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A methodology is presented which allows to predict soot levels produced in simple,
one-dimensional laminar flames. The method is applied to the calculation of a set of
well documented ethylene/air counterflow diffusion flames, using a detailed chemical
mechanism (Davis et al., 1999 [1]) and a semi-empirical, two-equation soot model from
Leung and Lindstedt (1991) [2]. Modifications of the original soot model are made in order
to retrieve the experimental measurements of Hwang and Chung (2001) [3]. To account for
radiative heat losses, a second series of fully coupled gas/soot/radiation simulations of the
counterflow flames is performed. This allows to assess the effect of soot and gas radiation
on soot formation and on the flame structure.

© 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

r é s u m é

Une méthodologie est proposée pour le calcul des niveaux de suies produits dans des
flammes laminaires monodimensionnelles. Cette méthode est appliquée à une série de
flammes de diffusion à contre-courant éthylène/air, largement référencées et documentées
dans la littérature, et calculées avec un mécanisme chimique détaillé (Davis et al., 1999 [1])
et le modèle semi-empirique à deux équations de Leung et Lindstedt (1991) [2]. Le modèle
de suie a été corrigé afin d’obtenir un meilleur accord avec les mesures expérimentales de
Hwang et Chung (2001) [3]. Afin de prendre en compte les pertes thermiques radiatives,
une deuxième série de simulations couplées gaz/suies/rayonnement de ces flammes à
contre-courant a été réalisée. Cette démarche permet d’évaluer l’effet du rayonnement des
suies et de la phase gazeuse sur la formation des suies et sur la structure de flamme.

© 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Prediction of soot emission by flames remains a difficult challenge for combustion simulations and, in most cases, is
simply neglected. However, there are numerous reasons to account for soot formation in flames [4,5]. Soot present in the

* Corresponding author.
E-mail addresses: hernand@cerfacs.fr (I. Hernández), lecocq@cerfacs.fr (G. Lecocq), poitou@cerfacs.fr (D. Poitou), riber@cerfacs.fr (E. Riber),

cuenot@cerfacs.fr (B. Cuenot).
1631-0721/$ – see front matter © 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
http://dx.doi.org/10.1016/j.crme.2012.11.005

http://dx.doi.org/10.1016/j.crme.2012.11.005
http://www.ScienceDirect.com/
http://www.sciencedirect.com
mailto:hernand@cerfacs.fr
mailto:lecocq@cerfacs.fr
mailto:poitou@cerfacs.fr
mailto:riber@cerfacs.fr
mailto:cuenot@cerfacs.fr
http://dx.doi.org/10.1016/j.crme.2012.11.005


I. Hernández et al. / C. R. Mecanique 341 (2013) 238–246 239
exhaust gases of commercial aircrafts engines may change the physico–chemistry of the atmosphere: they are suspected
to trigger the nucleation of cirrus clouds [6], which in turn changes the climate in high air traffic zones as a result of a
radiative balance. The exhaust gases released at ground level from vehicles (mainly Diesel engines) contain soot particles,
which are hazardous for human health [7]. Soot also plays a major role in industrial furnaces or boilers, where the purpose
is to maximize the heat exchange through radiation to a load. In this sense, soot particles are desirable within the furnace,
but unwanted at the outlet [8]. This poses technical challenges to designers, which can only be overcome with accurate
predictions of soot formation in combustion systems.

Soot production is a very complicated phenomenon involving many chemical reactions and physical mechanisms which
are still not fully understood [9,10]. It is widely accepted [11] that acetylene acts as a precursor for soot formation. How-
ever, many intermediate steps are also important for soot formation. Polycyclic aromatic hydrocarbons (PAH) are formed
from C2H2 and a simple cycle C6H6. They combine together or with C2H2 to form larger PAH and, finally, an incipient
soot particle. These particles may grow bigger by the addition of other hydrocarbons or by coalescence to form larger
soot particles, they can also be destroyed by oxidation reactions [10]. Furthermore, soot chemistry is highly dependent on
temperature. Hence, soot-driven radiative losses must be accounted for if accurate predictions are sought.

There are many soot formation and oxidation models available in the literature and, according to Kennedy [9], they can
be classified in order of growing complexity as empirical, semi-empirical and detailed models. Semi-empirical models [12–
15,2] are conceived to predict soot levels for a particular parent fuel and type of flame, according to which their numerical
parameters are tuned. Although they include some physics, their predictive performance is limited to the flame they are
adjusted to reproduce. They remain however the best choice when quick estimations of soot levels are sought.

The objective of the present work is to evaluate the behaviour of a soot model on academic configurations and to
establish a methodology for a systematic testing of different soot models and chemical mechanisms. A semi-empirical soot
model with only two transport equations has been selected in view of its future implementation in a 3D solver for its
application in industrial configurations. The configuration studied corresponds to a series of counterflow diffusion flames
formed between opposed round jets of ethylene and air experimentally characterized by Hwang and Chung [3].

2. Methodology

2.1. Governing equations

The mass, momentum, energy and chemical species conservation equations corresponding to the two-dimensional, ax-
isymmetric problem of two opposed jets are solved. The problem is transformed into a one-dimensional problem by solving
the equations along the streamline passing through the stagnation point and the resulting equations are presented in [16].

2.2. Soot model

The semi-empirical model proposed by Leung et al. [2] has been chosen, as it provides good estimations of the soot levels
at a low computational cost [17–19], then allowing a further use in complex geometries [20]. This soot model considers
two transported variables, the soot mass fraction Ys and the soot particle number density n (number of soot particles per
kg of gas mixture), and C2H2 is taken as the soot precursor. Their conservation equations are:
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where ρ is the density, ui is the velocity in the i direction and N A = 6.022 × 1026 [particles/kmol] is Avogadro’s number.
The terms on the right-hand side of the equations correspond to the thermophoretic transport and the source terms. Ther-
mophoresis is the physical phenomenon whereby soot particles in presence of a temperature gradient are driven towards
lower temperature zones. The contribution of this phenomenon to the net transport velocity is accounted for through the
inclusion of the thermophoretic velocity Vt,i , calculated as in Eq. (3).

Vt,i = −0.54
μ

ρ
· 1

T
· ∂T
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The expressions for the soot source terms are shown in Eqs. (4) and (5).

• Soot mass fraction source term ω̇′′
s :

ω̇′′
s = Ms

[
k1(T )[C2H2]︸ ︷︷ ︸

nucleation

+ k2(T ) f (S)[C2H2]︸ ︷︷ ︸
surface growth

− k3(T )S[O2]︸ ︷︷ ︸
oxidation
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]
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Table 1
Leung’s soot model constants. Units of the parameters are in SI.

A1 A2 A3 n1 n2 n3 T1 [K] T2 [K] T3 [K]
0.1 × 105 0.6 × 104 0.1 × 105 0 0 0.5 21 100 12 100 19 680

• Soot particle number density source term ω̇′′
n :

ω̇′′
n = 1
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2
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where Cmin = 100 is the number of carbon atoms in a nascent soot particle, Ca = 9.0 is an agglomeration rate constant,
κ = 1.38 × 10−23 [J/K] is the Boltzmann constant, ρs = 2000 [kg/m3] is the soot density, Ms = 12.011 [kg/kmol] is the
soot molar mass, S is the soot surface area per unit volume and Cs = ρYs/Ms is the soot concentration. The reaction rates
ki(T ) are of the form ki(T ) = Ai T ni e−Ti/T [s−1] and the constants Ai , ni and Ti are shown in Table 1. The function f (S)

expresses the dependence of the surface growth term on soot surface area, here f (S) = √
S , as proposed in [2]. Notice

that the surface growth term is not linearly dependent on S but on
√

S . This functional dependence implicitly models the
decrease in reactivity of soot particles through the flame, phenomenon usually referred to as soot particle aging [21].

The source terms describe the physico–chemistry of soot, where four stages are identified:

(i) Nucleation: inception of a new soot particle from its precursors (acetylene here).
(ii) Surface growth: increase in mass of soot particles due to the addition of carbon by chemical reactions occurring on the

particles surface.
(iii) Coagulation: binding of two soot particles to form a bigger one.
(iv) Oxidation: consumption of soot mass by oxidizing species on the soot particle surface.

2.3. Numerical tools and solution procedure

To address soot modeling, three codes are sequentially used in this work:

• First, the open source software CANTERA [22] is used to compute one-dimensional premixed and diffusion flames,
allowing to obtain temperature, velocity and chemical species profiles. To model the gas-phase chemistry, the UDEL
mechanism [1] is used, which considers 911 reactions and 70 species. It is able to predict sufficiently well the soot
precursors level (acetylene in this case) at a reasonable computational cost.

• Second, a numerical code, CAN2SOOT, solves the transport equations for the soot variables in one-dimensional premixed
and counterflow diffusion flames on non-uniform meshes [23]. A first order finite differences spatial discretization
is used. Temperature and species profiles of the flames are the ones given by CANTERA. The steady-state solution is
obtained integrating the equivalent pseudo-transient problem with a first order (Euler’s method) temporal scheme until
convergence is reached.

• Finally in the cases where radiation is considered, the discrete ordinates method (DOM) code PRISSMA [24–26] is used.
PRISSMA tackles the problem of long distance thermal exchanges by solving the radiative transfer equation (RTE), where
both emission and absorption of radiation are taken into account. Radiation absorption within the medium is par-
ticularly important in the presence of soot, due to its strong radiative absorption. Only H2O, CO2, CO and soot are
considered as radiative species and the detailed spectral model SNBcK [27] is used. An expression for the spectral
absorption coefficient of soot is taken from Liu et al. [18].

CANTERA is used to compute the flame structure (only gas phase, no radiation). Then, soot profiles corresponding to each
flame are calculated using CAN2SOOT. Soot is computed without taking into account the consumption of soot precursors
within the flame.

When radiation is included in the computations, the three numerical tools CANTERA, CAN2SOOT and PRISSMA are used se-
quentially as shown in Fig. 1 to compute the flame structure, the soot volume fraction profiles and the radiative source term
respectively. A 3D solution, compatible with the radiative solver, is created by extruding the 1D solution from CAN2SOOT
along the two directions perpendicular to the x axis. Appropriate boundary conditions are used for the calculation of ra-
diation: perfectly absorbing boundary conditions at T = 300 K are imposed at the fuel and oxidizer inlet planes whereas
pseudo-periodic (reflecting) boundary conditions are set on the four planes corresponding to the burnt gas outflow, as
sketched in Fig. 2.

PRISSMA calculates the radiative source term (Sr ) which expresses the net volumetric energy gain due to the balance
between the emitted and the absorbed radiation per unit of time. The calculated radiative source term along the central
axis is then fed back to CANTERA, which plugs it in the energy equation to account for the volumetric power gain/loss. This
sequence is repeated until convergence of the solution is attained, in this case when the relative change in soot volume



I. Hernández et al. / C. R. Mecanique 341 (2013) 238–246 241
Fig. 1. Flow chart of the solution procedure.

Fig. 2. Sketch of the 3D computational domain and the boundary conditions used for the computation of radiation with PRISSMA, where ε refers to the
emission coefficient at the boundaries.

fraction peak is lower than 10−5, as proposed by Liu et al. [18]. This procedure leads to a fully gas phase/soot/radiation
coupled solution.

3. Results

Simulations are performed in two ways: without radiation (Section 3.1) with radiation effects (Section 3.2).

3.1. Non-radiative cases

3.1.1. Preliminary results
Several ethylene/oxygen/nitrogen counterflow diffusion flames with varying oxygen content in the oxidizer stream have

been computed in CANTERA using the UDEL mechanism. This set of flames was reported by Hwang and Chung [3], where
profiles of soot volume fraction were measured. They are referred to as SF (soot formation) flames since the effect of soot
oxidation is small for this particular set of flames. The number following the SF notation indicates the oxygen volume
content in the oxidizer stream.

Fig. 3 shows the calculated temperature T and the acetylene mole fraction XC2H2 corresponding to the SF flames. As the
oxygen content in the oxidizer stream increases, the peak values of T and XC2H2 also increase.

Fig. 4 compares the computed soot volume fraction profiles ( f v = ρYs/ρs) in the three SF flames using the original
Leung et al. model (hereafter referred to as LM1) in CAN2SOOT with the measurements of Hwang and Chung [3] and those
of Vandsburger et al. [28]. Note that the experiments by Vandsburger et al. slightly differ from those of Hwang and Chung
in the stretch rate, which does not alter the comparisons [18].

The agreement between measurements and computation is reasonable. The profile shapes are correctly predicted, al-
though the computed soot peak values are underpredicted by a factor of two with respect to the experiments in the
SF_0.24 and SF_0.28 flames. This result is ascribed to the fact that the chemical mechanism used throughout this work is
not the same as the one used by Leung et al. As the model constants depend on the chemical mechanism they must be
adjusted to retrieve the experimental values.

Oxidation by OH is important [29] and its inclusion in the model is deemed necessary [12,30]. An additional oxidation
term by OH as proposed by Liu et al. [17] is included in the original model (the original Leung et al. model with the addi-
tional OH oxidation term is referred to here as LM2 model). Soot profiles are again calculated in the SF flame configuration,
the results are shown in Fig. 5. Predicted peak values of soot volume fraction decrease about 10% for the SF_0.28 flame with
respect to the computation with oxidation only due to O2. This difference would be more important if the predicted soot
levels were higher. The effect of the OH oxidation is lower for flames with lower oxygen index, as less soot is produced.
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Fig. 3. Calculated profiles corresponding to the Hwang and Chung flames. (a) Temperature. (b) Acetylene mole fraction.

Fig. 4. Soot volume fraction profiles on the SF flames configuration. Comparison between two sets of measurements [28,3] measured and computed soot
volume fractions on the SF flames configuration using the LM1 model.

Fig. 5. Soot volume fraction profiles on the SF flames configuration. Comparison between experiments of Hwang and Chung [3], numerical results using the
original Leung et al. model and numerical results using the LM2 model.
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Fig. 6. Soot volume fraction profiles in the SF flames configuration. Comparison between the experiments and the LM3 model.

Fig. 7. Profiles of temperature difference �T (x) = T (x)rad − T (x)no_rad in the SF flames configuration using LM3 model.

3.1.2. Adjustment of the soot model
Calculations corresponding to the SF flames have been performed where, in order to retrieve the experimental soot

levels, a modification in the surface growth term pre-exponential constant is proposed. The constant has been adjusted so
as to retrieve the soot volume fraction peak value in the SF_0.28 flame including oxidation by both O2 and OH and it takes
a value of A2 = 1.04 × 104. This modified model is referred to as LM3 model. Results of the computations with the adjusted
constant value are shown in Fig. 6. The fitted value of A2 leads also to fairly good predictions of soot volume fraction in the
SF_0.24 flame. Nonetheless, soot is overpredicted in the SF_0.2 flame. This disagreement has been reported previously [18],
where it is suggested that the experimental values corresponding to the SF_0.2 flame should be taken with caution.

3.2. Soot/gas/radiation interaction

In this section, the iterative procedure proposed in Section 2.3 is used with the LM3 model.
Fig. 7 shows the profiles of temperature difference �T (x) = T (x)rad − T (x)no_rad for the three SF flames, where T (x)no_rad

is the temperature computed without accounting for radiation and T (x)rad is the temperature computed with radiation.
When gas and soot radiation contributions are included in the calculation, temperature drops of up to 20 K, 25 K and 120 K
in the SF_0.2, SF_0.24 and SF_0.28 flames respectively are observed. The flame peak temperature drops by about 1% of their
values. The impact of radiation in these flames is not very important due to the small volume of the domain. It is worth
noticing that a local temperature increase is observed in the SF_0.28 flame for the case with radiation with respect to the
computation without radiation. This local increase is due to a spatial shift of the flame towards increasing x when radiation
is included, leading to a positive temperature difference with respect to the flame without radiation.
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Fig. 8. Computed radiative source term in the SF flames configuration. Three curves are shown: soot was not computed, no feedback from radiation to
the flame (solid line); soot was included using LM3 model, no feedback from radiation to the flame (dashed line); soot was included using LM2 model,
feedback from radiation to the flame (dotted line).

Fig. 9. Profiles of soot volume fraction in the SF flames configuration with and without radiation using LM2 model.

The computed profiles of radiative source term Sr for the SF_0.28 flame are represented in Fig. 8 for three different cases.
The first one corresponds to a calculation where only radiation due to the gas phase is included. Note that the radiative
source term is calculated in a postprocessing stage, there is therefore no feedback of radiation to the flame. The single bump
corresponds to the net energy exchange (emission–absorption) between the hot gases and the cold surroundings (at 300
K). Positive values of Sr correspond to a power loss (net emission). The radiative source term is observed to be positive for
most of the domain, meaning that there is a net energy loss from the hot gases to the cold surroundings. Small regions
are observed near the jet inlets where the radiative source term takes negative values. However, the energy absortion in
those regions is small due to the absence of CO2 or H2O. A second calculation is shown, in which soot-driven radiation
is included without closing the loop from Fig. 1. This allows to compute the corresponding Sr profile, where no radiation
feedback on the flame is accounted for. In addition to the radiation due to the hot burnt gases, a second bump appears, due
to the presence of soot. The amplitude of the soot-driven radiation contribution (height of the second bump) is even higher
than the one due to the gas-phase, which reflects the importance of soot on the radiative balance. Neglecting the effect
of soot on the calculation of the amount of radiation emitted by these flames would lead to severe underpredictions (the
predicted radiative source term would be roughly half as that predicted when soot is accounted for). The third profile shows
the radiative source term corresponding to the coupled solution procedure. The soot-driven radiation bump is decreased.
The effect that radiation has on soot is to decrease the amount of soot produced, due to the temperature drop induced by
the radiative heat loss.

Fig. 9 shows the computed soot volume fraction profiles in the SF flames, with and without radiation. As mentioned
above, it is observed that when gas and soot radiative losses are introduced, a decrease in the soot volume fraction peak
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of ∼ 6% is observed for the three flames studied. Soot formation seems to be slightly affected by radiative losses. The
methodology proposed provides, however, a framework in which more complicated soot formation and chemistry models
can be tested. In particular, models based on PAH soot formation and growth might be a good alternative as the impact of
temperature on soot precursors, and therefore on soot formation, might be more important.

4. Conclusion

A methodology has been proposed to compute soot in one-dimensional flames where radiation is taken into account.
A set of ethylene/air counterflow diffusion flames has been calculated using a detailed chemical mechanism. Later on, soot
produced in these flames has been computed using a two-equations semi-empirical model with a one-dimensional code
developed for this purpose. Higher soot levels were found in the flames with higher levels of soot precursors (acetylene)
and higher peak temperature, the results being qualitatively in accordance with experimental results. The soot model was
then adjusted to retrieve the soot levels measured experimentally in one of the flames, and yielded quantitatively good
predictions for the rest of the flames. Finally, a radiation code was used to perform fully coupled simulations of the gas
phase, soot and radiation in the flames studied. Radiation emitted by soot was found to be very important with respect to
that due to the gas phase. It was observed that the effect of soot-driven radiative losses is to lower the peak temperature of
the flames and to lower the soot level itself because of the decrease in temperature. However, radiative losses induce small
temperature drops in the flames studied. The results obtained are in accordance with those from previous studies [18,19].

The methodology presents all the necessary blocks to allow for a systematic testing of different soot models and the
interaction with radiation. It is a tool susceptible of improvements due to its modularity and flexibility. The inclusion of
more sophisticated soot models taking into account the formation and growth of soot by PAH’s is proposed for future
studies. Also, the soot models tested might be implemented into 3D solvers for the prediction of soot in complex geometries
using reduced chemical mechanisms and a tabulated chemistry for the soot precursors and oxidizing species.
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