not agree well with
experimental measurements, tending to underestimate both N and Fv at most Hp. At Hp = 0.6, 0.7, 0.8 cm, both
simulated N and Fv are underestimated compared with experimental results, though the error bars of experimental
data are quite large. 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. This can be demonstrated by Fig. 12 in which the post-processed
Fv and N are close to the results predicted by MoMIC. 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. In Fig. 12(b), Fv can be either overestimated or underestimated by MoMIC for different Hp, suggesting the
uncertainties in the input gas-phase profile for post-processing. Unfortunately, the simulated 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 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 consistent with other studies [32, 73–75].
For instance, an experiment conducted by Sirignano and D’Anna [74] 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 [75] attributed the size-dependent sticking efficiency to the drastic drop of van der Waals interactions
between small nanoparticles, 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 = 1.2 cm, a relatively high efficiency A = 0.8 is used for the purpose of fitting, indicating that
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collision efficiency of large particles (dm ≥ 20 nm) 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 average 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 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 simulation. 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 morphology, we
provided insight into soot formation processes and suggested future work on soot modelling.

Comparison of the soot volume fraction obtained by post-processing with and without thermophoretic 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 (≥ 0.7 cm) 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 (< 0.7 cm) 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 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
collision 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 understanding 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 simulation quantities that are directly
comparable to experimental observations, such as TEM images. The capability to accurately track aggregate
morphology can facilitate further studies on soot processes relating to morphology evolution, such as sintering and
coalescence.
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[14] M. L. Botero, D. Chen, S. González-Calera, D. Jefferson, M. Kraft, HRTEM evaluation of soot particles
produced by the non-premixed combustion of liquid fuels, Carbon 96 (2016) 459 – 473. doi:10.1016/j.
carbon.2015.09.077.

[15] M. L. Botero, N. Eaves, J. A. Dreyer, Y. Sheng, J. Akroyd, W. Yang, M. Kraft, Experimental and numerical
study of the evolution of soot primary particles in a diffusion flame, Proceedings of the Combustion Institute
(2018). doi:10.1016/j.proci.2018.06.185.

[16] R. Dobbins, R. Fletcher, W. Lu, Laser microprobe analysis of soot precursor particles and carbonaceous soot,
Combustion and Flame 100 (1995) 301 – 309. doi:10.1016/0010-2180(94)00047-V.

[17] R. Dobbins, R. Fletcher, H.-C. Chang, The evolution of soot precursor particles in a diffusion flame, Combustion
and Flame 115 (1998) 285 – 298. doi:10.1016/S0010-2180(98)00010-8.
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Figure 1: An illustration of the detailed particle model type space showing an aggregate particle (solid outlines) composed of primary
particles modelled as overlapping spheres (indicated by the dashed lines). Redrawn based on Ref. [52]
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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. [7] (right Y-axis) is also shown. The stagnation plate height (Hp) is 1.2 cm.
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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. [7]
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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 experimental data reported by Tsinghua in Ref. [7].

20



1 2 3 4 6 810 20 30 50

Mobility diameter, D
m

 (nm)

10
6

10
7

10
8

10
9

10
10

10
11

10
12

10
13

d
N

/d
lo

g
(D

m
) 

(c
m

-3
)

H
p
 = 1.2 cm g = 0.0263

g = 1.0

Figure 5: Sensitivity of the simulated PSDs (lines) to the growth factor g for Hp = 1.2 cm. Symbols are experimental data reported by
Tsinghua in Ref. [7].
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Tsinghua in Ref. [7].
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Figure 8: Effect of dcrit on primary particle size distribution ((a), (b), (c)) and distribution of the number of primaries per aggregate
((d), (e), (f)) for Hp = 1.2 cm.
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(a) dm = 10 nm, dcrit = 1.58 nm (b) dm = 10 nm, dcrit = 5.0 nm

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

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

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

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 10: Average primary particle diameter (left Y-axis) and mole fraction of H atoms (right Y-axis) versus time (with different dcrit
applied in the sintering model) for Hp = 1.2 cm. The horizontal blue line shows an H mole fraction of 10−5, while the vertical blue line
indicates the corresponding residence time when the H mole fraction drops to 10−5.
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Figure 11: Computed PSDs (lines) at several Hp with the value of free model parameters listed in Table 1. Collision efficiency A = 1
in all simulations. Symbols are experimental data reported by Tsinghua in Ref. [7].
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Figure 12: Comparison between simulated (a) particle number density and (b) volume fraction and experimental results (shown by the
error bars with the lower and upper limit being the minimum and maximum measured data among four individual experimental setup
in Ref. [7]). Symbols (open circles, open squares and open triangles) are simulation results; lines are drawn to guide the eye. Green
symbols are number density of particles with dm ≥ 2.5 nm.

26



1 2 3 4 6 810 20 30 50

Mobility diameter, D
m

 (nm)

10
6

10
7

10
8

10
9

10
10

10
11

10
12

10
13

d
N

/d
lo

g
(D

m
) 

(c
m

-3
)

H
p
 = 0.45 cm

1 2 3 4 6 810 20 30 50

Mobility diameter, D
m

 (nm)

10
6

10
7

10
8

10
9

10
10

10
11

10
12

10
13

d
N

/d
lo

g
(D

m
) 

(c
m

-3
)

H
p
 = 0.55 cm

1 2 3 4 6 810 20 30 50

Mobility diameter, D
m

 (nm)

10
6

10
7

10
8

10
9

10
10

10
11

10
12

10
13

d
N

/d
lo

g
(D

m
) 

(c
m

-3
)

H
p
 = 0.6 cm

1 2 3 4 6 810 20 30 50

Mobility diameter, D
m

 (nm)

10
6

10
7

10
8

10
9

10
10

10
11

10
12

10
13

d
N

/d
lo

g
(D

m
) 

(c
m

-3
)

H
p
 = 0.7 cm

1 2 3 4 6 810 20 30 50

Mobility diameter, D
m

 (nm)

10
6

10
7

10
8

10
9

10
10

10
11

10
12

10
13

d
N

/d
lo

g
(D

m
) 

(c
m

-3
)

H
p
 = 0.8 cm

1 2 3 4 6 810 20 30 50

Mobility diameter, D
m

 (nm)

10
6

10
7

10
8

10
9

10
10

10
11

10
12

10
13

d
N

/d
lo

g
(D

m
) 

(c
m

-3
)

H
p
 = 1.0 cm

1 2 3 4 6 810 20 30 50

Mobility diameter, D
m

 (nm)

10
6

10
7

10
8

10
9

10
10

10
11

10
12

10
13

d
N

/d
lo

g
(D

m
) 

(c
m

-3
)

H
p
 = 1.2 cm

Figure 13: Computed PSDs (lines) with a constant multiplier applied to the rate of production of A4 (ω̇A4) profile and collision efficiency
(A) fitted for each individual Hp. Symbols are experimental data from Stanford 5.0 cm burner (blue open circle) and Tsinghua (black
open triangle) in Ref. [7]

.
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