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Accounting for strain-rate effect in soot modeling
of turbulent flames
By B. Franzelli, A. Cuoci†, A. Stagni†, C. Saggese†, A. Frassoldati†,
T. Faravelli† A N D M. Ihme

1. Motivation and objectives
Reducing soot emission is an urgent challenge for industry due to the negative effects
on environment and on public health. In this context, substantial experimental and numerical efforts have been made over the last fifty years to understand, characterize, and
model the complex processes characterizing soot formation and oxidation (Smooke et al.
1999, 2005; Connelly et al. 2009; Desgroux et al. 2013).
In particular, Direct Numerical Simulations (DNS) of turbulent flames allow us to
investigate the dependence of soot production on the flow history and local turbulence
properties (Yoo & Im 2007; Lignell et al. 2007, 2008; Narayanan & Trouve 2009; Bisetti
et al. 2012; Attili et al. 2012, 2014a,b), experimentally observed in (Cetegen & Basu
2006; Köhler et al. 2012; Lee et al. 2009). DNS require a detailed description of all the
complex phenomena. However, in order to be computationally affordable for turbulent
flame simulations, simplified methods for both dynamics and chemical processes of soot
production have to be considered. The most recent and detailed three-dimensional DNS of
turbulent sooting flames (Attili et al. 2014a) used a reduced mechanism for the chemical
description of the gaseous phase, consisting of about 50 species up to naphtalene derived
from Blanquart et al. (2009). The solid phase is described using the Hybrid Method of
Moments (HMOM) (Mueller et al. 2009). However, such simplified descriptions should
be used with care when simulating turbulent flames since such reductions are usually
developed and validated in laminar configurations and do not include information to
simplify the description. Such simplifications may then affect the accuracy of turbulent
flame calculations, since soot production strongly depends on the history and the local
structure of the flame.
The objective of this work is to identify the impact of reduced descriptions when used
in DNS of turbulent flames. The performance of a reduced soot model based on the work
by Mueller & Pitsch (2011) is here compared against a detailed description, developed by
Politecnico of Milan. Under the flamelet assumption, a turbulent flame front can be seen
as a collection of one-dimensional laminar flames, which are stretched and wrinkled by
turbulence. Indeed, in a first approach, the role of turbulence on soot production may be
mimicked by looking to the strain effect on counterflow one-dimensional diffusion flames.
Based on this analysis, a modified reduced model is proposed. To introduce curvature
and transient effects, the flame/vortex interaction is commonly used to investigate the
complex interaction between flow field and flame (Renard et al. 2000). Among possible
configurations, the planar diffusion flame that was experimentally studied by Cetegen
and Basu (Cetegen & Basu 2006) is considered in this work. Results show that strain
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Figure 1: Schematic of the two descriptions for soot production considered in this work.
rate and curvature have a strong effect on the soot production, which has to be accounted
for by the reduced description.

2. Soot modeling
Two different descriptions of soot production due to ethylene/air combustion are considered here.
2.1. Detailed DG-DS model
As schematically represented in Figure 1(a), the detailed DG-DS model developed by
Politecnico of Milan accounts for 297 species and 16898 reactions. This kinetic model
is a result of a coupling between a Detailed Gas-phase (DG) kinetic mechanism (Ranzi
et al. 2012), that describes the high-temperature pyrolysis and oxidation of a wide range
of hydrocarbons, and a Detailed Soot (DS) kinetic model (Richter et al. 2005; Saggese
et al. 2013a).
The DG gas-phase model, that includes the formation of PAHs (Polycyclic Aromatic
Hydrocarbons) from the first aromatic ring (C6 H6 ) to pyrene (C16 H10 ), has been developed with a modular and hierarchical approach. This approach was refined and validated
for a wide range of experimental conditions (Granata et al. 2005; Saggese et al. 2013b).
The DS soot kinetic model is here developed using a discrete sectional approach. Large
PAHs and particles are discretized in 20 classes of pseudo-species with increasing molecular mass. Specifically, the mass is doubled from one class to another. Each class is
represented by a combination of lumped pseudo-species (or bins), each with an assigned
number of hydrogen and carbon atoms. PAHs heavier than 20 carbon atoms constitute
the first four classes of bins, each of which is composed of three subclasses with compositions describing the different C/H ratios. The first soot particles are clusters of 320 carbon
atoms as BIN5 and the largest BIN is the BIN20, with 107 carbon atoms and a mass of
about 1.21 108 amu. Similar to the treatment of large PAHs, each particle size class, i.e.,
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the bins , is composed of subclasses of different C/H ratios, allowing for a detailed consideration of dehydrogenation, particle aging, and methylation. Particle diameters have
been determined under the assumption of spherical form and a density of 1.8 g/cm3 .
Therefore, the soot model contains 100 bins , 50 molecules, and the corresponding 50
radicals.
The process of soot formation includes nucleation, surface growth (involving gas-surface
reactions and PAHs condensation) and particle-particle coagulation with kinetic parameters appropriate for these processes. Oxidation by O, OH, and HO2 radicals and molecular
O2 was considered, as well as H-abstraction, de-methylation, and dehydrogenation reactions. The reactions between gas-phase species and bins and between bins are generated
using an automatic mechanism generator, based on lumping rules. Since it has been recognized that the depletion of PAHs corresponds to the onset of soot formation, particle
nucleation or BIN5 formation is the result of all the reactions involving the largest PAH
(BIN4). Specifically, different types of interactions are considered: i) surface reactions by
means of gas-phase species, such as C2 H2 , small resonant radicals or small PAHs (from
benzene to pyrene), both molecules and radicals; ii) molecule-molecule reactions between
BIN4 and BIN1-BIN4 molecules.
The interaction between molecules is considered possible starting from pyrene until the
largest PAH, that is BIN4. Hence, the dimerization process BIN4+BIN4 is considered to
represent the nucleation process.
The detailed model has been validated for a range of sooting flame conditions (Richter
et al. 2005; Granata et al. 2005; Saggese et al. 2013a), and this mechanism is considered
here as the reference model.
2.2. Reduced RG-RS model
The reduced RG-RS model considered here is schematically represented in Figure 1(b).
This description, based on the work of Mueller & Pitsch (2011), combines a Reduced
Gas-phase (RG) kinetic scheme with a Reduced Solid-phase (RS) description via the
method of moments.
2.2.1. Reduced RG description for the gas phase
The gas phase is described by a skeletal mechanism made up of 53 species (up to
naphthalene) and 661 reactions. The mechanism is obtained from the comprehensive
model of the Politecnico of Milan for Primary Reference Fuels (PRF) and PAHs (version
1311) and consists of 175 species and 5754 reactions (Ranzi et al. 2012). The original
mechanism is reduced using the Reacting Flux Analysis approach (Stagni et al. 2014),
based on the analysis of production and consumption rate histories in isothermal plug
flow reactors. The operating conditions adopted are temperature T ∈ [1100, 1800] K,
atmospheric pressure, and equivalence ratio φ ∈ [0.5, 2.0].
The reduction procedure is error-controlled, where the ignition delay is the target
property
|τRG,i − τDG,i |
i =
i ∈ {T, P, φ}.
(2.1)
τDG,i
Figure 2 shows the error map on the whole investigated field. The maximum error  is
13%, while the average is 4.3%.
The related paths for the formation of PAH are added to the core mechanism through
a guided Rate of Production Analysis (RoPA) in the same reactor, by considering naphthalene as the only precursor for the formation of soot. The mechanism is also validated
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Figure 2: Percentage error map obtained with the reduction procedure.
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Figure 3: Flame speed for a laminar ethylene/air premixed flame at atmospheric pressure obtained from the DG reduced scheme (dashed line), the reference DG mechanism
(continuous line) and experiments (circles by Kumar et al. (2008), stars by Egolfopoulos
et al. (1991), and triangles by Hirasawa et al. (2002).
through three further comparisons: i) evaluation of laminar ethylene/air flame speed at
atmospheric pressure, and four different inlet temperatures: T = {298, 360, 400, 470} K,
whose related experimental conditions were studied (Kumar et al. 2008; Egolfopoulos
et al. 1991; Hirasawa et al. 2002). Results for T = 298 and T = 470 K are presented
in Figure 3; ii) speciation in adiabatic PFRs, at atmospheric pressure, inlet temperature
T = 1600 K, and equivalence ratio φ = 1.5 − 2.5; iii) speciation in a premixed flame, following the experimental configuration studied by Zhao et al. (2003), with an equivalence
ratio of φ = 2.07 and by replacing argon with nitrogen.
The sole consideration of naphthalene as soot precursor has several implications for the
RG description. Specifically, if it allows limiting the size of the kinetic mechanism, it must
be considered as a fictive species that is representative of all soot precursors. In other
words, its numerical mass fraction is not the value of the real C10 H8 species. Nevertheless,
its higher concentration shifts the thermodynamic equilibrium towards lighter compounds
(e.g., benzene), thus making its final value lower than the overall mass fraction of soot
precursors, as obtained with the detailed DG mechanism. Indeed, as shown in Figures 4
and 5, the C10 H8 mass fraction obtained with the reduced RG mechanism is higher
than the results of the detailed DG mechanism. However, due to equilibrium constraints,
it does not take completely into account the whole mass fraction of soot precursors of
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the detailed DG mechanism, also represented in Figure 5. Note that this comparison
emphasizes the differences between the DG and the RG mechanism. In fact, both C10 H8
and the other PAHs tend to accumulate in the system in these conditions, since we are
neglecting the role of successive reactions, which would consume small PAHs and form
larger PAHs and eventually soot. Therefore, a large amount of C2 H2 is also observed at
high residence times for the reduced RG mechanism.
2.2.2. Coupling the RG model to the RS description for the solid phase
Following the methodology of Blanquart et al. (2009), the reduced RG chemistry is then
coupled with the solid phase through the dimerization of two molecules of naphtalene:
ω̇dimer = γPAH βdimer [PAH]2 ,

(2.2)

−3

where γPAH = 2.0 10 is the sticking factor and βdimer is the collision rate between two
precursors (Blanquart et al. 2009). Therefore, the transport equation for the precursor
mass fraction is given by


∂ρYPAH
∂uj ρYPAH
∂
∂YPAH
+
=
ρDPAH
+ ω̇PAH − 2WPAH ω̇dimer ,
(2.3)
∂t
∂xj
∂xj
∂xj
where DPAH is the precursor molecular diffusion coefficient and ω̇PAH is the precursor
reaction rate in kg m−3 s−1 ).
Dimers are assumed to be in a steady-state, i.e., the production of dimers is balanced
by the nucleation and condensation of soot particles. Therefore, their concentration is
derived by solving
βN [dimer]2 + βC [dimer] = ω̇dimer ,
(2.4)
where βN is the collision rate between two dimers and βC is the condensation factor.
Once the dimer concentration is known, soot is described by the HMOM formulation
using the method of moments developed by Mueller & Pitsch (2011), where only four
moments Mx,y are considered
Mx,y =

∞
X

Vix Siy Ni ,

(2.5)

i=0

where Ni is the number density of particles of volume Vi and surface area Si . The
transport equation for the moments is




∂Mx,y
∂uj Mx,y
∂
ν ∂T
∂
ν ∂Mx,y
+
−C
Mx,y −
= Ṁx,y ,
(2.6)
∂t
∂xj
∂xj T ∂xj
∂xj Scsoot ∂xj
where ν is the kinematic viscosity, T is the temperature, and C = 0.55. A diffusive term,
depending on the Schmidt number (Scsoot = 100), has been added to the formulation of
Mueller & Pitsch (2011) in analogy with the description of the reference DS soot model.
Indeed, the reduced RG-RS model considered here is composed of 53 gaseous species
and four moments for the soot, allowing a drastic reduction of the computational cost
compared to the detailed DG-DS mechanism.
The performance of the reduced RG-RS model is here compared to the results obtained
with the detailed DG-DS model on the experimental counterflow diffusion ethylene/air
flames studied by Hwang & Chung (2001). Both oxidizer and fuel injections, separated by
1.42 cm, are characterized by the same velocity (v ox = v f = 19.25 cm/s) and temperature
ox
ox
(T ox = T f = 300 K). The molar oxidizer composition is XO
= 0.20 and XN
= 0.80.
2
2
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Figure 4: Species mass fraction for a plug flow reactor for φ = 2.5, T = 1600 K, P = 1
atm. Results from the reduced RG scheme (dashed line) are compared to the reference
DG mechanism (continuous line).

Figure 5: Species profiles for a premixed ethylene/air flame at φ = 2.07, T = 300K
K, p = 1 atm. Results from the reduced RG scheme (dashed line) are compared to the
reference DG mechanism (continuous line). The sum of the mass fractions for all species
heavier than naphthalene obtained with the reference DG scheme is also added to the
C10 H8 figure (dotted line).
Results for the soot volume fraction fv obtained with the RG-RS and the reference DGDS models are compared to the experimental results in Figure 6. It can be seen that
the experimental data are well captured by both models in terms of localization and
maximum value of soot volume fraction.
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Figure 6: Soot volume fraction for the laminar ethylene/air diffusion flame studied
by Hwang & Chung (2001). Results from the reduced RG-RS model (dashed line) are
compared to the detailed DG-DS description (continuous line) and the experimental
results (symbols, Liu et al. 2004).

40

C2H2

20
1

H
0

0
4

6

8

-3

10x10

x [m]

(b) Injection velocity v = 60 cm/s.

Figure 7: Flame structure for a laminar ethylene/air diffusion flame at atmospheric
pressure and initial temperature T = 300 K. Results from the RG scheme (dashed line)
are compared to the reference DG mechanism (continuous line).

3. Effect of strain rate on soot production
Studying the effect of strain rate on laminar counterflow diffusion flames allows a
preliminary understanding of the effect of turbulence on the combustion and, consequently, on soot. A counterflow diffusion ethylene/air flame is here studied for three
different injection velocities (v = {20, 40, 60} cm/s), corresponding to a global strain
rate a = {28, 56, 84} s−1 (the injector distance is kept equal to 1.42 cm). The gaseous
composition at the oxidizer side is YOox2 = 0.233 and YNox2 = 0.767. Results for the flame
structure obtained by the DG and RG methods, i.e., without soot description, are compared in Figures 7(a) and 7(b) for v = 20 cm/s and v = 60 cm/s, respectively. Note
that the flame structure is only slightly modified by the strain rate variation: the flame
occupies a smaller region for higher strain rate values, but the maximum value of major
species and radicals are only marginally affected. The RG scheme correctly reproduces the
flame response to strain rate, and it is in very good agreement with the DG mechanism.
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Figure 8: PAH mass fraction for a laminar ethylene/air diffusion flame at atmospheric
pressure, initial temperature T = 300 K, and three global strain rates (a = 28, 56, 84
s−1 ). Results without soot formation: reduced RG description (dashed line) is compared
to the reference DG mechanism (continuous line).
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Figure 9: PAH mass fraction for a laminar ethylene/air diffusion flame at atmospheric
pressure, initial temperature T = 300 K, and three global strain rates (a = 28, 56, 84
s−1 ). Results with soot formation: reduced RG-RS description (dashed line) is compared
to the reference DG-DS mechanism (continuous line).
The precursor mass fraction is represented for the three strain rates of interest in Figure 8(a) In order to obtain a consistent comparison between the reference DG and the
reduced RG description, the soot precursors of the DG scheme are obtained by summing
up all species from C10 H8 to BIN3 and are compared to the mass fraction of naphtalene
obtained with the RG scheme. In analogy with the results of the previous section, the
RG mechanism underestimates the PAH mass fraction at v = 20 cm/s. To highlight the
strain rate effect, the precursor profiles are in the following normalized by the maximum
max,DG
max,RG
value obtained for v = 20 cm/s: YPAH
= 1.23 10−3 and YPAH
= 0.933 10−3 . Results are presented in Figure 8(b). It can be observed that the effect of strain rate is
relevant for the PAH concentration and that the reduced scheme correctly reproduces
this behavior.

Strain rate effect in soot modeling
3.5x10

15x10

]-[ vf noitcarf emulov tooS

]-[ noitcarf ssam remiD

10

5

a

3.0

2.5

a

2.0

1.5

1.0

0.5

0.0

0
4.5

227

-6

-6

5.0

5.5

6.0

6.5

7.0

x [m]

(a) Dimer mass fraction.

7.5

-3

8.0x10

4.5

5.0

5.5

6.0

6.5

7.0

7.5

-3

8.0x10

x [m]

(b) Soot volume fraction.

Figure 10: Laminar ethylene/air diffusion flame at atmospheric pressure, initial temperature T = 300 K, and three global strain rates (a = {28, 56, 84} s−1 ). Results from the
reduced RG-RS description (dashed line) are compared to the reference DG-DS mechanism (continuous line).
When soot formation is accounted for, the flame structure is only slightly modified
(not shown). Results for precursors are presented in Figure 9. For v = 20 m/s, the soot
production reduces the PAH peak of only 10% for the detailed DG-DS model, whereas
the PAH peak decreases of more than 50% with the reduced RG-RS model. Moreover,
the effect of strain rate on the precursor mass fraction is not correctly reproduced by the
reduced RG-RS mechanism. From the reference DG-DS description, the maximum PAH
mass fraction is expected to decrease by about 40% when the strain rate is incresead
by a factor of three. This behavior is not correctly reproduced by the reduced RG-RS
description, which seems to be almost insensitive to the strain rate.
The mass fraction of dimer (represented by the BIN4 in the detailed DG-DS model)
is also reproduced in Figure 10(a). Once again, it can be seen that the reduced RG-RS
model is not sensitive to the strain rate in terms of dimerization as the detailed DG-DS
scheme indicates. This discrepancy may affect the soot description.
The soot volume fraction obtained using the reference DG-DS and the reduced RGRS models are represented in Figure 10(b). The reference DG-DS model shows a strong
response to strain rate with a maximum value decreasing by more than one order of
magnitude when the strain rate is increased by a factor of three. This behavior is in
agreement with the experimental and numerical results discussed by Cuoci et al. (2009)
and presented in Figure 11.
In contrast, the reduced RG-RS model is less sensitive to strain rate since the maximum
value is reduced by only 60% for the highest strain rate considered. Indeed, the reduced
model is expected to mispredict the effect of turbulence on the soot formation when
used in DNS of a turbulent flame. In the following section, a modification of the reduced
model is proposed to describe the response to strain rate variations. The impact of these
discrepancies will be evaluated on the vortex-flame-soot interaction in Section 4.
3.1. Accounting for strain rate effects in the simplified description
One of the main effects of increasing the strain rate is a decrease in the residence time
τc ∼ a−1 and, consequently, in the Damköhler number Dachem = τc /τchem , where τchem
is the characteristic chemical time. As discussed in the previous section, this variation
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Figure 11: Peak soot volume fraction versus the global strain rate. The lines refer to the
numerical results obtained with the detailed DG-DS description by Cuoci et al. (2009),
while the symbols are the experimental measurements by Decroix & Roberts (2000).

on the strain rate does not have a strong effect on the flame structure, meaning that the
chemical time τchem associated to fuel oxidation is small enough to be almost insensitive
to strain rate, i.e., Dachem >> 1. The reduced RG-RS scheme is able to reproduce the
effect of the strain rate on the flame structure and on the precursors when soot formation
is not accounted for, showing that the characteristic chemical time of the gas phase is
correctly captured. By contrast, precursors and soot formation predicted by the referece DG-DS description present longer characteristic times (Fox 2003; Cuoci et al. 2008),
τPAH >> τchem and τsoot >> τchem , respectively. Indeed, precursors and soot concentration depend on the residence time, proving that DaPAH ≈ 1 and Dasoot ≈ 1.
In the previous section, it has been shown that when using the reduced RG-RS scheme,
PAH, dimer, and soot are almost insensitive to strain rate. This may be due to an underestimation of the characteristic time scales of the soot phase. To assess the sensitivity of
∗
the RS model, the dimer time scales are increased by a factor of 5 (i.e., βdimer
= βdimer /5,
∗
∗
βN = βN /5 and βC = βC /5). To obtain a maximum value of the soot volume fraction for
the case v = 20 cm/s similar to the original version, the sticking factor has been divided
∗
by a factor of 4 (γPAH
= γPAH /4).
The results for precursors using the modified RG-RS∗ model are presented in Figure 12.
The effect of strain rate is now correctly reproduced. Moreover, an effect on the dimer
mass fraction is also seen, even if it is still underestimated (cf. Figure 12(c)). In addition,
the RG-RS∗ description is able to reproduce the effect of the strain rate on the soot
volume fraction, even if such modifications slightly change the profiles of soot, shown
in Figure 12(d). The relevance of correctly reproducing the strain rate effect can then
be assessed by comparing results from the RG-RS model with the RG-RS∗ version in
applications to academic flame configurations.

4. Toward turbulent flames: flame-soot-turbulence interaction
To understand the relevance of reproducing correctly the strain rate effect on soot
production in the perspective of DNS of turbulent sooting flames, a planar diffusion
ethylene/air flame that is wrapped by a line vortex is considered here. This configuration
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Figure 12: Laminar ethylene/air diffusion flame at atmospheric pressure, initial temperature T = 300 K, and three global strain rates (a = {28, 56, 84} s−1 ). Results from
the RG-RS∗ description (dotted line) are compared to the reference DG-DS mechanism
(continuous line).
is based on the experimental study by Cetegen & Basu (2006), who investigated the
effect of vortex strength and the side injection of the vortex on soot concentration.
4.1. Numerical setup
The numerical configuration is presented in Figure 13. A 2D channel of size L × 2L + Lw
is discretized using 100 × 230 points, where L = 0.04 m. Two injections, pure ethylene
and air, separeted by a plate of thickness dw = 1.2 mm and length Lw = 10dw , are
considered. A flat profile of velocity uc = 50 cm/s is injected at both streams, in which
temperature is T inj = 300 K. The flame is working at atmospheric pressure. Once the
flame has been established, the injection velocity on the fuel side is changed depending
on time
(
2 !)
 
t uc
inj
u (t) = uc 1 + A exp − ln
,
(4.1)
δ L
where δ = 0.1. This formulation has been estimated from the experimental data (Cetegen
2006; Basu et al. 2007) presented in Figure 13(b). The value of the constant A governs
the strength of the vortex that is created by the velocity perturbation.
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is wrapped by a line vortex. b) Injection velocity for three different values of the perturbation A. Profiles obtained using Eq. (4.1) are compared to the experimental data by
Basu et al. (2007) (symbols).

(a) Precursors mass fraction.

(b) Soot volume fraction.

Figure 14: Steady solution using the RG-RS (top) and the RG-RS∗ (bottom) descriptions.

4.2. Results and discussions
Two calculations have been performed with the 3DA code using the RG-RS and the
RG-RS∗ models. Results for the precursor mass fraction and the soot volume fraction
of the steady solution are presented in Figure 14. In analogy with the results on onedimensional counterflow diffusion flames, the PAH concentration is higher when using
the RG-RS∗ description, but soot volume fraction looks similar in both calculations.
A perturbation velocity with A = 2 is then introduced into the calculations, leading to
the formation of a vortex interacting with the soot production. Results for three different
times t = 0.014, 0.021, 0.028 s are presented in Figure 15. The soot distribution is mainly
governed by the vortex, and some discrepancies may be detected on the soot volume
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(a) Precursors mass fraction.

(b) Soot volume fraction.

Figure 15: Solution at three different times (t = 0.014, 0.021, 0.028 s) using the RG-RS
(top) and the RG-RS∗ (bottom) descriptions.
fraction between the two descriptions. In order to highlight them, the quantity
∗

∆fv =

fvRGRS − fvRGRS
fvRGRS

(4.2)

is presented in Figure 16. The differences, mainly localized in the outer zone of the
flames for the steady case, are accentuated by the vortex passage in the shear region. The
response of the two models to strain rate and curvature is clearly different, highlighting
the sensitivity of soot production to such unsteady effects and the need to validate
reduced descriptions on this kind of configuration.

5. Summary
The capability of a reduced description to reproduce the strain effect on soot production
was evaluated in this work. Results for one-dimensional laminar diffusion flames were
compared to a detailed description, showing that the reduced method is insufficiently
sensitive to strain rate variations. To correct this behavior, a modified description was
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Figure 16: ∆fv at four different times (t = 0.0, 0.014, 0.021, 0.028 s).
proposed by increasing the charactieristic time scale of soot production. The two reduced
descriptions were used to perform a DNS of a planar diffusion flame that is wrapped
by a line vortex. Discrepancies in terms of soot volume fraction have been detected
between the two simplified descriptions due to interactions with the vortex. The complex
interaction of turbulence, flame and soot production depends heavily on curvature, strain
rate, and unsteadiness factors as well as on local flow quantities. Further investigations
and analyses are therefore required to clearly identify the contributions of these effects
on soot production.
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Köhler, M., Geigle, K.-P., Blacha, T., Gerlinger, P. & Meier, W. 2012 Experimental characterization and numerical simulation of a sooting lifted turbulent
jet diffusion flame. Combust. Flame 159, 2620–2635.
Kumar, K., Mittal, G., Sung, C.-J. & Law, C. K. 2008 An experimental investigation of ethylene/O2/diluent mixtures: Laminar flame speeds with preheat and
ignition delays at high pressures. Combust. Flame 153, 343–354.
Lee, S.-Y., Turns, S. & Santoro, R. 2009 Measurements of soot, OH, and PAH
concentrations in turbulent ethylene/air jet flames. Combust. Flame 156, 2264–
2275.
Lignell, D. O., Chen, J. H. & Smith, P. J. 2008 Three-dimensional direct numerical
simulation of soot formation and transport in a temporally evolving nonpremixed
ethylene jet flame. Combust. Flame 155, 316–333.
Lignell, D. O., Chen, J. H., Smith, P. J., Lu, T. & Law, C. K. 2007 The effect

234

Franzelli et al.

of flame structure on soot formation and transport in turbulent nonpremixed flames
using direct numerical simulation. Combust. Flame 151, 2–28.
Liu, F., Guo, H., Smallwood, G. J. & Hafi, M. E. 2004 Effects of gas and soot radiation on soot formation in counterflow ethylene diffusion flames. J. Quant. Spectrosc.
Radiat. Transfer 84, 501–511.
Mueller, M., Blanquart, G. & Pitsch, H. 2009 Hybrid method of moments for
modeling soot formation and growth. Combust. Flame 156, 1143–1155.
Mueller, M. & Pitsch, H. 2011 Large eddy simulation subfilter modeling of sootturbulence interactions. Phys. Fluids 23, 409–418.
Narayanan, P. & Trouve, A. 2009 Radiation-driven flame weakening effects in sooting turbulent diffusion flames. Proc. Combust. Inst. 32, 1481–1489.
Ranzi, E., Frassoldati, A., Grana, R., Cuoci, A., Faravelli, T., Kelley, A.
& Law, C. 2012 Hierarchical and comparative kinetic modeling of laminar flame
speeds of hydrocarbon and oxygenated fuels. Prog. Energy Comb. Sci. 38, 468–501.
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