
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=gcst20

Combustion Science and Technology

ISSN: 0010-2202 (Print) 1563-521X (Online) Journal homepage: http://www.tandfonline.com/loi/gcst20

Soot Modeling of Ethylene Counterflow Diffusion
Flames

Warumporn Pejpichestakul, Alessio Frassoldati, Alessandro Parente &
Tiziano Faravelli

To cite this article: Warumporn Pejpichestakul, Alessio Frassoldati, Alessandro Parente & Tiziano
Faravelli (2018): Soot Modeling of Ethylene Counterflow Diffusion Flames, Combustion Science
and Technology, DOI: 10.1080/00102202.2018.1540472

To link to this article:  https://doi.org/10.1080/00102202.2018.1540472

© 2018 The Author(s). Published by Taylor &
Francis.

Published online: 31 Oct 2018.

Submit your article to this journal 

Article views: 71

View Crossmark data

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Archivio istituzionale della ricerca - Politecnico di Milano

https://core.ac.uk/display/162434215?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.tandfonline.com/action/journalInformation?journalCode=gcst20
http://www.tandfonline.com/loi/gcst20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00102202.2018.1540472
https://doi.org/10.1080/00102202.2018.1540472
http://www.tandfonline.com/action/authorSubmission?journalCode=gcst20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=gcst20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/00102202.2018.1540472&domain=pdf&date_stamp=2018-10-31
http://crossmark.crossref.org/dialog/?doi=10.1080/00102202.2018.1540472&domain=pdf&date_stamp=2018-10-31


Soot Modeling of Ethylene Counterflow Diffusion Flames
Warumporn Pejpichestakula,b, Alessio Frassoldatia, Alessandro Parente b,c,
and Tiziano Faravelli a

aCRECK Modeling Lab, Department of Chemistry, Materials and Chemical Engineering “G. Natta”, Politecnico
di Milano, Milano, Italy; bUniversité Libre de Bruxelles, Ecole polytechnique de Bruxelles, Aero-Thermo-
Mechanics Laboratory, Brussels, Belgium; cCombustion and Robust Optimization Group (BURN), Université
Libre de Bruxelles and Vrije Universiteit Brussel, Brussels, Belgium

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. Two configurations, named Soot
formation (SF) and soot formation/oxidation (SFO) flames, are modeled
using one-dimensional simulations. 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 account-
ing for the radiation effects are quite satisfactory. The model can repro-
duce the qualitative trends of soot volume fraction peaks that are
slightly shifted toward the oxidizer zone with the increased oxygen
content. In SF flames, the model predicts the maximum soot volume
fraction quite well with the largest discrepancy of two folds. The particle
stagnation locations can be reproduced by the model, although they
are slightly shifted toward the oxidizer nozzle by ~ 0.4 mm. In SFO
flames, the most considerable discrepancy is observed at the least
sooting flame (xF,o = 0.23) in which the model over-predicts the max-
imum soot volume fraction by a factor of two. The effect of soot
oxidation is important. The model shows that neglecting oxidation of
soot significantly increases soot volume fraction in SFO flames by two
folds while SF flames are only marginally affected. Also, ignoring soot
oxidation leads to the presence of soot particles in the oxidizer zone
where they are not observed experimentally. OH is the most effective
oxidizer because the sooting zone is located inside the flame region. The
effect of thermophoresis is also investigated. It strongly influences SFO
flames due to the high temperature gradient. The model accounting
particle diffusivities from Stokes–Cunningham correlation can better
characterize the distinct particle stagnation plane of SF flames due to
their low diffusion coefficients.
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Introduction

Combustion-generated nanoparticles are well-known for their adverse effects on health and
environment. In practical applications, the presence of soot particles leads to the radiative
heat losses and consequently lowers the combustion efficiency (Bockhorn et al., 2007).
Polycyclic aromatic hydrocarbons (PAHs) are widely accepted as soot precursors, and
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acetylene plays an essential role in the soot growth processes through the sequential HACA
(hydrogen abstraction and acetylene addition) mechanism (Frenklach et al., 1985; Wang
and Frenklach, 1997). In addition, condensation of PAHs and gaseous species on soot
particle contributes to the soot growth. On the contrary, the oxidations of particles 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 (Ghiassi et al., 2016).

Particulate formation and oxidation have been extensively studied in the past two
decades particularly in premixed planar laminar flames (Zhang et al., 2009). In industrial
or commercial combustors, however, the soot evolution becomes extremely complex due
to the interactions between chemistry and turbulence flow environment (Franzelli et al.,
2017). 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
(Chrigui et al., 2012).

There are several attempts to understand soot evolution in counterflow diffusion flames
using different modeling approaches (D’Anna, 2009; Kennedy et al., 1990; Liu et al., 2004;
Mehta et al., 2009; Sirignano et al., 2015; Wang and Chung, 2016). Liu et al. (2004) studied
the effects of gas and soot radiation on soot formation in counterflow ethylene flames and
observed that the effect of gas radiation plays more a more important role than soot
radiation. Slavinskaya et al. (2012) studied PAH formation in non-premixed flames and
compared the predictions with other mechanisms. They observed differences in the
predictions of PAH in orders of magnitudes. In addition, predicted PAH profiles are
slightly shifted toward oxidizer nozzle. Wang and Chung (2016) studied strain rate effects
on sooting flames and observed that its importance is more pronounced in larger PAHs.

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 (Hwang and Chung, 2001). The
validation includes soot formation (SF) and soot formation/oxidation (SFO) flames. The
inlet velocities of fuel and oxidizer nozzles are identical at 19.5 cm/s. For SF flames, the
fuel inlet was pure ethylene while the 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. (Metcalfe et al., 2013), C3 from Burke et al. (Burke et al.,
2015), and heavier fuels from Ranzi et al. (Ranzi et al., 2012). 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 (Ruscic, 2015) or Burcat’s database (Goos et al., 2016). For some species
that were not available in the aforementioned databases, the thermochemical properties
were adopted from group additivity method (Benson et al., 1969).
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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 25 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 first BIN (BIN1) comprises of 20
carbon atoms. The first four BINs, BIN1-4, are considered as heavy gas PAHs. BIN5-12 are
assumed as spherical soot particles. Therefore, BIN12 represents primary particle with a
diameter of ~ 10 nm. On turn, soot aggregates are particles larger than the primary particle,
BIN13-25, with a fractal structure, whose fractal dimension is 1.8. The inception of particles
comes from reactions involving heavy PAHs. These reactions account for sticking probability,
whose value depends on the size of colliding entities and the temperature, as estimated from the
comparison with molecular dynamics simulations. The coagulation and aggregation of particles
occur through reactions involving soot particles and aggregates. The reference rate of inception
and coagulation rate is 1:6� 1013TnnC1=6 cm3mol−1s−1, where the collision frequency is
evaluated using the number of carbon atom, nC (Pejpichestakul et al., 2018). Other reactions
(which include surface growth by acetylene addition, gaseous species and PAH condensation,
dehydrogenation, H-Abstraction and oxidation), are discussed elsewhere (Saggese et al., 2015).

The complete soot mechanism used in this work (CRECK1800s) has been extensively
validated against laminar premixed flames of different fuels in wide range operating condi-
tions which is discussed elsewhere (Pejpichestakul and Ranzi et al., 2018). The successive
kinetic mechanism consists of approximately 400 species and 25,000 reactions. Further details
of the soot kinetics model are available in (Pejpichestakul et al., 2018; Saggese et al., 2015).

All numerical simulations were performed using OpenSMOKE++ suite program by
Cuoci et al. (Cuoci et al., 2015). 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 for the gaseous species. Diffusivities
of soot particles are obtained from Stokes Law with Cunningham correction based on
Knudsen number (Friedlander, 1977). The thermophoretic flux of solid particles is also
included in the model, as described in paragraph 3.3. Solution gradient and curvature
coefficients of 0.05 and 0.5 were assigned to ensure the smoothness of the calculated profiles.

Radiative heat losses account for gas and soot radiation (Equation 1) using an optically
thin approximation. Radiation from gaseous species is included for only significant
radiating species, H2O, CO, CO2 and CH4.

Qrad ¼ �4σapðT4 � T4
envÞ (1)

where σ is the Stefan–Boltzman constant. Tenv is the environment temperature, for which
a value of 298 K is assumed in this work. ap is the Planck mean absorption coefficient,
which can be evaluated by the following equation:

ap ¼ pH2Oap;H2O þ pCOap;CO þ pCO2ap;CO2 þ pCH4ap;CH4 þ κparticle (2)

where pi is the partial pressure of species i. ap;i is the extinction coefficient of species i obtained
from calculations performed by the RADCAL software (Barlow et al., 2001; Grosshandler,
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1993). κparticle is the grey soot absorption coefficient (Barlow et al., 2000), which is proportional
to soot volume fraction (fv):

κparticle ¼ 1307fvT (3)

Results and discussions

Flame structure and effect of radiative heat losses

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. The dashed lines
represent the predicted temperature profiles neglecting radiation heat losses from gaseous
species and soot particles. The reduction in temperature due to the heat losses increases with
the flame temperature, which also represents soot propensity. SF flames have a reduction in
the range of ~ 20–30 K, which agrees with the observation of Liu et al. (2004) who noticed
that the effect of radiative heat losses is insignificant in these flames. The reduction of flame
temperature in SFO flames is slightly higher than SF flames (~ 50–60 K) because of the
higher flame temperature. As expected, the radiative heat losses reduce the maximum
temperature of all flames in the range of 20–60 K.

Figure 2 shows the comparison of the soot volume fractions profiles between experi-
mental 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 toward oxidizer
zone with the increased oxygen content. The model predicts the maximum soot volume
fraction quite well with a slight over-prediction at the least sooting condition (xO,
o = 0.20) and an under-prediction at the most sooting conditions (xO,o = 0.28). These
discrepancies are within a factor of 2. The distinct particle stagnation locations can be
reproduced by the model, although they are slightly shifted toward the oxidizer nozzle by
~ 0.4 mm. This result is associated with the diffusion velocity of particles which are
evaluated in the model accounting for both mass (fickian) and thermophoretic diffusions.

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.
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Specifically for SF flames, thermophoretic diffusion enhances their movement towards the
particle stagnation plane but it is much lower than the convective velocity. This suggests
that the transport properties of soot particles require further attention. The most con-
siderable discrepancy in SFO flames is observed at the least sooting flame (xF,o = 0.23), in
which the model over-predicts the maximum soot volume fraction by a factor of two.

Effect of soot oxidation

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 toward the fuel inlet. On the
contrary, in SFO flames, the removal of particle oxidation increases soot volume fraction
drastically by as high as approximately 50%. Additionally, the soot particles are able to
form and diffuse toward the oxidizing zone where soot particles are not observed

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.

Figure 3. 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 soot
oxidation. Solid lines: model including soot oxidation.
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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.

To better understand the particle oxidation, Figure 4 shows the mass loss rate by
different oxidizers along the distance from fuel nozzle of xF,o = 0.28 flame. Soot particles
form and are transported within the high temperature flame zone. Therefore, soot
particles are oxidized mainly by OH radical, whereas O2 plays an important role only
close to the oxidizer nozzle.

Effect of thermophoresis

The temperature along the axial coordinate is ranging from 300 to over 2000 K as
highlighted in Figure 1. Sooting zones of all flames fall within this high temperature
zone, which is characterized by large temperature gradients. Therefore, the thermophore-
tic effect is investigated in this paragraph. Figure 5 shows the effect of thermophoresis in

Figure 4. Mass loss rate of particle oxidation by different oxidizers.

Figure 5. 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 thermo-
phoretic effect. Solid lines: model including thermophoretic effect.
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comparison with experimental data. Unsurprisingly, thermophoretic force pushes solid
particles away from high temperature toward the colder side, which is the region close to
the fuel nozzle. In SF flames, thermophoretic velocity shifts soot volume fraction profiles
by ~ 0.2 mm toward gas stagnation plane, resulting in a lower peak of volume fraction of
soot particles. Thermophoretic flux plays a more important role in SFO flame due to the
higher temperature gradient in comparison to SF flames. Thermophoresis pushes soot
particles away from the gas stagnation plane, which competes with the convection/diffu-
sion toward gas stagnation. Consequently, it increases soot volume fractions in SFO
flames. This results agrees with the findings by Gomez and Rosner (1993) that thermo-
phoresis can influence particle flow history in non-premixed flame. This suggests that the
transport properties of soot particles should be investigated further, in particular thermo-
phoresis, which plays a major role in these conditions (Stagni et al., 2018).

Effect of particle diffusivity

It is important to examine the effect of mass diffusion or particle diffusivity to understand
sooting characteristics. Figure 6 compares the diffusion coefficient of lumped pseudo species
obtained from gas kinetic theory and Stokes–Cunningham correlation. The dashed line
shows the mutual diffusion coefficient obtained from gas kinetic theory from Hirschfelder
et al. (Hirschfelder et al., 1954) by using the transport properties from (Richter et al., 2005).
Transport properties of particles larger than BIN4 (~ 2 nm) are kept constant. This
assumption results in high diffusion coefficients since it is treated as a gaseous species. On
the contrary, the diffusion coefficients obtained from Stokes–Cunningham decrease with the
increase of molecular weight or particle size. The values obtained from these two different
approaches are then applied to demonstrate the effect of mass diffusion.

Figure 7 shows the comparison of soot volume fraction profiles between measurements
and model predictions using different particle diffusivities. The model with lower diffusion
coefficients deriving from Stokes-Cunningham correlation provides the distinct particle
stagnation as observed experimentally in SF flames at heavier sooting conditions. On the

Figure 6. Diffusion coefficient of lumped pseudo species respect to molecular weight.
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contrary, in the lower sooting case (xO,o = 0.2), the measurement did not show a distinct
particle stagnation plane as predicted by the model. This could be either the result of the
slightly too low particle diffusivities, which also reduce thermal diffusion flux from Soret
effect. In SFO flames, surprisingly, the model with diffusion coefficients deriving from gas
kinetic theory, which has higher diffusivities, provides better agreement with the measure-
ments. The higher diffusivities increase thermal diffusion from Soret effect, which pushes
particles closer to the fuel nozzle and lowers soot formation.

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/oxida-
tion (SFO) flames at different oxygen content have been analyzed. All numerical simula-
tions are performed using one-dimensional simulations considering radiative heat losses.

The inclusion of radiative heat losses lowers the maximum temperature by 20–60 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 SFO flames, the difference of maximum soot volume fraction
between the experiment and model is approximately a factor of two. 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 under-predicts the soot volume fraction by a factor of
two. The model can successfully reproduce the distinct particle stagnation with only
~ 0.4 mm shifted toward oxidizer nozzle. These discrepancies show that the convection
and diffusion of particles away from the flame is insufficient. This result is associated with
the thermophoresis diffusion velocity of particles which enhances their movement toward
the particle stagnation plane. This suggests that transport properties and particularly
thermophoresis of soot particles may require further attention.

The effect of soot oxidation is also investigated. The model shows that neglecting
oxidation, the total soot volume fraction increases significantly in SFO flames by ~ 50%.

Figure 7. 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 accounting particle
diffusivity from gas kinetic theory. Solid lines: model accounting particle diffusivity from Stoke-
Cunningham correlation.

8 W. PEJPICHESTAKUL ET AL.



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.

Thermal and mass diffusions of soot particles are analyzed. Thermophoretic effect plays
an important role particularly in SFO flames, which have high temperature gradients. In
SFO flames, thermophoretic force drives soot particles toward the fuel nozzle, which
increases soot formation as it competes with the convection/diffusion away from the gas
stagnation plane. On the contrary, soot volume fraction profiles slightly decrease in SF
flames because of the push of thermophoretic flux on soot particles toward the gas
stagnation plane. The effect of mass diffusion plays a significant role in controlling the
particle stagnation plane in SF flames. The mutual diffusion coefficient calculated from
two different approaches (gas kinetic theory and Stokes–Cunningham correlation) are
compared. The distinct particle stagnation of SF flames can be reproduced with lower
particle diffusivities from the Stokes–Cunningham equation approach.
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