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TITRE

Couplage de simulations a I'échelle macro et nanométrique de la formation de suie dans une flamme
de diffusion

RESUME

Des études expérimentales ont suggéré que les particules de suie formées le long de différentes lignes de courant dans
une flamme de diffusion peuvent avoir des morphologies différentes. Cependant, les incertitudes liées a I'échantillonnage
et a leur analyse rendent difficile la quantification de ces différences. Dans ce travail, ce probléme est exploré d'un point
de vue numérique grace a un couplage de simulations aux échelles macroscopique et nanoscopique. Ces simulations
montrent des agrégats remarquablement plus grands et plus compacts dans les ailes de la flamme comparativement a
ceux rencontrés le long de I'axe central. L'analyse des parametres morphologiques tels que l'anisotropie, le recouvrement
des monomeres et le nombre de coordinance révéle la compléxité de la morphologie des particules de suie ainsi que la
présence d'agrégats en chaine le long des différentes lignes de courant de la flamme.

ABSTRACT

Experimental studies have suggested that soot particles formed along different streamlines in a diffusion flame may have
different morphologies. However, the uncertainties linked to the sampling and their analysis make difficult the quantification
of these morphological differences. This work explores this problem from a numerical point of view thanks to a coupling of
nanoscale and macroscale simulations. The coupling shows remarkably larger and more compact aggregates near the
wings of the flame compared to its centerline. The analysis of morphological parameters such as anisotropy, monomers
overlapping, and coordination number reveals the complex morphology of soot and shows the presence of chain-like
aggregates along the different streamlines of the flame.
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1. INTRODUCTION

The macroscopic Computational Fluid Dynamics (CFD) approach, such as CoFlame (Eaves et al., 2016).
allows the dynamics of flames to be simulated by including the mass, momentum, and energy balance. In this
context, the aerosol phase is treated based on the Population Balance Equation (PBE). This approach is widely
used in different applications spanning aerosol, powders, and combustion systems. However, PBE calculations
assume the morphology of particles, generating significant uncertainties related to the particle formation
dynamic and their transport modeling. For instance, experimental measurements have suggested that soot
particles may have a different morphology depending on their formation along different streamlines in the flame
(Kholghy et al., 2013; Chu et al., 2019). However, the uncertainties in sampling and post-processing the data
did not enable a quantitative description, and no numerical simulations have hitherto been able to verify these
findings.

On the other hand, the morphology of soot particles formed under flame conditions is often explained by the
classical diffusion-limited agglomeration process. However, these codes are not adapted to study the time-
dependent evolution of particles in flames and do not include the surface reactions that considerably influence
the morphology of aggregates. Recently, a new nanoscale approach to simulate soot aggregation induced by
the Brownian motion, which considers change of flow regimes and surface reactions, has been introduced
(Moran et al., 2021a). This approach allows the detailed morphology of soot particles to be studied.
Nonetheless, this code is (by definition) not able to simulate the dynamics of the flame gas phase. Therefore,
a macroscopic-nanoscopic coupling approach is currently needed. This work intends to fill this gap of
knowledge by coupling these two types of codes.
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2. METHODOLOGY

2.1. CFD macroscale flame simulations

The target flame corresponds to a laminar diffusion flame generated by a Giilder burner. The fuel (ethylene)
is injected in a central tube (10.9 mm and 12.7 inner and external diameter, respectively) at 0.194 I./min
flowrate, and oxidizer (air) is injected in the 90 mm inner diameter coflow tube at 150 In/min flowrate. This flame
is simulated by a macroscopic approach using CoFlame (Eaves et al., 2016). This code has been extensively
used in the literature to study laminar premixed and mainly diffusion flames. In this code, the conservation of
mass, momentum, energy, and species mass fractions is solved in a 2-dimensional coordinate system (radial
r and axial z), possible thanks to the axisymmetric flame configuration. A 5-rings Polycyclic Aromatic
Hydrocarbon (PAH) model is used to predict soot particles nucleation and condensation. The aerosol phase
is taken into account thanks to the solution of the PBE for the aggregates and primary particles number
concentrations solved using a fixed sectional method (Eaves et al., 2016).

2.2. Data extraction for nanoscale simulations

Coupling macroscopic and nanoscopic simulations require the determination of soot particles trajectories
through the flame. A Lagrangian approach determines these trajectories. To this end, Newton’s law of linear
momentum conservation is numerically solved for a spherical tracer considering the drag and thermophoretic
forces. For a selected Lagrangian trajectory of soot particles in the flame, the CFD code provides two
necessary inputs for nanoscale simulations, including (1) the initial conditions and (2) the time-dependent
properties. The former involves the initial primary particle size distribution and volume fraction. The time-
dependent properties include: the local flame temperature, the nucleation mass flux (kg/m3/s), and the net
surface reactions (HACA surface growth, PAH condensation, and oxidation) flux (kg/mé3/s).

2.3. Nanoscale simulations

They are carried out using the recently introduced Monte Carlo Aggregation Code (MCAC) (Moran et al., 2020).
This code has been used to study soot aggregation and surface growth (Moran et al., 2021a). In this work,
MCAC has been adapted to consider the temporal evolution of nucleation, soot oxidation, and oxidation-
induced fragmentation. This code has also been adapted for coupling with macroscale CFD codes by
considering both the initial conditions and the time-dependent properties provided by the macroscopic
approach. MCAC simulates the positions of particles experiencing a Brownian motion that sticks together upon
collisions, thus forming aggregates in a cubic box. At the same time, new isolated primary particles can be
injected into the box to simulate soot nucleation and primary particles radius increases due to surface growth
or decrease due to the oxidation process. When oxidation takes place, each primary particle diameter whose
diameter is below a minimum critical (D.) are considered to be completely consumed by oxidation, and
therefore they are deleted from the simulation domain. Also, all the pairs of monomers connected within
aggregates are checked, with primary particles that are no longer in contact due to oxidation being separated
in an aggregate fragmentation process. A minimum critical diameter D, =5 nm is considered. Below this
diameter, soot particles are considered to behave like a cluster of molecules whose dynamics are beyond the
scope of this work. Soot particles are considered to be mature, having a bulk density p, = 1.9 g/cm3. Their
collision and sticking probabilities are considered unitary (Moran et al., 2021hb).

3. RESULTS

On the left-hand side of Fig. 1, the soot volume fraction field as simulated by CoFlame is shown. These volume
fractions show a maximum value close to 8 ppm, which is moderately underestimated when compared with
the maximum of 13 ppm recently found in experiments carried out under exactly the same flame conditions
(Yon et al., 2021a). However, the spatial distribution of the volume fraction is in excellent agreement with the
referred work. Flame temperature is also in excellent agreement with the referred work. The same figure also
reports the four selected Lagrangian trajectories, including the centerline (in red), the intermediate-1 (in
orange), the intermediate-2 (in violet), and the wings (in black). As observed in the figure, the centerline and
the wing trajectories are selected due to passing respectively through the zones of minimum and maximum
soot volume fractions, and the other two trajectories are selected for being intermediate cases between these
two extremes.

On the right-hand side of Fig. 1, numerical Transmission Electron Microscopy (n"TEM) images are shown.
These images are obtained by sampling aggregates at every 10 mm along the axial position z from MCAC
simulations for the four selected trajectories. All the images have the same size and resolution, as indicated
on the top right-hand side of the figure. From the observation of these figures, different conclusions can be
obtained. First, soot aggregates formed along the centerline and intermediate-1 trajectory seem much smaller
and spherical-like than those formed along other trajectories. Second, when observing the evolution of particles
along the same trajectory, different soot formation processes can be identified. At the lowest axial position,
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particles are small but still observable even in the regions of low volume fraction (below 0.5 ppm). This is
explained by the different zones in the flame where nucleation is more intense; for instance, nucleation rates
are high but eminently concentrated in space at a radial position around 5 mm and axial position z~1 mm.
Similarly, it is also quite intense but spatially dispersed around 15 < z < 20 mm, and 0 < r < 1.8 mm (see Fig.
D15 from Yon et al., 2021b). By observing higher axial positions, larger primary particles and aggregates are
observed due to agglomeration and surface growth. Finally, at the highest z of each trajectory, both primary
particle and aggregate size are smaller due to oxidation and fragmentation.
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Figure 1: Numerical Transmission Electron Microscopy images of soot particles formed along the
selected trajectories.

Fig. 2 reports some examples of aggregates with extreme morphological properties, including the effective
number of primary particles (N, c¢), anisotropy coefficient (4,3), aggregate’s mean overlapping coefficient (c,,),
and aggregate’s mean coordination number (n.). Additional parameters such as the primary particle
polydispersity (opp,4e0), the specific surface area (S;), and the radius of gyration (R,) are also reported for each
aggregate shown in this figure. The largest number of effective primary particles per aggregate is N ¢ = 59,
found in the intermediate 2 trajectory at z = 40 mm. This shows the huge difference with those aggregates
formed along the centerline, where a maximum of N, ¢ = 7.4 is found. The population-averaged anisotropy
coefficient is between 1.4 and 2.6, larger for those aggregates formed alongside the intermediate 2 and in the
wings compared to other trajectories. However, the maximum values observed for individual aggregates are
between 9.5 to 15.8 found in the centerline and intermediate 2 trajectory, respectively. These values are mainly
determined by aggregation and not highly affected by surface reactions. This shows that chain-like aggregates
can be found along the different streamlines of the flame, but their sizes are considerably different when
depending on the trajectory of particles in the flame. Maximum overlapping coefficients as high as 93% were
observed for dimmers. These particles seem spherical and may be easily confused with isolated primary
particles in experimental TEM image analysis as indeed they show N, .«r = 1. The primary particle coordination
number can reach 34, whereas it has been found to be lower than 17 for aggregates produced in premixed
flames (Moran et al., 2021a). Also, the population-averaged values tend toward 2 for agglomerates made of
point-touching primary spheres formed by diffusion-limited aggregation process. Interestingly, when selecting
the aggregates showing the maximum primary particle coordination number, very compact aggregates are
observed whose morphology is different from that of aggregates showing the maximum c,,. This shows the
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high impact of surface growth on the local compactness of aggregates as especially revealed by those formed
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in the intermediate trajectories.
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Figure 2. Examples of aggregates with extreme morphological parameters including, maximum effective
number of primary particles per aggregate, maximum anisotropy, maximum aggregate’s overlapping, and
maximum aggregate’s coordination number found for each trajectory.

4. CONCLUSIONS

A Lagrangian tracking approach has been implemented to couple macroscopic and nanoscopic codes to study
the detailed morphological evolution of soot patrticle in an ethylene flame. The size and morphology of particles
formed along different streamlines in the flames are remarkably different. Particles formed in the wings of the
flame are much larger and show a higher degree of local compactness than the centerline of the flame.
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