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Abstract

The evolution of primary soot particles is studied experimentally and nu-
merically along the centreline of a co-flow laminar diffusion flame. Soot
samples from a flame fueled with CoH, are taken thermophoretically at dif-
ferent heights above the burner (HAB), their size and nano-structure are
analysed through TEM. The experimental results suggest that after incep-
tion, the nascent soot particles coagulate and coalesce to form larger pri-
mary particles (~5 to 15 nm). As these primary particles travel along the
centreline, they grow mainly due coagulation and condensation and a layer
of amorphous hydrocarbons (revealed by HRTEM) forms on their surface.
This amorphous layer appears to promote the aggregation of primary par-
ticles to form fractal structures. Fast carbonisation of the amorphous layer

leads to a graphitic-like shell around the particles. Further graphitisation
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compacts the primary particles, resulting in a decrease of their size. Towards
the flame tip the primary particles decrease in size due to rapid oxidation.
A detailed population balance model is used to investigate the mechanisms
that are important for prediction of primary particle size distributions. Sug-
gestions are made regarding future model development efforts. Simulation
results indicate that the primary particle size distributions are very sensitive
to the parameterisation of the coalescence and particle rounding processes.
In contrast, the average primary particle size is less sensitive to these pa-
rameters. This demonstrates that achieving good predictions for the average
primary particle size does not necessarily mean that the distribution has been
accurately predicted.
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1. Introduction

Air pollution from carbon nanoparticles leads to respiratory disease and
contributes to climate change. The smallest particles (below 100 nm) play
a particularly important role in health since they penetrate the respiratory
system deeper than larger particles [I] and dominate size distributions in
terms of number concentration. In order to accurately predict the size distri-
butions of soot particles it is necessary to understand the different processes
involved in primary particle formation and growth. Numerical models must
be able to accurately describe each of these steps to eventually mitigate soot
emission.

The inception process, which is the transition from the gas to the first



nuclei, is still not completely understood. The smallest particles detected
in flames are about 1-3 nm in diameter [2H4] and are thought to consists
of PAH clusters [5] with 10-15 aromatic rings [6-9]. It is unclear whether
these particles are nascent soot particles [3], [I0] or soot precursor particles
[11,[12]. These last ones have been found transparent to visible light [11] and
sometimes they are described as “liquid-like” when observed under trans-
mission electron microscopy (TEM), due to their low contrast [I3HI5], un-
defined boundaries and their deformation during thermophoretic sampling
[2, 16], 17]. Recently, some researchers have been able to detect and measure
these nascent soot particles using advanced techniques [3], 4, [10].

Laminar co-flow diffusion flames have been used extensively to study soot
formation because they represent a simple analogue of more complex prac-
tical combustion systems. In these flames, the transition from precursor
particles into solid nuclei is also debated. Some researchers have reported
that the polydisperse precursor particles coagulate fast to form larger pri-
mary particles [II] and then carbonise [18] into solid monodisperse spherical
particles via a mechanism that includes surface growth. The solid particles
then aggregate to form larger fractal structures. Others reported the par-
tial aggregation of the precursor particles before their complete solidification
[14, 19]. Small solid nuclei form within large PAH-containing liquid-like par-
ticles [14], [I'7, 20], through carbonisation these liquid-like particles rapidly
convert into small aggregates composed of mature primary particles [17] and
further agglomerate to form larger fractal structures. Due to the complexity
of the multiple processes that are taking place simultaneously in the flame,

it is not yet possible to reconcile fully the influence of each process with



experimental observations of the growth of primary particles.

Several modeling studies in co-flow diffusion flames have been reported in
the past 20 years. The majority of these investigations used population bal-
ance models (PBMs) that describe particles by one or two parameters (mass
and number of primary particles or surface and volume) that are solved via
sectional or moment methods. Two parameter models allow for a descrip-
tion of the fractal nature of soot aggregates; however, information regarding
the primary particle size distribution (PPSD) within aggregates cannot be
obtained. Previous numerical studies have focused on prediction of average
primary particle size, partially due to the lack of experimental data on their
number and size distributions, but also due to the limitations of the soot
models implemented [21].

Herein, experimental and detailed modeling of the evolution of the pri-
mary particles of soot in a laminar diffusion flame of ethylene, is presented.
The flame corresponds to one of the target flames defined at the International
Sooting Flame (ISF) workshop for soot studies [22]. To the author’s knowl-
edge, this is the first time that experimental and simulated PPSD in a co-flow
diffusion flame are reported. The presented methodology can be extended
to other reactive flows. The growth of primary particles from single nascent
precursor to mature particles in large aggregates is observed using TEM
and simulated using a population balance model with a detailed descrip-
tion of the molecular and morphological structure of each particle (DPBM)
[23, 24] and capable of resolving primary particle distributions within soot
aggregates. Through the unique features of the soot model, a parametric

sensitivity analysis is performed to challenge the understanding of the role of



various particle processes in the evolution of the soot primary particle size in
the flame. Raw experimental data is provided in the supplementary material

data to ease future modeling efforts by the community:.

2. Experimental methods

The Yale burner [25] was used to generate a co-flow diffusion flame of
ethylene diluted by nitrogen (60% vol CoHy - 40% vol Ny), which corresponds
to the ISF-3 Co-flow 3c [22]. Soot was sampled at different height above
the burner (HAB) in the centreline using a fast-insertion thermophoretic
sampling system [6]. For all the sampling positions, the exposure of the TEM
grids was between 30-46 ms. Carbon-supported copper grids with a diameter
of 3.05 mm were used to collect the soot samples. The samples were examined
on a 200 kV JEOL 2100F TEM using a ZrO/W Schottky field emission gun.
TEM images were taken with a magnification of 30,000x and 500,000x. The
primary particle size was measured by fitting circles around the particles on
each TEM image using a MATLAB code. More than 1000 primary particles
were analysed at each sampling position. Contamination of the sample from
large wing aggregates was estimated to be £15%. The flame temperature
was measured with an uncoated R-type thermocouple with a wire diameter
of 75 pm and corrected for radiation losses as detailed in [26]. Full details
of the burner and sampling conditions can be found in the supplementary

material.



3. Numerical Methods

The computational method consists of two parts as in previous stud-
ies. In the first part, velocity, and species profiles are computed using the
CoFlame code, which includes a sectional description of the soot particle dis-
tribution and considers particle mass and number of primaries. The chemical
mechanism in [27] is utilized along with PAH inception and condensation via
benzo-a-pyrene (A5) [28], which is the largest PAH considered in the mech-
anism. The details of the CoFlame code can be found in [29] and previous
works [30H33].

In the second part, a streamline corresponding to the centreline of the
diffusion flame is generated from the CoFlame results and a detailed PBM
is applied as a post-processing step. The post-processing methodology is
well established and has been applied in a number of previous studies [34-
36], although it should be noted that it cannot account for the effect of
thermophoresis or diffusion of the particles. The experimental temperature
profile is supplied as input along with shifting the profiles from the CoFlame
code by 5 mm to match the experimental flame height. A brief description of
the most important aspects of the detailed PBM is given below. Full details
may be found elsewhere [24] 34], 35, 37]. The growth of PAH species within
the model is described by a kinetic Monte-Carlo-aromatic-site (KMC-ARS)
model [37], starting from benzo-a-pyrene. The dynamics of the soot parti-
cle population is described by the Smoluchowski equation with additional
terms for particle inception, surface growth, oxidation, condensation, par-
ticle rounding, and sintering. In the model, soot particles are represented

as aggregates composed of primary particles, where each primary particle is



composed of a number of PAHs [24]. A PAH is represented by the number
of carbon and hydrogen atoms it contains, and the number and types of el-
ementary sites on its edge [37]. Each aggregate stores a list of neighbouring
primary particles and resolves the common surface area between each pair
of neighbours, where each pair of neighbours can be in point contact, can be
fully coalesced or can be anywhere in between [24]. The extent of contact be-
tween neighboring particles is described by a sintering level [38]. A sintering
level of 0 corresponds to point contact. A sintering level of 1 corresponds to
complete coalescence. The sintering level is increased via sintering and parti-
cle rounding processes. Sintering is modeled via the viscous flow model and
is parametrised based on a pre-exponential factor Ay, activation energy F,,
and the critical diameter below which primaries are assumed to have nano-
structural mobility (“liquid-like”) and sinter instantaneously (coalescence),
dp it~ Particle rounding is the increase of sintering level due to condensation
and surface growth reactions and is parameterised by the smoothing factor,
0. A value of 0 implies no rounding, while a value of 2 implies maximum
rounding. A list of all the parameters utilized with the model can be found

in the supplementary material.

4. Results and Discussion

4.1. Flame temperature

Experimental and simulated temperature profiles at the centreline are
presented in Fig. [I] The experimental temperature profile and maximum
temperature measured in this study are consistent with the data reported

by Smooke et al. [39]. However, our experimental results are slightly shifted



towards higher HAB, possibly due to the definition of the zero HAB and
the difficulties to insert the thermocouple very close to the burner rim. At
low HAB, the predicted temperature is significantly lower than the measure-
ments, which was also reported for previous modeling efforts of this flame
[40]. The simulated peak temperature is 100 K larger and is also shifted to
larger HAB. The simulated temperature profile was then shifted by -5 mm
in order to match the HAB at which the maximum temperature is obtained,

resulting in a better agreement between the computations and experiments.
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Figure 1: Temperature profile at the centreline of the flame. Experimental and numerical

results.

4.2. Soot morphology

The evolution of soot morphology along the flame centreline is presented
in Figure [2| including the mean primary particle diameter (dpp) and esti-
mated standard error. Soot is first detected at 10 mm HAB and consists of
small single particles with an average size of 11 nm. The smallest particles
that could be detected were between 4-5 nm. A small degree of aggregation
is observed with almost complete coalescence, indicating that these particles

may be formed from the coalescence of smaller particles [41l 42]. Some of



these nascent particles have low contrast and blurred boundaries whereas
others present high-contrast and well-defined boundaries. HRTEM images
reveal that they exhibit a short-range degree of nano-structural order and

also a slight spreading on the substrate film (Figure [3)).

49 mm HAB

<dpp>= 20.4+0.6 nm
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Figure 2: Representative TEM images showing the evolution of soot morphology in the
flame. Left: soot images at low-medium HAB, Right: soot images at medium-large HAB.
Each image contains the mean primary particle diameter at the corresponding HAB. Scale

bar of 100 nm.

Downstream (16 to 20 mm HAB), the primary particles grow to sizes be-
tween 13 nm and 25 nm and consist mostly of single particles with some initial

signs of aggregation. Different degrees of contrast are also observed, some of



them present the low-contrast reported by other researchers as “transparent-
like”, and some present a high contrast associated with solid particles. High
resolution images of these particles show that they possess a higher degree
of nano-structural order (Figure . We do not assume these particles to be
true liquids, but only that they possess some nano-structural mobility under

flame conditions [43].

Figure 3: Representative HRTEM images of smallest soot particles sampled at
10 mm HAB, showing a short-range nano-structural order and internal nano-structures of
smaller nascent particles (green arrows). Slight spreading can be observed in the edges of

particle-grid contact (white-dashed arrows).

At 25 mm HAB (and to a lesser extent at 20 mm HAB) the aggregates
have irregular shapes with a combination of well-defined spherical-like pri-
maries and irregular structures. HRTEM images of these particles show that
they consist of soot particles with some graphitic order surrounded by a layer
of an amorphous carbon material. This explains the lower contrast of the

particles on the edges and joints [44] (Figure [4). Chemical speciation of in-
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cipient soot particles with similar morphology was performed by Blevins et al.
[44], Oktem et al. [45], using laser desorption and solvent extraction followed
by mass spectrometry. Their results show that the species desorbed from
the particles are mainly composed of small PAHs (3-5 rings) and aliphatic
molecules. The HRTEM images reveal that the small nascent primary par-
ticles at low HAB do not have the same nanostructure as the amorphous

(“liquid-like” ) carbon condensed around the larger primaries at intermediate

HAB.

Figure 4: HRTEM images of soot sampled at 25 mm HAB showing existence of an amor-
phous carbon layer (white dashed arrow) surrounding the semi-graphitic solid particles

(orange arrows).

Liquid-like patches surrounding the particles were observed at interme-
diate HAB (25 mm) and were found to be dependent on the sampling time

(images can be found in the supplementary material), as reported by Khol-
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ghy et al. [17]. As the exposure time of the TEM grid to the flame decreases,
these liquid-like blobs become smaller until they disappear, suggesting less
condensation of hydrocarbons with high boiling points on the sampling grid
[44]. In our measurements, it was possible to avoid this condensible material
with sufficiently short exposure times.

Further downstream, at 31 mm HAB larger aggregates with high-contrast
and well-defined spherical shape are found. HRTEM images at this HAB
(Figure [5) evidence the fast graphitisation of the previously condensed
amorphous layer, forming a graphitic-like layer around the particles, probably
due to the higher flame temperatures [I7]. A slight decrease in the primary
particle size is encountered suggesting a decrease in surface growth and com-
paction of the primary particles triggered by the increase in graphitisation
[17, 19, 46]. Towards the top of the flame, the aggregate size remains fairly
constant whilst the primary particle size consistently decreases. At the tip
of the flame, both aggregate and primary particle size decrease substantially,

due to soot oxidation [47-50].

4.8. Primary particle size distribution

Experimental and simulated PPSDs at different HAB are presented in
Figure [6] A kernel density estimation was used to generate the probability
distribution function using a bandwidth of 2 nm. The detection limit in the
experimental data is approximately 4 nm for single primaries (due to the poor
contrast). Experimental results show that the PPSD shifts progressively to
larger sizes and becomes wider from 10 to 25 mm HAB due to a combination
of growth processes, then it shifts back to smaller sizes and narrows from

31 to 49 mm HAB due to combined graphitisation and oxidation. At all
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Figure 5: Representative HRTEM images of soot sampled at the flame centreline showing

the evolution of the nano-structure of soot primary particle during growth and oxidation.

HAB, the PPSD is unimodal with a narrow width. At 25 mm HAB were a
second mode of large particles slightly emerges; however, at this HAB the
spherical primary particle size measured cannot fully represent the complex
morphology of the aggregates described in the previous section.

There are many hypothesised mechanisms that contribute to the growth
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Figure 6: Experimental and simulated primary particle size distribution at different HAB.
Trial 1: base case, Trial 3: reduce sintering pre-factor, Trial 5: increase coalescence critical

diameter, Trial 6: reduce smoothing factor
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of primary particles, such as sintering, particle rounding, and coalescence of
liquid particles, all of which are described in the detailed PBM. This is the
first time experimental data for the full PPSD is available, which allows the
use of the PBM to challenge the accepted hypotheses. A sensitivity analy-
sis is performed in order to understand the mechanisms that are important
to the prediction of primary particle sizes and their contributions. The pa-
rameters that are investigated are 1) the sintering pre-factor (Ay), 2) critical
diameter for instantaneous coalescence dpy orit, and 3) the smoothing factor

(o). Table [1|lists the parameters for each trial.

Table 1: Parameters for each trial run for the detailed population balance model (DPBM).

Trial A (sm™') dpemt (nm) o

1 1.1 x107* 158 1.69
2 1.1 x1071% 158 1.69
3 1.1 x107*2 1.58 1.69
4 1.1 x107"* 3 1.69
5 1.1 x107*% 5 1.69
6 1.1 x107*  1.58 1.0

7 1.1 x10~* 158 0.5

Before moving to the PPSDs, the commonly investigated average pri-
mary particle size and standard deviation are briefly discussed. Figure
displays the experimental and numerical results for average primary particle
size and standard deviation versus HAB (to be consistent with experimen-
tal limitations, only simulated particles larger than 4 nm were included).

The numerical results show modest sensitivity to the investigated parame-
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ters when considering the average size, whereas the standard deviation is

more sensitive.
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Figure 7: (a) Mean and (b) standard deviation of primary particle size at different HAB.

Comparison of experimental and simulation results.

Although the model is capable of reasonably reproducing the trends in
average size, it does not capture the experimental PPSD. In Figure [6] simu-
lated PPSD results of selected trials are compared with experimental results.
Results of all the trials can be found in the supplementary material. At
all HABs, the numerical results exhibit a large mode of sub 2 nm primary
particles. Additionally, results are shifted towards larger sizes and display a
multi-modal character at higher HAB. The PPSDs show marked, and differ-

ing, sensitivity to all investigated parameters:

- Reducing the sintering pre-factor (Trials 2 and 3, see Fig. S3) reduces
the multimodality at large HAB and causes the predicted PPSDs to be-
come uni-modal. A very large sintering pre-factor results in the com-

plete coalescence of sticking primary particles, resulting in the rapid
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transition of aggregates back to spherical particles of equivalent mass,
which increases the multimodality of the PPSD. A low sintering pre-
factor would prevent particles from merging, such that they persist as
aggregates. The experimental evidence suggests that sintering should
be strong in the inception region and decrease as the particles travel

through the flame.

- Increasing the critical diameter for coalescence, d, o;ix (Trials 4 and 5,
see Fig. S4a), eliminates the larger mode of sub 2 nm primaries and
the modes at larger primary particle sizes at high HAB. This parameter
represents the nano-structural mobility exhibited by nascent soot parti-
cles (so called “liquid-like” behavior in the literature), which facilitates

their coalescence with larger particles.

- Reductions in the smoothing factor (Trials 6 and 7, see Fig. S4b) causes
the predicted PPSDs to become bi- rather than multi-modal. The
smoothing factor controls the rate of rounding due to molecules sticking
to the particle surface. Thus, if it is too high, every surface growth
reaction or condensation event would result in the complete rounding
of neighbour particles into an spherical primary particle, resulting in
a multi-modal PPSD. If the smoothing factor is too low, condensation
and surface reactions would lead only to surface growth of the primary
particle where the event takes place. This reduces the multimodality
and allows the particles to remain as aggregates; however, it promotes
the preferential surface growth of some particles, leading to a bi-modal

distribution with a very pronounced mode of large primary particles.

Overall, these results display that while multiple hypotheses of the contri-
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butions of various mechanisms can provide reasonable, and similar, results
for average size, the same is not true regarding the PPSD. A summary of
the influence of the model parameters on the predicted PPSDs is show in
Figure [8 It is important to highlight that this is the first attempt to use
a detailed model that resolves the connections between individual primary
particles to test hypotheses about the processes involved in the formation
and aggregation of primary particles. The experimental observations pre-
sented in this paper enables such models to be challenged and define specific

aspects for future development.

—> Decrease in sintering pre-factor

...~ Increase in critical diameter for
coalescence

i \==> Decrease in smoothing factor

Number Density, nm"

Primary Particle Size, nm

Figure 8: Summary of effects of key model parameters on predicted primary particle size

distributions (PPSDs).

5. Conclusions

The evolution of the primary particle size distribution (PPSD) of soot
in a co-flow diffusion flame was investigated experimentally and numerically,
for the first time. Experimental results show that the smallest soot particles
detected (4-5 nm) are formed by the coalescence of smaller nascent soot par-

ticles. These primary particles grow in size through coagulation and surface
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growth (including condensation of small hydrocarbon species). The amor-
phous hydrocarbons condensed on the particle surface hereby seem to aid
the aggregation process. We do not assume these particles to be true liquids,
but rather that their surface possesses some nano-structural mobility under
flame conditions. The amorphous layer graphitise due to the higher flame
temperatures and starts forming a graphitic-like layer around the particles
as evidenced by HRTEM images. Towards the flame tip the particles are
oxidised. The experimental PPSD is mono-modal at all HAB with a narrow
width. During the growth of particles the PPSD shifts to larger sizes and
widens. During the shrinkage of particles, the PPSD shifts to smaller sizes
and narrows. The predicted PPSDs by the detailed PBM are sensitive to the
sintering pre-factor, critical diameter for “liquid-like” behavior, and smooth-
ing factor, while average sizes are not sensitive. This demonstrates that
reasonable prediction of average sizes does not ensure reasonable prediction

of the distribution.
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