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Fig. 3 Visualization of an FPI look-up table computed with the Lindsdedt mechanism [61] . Progress vari-
able reaction rate tabulated in terms of normalized mixture fraction (Z) and progress variable (c). Z = 0 and
Z = 1 correspond to pure air and to a methane - air mixture with equivalence ratio equal to 2, respectively.
The normalized progress variable c is defined from Eq. 13 by making use of Yc = YCO + YCO2

Non-premixed flamelet tabulation
To model non-premixed combustion, Peters [28 ] compiled strained steady diffusion

flamelets in a thermochemical library. The flamelet equations are derived by assuming that
the flame structure is locally one-dimensional and depends only on time and on the coordi-
nate normal to the flame front [65 ]. The equations are generally expressed and solved in the
mixture fraction space, where the impact of strain rate on the flame structure is governed by
the scalar dissipation rate of the mixture fraction χZ = DZ |∇Z|2. For instance, under unity
Lewis number assumption, the species mass fractions are governed by:

ρ
∂Yk

∂t
= χZ

∂2Yk

∂Z2 +Wkω̇k (26)

where ω̇k and Wk are the chemical molar reaction rate and molar mass of the kth species,
respectively.

The scalar dissipation rate χZ , which depends on flow conditions, must be modeled. In
steady strained counter-flow, the scalar dissipation rate is expressed in terms of mixture
fraction and a, the strain rate, through the following analytical function [66]:

χZ = a

π
exp

(
−2[erf−1(2Z − 1)]2

)
= aF(Z) (27)
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Environmental impact of combustion

Directly linked to hydrocarbon consumption 
• related to the overall system efficiency 
•weakly sensible to the combustion chamber design

CO2

 Unburnt hydrocarbons (HC)
 Carbon monoxide (CO)
 Nitrogen oxides (NOx)
 Sulfur oxides (SOx)
 Particles…

Dangerous in small quantities (ppm to few hundred of ppm) 
• very sensible to the combustion chamber design

Combustion 
challenge 
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Temperature control is a key to control 
pollutant emissions

COSMIC   Défi « Energie propre sûre et efficace », 2014 

! 3!

models will be included in the deconvolution algorithm of step (2) and in the estimation of the LES chemical 
reaction rate at step (5). The FAR model will finally be implemented in a LES flow solver. 

!
Figure 3: numerical simulation of 1-D premixed filtered laminar flame with FAR and using a two steps 
chemistry. Overbar denotes LES filtering operator. 

In parallel to the theoretical developments, experiments will be conducted to provide reference data to 
validate the model in diluted combustion regimes. An existing experimental test-rig (Guiberti et al. 2013), 
representative of the main elements of practical combustors, will be adapted to stabilize swirling premixed 
methane/air flames diluted by mixtures representative of burnt gases compositions. Detailed 
characterizations of the unsteady flow-field, flame structure, and pollutant emissions will be conducted 
together with the determination of flow and thermal boundary conditions to be specified in LES calculations. 
Specific post-processing tools adapted to validation of LES simulations will be developed. Systematic 
characterization will be delivered in the form of a database. 
 
The turbulent flame configurations measured will be simulated with the FAR model. Results will be 
compared with tabulated chemistry simulations. The objective are to identify the performance of FAR model 
in terms of prediction of the temperature field, the flame stabilization but also the pollutant formation such as 
carbon monoxide (CO), nitrogen oxides (NOx) and unburnt hydrocarbons (CHx) 
 
To summarize the project will be organized in three workpackages: 

• WP1: Theoretical development of the Filtered ARhenius model (FAR) 
• WP2: Experimental characterization of diluted combustion.  
• WP3: Simulations of diltuted combustion and result analysis.  

2. Relevance and strategic characteristics of the project in regard with the orientations of the call 

Because their high calorific values per unit mass and 
volume, combustion of hydrocarbons is essential for a wide 
range of engineering applications such as power plants, 
industrial furnaces and transportations. As a consequence, 
combustion occurs today in approximately 90% of the 
worldwide primary energy consumption and despite the 
decrease of available fossil resources, this situation will 
remain mandatory for a long time. As pollutants emitted by 
combustion are a significant threat to the environment and 
the human health, there is an urgent need to improve the 
efficiency of combustion chambers. 
 
Pollutant minor species such as CO, NOx, CHx and soot, 
follow chemical pathways that are very sensitive to the 
local structure of flames. Modifying combustion chamber 
designs and operating conditions may control these 
pollutant emissions. However, as these minor chemical 
species are dangerous even in very small quantities, the 

Figure 4. Influence of flame temperature on 
CO and NOx emission (From Lefebvre and 
Ballal, 2010) 

From Lefebvre and Ballal, 2010 

High
NOX production

Unburnt 
hydrocarbons
CO production
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Order of magnitude of detailed 
chemical mechanisms sizes

Fuel/Oxidizer Number of 
species

Number of 
reactions

H2/Air 10 50

CH4/Air 100 500

Heavy hydrocarbons/
Air 

(Kerosene, gasoil, …)
1000 5000
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Balance equations for CFD with detailed 
chemistry
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Detailed kinetic
mechanism

Tabulation of 
chemical trajectories

Elimination of redundant
species and reactions

Chemical table[1,2,3,4] Skeletal mechanism[5]

Elimination of 
QSS species and
PEA reactions

Analytic mechanism[6,7]

Global mechanism[8,9,10]

Optimization of
reaction rate parameters

[1] N. Peters (1984)
[2] U. Maas & S. Pope (1992)
[3] O. Gicquel et al., (2000)
[4] J.A. Van Oijien et al., (2001)

[5] J. Luche (2003)
[6] T. Lu et al., (2007)
[7] T. Jaravel et al., (2016)

[8] C. Westbrook et al., (1981)
[9] W. P. Jones et al., (1988)
[10] B. Franzelli et al., (2010)
[11] M. Cailler et al., (2017)

Kinetic scheme reduction strategies for combustion 
modeling

B. Fiorina, D. Veynante and S. Candel. Modeling Combustion Chemistry in Large Eddy 
Simulation of Turbulent Flames. Flow Turb. and Combustion. Vol 94, Issue 1, pp3-42 (2015). 
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Virtual chemistry [11]
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Two main steps
Detailed mechanism 

Skeletal mechanism 

Analytically reduced 
mechanism 

remove redundant species and 
reactions

find analytical relations 
between species
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Skeletal mechanism 

Analytically reduced 
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reactions

find analytical relations 
between species



From detailed to skeletal mechanism

• Species can be classified into three classes 

• important species: essential to represent combustion processes


• necessary species: required for the prediction of important species


• redundant species: can be removed without affecting combustion phenomena


• Reactions are also classified as: 

• important reactions: essential to represent chemical pathway and kinetics rate


• necessary reactions: essential to represent chemical pathway 


• redundant reactions: can be removed without altering production of important 
and necessary species

!12

T. Turanyi. Reduction of large reaction mechanisms. New journal of chemistry. 1990
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Steady premixed flame configuration: 
flame speed targeted

• few sensitive reactions 
• quasi-independant of 
the fuel
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• more sensitive 
reactions than 
steady cases

Self - ignition case: 
OH concentration target

Redundant species and reactions will depend on the configuration targeted ! 
Wide range of operating conditions targeted —> less redundant species and reactions



Elimination of redundant species and reactions 
Direct Relation Graph method (DRG)

!15

T. Lu, C. Law, Proc. Combust. Inst. 30 (2005) 

P. Pepiot-Desjardins, H. Pitsch / Combustion and Flame 154 (2008) 67–81 69

the CSP method by Valorani et al. [24]. The proce-
dure is applied for each sample point and the resulting
sets are concatenated into one single global set. Both
methods require only a single evaluation of the solu-
tion using the detailed mechanism, and once the initial
graph has been constructed, the selection process is
fast for both approaches.

However, in both the selection procedures of DRG
and those of CSP, it is assumed that every species
selected to be kept in the mechanism is equally im-
portant and that the set of strongly coupled species
to which it belongs has to be kept entirely, which
may not be necessary. To apply a finer selection,
the directed relation graph with error propagation
(DRGEP) method is presented here, which postulates
that the influence of an error introduced by the change
of the concentration of a species, or by discarding the
species entirely, is damped as it propagates along the
graph to reach the targets. As pointed out by Lu and
Law [25], the geometric damping proposed in [26]
using the DRG coupling coefficients failed to iden-
tify long chemical paths involving fast processes and
quasi-steady state intermediate species. A new def-
inition of the coupling coefficient is described here
that addresses this issue. Also, the selection proce-
dure is designed to avoid any truncated chemical path
in the skeletal mechanism that would introduce mass
accumulation in intermediate species, thus creating
large discrepancies in the concentration of products.
Similar procedures are employed to reduce both the
number of species and the number of reactions. An
additional module allows the selection of suitable
quasi-steady state species, and an unambiguous error
measure is defined for unsteady simulations.

2. DRGEP methodology

The goal of the reduction procedure is to identify,
for any number of species in the skeletal mechanism,
Nskel, a group of species of size Nrm = Ndet − Nskel
that can be removed with minimal impact on the
targets. This is done here by defining appropriate im-
portance coefficients for each species based on the
production and consumption rates, which are evalu-
ated using results obtained from the detailed mech-
anism. The species with the Nrm lowest importance
coefficients are then removed from the mechanism
and a skeletal mechanism of size Nskel is created by
removing from the detailed mechanism any reaction
in which a removed species appears as reactant or
as product. In the remaining part of this section, the
definition of the importance coefficients will be de-
scribed.

2.1. Direct interaction coefficients

Direct interaction coefficients are defined as the
measure of the coupling between two species that are
directly related through an elementary reaction, that
is, two species that appear concurrently in the same
reaction. In the DRG method, the coupling coefficient
between two directly related species A and B is esti-
mated as:

(1)rDRG
AB ≡

∑
i=1,nR

|νi,Aωiδ
i
B |

∑
i=1,nR

|νi,Aωi |
,

where

ωi = ωf,i − ωb,i

(2)= kf,i

nE,i∏

j=1

[Sj ]ν
′
i,j − kb,i

nP,i∏

j=1

[Sj ]ν
′′
i,j .

Here, nR is the total number of reversible reactions
in the mechanism, and ωf,i , ωb,i , and ωi are the
forward, backward, and net reaction rates of the ith
reaction, respectively. ν′

i,j and ν′′
i,j are the stoichio-

metric coefficients of species j in reaction i on the
reactants and products sides, respectively, and νi,j =
ν′′
i,j − ν′

i,j is the net stoichiometric coefficient of
species j in reaction i. nE,i and nP,i are the numbers
of educts and products in reaction i, respectively. kf,i
and kb,i are the rate coefficients of the forward and
backward parts of the ith reaction. kb,i is either com-
puted from the equilibrium constant, which is given
by thermodynamic properties, or expressed explicitly
in Arrhenius form in the mechanism. δi

B is defined as

(3)δi
B =

{
1, if the ith reaction involves species B,

0, otherwise.

If A and B are directly related, then both rAB and
rBA exist, are nonzero, and generally are not equal.
Whenever a graph is displayed in the following, rAB ,
representing the influence of species B on species A,
will be represented schematically as a directed ar-
row from A to B . The definition given in Eq. (1)
is an estimate of the error made in the prediction of
species A if species B is neglected. Production and
consumption reactions are considered equally. How-
ever, removing a species that contributes exclusively
to the consumption of the target A will not have the
same effect as removing a species that contributes the
same amount to the production and to the consump-
tion of A. For the same value of the coefficient rDRG

AB ,
the first species will introduce a larger error in the net
production rate of A than the latter, which might in-
troduce virtually no error. The reason is that in the
latter case, a part of the error from removing the pro-
duction term is compensated for by also removing the
associated consumption term. This example stresses
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the CSP method by Valorani et al. [24]. The proce-
dure is applied for each sample point and the resulting
sets are concatenated into one single global set. Both
methods require only a single evaluation of the solu-
tion using the detailed mechanism, and once the initial
graph has been constructed, the selection process is
fast for both approaches.

However, in both the selection procedures of DRG
and those of CSP, it is assumed that every species
selected to be kept in the mechanism is equally im-
portant and that the set of strongly coupled species
to which it belongs has to be kept entirely, which
may not be necessary. To apply a finer selection,
the directed relation graph with error propagation
(DRGEP) method is presented here, which postulates
that the influence of an error introduced by the change
of the concentration of a species, or by discarding the
species entirely, is damped as it propagates along the
graph to reach the targets. As pointed out by Lu and
Law [25], the geometric damping proposed in [26]
using the DRG coupling coefficients failed to iden-
tify long chemical paths involving fast processes and
quasi-steady state intermediate species. A new def-
inition of the coupling coefficient is described here
that addresses this issue. Also, the selection proce-
dure is designed to avoid any truncated chemical path
in the skeletal mechanism that would introduce mass
accumulation in intermediate species, thus creating
large discrepancies in the concentration of products.
Similar procedures are employed to reduce both the
number of species and the number of reactions. An
additional module allows the selection of suitable
quasi-steady state species, and an unambiguous error
measure is defined for unsteady simulations.

2. DRGEP methodology

The goal of the reduction procedure is to identify,
for any number of species in the skeletal mechanism,
Nskel, a group of species of size Nrm = Ndet − Nskel
that can be removed with minimal impact on the
targets. This is done here by defining appropriate im-
portance coefficients for each species based on the
production and consumption rates, which are evalu-
ated using results obtained from the detailed mech-
anism. The species with the Nrm lowest importance
coefficients are then removed from the mechanism
and a skeletal mechanism of size Nskel is created by
removing from the detailed mechanism any reaction
in which a removed species appears as reactant or
as product. In the remaining part of this section, the
definition of the importance coefficients will be de-
scribed.

2.1. Direct interaction coefficients

Direct interaction coefficients are defined as the
measure of the coupling between two species that are
directly related through an elementary reaction, that
is, two species that appear concurrently in the same
reaction. In the DRG method, the coupling coefficient
between two directly related species A and B is esti-
mated as:

(1)rDRG
AB ≡

∑
i=1,nR

|νi,Aωiδ
i
B |

∑
i=1,nR

|νi,Aωi |
,

where

ωi = ωf,i − ωb,i

(2)= kf,i

nE,i∏

j=1

[Sj ]ν
′
i,j − kb,i

nP,i∏

j=1

[Sj ]ν
′′
i,j .

Here, nR is the total number of reversible reactions
in the mechanism, and ωf,i , ωb,i , and ωi are the
forward, backward, and net reaction rates of the ith
reaction, respectively. ν′

i,j and ν′′
i,j are the stoichio-

metric coefficients of species j in reaction i on the
reactants and products sides, respectively, and νi,j =
ν′′
i,j − ν′

i,j is the net stoichiometric coefficient of
species j in reaction i. nE,i and nP,i are the numbers
of educts and products in reaction i, respectively. kf,i
and kb,i are the rate coefficients of the forward and
backward parts of the ith reaction. kb,i is either com-
puted from the equilibrium constant, which is given
by thermodynamic properties, or expressed explicitly
in Arrhenius form in the mechanism. δi

B is defined as

(3)δi
B =

{
1, if the ith reaction involves species B,

0, otherwise.

If A and B are directly related, then both rAB and
rBA exist, are nonzero, and generally are not equal.
Whenever a graph is displayed in the following, rAB ,
representing the influence of species B on species A,
will be represented schematically as a directed ar-
row from A to B . The definition given in Eq. (1)
is an estimate of the error made in the prediction of
species A if species B is neglected. Production and
consumption reactions are considered equally. How-
ever, removing a species that contributes exclusively
to the consumption of the target A will not have the
same effect as removing a species that contributes the
same amount to the production and to the consump-
tion of A. For the same value of the coefficient rDRG

AB ,
the first species will introduce a larger error in the net
production rate of A than the latter, which might in-
troduce virtually no error. The reason is that in the
latter case, a part of the error from removing the pro-
duction term is compensated for by also removing the
associated consumption term. This example stresses

• measure if A and B are directly related 
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the CSP method by Valorani et al. [24]. The proce-
dure is applied for each sample point and the resulting
sets are concatenated into one single global set. Both
methods require only a single evaluation of the solu-
tion using the detailed mechanism, and once the initial
graph has been constructed, the selection process is
fast for both approaches.

However, in both the selection procedures of DRG
and those of CSP, it is assumed that every species
selected to be kept in the mechanism is equally im-
portant and that the set of strongly coupled species
to which it belongs has to be kept entirely, which
may not be necessary. To apply a finer selection,
the directed relation graph with error propagation
(DRGEP) method is presented here, which postulates
that the influence of an error introduced by the change
of the concentration of a species, or by discarding the
species entirely, is damped as it propagates along the
graph to reach the targets. As pointed out by Lu and
Law [25], the geometric damping proposed in [26]
using the DRG coupling coefficients failed to iden-
tify long chemical paths involving fast processes and
quasi-steady state intermediate species. A new def-
inition of the coupling coefficient is described here
that addresses this issue. Also, the selection proce-
dure is designed to avoid any truncated chemical path
in the skeletal mechanism that would introduce mass
accumulation in intermediate species, thus creating
large discrepancies in the concentration of products.
Similar procedures are employed to reduce both the
number of species and the number of reactions. An
additional module allows the selection of suitable
quasi-steady state species, and an unambiguous error
measure is defined for unsteady simulations.

2. DRGEP methodology

The goal of the reduction procedure is to identify,
for any number of species in the skeletal mechanism,
Nskel, a group of species of size Nrm = Ndet − Nskel
that can be removed with minimal impact on the
targets. This is done here by defining appropriate im-
portance coefficients for each species based on the
production and consumption rates, which are evalu-
ated using results obtained from the detailed mech-
anism. The species with the Nrm lowest importance
coefficients are then removed from the mechanism
and a skeletal mechanism of size Nskel is created by
removing from the detailed mechanism any reaction
in which a removed species appears as reactant or
as product. In the remaining part of this section, the
definition of the importance coefficients will be de-
scribed.

2.1. Direct interaction coefficients

Direct interaction coefficients are defined as the
measure of the coupling between two species that are
directly related through an elementary reaction, that
is, two species that appear concurrently in the same
reaction. In the DRG method, the coupling coefficient
between two directly related species A and B is esti-
mated as:

(1)rDRG
AB ≡

∑
i=1,nR

|νi,Aωiδ
i
B |

∑
i=1,nR

|νi,Aωi |
,

where

ωi = ωf,i − ωb,i

(2)= kf,i

nE,i∏

j=1

[Sj ]ν
′
i,j − kb,i

nP,i∏

j=1

[Sj ]ν
′′
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Here, nR is the total number of reversible reactions
in the mechanism, and ωf,i , ωb,i , and ωi are the
forward, backward, and net reaction rates of the ith
reaction, respectively. ν′

i,j and ν′′
i,j are the stoichio-

metric coefficients of species j in reaction i on the
reactants and products sides, respectively, and νi,j =
ν′′
i,j − ν′

i,j is the net stoichiometric coefficient of
species j in reaction i. nE,i and nP,i are the numbers
of educts and products in reaction i, respectively. kf,i
and kb,i are the rate coefficients of the forward and
backward parts of the ith reaction. kb,i is either com-
puted from the equilibrium constant, which is given
by thermodynamic properties, or expressed explicitly
in Arrhenius form in the mechanism. δi

B is defined as

(3)δi
B =

{
1, if the ith reaction involves species B,

0, otherwise.

If A and B are directly related, then both rAB and
rBA exist, are nonzero, and generally are not equal.
Whenever a graph is displayed in the following, rAB ,
representing the influence of species B on species A,
will be represented schematically as a directed ar-
row from A to B . The definition given in Eq. (1)
is an estimate of the error made in the prediction of
species A if species B is neglected. Production and
consumption reactions are considered equally. How-
ever, removing a species that contributes exclusively
to the consumption of the target A will not have the
same effect as removing a species that contributes the
same amount to the production and to the consump-
tion of A. For the same value of the coefficient rDRG

AB ,
the first species will introduce a larger error in the net
production rate of A than the latter, which might in-
troduce virtually no error. The reason is that in the
latter case, a part of the error from removing the pro-
duction term is compensated for by also removing the
associated consumption term. This example stresses
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where the subscripts i and j, respectively, designate
the ith elementary reaction and the jth species, mA, i
is the stoichiometric coefficient of species A, xi is
the production rate, kfi and kbi are the forward
and backward reaction rates, respectively, Cj is
the molar concentration, m0ij and m00ij, are respec-
tively the forward and backward stoichiometric
coefficients, Ai is the frequency factor, T is the
temperature, Ei is the activation energy, and Fi

is a correction term that includes the concentra-
tions of the third body species, fall-off effects,
and other special correction terms. To quantify
the direct influence of one species on another, a
normalized contribution of species B to the pro-
duction rate of species A, rAB, can be defined as:

rAB '
P

i¼1;I jmA;ixidBijP
i¼1;I jmA;ixij

; ð4Þ

dBi ¼
(
1 if the ith elementary reaction

involves species B;
0 otherwise:

ð5Þ

It is seen that if the normalized contribution rAB is
sufficiently large, the removal of species B from
the skeletal mechanism is expected to induce sig-
nificant error on the production rate of species
A. Consequently, if A has to be kept, B should
also be kept. In such a case, we say species A
strongly depends on species B.

To quantify the dependence of A on B, we de-
fine a small threshold value e such that, for
rAB < e, the dependence can be considered to be
negligible, and there is no edge from A to B.
Therefore, the DRG can be constructed by the
following rules:

(1) Each node in DRG is uniquely mapped to a
species in the detailed mechanism.

(2) There exists a directed edge from A to B if and
only if rAB P e.

Thus, species A depends on species B if and
only if there exists a directed path from A to B
in DRG, i.e., B is reachable from A. For each spe-
cies A, there exists a group of species, which are
reachable from A, and this set of species is defined
as the dependent set of A, denoted as SA. If species
A is an important species to be kept in the skeletal
mechanism, its dependent set SA should be kept as
well.

Figure 1 shows the typical relations between
the species in a DRG. The arrow shows the direc-
tion of dependence of one species on another, with
its width indicating the strength of the depen-

dence. Thus, for a species A that has to be kept,
it is seen that A depends on B, but B does not de-
pend on A. Furthermore, since species B and D
are strongly coupled, they form the dependent
set {B,D} of A, and has to be kept to correctly
predict A. However, species C, E, and F can be
eliminated because they are not required by either
A or any species in the dependent set of A. Fur-
thermore, species within the strongly coupled
groups, {B,D} and {E,F}, should be either kept
or eliminated together.

Procedurally, given the rates of the elementary
reactions, the DRG can be constructed in linear
time proportional to the number of reactions by
evaluating the contribution of each elementary
reaction, xi, to the edges affected by it, as shown
in Eq. (4). Subsequently, we select the ‘‘starting
set’’ of species, which has to be kept. The starting
set can simply consist of a single species, the fuel,
because through it the oxidizer, as well as the rad-
icals that are products of reactions involving
them, is coupled. If we are also interested in such
auxiliary phenomena as NOx formation, in addi-
tion to oxidation, NO should also be included as
a starting species. Note that for simplicity in the
present study, a species is not considered to be in-
volved in an elementary reaction in Eq. (4) if it
only participates as a third body species. Thus, in-
ert species are also included in the starting set, and
consequently they are automatically retained in
the skeletal mechanism.

Consequently, for each starting species A, a
deep first search (DFS) is applied to the graph
to identify the dependent set SA recursively. By
identifying the dependent set for each starting spe-
cies, the species constituting the skeletal mecha-

Fig. 1. A directed relation graph showing typical
relations of the species.
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of the reduction procedure is to remove the largest
possible set of species from the mechanism while
keeping errors below a given tolerance. Considering
one species independent of the group of removed
species in which it will eventually belong might lead
to a very inaccurate estimate of the importance of
each species. The following example illustrates such
a case.

A reactant A is consumed through four parallel
reactions to form the four products Si=1...4. All the
reactions have the same rate coefficient k:

(Ri=1...4) A
k−→ Si .

If species S1, for instance, is removed from this mech-
anism, that is, reaction R1 is removed, the relative
error introduced in the consumption rate of A will be

(8)ϵCA
= 4k[A] − 3k[A]

4k[A] = 1
4
.

This is in perfect agreement with the direct interac-
tion coefficient between A and species S1 given by
Eq. (4):

(9)rAS1 = ω1∑4
j=1 ωj

= 1
4
.

Suppose that an additional species S2 is removed.
The error in the rate of consumption of A is now
ϵCA

= 1/2. This is not well represented by the di-
rect interaction coefficient rAS2 = 1/4, because the
definition from Eq. (4) does not take into account the
contribution from the species S1, previously removed.
This observation leads to the extension of Eq. (4)
given a set of removed species,

(10)rAB,{S} ≡
|∑i=1,nR

νi,Aωiδ
i
B,{S}|

max(PA,CA)
,

where {S} is the set of species already removed.
δi
B,{S} is unity if the ith reaction involves B or any

species in subset {S}, and 0 otherwise. Using this ex-
tended definition, the contribution for S2 is now

(11)rS2 = ω1 + ω2∑4
j=1 ωj

= 1
2
,

which is a better estimate of the effect of removing
the group of species {S1 + S2} from the mechanism.

2.3. Error propagation

For each species A present in a kinetic mech-
anism, a set of primary dependent species can be
defined, consisting of the species that appear explic-
itly in elementary reactions involving A. The strength
of the interaction between A and each species of this

Fig. 2. Part of a directed relation graph involving four
species. Although the link between species B and C is not
the weakest in the graph, removing C should introduce the
smallest error in the prediction of the target A.

primary dependent set is defined by the interaction co-
efficient rAB defined in Eq. (4). If a species B is not
in the primary dependent set of A, then rAB = 0.

Before discussing the error propagation method
that has been developed in this work, it is interest-
ing to look in more detail at the selection procedure
used in the DRG methodology proposed by Lu and
Law [10,21]. In the DRG method, a directed rela-
tion graph between species can be constructed, the
strength of each edge from one species A to another
species B being equal to the coefficient rAB . Given a
parameter ϵ representing the desired degree of reduc-
tion of the skeletal mechanism, any species reachable
from a given set of targets through edges with strength
greater than ϵ is included in the skeletal set of species.
A more convenient way to formulate this DRG selec-
tion procedure is to assign directly to each species the
value of ϵ above which the species is excluded au-
tomatically from the skeletal set. This value will be
called RDRG

AB . To do that, a path-dependent coefficient
on a certain path p that links two species A and B ,
which are not necessarily directly related, can be de-
fined as

(12)rDRG
AB,p =

n−1
min
i=1

rSiSi+1 ,

with S1 = A, Sn = B . For each path that leads from
A to B , the weakest link is identified, so that above
this threshold, the connection is severed and species
B cannot be selected through this path. The definition
of RDRG

AB follows quite straightforwardly:

(13)RDRG
AB ≡ max

all paths p
rDRG
AB,p.

Equations (12) and (13) highlight the fact that in the
DRG species selection process, a path between A and
B is fully characterized by its weakest contribution,
regardless of its length. Intuitively however, the far-
ther away from the target a species is, the smaller the
effect of changing or removing this species should be.
A simple example is depicted in Fig. 2.

Suppose species A is the target, and B and D are
directly linked to A with coefficients 5% and 4%,

3.4 The concept of Analytically Reduced Chemistry (ARC) 39

threshold ϵ has to be specified so that any species B satisfying rAB < ϵ can be safely discarded. The technique
was applied to reduce at a skeletal level a detailed ethylene mechanism (Lu & Law, 2005), and later successfully
to n-heptane and iso-octane mechanisms with a fully automated procedure (Lu & Law, 2006a), before deriving a
complete ARC scheme for methane oxidation (Lu & Law, 2008a). It was suggested in a subsequent publication
(Lu et al., 2011) to adapt the values of ϵ to the species under investigation, in a process labelled DRG with
expert knowledge (DRGX); this was employed to investigate surrogate mixtures of biodiesel, starting from a
very comprehensive detailed mechanism for C8-C16 n-alkanes, with much success. It should be noted that in
all studies reported so far, the reduction was carried out with auto-ignition or extinction as targets, while the
accuracy of the reduced schemes on configurations involving transport were evaluated a-posteriori.

Eq. 3.26, however, does not allow to differentiate between species that contribute equally to both consumption
and production of the target species, and those that contribute exclusively to one or the other. To introduce this
aspect, a new definition of the DRG was provided by Pepiot-Desjardins & Pitsch (2008):

r∗AB =
|
∑

0<j<m νA,jQjδ
j
B |

max(PA, CA)
(3.27)

where PA and CA stands for the production and consumption, respectively, of species A. This quantity is always
well defined, and bounded between 0 and 1. This formulation is more accurate than the previous one whenever
a species’ consumption and production rates are comparable. This is illustrated as follows: considering that a
species A is exclusively consumed by reactions involving another species B, then logic dictates that species B can
be safely removed only if CA << PA. As soon as production and consumptions are of the same order, removing
B from the mechanism leads to the building up of species A, and so, any evaluation of rAB should be of the order
of unity. This is the case when employing Eq. 3.27, but not if the formulation of Eq. 3.26 is chosen (see Fig. 3.5).

Figure 3.5: Illustration of the behavior of two DRG coefficients: solid line is Eq. 3.27 while the dashed line is Eq. 3.26. Lines
with dots represent the source term of a species A, being consumed exclusively through reactions containing a species B,
normalized by its production rate PA. From Pepiot-Desjardins & Pitsch (2008).

Further improvements to the definition of Eq. 3.27 take into account the possibility of removing a set of species
{S} simultaneously:

r∗AB,{S} =
|
∑

0<j<m νA,jQjδ
j
B,{S}|

max(PA, CA)
(3.28)

where δjB,{S} is unity if the j-th reaction involves B or any species in subset {S}, and 0 otherwise.

Now, there may exist important indirect paths between species, that is, a series of reactions starting from
a species A might indirectly lead to the production of species B. To evaluate these links, a path dependent
coefficient may be evaluated:

rAB,p = min
1<i<n−1

r∗SiSi+1
(3.29)

where S1 = A and Sn = B and Si are on the way. With that definition, a path p from A to B is characterized by
its weakest link. This naturally leads to the definition of a global coefficient:

RAB = max
all p

rAB,p (3.30)
4% error

40 Chapter 3 : Methods for the derivation of reduced reaction mechanisms

Intuitively, the longer is the path p, the smaller rAB,p should be, which is not reflected in Eq. 3.29. This was
considered by Pepiot-Desjardins & Pitsch (2008), who recast Eq. 3.29 to include a degree of error propagation:

r∗AB,p =
∏

1<i<n−1

r∗SiSi+1
(3.31)

with now:

R∗
AB = max

all p
r∗AB,p (3.32)

To obtain a global picture of species interactions, the global coefficients R∗
AB should be obtained for several

sampling points. Importance should be accorded to the state in which the important target species are at any
sampling point t chosen for the reduction procedure: if an important target species ST is no longer active, its
importance, when looking for strongly related species, should decrease in consequence. Such a scaling factor
αST ,t was proposed by Pepiot-Desjardins & Pitsch (2008), based on atomic flux considerations. Eventually, the
importance of a species A can be estimated through a global coefficient:

R∗
A = max

t in sample
ST in targets

(
αST ,tR

∗
STA,t

)
(3.33)

Such a method allows to rank species according to their importance with respect to a set of target species, in
order to safely remove unimportant ones. The same procedure can be applied to remove unimportant reactions,
by ranking them according to a parameter defined similarly to Eq. 3.27 (Pepiot, 2008).

This method, along with its improvements, has been automatized and implemented in an efficient tool for the
reduction of detailed mechanism, YARC, by Pepiot (2008). This tool was employed by its author to successfully
derive reduced mechanisms for the combustion of n-heptane (Pepiot & Pitsch, 2008) and iso-octane (Pepiot-
Desjardins & Pitsch, 2008). It was also used in the Phd Thesis of Jaravel (2016), to derive ARC for methane and
n-dodecane oxidation with NOx prediction capabilities (Schulz et al., 2017; Jaravel et al., 2016). It is the tool
employed in this work.

3.4.1.f Chemical Lumping

Another interesting way of expressing the system with a reduced number of variables is provided by combining,
or ”lumping” a subset of Nl species into a pseudo-species, ŷ. Eventually, the kinetics of a reaction system that
was originally described in terms of a number Ns of variables by :

dy

dt
= f(y) (3.34)

can be described in terms of a number N̂s < Ns of variables:

dŷ

dt
= f̂(ŷ) (3.35)

Where the lumped species are expressed in terms of the original species by a lumping transformation h:

ŷ = h(y) (3.36)

The problem at hand is threefold :

• Determine which species to lump;

• Determine how the individual species contribute to the concentration of the lumped species they are a part
of, so, defining the lumping transformation h;

• Estimate kinetic parameters for the lumped species.

The problem can be tackled in different ways, depending on whether :
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Strategy I Strategy II : YARC Strategy III : KINALC
(Lu & Law, 2008a) (Pepiot, 2008) (Turányi, 1990a)

STEP I DRG(X/ASA) DRGEP Jacobian investigations (remove species)
Chemical Lumping PCA (remove reactions)

STEP II QSS via CSP pointers QSS via LOI QSS via error estimation (Turányi et al., 1993)
Examples (Lu & Law, 2008a,b) (Pepiot-Desjardins & Pitsch, 2008) (Tomlin et al., 1992)

and more online: (Lu, 2008) (Pepiot & Pitsch, 2008; Jaravel, 2016) and more online: (Turányi, 1981)

Table 4.1: Literature review of multi-step reduction strategies

As already said, multi-step reduction strategies have been employed in the literature to derive ARC for various
purposes. Table 4.1 reports three such strategies, along with references which have all already been mentioned in
the previous Chapters. All follow the same structure: first, a skeletal reduction is performed, where unimportant
species are removed before considering redundant reactions, and finally, QSS approximations are performed,
resulting in ARC with a specified number of species and a set of expressions for the calculation of the source
terms involving the QSS species. In some cases, the species could be reorganized in a series of ”steps”, to identify
the main chemical processes (see e.g. Boivin (2011)).

4.1.2 The YARC tool

YARC is a multi-step automated reduction tool developed by Pepiot (2008) during her PhD thesis. The tool
consists of a series of libraries written in Pearl, implementing the DRGEP and chemical Lumping for skeletal
reduction, and the LOI for QSS selection, as depicted in Table 4.1. It is fully coupled with the chemistry solver
FlameMaster (Pitsch, 1988), which solves the targeted canonical test cases to be sampled. The reduction can
be performed on various test cases (see Section 4.2) which can be combined. A set of important parameters are
also provided by the user, such as specific species mass fractions, in order to steer the reduction towards the
desired application and to monitor their evolution throughout the reduction process. YARC generates several
reduced mechanisms with increasing error level, as well as output files containing information about each reduced
mechanism. The overall process is illustrated on Fig. 4.1. Examples of ARC generation for different fuels, target

YARC

- Detailed mechanism 
- Target canonical test case(s) 
and operating range 
- Targeted quantities

Log files:!
- List of ARCs and error logs 
for targeted quantities 
- Ordered list of species(/
reactions/QSS)

ARCs and routine for source 
terms:!
- FM format 
- CHEMKIN format

FlameMaster

Chemistry Solver 
(Cantera, …)

CFD Solver

Internal exchanges

generates FM input files

provide solutions of  
canonical test cases

Reduction  
algorithms

Figure 4.1: Diagram of YARC

configurations and detailed mechanisms will be presented in Sections 4.3 & 4.4. A subset of these ARCs will be
further employed in real 3D configurations in Part III of this PhD thesis.

From Anne Felden PhD thesis (2017)

Reduce CPU cost

Reduce stiffness

Methods are successively applied and combined in practice
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presented and classified. The review mainly focuses on tabulated chemistry methods which
aim at coupling chemical schemes to the flow by limiting the degree of freedom of the
chemical space.

2.1 Detailed chemistry formalism

The thermo-chemical state of a system is described by the vector ϕ, which includes tem-
perature, species mass fractions, and chemical reaction rates. ϕ is identified from two state
variables and from the chemical composition [14]. If the pressure p and the temperature T
are retained as state variables, then a function F exists such that:

ϕ = F(p, T , Y1, Y2, . . . , Ynsp ) (1)

where Yk is the mass fraction of the kth species and nsp is the total number of chemical
species considered in the chemical mechanism.

For ideal gases, the mixture enthalpy h and internal energy e are respectively given by:

h = h0 +
∫ T

T 0
cpdT (2)

e = e0 +
∫ T

T 0
cvdT (3)

where cp and cv are the specific heats of the mixture at constant pressure and volume,
respectively. The superscript 0 represents the reference state. The ideal gas law links the
mixture density to the pressure, temperature and mixture composition by:

ρ = p

rT
(4)

where r = R/W with R = 8.314 J.mol−1.K−1 the perfect gas constant and W the mixture
molar mass. Equations 2, 3 and 4 allow the substitution of the pair (p, T ) by (p, h) or (ρ, e).
The thermochemical state may then be expressed in terms of these new sets of variables:

ϕ = G(p, h, Y1, Y2, . . . , Ynsp ) (5)

ϕ = H(ρ, e, Y1, Y2, . . . , Ynsp ) (6)

In the direct coupling of chemical mechanismwith reactive flow simulations, one balance
equation must be solved for each chemical species involved in the chemical mechanism.
The associated computational cost may become prohibitive for large chemical schemes.
Even for simple flames the number of transport equations and state variables may become
too large to allow easy convergence towards the solution.

2.2 Chemical scheme reduction: from detailed to global chemistry

2.2.1 Detailed and skeletal mechanisms

The objectives of detailed chemistry are to reproduce, with the highest possible precision,
chemical pathways (or at least the most important pathways) involved in combustion. A
detailed scheme is an exhaustive list of all possible elementary reactions between all species
involved in the conversion process of a given fuel by an oxidizer. Ideally, a reference detailed
scheme would be valid for the entire possible range of thermodynamical states (pressure,
temperature) and compositions (fuel/air equivalence ratio, fuel and oxidizer dilution,...).
However, even for the lighter hydrocarbons, there are no unique detailed kinetic schemes.
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flame itself. Complex phenomena such as pollutant formation, flame extinction or ignition
remain out of reach.

2.3 Tabulated chemistry

According to Pope [26], there are two distinctions to be made between tabulated chemistry
methods. The first one (also called structured pre-tabulation [26]) developed in this arti-
cle, includes all methods that couple chemistry to the flow through the two following steps:
i) a preprocessing step where a thermo-chemical database (or a globally generated mani-
fold [26]) is constructed by using a given detailed, skeletal or reduced mechanism. ii) the
CFD computation step where the thermo-chemical look-up table is coupled to the reactive
flow governing equations. At each numerical iteration, the reacting flow solver aims at pre-
dicting the flow field properties but also the look-up table coordinates. As the number of
thermo-chemical look-up table coordinates is in general much lower than the number of
species initially involved in the chemical scheme considered, tabulated chemistry constitutes
a reduction methodology. The choice of coordinates (i.e. its number and definition) along
with the procedure followed to fill-up and to access the chemical look-up table determines
the degrees of freedom of the chemical system.

The terminology tabulated chemistry is also used in the literature to mention in situ
adaptive tabulation (ISAT) [26], where a thermo-chemical table is built up during reactive
flow computation. This table aims at speeding calculations of the chemical reaction rates
encountered in detailed or skeletal mechanisms. In this sense ISAT is not a reduction method
as the degree of freedom inherent to the considered mechanism is not affected and this type
of method will not be given further consideration in what follows.

2.3.1 Principle

Tabulated chemistry aims at expressing the thermochemical variables in a reduced chemi-
cal state space, compared to detailed chemistry formalism. The set of species mass fractions
involved in Eqs. 1, 5 or 6 are replaced by a reduced set of coordinates (ψ1,ψ2, . . . ,ψn),
where n+ 2 is the number of dimensions of the thermochemical database. Tabulated chem-
istry is efficient in comparison with detailed chemistry if n << nsp. In this new basis, the
thermochemical variables ϕ may be formally expressed as:

ϕ = F ′(p, T ,ψ1,ψ2, . . . ,ψn) (7)

ϕ = G ′(p, h,ψ1,ψ2, . . . ,ψn) (8)

ϕ = H′(ρ, e,ψ1,ψ2, . . . ,ψn) (9)

In practice, the mathematical functions F ′,G ′ or H′ do not have analytical expressions.
They are usually defined in the discrete form of a database explaining the designation tab-
ulated chemistry. As the chemical database construction involves a chemical mechanism,
tabulated chemistry is always a degraded representation of detailed (or skeletal) chemistry.

The key issues in the tabulated chemistry framework are to identify a suitable set
of coordinates (ψ1,ψ2, . . . ,ψn) and to generate the appropriate chemical database. The
numerous strategies proposed for that purpose can be classified in two groups which rely
on mathematical and physical analysis, respectively.

A pioneering mathematical technique for chemistry tabulation is the ILDM (Intrinsic
Low-Dimensional manifold) method, devised by Maas and Pope [14]. This is based on
a direct identification of the dynamic behavior of the nonlinear response of the chemical
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• Key issues 
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Maas U. and Pope S. (1992) “ Simplifying chemical-kinetics - Intrinsic Low-
Dimensional Manifolds in composition space” in Combustion and Flame, 88-3-4, pp 
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Physical approach: build up the chemical database from simple 
combustion elements computed with detailed chemistry 

• Using premixed flamelets

Flamelet Prolongation of ILDM (FPI): 

Gicquel, O., Darabiha, N., Thévenin, D.: Proc. Combust. Inst. 
28, 1901 (2000) 

Flamelet Generated Manifold (FGM): 

van Oijen, J.A., Lammers, F.A., de Goey, L.P.H.: Combust. 
Flame 127(3), 2124 (2001) 


Anticipated by Bradley et 
al. Bradley al. Combust. 

Flame 71, 109 (1988)

• Using non-premixed flamelets

Flamelet model: 

Peters, N.: Prog. Energy Combustion. Sci. 10, 319 (1984) 

Flamelet Progress Variable (FPV): 

Pierce, C., Moin, P.: J. Fluid Mech. 504, 73 (2004) 

• Using 0-D reactors

Tabulated Kinetic of Ignition: 

Colin, O., da Cruz, A.P., Jay, S.: Proc. Combust. Inst. 30(2), 2649 (2005)  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Oxidizer Fuel
• Non-premixed flame

z = 0 z = 1
Mixture fraction z

Partially premixed combustion modeling

• Tabulation of chemistry from 1-D laminar premixed 
flames (FPI, FGM)

Progress variable Mixture fraction

2-D databasespecies reaction rates:

• Premixed flame
Oxidizer
+ Fuel Burnt gasesProgress variablec

c = 0 c = 1

Partially premixed combustion modeling

• Tabulation of chemistry from 1-D laminar premixed 
flames (FPI, FGM)

Progress variable Mixture fraction

2-D databasespecies reaction rates:



!27

Tabulated chemistry 
Example: FPI & FGM

COMPUTATION 
OF PREMIXED 
FLAMELETS 
IN PHYSICAL 

SPACE 
WITH DETAILED 

CHEMISTRY

1

MAPPING IN A 
LOOK  UP TABLE 

OF NC 
DIMENSIONS empirical choice  

of manifold 
coordinates

2

CFD 
COMPUTATION

3



!28
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IN PHYSICAL SPACE 

WITH DETAILED CHEMISTRY

REGATH Solver (N. Darabiha 1992) + GRI Mechanism (53 species, 323 reactions
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REGATH Solver (N. Darabiha 1992) + GRI Mechanism (53 species, 323 reactions
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Fig. 3 Visualization of an FPI look-up table computed with the Lindsdedt mechanism [61] . Progress vari-
able reaction rate tabulated in terms of normalized mixture fraction (Z) and progress variable (c). Z = 0 and
Z = 1 correspond to pure air and to a methane - air mixture with equivalence ratio equal to 2, respectively.
The normalized progress variable c is defined from Eq. 13 by making use of Yc = YCO + YCO2

Non-premixed flamelet tabulation
To model non-premixed combustion, Peters [28 ] compiled strained steady diffusion

flamelets in a thermochemical library. The flamelet equations are derived by assuming that
the flame structure is locally one-dimensional and depends only on time and on the coordi-
nate normal to the flame front [65 ]. The equations are generally expressed and solved in the
mixture fraction space, where the impact of strain rate on the flame structure is governed by
the scalar dissipation rate of the mixture fraction χZ = DZ |∇Z|2. For instance, under unity
Lewis number assumption, the species mass fractions are governed by:

ρ
∂Yk

∂t
= χZ

∂2Yk

∂Z2 +Wkω̇k (26)

where ω̇k and Wk are the chemical molar reaction rate and molar mass of the kth species,
respectively.

The scalar dissipation rate χZ , which depends on flow conditions, must be modeled. In
steady strained counter-flow, the scalar dissipation rate is expressed in terms of mixture
fraction and a, the strain rate, through the following analytical function [66]:

χZ = a

π
exp

(
−2[erf−1(2Z − 1)]2

)
= aF(Z) (27)

Author's personal copy

2 MAPPING IN A LOOK  UP TABLE OF NC 
DIMENSIONS 



3 CFD COMPUTATION

⇥�

⇥t
+

⇥

⇥xi
(�ui) = 0

⇤�uj

⇤t
+

⇤

⇤xi
(�uiuj) = � ⇤P

⇤xj
+

⇤⇥ij

⇤xi

⌅�E

⌅t
+

⌅

⌅xi
(�uiE) = ⇤̇T �

⌅qi

⌅xi
� ⌅

⌅xi
(Pui) +

⌅

⌅xj
(⇥ijui)

...

...
⇤�Yk

⇤t
+

⇤

⇤xi
(�uiYk) =

⇤

⇤xi
(�D

⇤Yk

⇤xi
) + ⇥̇k

⇤�Yn

⇤t
+

⇤

⇤xi
(�uiYn) =

⇤

⇤xi
(�D

⇤Yn

⇤xi
) + ⇥̇n

⇤�Y1

⇤t
+

⇤

⇤xi
(�uiY1) =

⇤

⇤xi
(�D

⇤Y1

⇤xi
) + ⇥̇1

P/⇢ = rT
<latexit sha1_base64="bmejiH+3cg1Ah7BUnBtEoKW804s="></latexit><latexit sha1_base64="bmejiH+3cg1Ah7BUnBtEoKW804s="></latexit><latexit sha1_base64="bmejiH+3cg1Ah7BUnBtEoKW804s="></latexit><latexit sha1_base64="bmejiH+3cg1Ah7BUnBtEoKW804s="></latexit>



3 CFD COMPUTATION

⇥�

⇥t
+

⇥

⇥xi
(�ui) = 0

⇤�uj

⇤t
+

⇤

⇤xi
(�uiuj) = � ⇤P

⇤xj
+

⇤⇥ij

⇤xi

⌅�E

⌅t
+

⌅

⌅xi
(�uiE) = ⇤̇T �

⌅qi

⌅xi
� ⌅

⌅xi
(Pui) +

⌅

⌅xj
(⇥ijui)

@⇢z

@t
+r.(⇢uz) = r.(⇢Drz)

<latexit sha1_base64="niRlQy/M5kXiqEhfE+Y+VDyHIT4="></latexit><latexit sha1_base64="niRlQy/M5kXiqEhfE+Y+VDyHIT4="></latexit><latexit sha1_base64="niRlQy/M5kXiqEhfE+Y+VDyHIT4="></latexit>

@⇢Yc

@t
+r.(⇢uYc) = r.(⇢DrYc) +Wc!̇c

<latexit sha1_base64="6eCL1GNmLahPtRRhQAPXChjjkag="></latexit><latexit sha1_base64="6eCL1GNmLahPtRRhQAPXChjjkag="></latexit><latexit sha1_base64="6eCL1GNmLahPtRRhQAPXChjjkag="></latexit><latexit sha1_base64="6eCL1GNmLahPtRRhQAPXChjjkag="></latexit>

Flow Turbulence Combust

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

0

500

1000

1500

2000

2500

3000

3500

Mixture fraction Z
Normalized progress variable c

P
ro
g
re
s
s
 v
a
ri
a
b
le
 r
e
a
c
ti
o
n
 r
a
te
 [
s
−
1
]

Fig. 3 Visualization of an FPI look-up table computed with the Lindsdedt mechanism [61] . Progress vari-
able reaction rate tabulated in terms of normalized mixture fraction (Z) and progress variable (c). Z = 0 and
Z = 1 correspond to pure air and to a methane - air mixture with equivalence ratio equal to 2, respectively.
The normalized progress variable c is defined from Eq. 13 by making use of Yc = YCO + YCO2

Non-premixed flamelet tabulation
To model non-premixed combustion, Peters [28 ] compiled strained steady diffusion

flamelets in a thermochemical library. The flamelet equations are derived by assuming that
the flame structure is locally one-dimensional and depends only on time and on the coordi-
nate normal to the flame front [65 ]. The equations are generally expressed and solved in the
mixture fraction space, where the impact of strain rate on the flame structure is governed by
the scalar dissipation rate of the mixture fraction χZ = DZ |∇Z|2. For instance, under unity
Lewis number assumption, the species mass fractions are governed by:

ρ
∂Yk

∂t
= χZ

∂2Yk

∂Z2 +Wkω̇k (26)

where ω̇k and Wk are the chemical molar reaction rate and molar mass of the kth species,
respectively.

The scalar dissipation rate χZ , which depends on flow conditions, must be modeled. In
steady strained counter-flow, the scalar dissipation rate is expressed in terms of mixture
fraction and a, the strain rate, through the following analytical function [66]:

χZ = a

π
exp

(
−2[erf−1(2Z − 1)]2

)
= aF(Z) (27)
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Chemistry tabulation

• Chemistry tabulation is accurate and efficient 

• compare well with detailed chemistry solutions


• dramatic decrease of dimensions


• But there is no universal solution for tabulation 

• depends on the flame regime: premixed, partially-premixed or 
non premixed


• Number of coordinates increase with operating conditions: 
pressure, heat exchanges, dilution with burnt gases, initial 
temperature ... 
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Detailed kinetic
mechanism

Tabulation of 
chemical trajectories

Elimination of redundant
species and reactions

Chemical table[1,2,3,4] Skeletal mechanism[5]

Elimination of 
QSS species and
PEA reactions

Analytic mechanism[6,7]

Global mechanism[8,9,10]

Optimization of
reaction rate parameters

[1] N. Peters (1984)
[2] U. Maas & S. Pope (1992)
[3] O. Gicquel et al., (2000)
[4] J.A. Van Oijien et al., (2001)

[5] J. Luche (2003)
[6] T. Lu et al., (2007)
[7] T. Jaravel et al., (2016)

[8] C. Westbrook et al., (1981)
[9] W. P. Jones et al., (1988)
[10] B. Franzelli et al., (2010)
[11] M. Cailler et al., (2017)

Kinetic scheme reduction strategies for combustion 
modeling

B. Fiorina, D. Veynante and S. Candel. Modeling Combustion Chemistry in Large Eddy 
Simulation of Turbulent Flames. Flow Turb. and Combustion. Vol 94, Issue 1, pp3-42 (2015). 

 37

Virtual chemistry [11]



Global empirical chemistry

Westbrook, C., Dryer, F.: Combust. 
Sci. Technol. 27, 31 (1981) 

1) Selection of species and reactions

2) Optimization of reaction rate parameters to retrieve target 

flame properties 

able to reproduce the experimental laminar flame speed (linked to
the integrated fuel reaction rate) for a wide range of initial temper-
ature, equivalence ratio and pressure. Moreover, a good description
of the ignition delay is required. Finally, computational costs to
introduce the reduced mechanism into a LES solver must be small.

The first question is to determine how many chemical species
must be accounted for in the reduced scheme. Fig. 6 compares
the variations of adiabatic flame temperature with equivalence ra-
tio obtained for a kerosene mixture composed of five species
(FUEL, CO2, H2O, N2, O2), six species (FUEL, CO2, H2O, N2, O2 + CO),
seven species (FUEL, CO2, H2O, N2, O2 + CO + H2), and finally the 91
species accounted for in the LUCHE skeletal mechanism [40]. The
fresh gas temperature is Tf = 473 K and the pressure is P = 1 atm.
For lean mixtures, five species (circles in Fig. 6) are sufficient to
capture the equilibrium state. For rich mixtures, however, the error
increases up to 30% for / = 2.0. When CO is included and six species
(squares in Fig. 6) are taken into account, the error remains negli-
gible for / 6 1.5 and the maximum error is reduced to 11% for /
= 2.0: taking into account CO greatly affects the equilibrium state
for rich mixture and should be considered. This discrepancy for
rich mixtures could even be reduced introducing H2 and using se-
ven species (empty circles in Fig. 6). However, adding H2 increases
the computational cost (one more equation has to be solved) and
the system of conservation equations becomes numerically stiffer
due to very different time scale reactions. For these reasons, only
CO was added to the five initial species.

To add CO, a two-step scheme is required. Obviously, single-
step mechanisms [30,60] are easier to develop but the previous
paragraph shows that the errors on temperature using five species
only (and no CO) are too large.

In the 2S_KERO_BFER scheme, the two reactions correspond to
the fuel oxidation into CO and H2O, followed by the CO oxidation
into CO2. The second reaction is reversible and leads to the
CO ! CO2 equilibrium in the burnt gases, required to reproduce
the adiabatic flame temperature for rich flames, at least for /
< 1.5. Several approaches have been proposed to build two-step
schemes: on the one hand, Li [61] and Sanchez [62] use the so-
called slow CO oxidation limit of premixed combustion [63] which
is valid for lean and stoichiometric mixture to derive a CO oxida-
tion reaction from detailed chemistry. Fuel oxidation in H2O and
CO2 is described by two global reactions which take place in two
different layers of the flame. First, fuel is attacked by radicals and
totally oxidized in a thin layer called reaction zone, producing both
CO and H2O. Second, downstream from this thin layer, no fuel is left
and radicals maintain a steady state, allowing a slow oxidation of
CO into CO2 to take place in the so-called post-flame region which

is thicker than the reaction zone. This approach provides an accu-
rate description of the chemical flame structure for lean mixtures.
However, in aeronautical or piston engines, large local values of
equivalence ratio can be found and the slow CO oxidation limit is
too restrictive to be used in the context of LES in such
configurations.

On the other hand, Westbrook and Dryer [30] build a classical
two-step mechanism by choosing the appropriate reaction param-
eters to fit flame speed measurements. This method has at least
two disadvantages. First, it is more difficult to reproduce the flame
structure for lean mixtures than it is using methods based on the
CO oxidation limit [61,62]. Second, it requires negative and/or
small reaction exponents to correctly predict laminar flame speeds
for rich mixtures. These exponents may lead to very unstable
numerical implementation.

To correctly describe rich mixtures, one possibility would be to
use a four-step mechanism [31]. However, for such complex mech-
anisms, it is difficult to determine the reaction parameters accord-
ing to the one-step chemistry theory, which is all the more
awkward when working on a wide range of pressure and
temperature.

The 2S_KERO_BFER scheme is based on the two following
reactions:

KEROþ 10O2 ) 10COþ 10H2O; ð9Þ
COþ 0:5O2 () CO2: ð10Þ

where the forward reaction rates for reactions (9) and (10) are writ-
ten as:

kf ;1 ¼ A1f1ð/Þeð!Ea;1=RTÞ½KERO'nKERO ½O2'nO2 ;1 ; ð11Þ
kf ;2 ¼ A2f2ð/Þeð!Ea;2=RTÞ½CO'nCO ½O2'nO2 ;2 ; ð12Þ

where Ak is the pre-exponential factor, Ea,k is the activation energy
of reaction k and nj,k is the reaction exponent for species j in
reaction k. The subscripts 1 and 2 respectively denote the kerosene
oxidation and the CO–CO2 equilibrium reactions. The values
for activation energy and reaction exponents are summarised in
Table 4.

The reaction exponents nj,k have been chosen using Eq. (4) so
that the obtained pressure exponent aP is almost equal to the mean
value of Table 3: aP = ! 0.275.. Moreover, the activation energy Ea,1

has been chosen to be close to the experimental values:
Ea,1 = 4.15 ( 104 and Eexp

a ¼ 4:09 ( 104.

Fig. 6. Adiabatic temperature versus equivalence ratio at fresh gas temperature
Tf = 473 K and pressure P = 1 atm. Comparison between the LUCHE skeletal mech-
anism [40] (—) and simplified mixtures composed of 5 ()), 6 (j) and 7 (s) species
(equilibrium computations with CANTERA).

Table 3
Pressure exponent aP at Tf = 300 K, and temperature exponent aT at P = 1 atm
obtained from the LUCHE skeletal mechanism for three equivalence ratios: /
= 0.8, 1.0, 1.2.

/ (–) LUCHE DAGAUT

aP (–) aT (–) aP (–) aT (–)

0.8 !0.250 1.932 !0.311 1.949
1.0 !0.312 1.775 !0.271 1.812
1.2 !0.300 1.789 !0.332 1.849

Table 4
Activation energy Ea, pre-exponential factor A, and reaction exponents nk used for the
2S_KERO_BFER mechanism. Units are: mol, s, cm3, J and cal/mol.

KERO oxidation CO–CO2 equilibrium

Activation energy 4.15 ( 104 2.0 ( 104

Pre-exponential factor 8.00 ( 1011 4.5 ( 1010

Reaction nKERO 0.55 nCO 1.00
exponents (–) nO2 ;1 0.90 nO2 ;2 0.50
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able to reproduce the experimental laminar flame speed (linked to
the integrated fuel reaction rate) for a wide range of initial temper-
ature, equivalence ratio and pressure. Moreover, a good description
of the ignition delay is required. Finally, computational costs to
introduce the reduced mechanism into a LES solver must be small.

The first question is to determine how many chemical species
must be accounted for in the reduced scheme. Fig. 6 compares
the variations of adiabatic flame temperature with equivalence ra-
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(FUEL, CO2, H2O, N2, O2), six species (FUEL, CO2, H2O, N2, O2 + CO),
seven species (FUEL, CO2, H2O, N2, O2 + CO + H2), and finally the 91
species accounted for in the LUCHE skeletal mechanism [40]. The
fresh gas temperature is Tf = 473 K and the pressure is P = 1 atm.
For lean mixtures, five species (circles in Fig. 6) are sufficient to
capture the equilibrium state. For rich mixtures, however, the error
increases up to 30% for / = 2.0. When CO is included and six species
(squares in Fig. 6) are taken into account, the error remains negli-
gible for / 6 1.5 and the maximum error is reduced to 11% for /
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for rich mixture and should be considered. This discrepancy for
rich mixtures could even be reduced introducing H2 and using se-
ven species (empty circles in Fig. 6). However, adding H2 increases
the computational cost (one more equation has to be solved) and
the system of conservation equations becomes numerically stiffer
due to very different time scale reactions. For these reasons, only
CO was added to the five initial species.

To add CO, a two-step scheme is required. Obviously, single-
step mechanisms [30,60] are easier to develop but the previous
paragraph shows that the errors on temperature using five species
only (and no CO) are too large.

In the 2S_KERO_BFER scheme, the two reactions correspond to
the fuel oxidation into CO and H2O, followed by the CO oxidation
into CO2. The second reaction is reversible and leads to the
CO ! CO2 equilibrium in the burnt gases, required to reproduce
the adiabatic flame temperature for rich flames, at least for /
< 1.5. Several approaches have been proposed to build two-step
schemes: on the one hand, Li [61] and Sanchez [62] use the so-
called slow CO oxidation limit of premixed combustion [63] which
is valid for lean and stoichiometric mixture to derive a CO oxida-
tion reaction from detailed chemistry. Fuel oxidation in H2O and
CO2 is described by two global reactions which take place in two
different layers of the flame. First, fuel is attacked by radicals and
totally oxidized in a thin layer called reaction zone, producing both
CO and H2O. Second, downstream from this thin layer, no fuel is left
and radicals maintain a steady state, allowing a slow oxidation of
CO into CO2 to take place in the so-called post-flame region which

is thicker than the reaction zone. This approach provides an accu-
rate description of the chemical flame structure for lean mixtures.
However, in aeronautical or piston engines, large local values of
equivalence ratio can be found and the slow CO oxidation limit is
too restrictive to be used in the context of LES in such
configurations.

On the other hand, Westbrook and Dryer [30] build a classical
two-step mechanism by choosing the appropriate reaction param-
eters to fit flame speed measurements. This method has at least
two disadvantages. First, it is more difficult to reproduce the flame
structure for lean mixtures than it is using methods based on the
CO oxidation limit [61,62]. Second, it requires negative and/or
small reaction exponents to correctly predict laminar flame speeds
for rich mixtures. These exponents may lead to very unstable
numerical implementation.

To correctly describe rich mixtures, one possibility would be to
use a four-step mechanism [31]. However, for such complex mech-
anisms, it is difficult to determine the reaction parameters accord-
ing to the one-step chemistry theory, which is all the more
awkward when working on a wide range of pressure and
temperature.

The 2S_KERO_BFER scheme is based on the two following
reactions:

KEROþ 10O2 ) 10COþ 10H2O; ð9Þ
COþ 0:5O2 () CO2: ð10Þ

where the forward reaction rates for reactions (9) and (10) are writ-
ten as:

kf ;1 ¼ A1f1ð/Þeð!Ea;1=RTÞ½KERO'nKERO ½O2'nO2 ;1 ; ð11Þ
kf ;2 ¼ A2f2ð/Þeð!Ea;2=RTÞ½CO'nCO ½O2'nO2 ;2 ; ð12Þ

where Ak is the pre-exponential factor, Ea,k is the activation energy
of reaction k and nj,k is the reaction exponent for species j in
reaction k. The subscripts 1 and 2 respectively denote the kerosene
oxidation and the CO–CO2 equilibrium reactions. The values
for activation energy and reaction exponents are summarised in
Table 4.

The reaction exponents nj,k have been chosen using Eq. (4) so
that the obtained pressure exponent aP is almost equal to the mean
value of Table 3: aP = ! 0.275.. Moreover, the activation energy Ea,1

has been chosen to be close to the experimental values:
Ea,1 = 4.15 ( 104 and Eexp

a ¼ 4:09 ( 104.

Fig. 6. Adiabatic temperature versus equivalence ratio at fresh gas temperature
Tf = 473 K and pressure P = 1 atm. Comparison between the LUCHE skeletal mech-
anism [40] (—) and simplified mixtures composed of 5 ()), 6 (j) and 7 (s) species
(equilibrium computations with CANTERA).

Table 3
Pressure exponent aP at Tf = 300 K, and temperature exponent aT at P = 1 atm
obtained from the LUCHE skeletal mechanism for three equivalence ratios: /
= 0.8, 1.0, 1.2.

/ (–) LUCHE DAGAUT

aP (–) aT (–) aP (–) aT (–)

0.8 !0.250 1.932 !0.311 1.949
1.0 !0.312 1.775 !0.271 1.812
1.2 !0.300 1.789 !0.332 1.849

Table 4
Activation energy Ea, pre-exponential factor A, and reaction exponents nk used for the
2S_KERO_BFER mechanism. Units are: mol, s, cm3, J and cal/mol.

KERO oxidation CO–CO2 equilibrium

Activation energy 4.15 ( 104 2.0 ( 104

Pre-exponential factor 8.00 ( 1011 4.5 ( 1010
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Global empirical chemistry

Kerosen - Air combustion 

Finally, the behavior of the 2S_KERO_BFER mechanism has been
studied for two EGR dilution rates, sEGR = 5% and sEGR = 10%: the di-
luted fresh gases are composed of (1 ! sEGR) fresh gases and sEGR

burnt gases in mass, both at fresh gas temperature. Fig. 11 com-
pares the semi-global two-step scheme with the LUCHE skeletal
mechanism, showing that the flame speed of an EGR diluted flame
at atmospheric conditions and initial temperature Tf = 473 K is cor-
rectly predicted. The discrepancies between the simplified mecha-
nism and the skeletal one are negligible for 0.8 6 / 6 1.5
(maximum error of 15%). Neglecting H2 and working with a two-
step mechanism still lead to an overestimation of the burnt gas
temperature for very rich diluted flames (/ P 1.5). Nevertheless,
Fig. 11b shows that the decrease of the burnt gas temperature is
correctly captured by the 2S_KERO_BFER scheme when dilution in-

creases. As the construction of the two-step scheme does not ac-
count for any dilution effect, reproducing correct flame speeds
and burnt gas temperatures for diluted flames is another natural
capacity of the 2S_KERO_BFER scheme.

5. Conclusion

In the context of LES of reacting turbulent flows in industrial
applications, a simplified mechanism has been preferred to tabula-
tion methods for two reasons. First, they are easier to build for a
wide range of pressure, temperature, equivalence ratio and EGR
dilution rate, which is required in complex geometries where com-
bustion may be fed by several streams with different temperatures
and equivalence ratios for example. Second, the lookup table
needed by tabulation methods in such situations is difficult to han-
dle on massively parallel machines, leading to memory problems.
Nevertheless, in such applications, building a two-step mechanism
valid for both lean and rich mixtures is difficult. Moreover, the
pressure dependence of the flame speed must be carefully handled.

In the context of LES of reacting turbulent flows in industrial
applications, the objective of this work was to build a reduced
mechanism for kerosene–air premixed flames valid for a wide
range of pressure, temperature, equivalence ratio and EGR dilution
rate, which is required in complex geometries where combustion
may be fed by several streams with different temperatures and
equivalence ratios for example.

The solution proposed in this work is to consider the two reac-
tions of kerosene oxidation and CO ! CO2 equilibrium, and to tab-
ulate the pre-exponential constants of these two reactions versus
local equivalence ratio.

Due to a lack of experimental results for kerosene–air combus-
tion, the construction and validation of the 2S_KERO_BFER mecha-
nism have been based on both the DAGAUT detailed mechanism

Fig. 8. Laminar flame speed versus equivalence ratio at fresh gas temperature Tf = 300 K (a), Tf = 473 K (b) and Tf = 700 K (c). Comparison between 2S_KERO_BFER scheme
(—,– - –,– –), LUCHE skeletal mechanism (!,", N) and DAGAUT detailed mechanism (}, #, M) for pressure P = 1, 3, 12 atm respectively.

Fig. 9. Burnt gas temperature versus equivalence ratio. Comparison between
LUCHE skeletal mechanism (—), equilibrium results ($ ) and 2S_KERO_BFER scheme
(") scheme at pressure P = 1 atm and fresh gas temperature Tf = 473 K.
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Fig. 11b shows that the decrease of the burnt gas temperature is
correctly captured by the 2S_KERO_BFER scheme when dilution in-

creases. As the construction of the two-step scheme does not ac-
count for any dilution effect, reproducing correct flame speeds
and burnt gas temperatures for diluted flames is another natural
capacity of the 2S_KERO_BFER scheme.

5. Conclusion

In the context of LES of reacting turbulent flows in industrial
applications, a simplified mechanism has been preferred to tabula-
tion methods for two reasons. First, they are easier to build for a
wide range of pressure, temperature, equivalence ratio and EGR
dilution rate, which is required in complex geometries where com-
bustion may be fed by several streams with different temperatures
and equivalence ratios for example. Second, the lookup table
needed by tabulation methods in such situations is difficult to han-
dle on massively parallel machines, leading to memory problems.
Nevertheless, in such applications, building a two-step mechanism
valid for both lean and rich mixtures is difficult. Moreover, the
pressure dependence of the flame speed must be carefully handled.

In the context of LES of reacting turbulent flows in industrial
applications, the objective of this work was to build a reduced
mechanism for kerosene–air premixed flames valid for a wide
range of pressure, temperature, equivalence ratio and EGR dilution
rate, which is required in complex geometries where combustion
may be fed by several streams with different temperatures and
equivalence ratios for example.

The solution proposed in this work is to consider the two reac-
tions of kerosene oxidation and CO ! CO2 equilibrium, and to tab-
ulate the pre-exponential constants of these two reactions versus
local equivalence ratio.

Due to a lack of experimental results for kerosene–air combus-
tion, the construction and validation of the 2S_KERO_BFER mecha-
nism have been based on both the DAGAUT detailed mechanism

Fig. 8. Laminar flame speed versus equivalence ratio at fresh gas temperature Tf = 300 K (a), Tf = 473 K (b) and Tf = 700 K (c). Comparison between 2S_KERO_BFER scheme
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• Flame speed is well retrieved

• not enough species to get the flame temperature in rich regions

• Pollutant are not captured … CO is not CO 

B. Franzelli, E. Riber, M. Sanjosé, T. Poinsot. Comb & Flame (2010) 



1) building-up a reduced chemical 
mechanism from scratch

2) using virtual species and reactions 
whose chemical rate constants and 
thermo-chemical properties are 
optimized 

Virtual chemistry
N
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M. Cailler, N. Darabiha, D. Veynante and B. Fiorina. Building-up virtual 
optimized mechanism for flame modeling. Proceeding of the 
Combustion Institute (2017)
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Virtual optimized mechanisms

Navier Stokes 
equations
LES solver

Detailed chemistry
mechanism

Introduction Chemical modeling ConclusionLES of turbulent swirled burner

Computation of
representative configurations

Reference flame library
★ Equilibrium computations
★ 1-D unstretched premixed flame
★ 1-D counterflow diffusion flames
★ etc 

Main mechanism for flame/
flow field interaction prediction

★Mixture properties
★ Temperature
★Density
★Heat Release

Sub-mechanisms for 
pollutant species

CO block

NOx block

PAH block

CO formation

NOx formation

PAH formation

Optimization
loop

Optimization
loop

• Virtual optimized chemistry approach relies on
• The optimization of reaction rate parameters and virtual species physical properties
• The use of sub-mechanisms for dedicated flame property prediction

Virtual optimized mechanisms architecture

!41



Sub-mechanism for CO prediction

• Three-step mechanism

Introduction

• Rate of progress:

• Optimization of kinetic scheme and reaction rate parameters

↵FF + ↵OxOx ! ↵CO + (1� ↵)V1

F + V1 ! F + CO

CO $ V2

Pre-tabulated to capture
 YCO at equilibrium

M. Cailler, N. Darabiha and B. Fiorina. Virtual chemistry for pollutant emissions prediction (submitted) 42



Sub-mechanism for CO prediction

• Three-step mechanism

Introduction

• Rate of progress:

• Optimization of kinetic scheme and reaction rate parameters

↵FF + ↵OxOx ! ↵CO + (1� ↵)V1

F + V1 ! F + CO

CO $ V2

Pre-tabulated to capture
 YCO at equilibrium

•                                         are optimized through an in-house genetic algorithm

M. Cailler, N. Darabiha and B. Fiorina. Virtual chemistry for pollutant emissions 
prediction (submitted)  43



Premixed
configuration

Counterflow
configuration

Legends :  (••) GRI detailed chemistry, (—) BFER global mechanism,
 (—) FPI premixed tabulated, (—) LU19 analytic scheme, 
(—) CO-PREM virtual mechanism

YCO profiles: Reference library = {Premixed}

 44



YCO profiles: Reference library = {Premixed + Diffusion}

Premixed
configuration

Counterflow
configuration

Legends :  (••) GRI detailed chemistry, (—) BFER global mechanism,
 (—) FPI premixed tabulated, (—) LU19 analytic scheme, 
(—) CO-PREM-DIFF virtual mechanism 45



Heavier fuels

 46M. Cailler, N. Darabiha and B. Fiorina. Virtual chemistry for pollutant emissions prediction (submitted)



Heavier fuels

 47M. Cailler, N. Darabiha and B. Fiorina. Virtual chemistry for pollutant emissions prediction (submitted)

virtual: 8+3 species

virtual: 8+3 species

virtual: 8+3 species
virtual: 8+3 species
Detailed: 53 species

Detailed: 297 species

Detailed: 106 species

Detailed: 91 species

CH4

C2H4

C3H8

C7H16
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REDUCED  OR TABULATED OR OPTIMIZED ?

premixed  
flames

non premixed  
flames

auto-ignition

non-adiabatic

Detailed scheme

pressure variation

burnt gases dilution

ARC scheme

premixed 
flamelet

non premixed  
flamelets

Need target flames to 
identify redundant 

species and apply QSS

tabulated

premixed 
flamelets

non premixed  
flamelets

Need flame library to 
build the look-up table

optimized scheme

premixed 
flamelets

non premixed  
flamelets

Need target flames to 
satisfy objective 

functions



Conclusion
Tabulated chemistry 

✓very efficient on canonical configuration


- less suitable to « complex » flame structure where many 
flame regimes are encountered


• A single flamelet is non sufficient to build the table:


• Which flamelet archetypes to tabulate ? 


•  How to map a database with different archetypes?


• New coordinates are needed. How to close the look-up 
table coordinates balance equations ?

!49



Conclusion

Analytically Reduced Chemistry 

✓Progress have been made to automatize the 
generation of ARC mechanisms


✓Massively computing facilities make possible 
their use in CFD


- still expensive as many species remains to be 
transported


- stiffness of reaction rates

!50



Conclusion

Virtual Chemistry 

✓Enables the prediction of pollutant with a few reactions


✓Size does not depends on the fuel


- mechanims and sub-mechanisms structure remains to 
be automatized


- intuitive identification of the degree of freedoms 

!51



Chemistry is reduced to 
compute turbulent flames 

!52

… a few examples

Preccinsta burner simulation with virtual chemistry (G. Maio PhD)
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Joined comparative study, TNF 2012 and 2014

B. Fiorina, R. Mercier, G. Kuenne,  A. Ketelheun,  A. Avdic, J. Janicka, D. Geyer, A. Dreizler, E. Alenius, C. 
Duwig, P. Trisjono, K. Kleinheinz, S. Kang, H. Pitsch, F. Proch, F. Cavallo Marincola, A. Kempf . 
Challenging modeling strategies for LES of non-adiabatic turbulent stratified combustion. Comb & 
Flame (2015)

• Research groups have developed their own computational strategies
• different turbulent combustion models 

• different codes with different numerics

• different meshes 

• different computational domains 

• different phd students who run and analyse the computations

We cannot conclude on specific 
submodel perfomances with this 

exercice !

But aim is to illustrate 
the state of the art



stratification zones

Flame lifting due to
heat losses at the 
burner lips
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Longitudinal cut of the TSF burner

TSFA: no shear layer / stratification
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B. Böhm et al.,  Proc. Comb. Inst. (2010)
F. Seffrin et al., Comb. & Flame 157. (2010)

LDV measurements:
•  Axial/radial velocity

Raman/Rayleigh measurements:
•  T - YO2 - YCH4 - YCO2 - YH2O - 

YN2
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An overview of model characteristics is shown in Table 1.

Turbulent Chemistry Kinetic Flame resolution Flame wrinkling

Combustion model modeling scheme management model

ATF-FGM Tabulated chemistry GRI3.0 Lewis number unity Thickening Charlette et al.

(TUD) (premixed flamelets) [25] [21]

F-TACLES Tabulated chemistry Lindstedt Filtering Charlette et al.

(EM2C) (premixed flamelets) [34] [21]

Coupled G-C Tabulated chemistry Peters & Rogg Level-set Pitsch

(ITV) (premixed flamelets) [35] [15]

NCM Semi-global Jones & Lindstedt Resolved None

(LUND) scheme [36]

FSD Flame speed GRI3.0 Lewis number unity None Fureby

(UDE) tabulation [25] (see Sec. 2.6.2) [27]

Table 1: Summary of main turbulent combustion models properties.

2.6.3. Modeling SGS flame turbulence interactions

Four models are based on a geometrical representation of flame turbulence

interactions: ATF-FGM, F-TACLES, coupled G-C and FSD. All techniques

require an explicit modeling of the SGS flame wrinkling. ATF-FGM and

F-TACLES both employ the Charlette et al. [21] model, whereas the hybrid

G-C method employs a turbulent flame speed closure proposed by Pitsch

[15]. The FSD formulation uses the fractal flame wrinkling model proposed

by Fureby [27]. The NCM approach does not account for sub-filter flame

turbulence interactions.

16

4 « Tabulated chemistry »

1 « No turbulent combustion model »



➡ Good prediction of the flame lift-off


➡ In general a fair agreement has been observed 
between LES and experiments

100 mm

0 mm

(a) EM2C (b) UDE (c) ITV (d) LUND (e) TUD

Figure 5: Instantaneous snapshots from non-adiabatic simulations of theTSFA flame: 3-D views of 1850 K
temperature iso-surface conditioned on the flame surface. 2-D field show the mixture fractions iso-contours.

in the simulations are TUD, the Institute for Combustion Technology (ITV, Aachen), Lund
University (LUND), the EM2C laboratory at Ecole Centrale Paris (EM2C) and Duisburg-
Essen University (UDE). All groups performed Large Eddy Simulations using Low Mach
Number solvers. EM2C employed the Filtered Tabulated Chemistry for LES (F-TACLES)
model [110], extended to capture the propagation of non-adiabatic flames [121].TUD ap-
plied a premixed flamelet tabulation with local flame thickening [120]. ITV used a flamelet
progress variable approach also based on premixed flamelet tabulation but coupled with
a level set approach [116]. LUND described the combustion chemistry through a 4-step
mechanism combined with Implicit LES [122]. UDE used an artificially-thickened flamelet
generated manifolds technique on many low cost cells.

These computational strategies di↵er by many aspects of numerics, turbulent combustion
models and meshing. However, all modeling strategies were designed to produce the correct
laminar flame speed under non-adiabatic conditions. Most simulations agree on the mean
flame brush position, but it is clear that subgrid turbulence must be considered to achieve
the correct turbulent flame speed. Instantaneous snapshots of the flame, shown in Fig.5,
illustrate the ability of the methods to capture the flame lift-o↵ height. Discrepancies in the
flame wrinkling resolution are caused by the di↵erent grids and numerical methods but also
by the various LES combustion model employed.

An alternative, adapted to the simulation of high Reynolds moderate Damkohler number
turbulent flames [123, 124], is to use LES-EPaSR (extended Partially Stirred Reactor) and
RANS-EPaSR models, which incorporate the influence of finite rate kinetics. It is assumed
(similarly to EDC model of Magnussen) that chemical reactions take place only in the fine
vortex structures, characterized by high intensity velocity gradients, molecular mixing and
dissipation. Using the similarities with the mathematical treatment of multiphase flows,
equations are derived for the fine-structure composition and volume fraction that are solved
together with the LES or RANS equations for the resolved scales. If convection and un-
steady e↵ects can be neglected EPaSR model reduces to the PaSR model. EPaSR model
was validated against experimental data, e.g. lean premixed blu↵-body stabilized flame,

15

F-TACLES TFLES TFLESNo-modelG-Equation

Relative 
difference 
of 18% 
between 
LES

B. Fiorina, R. Mercier, G. Kuenne,  A. Ketelheun,  A. Avdic, J. Janicka, D. Geyer, A. Dreizler, E. 
Alenius, C. Duwig, P. Trisjono, K. Kleinheinz, S. Kang, H. Pitsch, F. Proch, F. Cavallo Marincola, A. 
Kempf . Challenging modeling strategies for LES of non-adiabatic turbulent stratified combustion. 
Comb & Flame (2015)



Large Eddy Simulation (LES) of turbulent combustion

J. Lamouroux, M. Ihme, B. Fiorina and O. Gicquel. Tabulated 
chemistry approach for diluted. combustion regimes with 
internal recirculation and heat losses. Comb. Flame. (2014) 
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Example of ARC in LES: SANDIA D Flame 
(PhD of T. Jaravel)

No thickening: flame front resolution
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Example of Virtual chemistry in LES: HERON combustor 
(PhD of M. Cailler)

Flame front is thickened by TFLES, Subgrid flame wrinkling is modeled

• High pressure test-rig HERON equipped with a Lean-Premixed 
injection system (Malbois, Proceedings of ASME Turbo expo, 2017)

• Designed to investigate the impact of pressure and 
equivalence ratio on the flame structure and polluant 
formation

Instantaneous field of temperature Lagrangian particles colored by their diameter 
and gaseous kerosene mass fraction 


