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Abstract

Combustion generated soot particles have harmful effects on human health and our
environment. An important aspect is to accurately determine the surface area of the
particle population, which can be estimated from the particle size distribution
(PSD) and morphology. Experimental investigations showed that large particles are
aggregates constituted of several small primary particles [1]. Therefore, the
determination of the primary particle size distribution (PPSD) is essential for the
characterization of soot population.

On the one side, sectional methods can be used to numerically predict the particle
population of sooting flames. However, most of models assumes that large
particles are spherical for all sections [2] or aggregates constituted of primary
particles of identical size for all sections [3-5]. These strong assumptions can affect
the results’ quality and the validity of the models themselves. On the other side,
Time Resolved Laser Induced Incandescence (TiRe-LIl) is a powerful, non-
intrusive experimental method, which exploits the fact that the temporal decay of
the LIl signal is related to the primary particle diameter d,. Information on the
PPSD can then be derived once the PPSD shape is presumed [6]. The general
approach is to assume log-normal distribution, but Transmission Electron
Microscopy measurements showed that this assumption may be not always valid
[7].

In this context, the comparison of numerical results on the PPSD with experiments
is extremely complex due to the strong assumptions underlying the numerical
models and the fact that TiRE-LII technique does not measure directly the PPSD.
In this work, we propose a new way to compare numerical to experimental data on
PPSD. First, we improved our existing CFD code to obtain the mean size of the
primary particles for each section, based on what proposed in [4]. Second, the
TiRe-LII signal is reconstructed from the numerical PPSD and compared directly
to the measured signal [8] to avoid any potential errors due to a presumed PPSD
shape. This approach is applied to the investigation of an ethylene laminar-coflow
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diffusion flame [9], which is a target of the ISF workshop [10], and potential
sources of errors are discussed.

Improving the sectional model: the primary particle transport equation

The discrete sectional approach of Saggese et al. [3] is considered here. Gas phase
is described with 197 gaseous species. The solid phase is described by 20 mass
sections (BIN) with 3 H/C subsections for small particles (from BINs to BIN;») and
2 H/C subsections for big particles (from BIN13 to BIN2o). In the original model,
small particles are considered by construction as spherical, whereas big particles
are supposed to be aggregates whose primary particles size is identical for all
sections and equal to the last spherical particle (~10 nm diameter) [3, 11]. In the
improved approach, called transport equation (TE) model in the following, the
particle morphology is not prescribed a priori for a given BIN, but it is obtained
from the transport equation for the primary particle number of each section [14]:
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where p is the density, ppg; IS the primary particle density of BIN; type, v is the
velocity, Vi is the diffusion velocity of BIN; [12] and 2,; is the BIN; type primary
particle source term of reaction r, Y; is the species mass fraction of BIN;. Fick’s
diffusion was neglected as previous studies showed that only thermal diffusion
plays a significant role for soot particles. It should be noticed that in the TE model,
the biggest possible d, value is 64 nm, i.e. the diameter of a spherical particle
belonging to BINz.

The effect of particle collision on d; is described in the TE approach by the model
of Lahaye et al. [13]. Small particles coalescence and form spherical particles,
whereas a pure aggregation occurs between big particles. The collision of a small
with a big particle leads to the coalescence of the first one on the second one. In
practice, primary particle growth of big particles occurs only through surface
growth processes (additional mass is uniformly distributed among the primary
particles) or coalescence with small spherical particles. For a general reaction:
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the source term for primary particles based on the above considerations will be:

-Qr,i = (Eiglz;nl/ll;Mk igu Vle;:PBk - VLM;fPBl) ' Rr (3)
where v; is the stoichiometric coefficient for reaction r, X; are the non-aggregate
species s, Ns is the number of non-aggregate species, M; is the molecular mass of
BIN; and R, is the reaction rate of reaction r. It should be noticed that, at this stage,
the TE model is used as a post-processing reconstruction method to obtain the
mean primary particles size for each BIN and, consequently, the PPSD.
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LI1 signal reconstruction method
The LII signals reconstruction is based on the relations derived by Hofman et al.
[14], where the contribution by a particle with d, diameter to LI signal is given by:

Az 2@
A1 25[exp(hc/AkpTy)—1]

Sy = 2m*hc?d} da (4)
where h is the Planck constant, 2 the spectral response function of the detection
system, and ¢ the spectral emissivity of soot. The integral boundaries 4; and /. are
defined by the detection bandpass. Experimental related parameters were chosen
based on reference measurements [8]. The particle temperature can be derived from
the energy balance, whereas the particle mass based on the mass loss due to
vaporization. The detailed expression of the energy terms can be found in [14].

The total LIl signal is reconstructed by summing the LII contribution of each single
primary particle for each section, calculated from the gaseous and solid fields
obtained in our numerical simulation. Therefore, the aggregate shielding effect is
here neglected.

Numerical setup

The numerical simulation reproduces the flame investigated with L1l at EM2C [8]
on the burned designed at Yale [9]. The flame is fed by an 80% ethylene - 20%
nitrogen mixture, which is injected through an inner tube of diameter of 3.9 mm
with 0.38 mm wall thickness. An air co-flow is injected through an external tube of
50 mm diameter. The bulk velocity of both inner and outer streams was set to 35
cm/s with parabolic and uniform velocity profiles, respectively. Temperature is set
to the ambient value of 293 K and atmospheric pressure was prescribed.The
simulation solves the usual conservation equations for mass, momentum, energy,
and species with the laminarSMOKE framework [12], which has been extended
with the TE post-processing tool to solve the primary particle number transport
equation. The simulation was performed with an axisymmetric assumption on a 2D
structured mesh, refined in the flame area. A second-order, centered spatial
discretization scheme was adopted. The transport equations of species are solved
through the operator-splitting approach.

BINs to BIN7 will not be considered in the reconstruction of soot volume fraction
fv, dp and LIl signals, since the smallest particles may be not captured by the
experimental LIl measurements due to sublimation effects [15].

Comparison of numerical and experimental results

Numerical results for the soot volume fraction are compared to experiments [8] in
Figure la. The calculated and experimentally measured f, are qualitatively similar,
since higher values were detected in the wings of the flame. However, it should be
noticed that results have been normalized by their maximum (1.2 ppm and 4.8 ppm
for numerical and experimental results) and that the predicted soot region is shorter
that the experimental one.
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On Figure 1b the mean d, derived from the experimental LII signal with a
lognormal PPSD assumption [8] is compared to the numerical solutions. Three
models are here considered: the original model, the TE approach, and a further
post-processing approach where all particles are consider as spherical (SP). As
expected, the original, TE and SP models predict the smallest, the intermediate and
the biggest values of d,, respectively. In particular, with the spherical assumption
d, reaches higher values than the other two models, especially in the post flame
region where oxidation quickly removes small particles. The original model
provides an almost constant d, value everywhere. The TE and SP models greatly
improve the qualitative agreement with the experiments: larger d, values are
observed on the wings. However, d, values in the wings are still largely
underestimated by simulations. This may have many causes: the underestimation of
fv can possibly affect the dp prediction; the maximum predictable dp value is smaller
than the highest experimentally observed value; the experimental d, value may be
affected by the post-processing procedure.
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Figure 1. a) Experimental (left) and numerical (right) normalized soot volume fraction; b)
Experimental (left), numerical (TE) (center) and numerical (Sp) (right) mean d, [nm].

To clarify this last point, the experimentally captured and the numerically
reconstructed LII signals at 6 different times are shown on Figure 2 normalized by
the signal at 0 ns. The numerical LII signals have much faster decay until 50 ns,
almost one order of magnitude faster decays are reached within this time compared
to the experiment. This seems to indicate that the discrepancies on d, are most
probably due to the underprediction of large primary particle presence and/or an
underestimation of their diameter size in the numerical simulations. In addition, a
lower spatial inhomogeneity of d, is observed in the simulations compared to
experiments. The TE model predicts slower signal decay than the original model
due to the presence of larger primary particles and less spatial uniformity due to the
varying PPSD for big particles, which is in better agreement with the experimental
observations. The better agreement of results from the SP model with experiments
indicate that the presence of even larger particles would be required. The direct
comparison on LII signals allows concluding that the discrepancies among
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experiments and simulations observed in this case are not due to the use of a
presumed PPSD shape for the TiRe-LIl signal post-processing, but to some
accuracy limits of the numerical model.
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Figure 2. LIl signal at six different delay times. Experiment data (top left) are compared to
numerical calculations with the original model (top right), with the TE model (bottom left)
and the SP approach (bottom right).

Conclusions

A new validation approach of numerically calculated primary particle size
distribution with TiRe-LIl experiments was presented and applied on an ethylene
co-flow laminar flame. The numerical simulation used the sectional soot model
with detailed gas and solid phase chemistry. The model was improved by
introducing an additional transport equation for the primary particle density in each
section. Results on d, were qualitatively improved by the new model. LIl decay
signals were calculated based on numerical results from the original model, the
improved one, and by assuming sphericity for all soot particles. Simulations were
compared to the experimental LIl signal. The simulated signals showed a much
faster decay in the first 50 ns than the experiments and lower inhomogeneity in
space. This implies that the predicted contribution of large particles to the particle
population is not high enough relatively to the small ones and/or that the predicted
largest particles are not big enough. The proposed approach to compare numerical
and experimental data on PPSD seems a promising procedure for a pertinent
validation of numerical data.
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