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Abstract 
Combustion-generated nanoparticles cause detrimental effects to not only health 
and environment but also combustion efficiency. A detailed kinetic mechanism 
employing a discrete sectional model is validated using experimental data obtained 
in laminar counterflow diffusion flames of ethylene/oxygen/nitrogen (Hwang and 
Chung, 2001). Two configurations, named Soot formation (SF) and soot 
formation/oxidation (SFO) flames, are modeled using one-dimensional simulation. 
Radiative heat losses reduce the maximum flame temperature in the range of 20-60 
K and therefore reduce soot volume fraction by ~10%. The model predictions 
accounting for the radiation effects are quite satisfactory. In SFO flames, the 
difference of maximum soot volume fraction between the experiment and model is 
less than 30%. In SF flames, the most considerable discrepancy is observed at the 
most sooting flame (xO,o = 0.28) in which the model underpredicts the soot volume 
fraction by a factor of two. In these conditions, the soot particles are not able to 
reach the stagnation plane as observed in the experiments. This suggests that 
transport properties of soot particles may require further attention. The effect of 
soot oxidation shows that the model neglecting oxidation of soot significantly 
increases soot volume fraction in SFO flames by two folds while SF flames are 
only marginally affected. Also, the absence of soot oxidation leads to the presence 
of soot particles in the oxidizer zone where they are not observed experimentally. 
The successful predictions using the soot model including soot oxidation in SFO 
flames demonstrate that the reaction rates of the processes involved in soot growth 
and oxidation are appropriate. 
 
Introduction 
Combustion-generated nanoparticles are well-known for their adverse effects on 
health and environment. In practical applications, the presence of soot particles 
leads the radiative heat losses and consequently lowers the combustion efficiency 
[1]. Polycyclic aromatic hydrocarbons (PAHs) are widely accepted as soot 
precursors, and acetylene plays an essential role in the soot growth processes 
through the sequential HACA (hydrogen abstraction and acetylene addition) 
mechanism [2]. In addition, condensation of PAHs and gaseous species on soot 
particle contributes the soot growth. On the contrary, the oxidations of particles 
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compete with the soot growth. The oxidation processes include the burnout at the 
surface of particles mainly by OH radical, and the oxidation-induced fragmentation 
which is the internal burning induced by the penetration of oxygen molecules into 
particles [3]. 

Particulate formation and oxidation have been extensively studied in the 
past two decades particularly in premixed planar laminar flames. In practical 
combustors, however, the soot evolution becomes extremely complex due to the 
interactions between chemistry and turbulence flow environment. To achieve a 
better understanding of soot formation in turbulent flames, laminar counterflow 
diffusion flame configuration is a good candidate because of its well-defined 
boundary conditions that can simplify as one-dimensional simulations and its 
relevance to flamelet model which is often adopted to model practical industrial 
scale applications [4].   

In this work, detailed kinetic modeling of soot formation in atmospheric 
laminar counterflow diffusion ethylene/oxygen/nitrogen flames has been 
performed and compared with the experimental studies by Hwang and Chung 
(2001) [5]. The validation includes soot formation (SF) and soot 
formation/oxidation (SFO) flames. The inlet velocities are 19.5 cm/s. For SF 
flames, the fuel inlet was pure ethylene while oxygen mole fraction of the oxidizer 
inlet (xO,o) was varied from 0.2 to 0.28. For SFO flames, the oxidizer inlet is 90% 
oxygen in nitrogen while the mole fraction of oxygen in the fuel inlet (xF,o) was 
varied from 0.23 to 0.28. 
 
Model Description and Numerical Simulations 
The high temperature gas-phase mechanism consists of 300 species and over 8000 
reactions. It implements a C0-C3 core mechanism obtained from the H2/O2 and 
C1/C2 subsets from Metcalfe et al. [6], C3 from Burke et al. [7], and heavier fuels 
from Ranzi et al. [8]. The model describes the pyrolysis and oxidation of wide 
range hydrocarbon fuels and includes the formation of PAHs up to pyrene. The 
thermochemical properties were obtained from the ATcT database of Rusic [9] or 
Burcat’s database [10]. For some species that were not available in the 
aforementioned databases, the thermochemical properties were adopted from group 
additivity method [11]. 

A soot model based on a discrete sectional approach is coupled to the gas-
phase mechanism to model the evolution from gas-phase to solid particles. The 
model includes the discretization large PAH and soot particles into 20 sections, 
considered as lumped-pseudo species called “BINs”, with a constant discretization 
spacing factor of two in terms of carbon atoms. Three hydrogenation levels are 
considered for each BIN as sub-sections, labeled “A”, “B” and “C”, which varies 
from 0.8 for BIN1A to 0.05 for BIN25C. The complete soot mechanism used in 
this work (POLIMI1800s) has been extensively validated against laminar premixed 
flames of different fuels in wide range operating conditions which is discussed 
elsewhere [12]. The successive kinetic mechanism consists of approximately 400 
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species and 25,000 reactions. Further details of the soot kinetics model are 
available in [13,14]. 

All numerical simulations were performed using OpenSMOKE++ suite 
program by Cuoci et al. [15]. Laminar counterflow diffusion flames 1-D 
simulations were performed using the mixture-average diffusion coefficient and 
including thermal diffusion (Soret effect) in species transport equations. Radiative 
heat losses were accounted using optically thin approximation [16,17]. Solution 
gradient and curvature coefficients of 0.05 and 0.5 were assigned to ensure the 
smoothness of the calculated profiles.  
 
Results and Discussions 
Figure 1 shows the effects of radiative heat losses on the predicted flame 
temperatures. The yellow shaded areas represent the sooting region of the two 
flames. As expected, the radiative heat losses reduce the maximum temperature of 
all flames in the range of 25-60 K.  
 

 
Figure 1. Calculated temperature profiles of SF flames (left panel) and SFO flames 

(right panel). Dashed lines: model neglecting radiative heat losses. Solid lines: 
model including radiative heat losses. 

  
Figure 2 shows the comparison of the soot volume fractions profiles 

between experimental data and model predictions. The model predictions are 
obtained both including and the neglecting radiative heat losses. The lower 
temperature reduces soot formation in all flames by approximately 10%. However, 
the model predictions including radiative heat losses still provide good agreement 
with the experimental data. It can reproduce the qualitative trends of soot volume 
fraction peaks that are slightly shifted towards oxidizer zone with the increased 
oxygen content. Specifically, the model predictions of SFO flames are quite 
satisfactory, with the discrepancy in maximum soot volume fraction between the 
model and measurement of less than 30%.  The largest differences are observed for 
SF flames in particular the xO,o = 0.28 flame, the most sooting flame, where the 
model underpredicts the soot volume fraction by less than a factor of two. In SF 
flames, the model is not able to capture the particle stagnation plane location well 
which is resulting from the convection/diffusion of particles towards the stagnation 
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plane. This suggests the transport properties of soot particles should be investigated 
further, in particular thermophoresis, which plays a major role in these conditions 
[18]. 

 
Figure 2. Comparison of soot volume fraction profiles between experimental data 
(symbol) and model (lines) of SF flames (left panel) and SFO flames (right panel). 
Dashed lines: model neglecting radiative heat losses. Solid lines: model including 

radiative heat losses. 
 

To highlight the effect of soot oxidation, Figure 3 shows the effect of soot 
oxidation on the predicted soot volume fraction in comparison with the 
measurements. As expected, in SF flames, soot oxidation has marginal effects, 
since soot particles are pushed away from the sooting region of the flames and are 
convected towards fuel region. On the contrary, in SFO flames, the removal of 
particle oxidation increases soot volume fraction drastically by approximately 50%. 
Additionally, the   soot particles are able to form and diffuse towards the oxidizing 
zone where soot particles are not observed experimentally. The successful 
predictions using the complete soot model in SFO flames demonstrate that the 
reaction rates of the processes involved in soot growth and oxidation are 
appropriate. 
 

 
Figure 3. Comparison of soot volume fraction profiles between experimental data 
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(symbol) and model (lines) of SF flames (left panel) and SFO flames (right panel). 
Dashed lines: model neglecting soot oxidation. Solid lines: model including soot 

oxidation. 
 

Conclusions 
This work contains the validation of a detailed kinetic mechanism employing a 
discrete sectional soot model using experimental results from two different laminar 
counterflow diffusion ethylene flames configurations. Soot formation (SF) and soot 
formation/oxidation (SFO) flames at different oxygen content have been analyzed. 
All numerical simulations are performed using one-dimensional simulations 
considering radiative heat losses.  
  The inclusion of radiative heat losses lowers the maximum temperature by 
25-60 K. The reduction of temperature leads to a lower soot volume fractions in all 
flames by 10%. Model predictions accounting for radiative heat losses provide 
good agreement with the experimental data in particular for SFO flames. The 
difference of maximum soot volume fraction between the experiment and model is 
less than 30%. In SF flames, the largest discrepancy in soot formation is observed 
at the most sooting flame conditions (xO,o = 0.28) in which the model underpredicts 
the soot volume fraction by a factor of two. The underprediction of soot volume 
fraction is evident close to the stagnation plane. These discrepancies show that that 
the convection and diffusion of particles away from the flame is insufficient. This 
suggests that transport properties and particularly thermophoresis of soot particles 
may require further attention.  
 The effect of soot oxidation is also demonstrated. The model neglecting 
oxidation of soot significantly increases total soot volume fraction in SFO flames 
by two folds. On the contrary, SF flames are only slightly affected by soot 
oxidation. In addition, the absence of soot oxidation leads to the presence of soot 
particles in the oxidizer zone of SFO flames, where they are not observed 
experimentally. The successful predictions using the soot model including soot 
oxidation in SFO flames demonstrate that the reaction rates adopted in this model 
to describe the processes involved in soot growth and oxidation are appropriate. 
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