Combustion and Flame 211 (2020) 281–302

Contents lists available at ScienceDirect

Combustion and Flame
journal homepage: www.elsevier.com/locate/combustflame

Development of a virtual optimized chemistry method. Application to
hydrocarbon/air combustion
Mélody Cailler a,b,∗, Nasser Darabiha a, Benoît Fiorina a
a
b

Laboratoire EM2C, CNRS, CentraleSupélec, Université Paris-Saclay, 3, Joliot Curie, Gif-sur-Yvette 91192, France
SAFRAN Tech, Modelling & Simulation, Rue des Jeunes Bois, Châteaufort, 78114 Magny-les-Hameaux, France

a r t i c l e

i n f o

Article history:
Received 5 November 2018
Revised 11 September 2019
Accepted 12 September 2019
Available online 18 October 2019
Keywords:
Combustion modeling
Kinetic scheme optimization
CO formation
Genetic algorithm

a b s t r a c t
Chemical ﬂame structures encountered in practical turbulent combustion chambers are complex because
multiple regimes such as premixed, stratiﬁed or diffusion may coexist. Combustion modeling strategies
based on single ﬂame archetype fail to predict pollutant species, such as CO. To account for multiple combustion regimes, at a reduced computational cost, a novel approach based on virtual optimized mechanisms is developed. This method consists in (i) building a kinetic scheme from scratch instead of reducing a detailed mechanism, (ii) using a reduced number of virtual reactions and virtual species that do not
represent real entities and (iii) using sub-mechanisms dedicated to the prediction of given ﬂame quantities. In the present work, kinetic rate parameters of the virtual reactions and virtual species thermodynamic properties are optimized through a genetic algorithm to properly capture the ﬂame temperature
as well as CO formation in hydrocarbon/air ﬂames. The virtual optimized chemistry approach is ﬁrst applied to the derivation of methane/air reduced kinetic schemes. The ﬂame solutions obtained with the
virtual optimized mechanisms are subsequently compared to the reference ﬂame library showing good
predictive capabilities for both premixed and non-premixed ﬂame archetypes. Analysis of the impact of
the reference database demonstrated that the quality of CO formation modeling depends on the reference
ﬂame library used to train the optimized kinetic scheme. The virtual mechanisms are also tested on 2-D
partially-premixed burners showing good agreement between the reference mechanism and the reduced
virtual schemes. Finally, the virtual optimized chemistry approach is used to derive virtual optimized
mechanisms for heavy fuels oxidation.
© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction
The conﬂicting nature of performance, operability and environmental constraints leads engine manufacturers to perform a ﬁne
optimization of the burner geometry to ﬁnd the best design compromise [1]. Numerical simulation constitutes an attractive tool to
achieve this challenging task, and is routinely used in design ofﬁces to capture macroscopic ﬂow features. However, the modeling
of combustion chemistry in complex reactive ﬂow environment is
still a critical issue to properly predict the pollutant formation in
practical conﬁgurations. A precise and comprehensive description
of the reacting chemical system may be achieved by using detailed
kinetic schemes, involving hundreds of species and thousands of
reactions. Unfortunately, the application of such models in simulations of real scale conﬁgurations is prohibitive. The computational
∗
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cost associated with the resolution of species transport equations,
the numerical stability issues due to reaction rates stiffness and
the potential modeling issues related to the coupling with turbulence, limit the use of detailed schemes to simple geometries and
light fuels. To take into account kinetic effects in simulations of
real combustion chambers two modeling challenges must be addressed [2]. First, a combustion chemistry model imposing low
computational costs and allowing a precise description of chemical
effects of interest must be provided. Then, an adequate turbulent
combustion model is required to account for the interactions between the sub-ﬁlter scale turbulent eddies and the resolved ﬂame
front. This work will focus on this ﬁrst point.
Among existing kinetic reduction technique, a widely used approach to model complex chemistry at a low computational cost is
tabulated chemistry. This strategy assumes that the ﬂame structure can be parametrized by a reduced set of control parameters [3–6]. The chemical response of a canonical problem is
stored in a database as a function of representative variables. This
method is very eﬃcient to capture the chemical structure when
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the combustion regime is well identiﬁed. However, when stratiﬁed
or partially-premixed ﬂames are encountered tabulated chemistry
methods based on single ﬂame archetype fail to predict the inner
ﬂame structure and minor species such as CO [7,8]. Also, the simultaneous treatment of heat losses, multiple fuel inlets or dilution by
hot gases can lead to diﬃculties to identify the control parameters
and the ﬂame prototypes combining these effects.
Alternatives to tabulated chemistry are “chemistry-driven” reduction approaches based on skeletal reduction [9–11] and QuasiSteady State (QSS) approximation [12–14]. The resulting kinetic
schemes, called analytically-reduced mechanisms, provide an accurate description of the ﬂame structure and intermediate species
on a wide range of conditions [15,16]. Recently, the simulation of
the swirled SGT-100 burner [17] demonstrated the capabilities of
analytic chemistry to capture CO and NOx concentrations in a representative conﬁguration. Nevertheless, the computational cost associated with this methodology can be high, in particular if heavy
hydrocarbon molecules such as soot precursors (PAH) are targeted
or if the oxydation of hybrid multi-component fuels is addressed.
A new chemistry modeling approach combining (i) identiﬁcation
of chemical trajectories accessed in the target conﬁguration, (ii)
application of chemical reduction methods and (iii) optimization
of kinetic rate parameters has recently been proposed [18]. Even
though this approach allows higher reduction rates than classical
chemistry reduction techniques, the question of the cost associated
with the prediction of heavy molecules is still unanswered.
A third approach to account for kinetic effects relies on semiglobal mechanisms composed by few major species interacting
through a reduced number of global reactions. These kinetic
schemes are calibrated to reproduce global ﬂame quantities of
interest such as: adiabatic ﬂame temperature, laminar premixed
ﬂame speed or auto-ignition delay times [19–21]. During the last
40 years, numerous semi-global kinetic schemes were developed.
First works by Westbrook and Dryer [19] or Jones and Lindstedt
[20] exploited the two layers ﬂame structure of hydrocarbon/air
ﬂames to derive two- and four-step generic mechanisms. More recently, Franzelli et al., [21] developed an empirical method to build
two-step mechanisms valid on a wide range of operating conditions. In this work, pre-exponential factors are tabulated as a function of the local equivalence ratio to ﬁt laminar ﬂame speed, and
reaction orders of reactants are selected so as to account for the
impact of pressure on the laminar ﬂame speed. With the increase
of computational power, fully automated methods based on evolutionary optimization algorithms have arisen to determine optimum
chemical rate parameters of semi-global schemes [22–25]. Independently of the calibration approach used, semi-global schemes
are cost-effective and eﬃciently capture global ﬂame properties. As
such they are widely used for simulations of large scale combustion systems [26–28]. Unfortunately, these low-order mechanisms
are not able to capture the inner ﬂame structure and complex
chemistry phenomena such as ﬂame ignition or extinction. Moreover, as few intermediate species are included, pollutant formation
processes are not accounted for.
An alternative method, based on virtual optimized schemes,
has been proposed to address combustion chemistry over both
premixed and non-premixed ﬂame regimes, at a reduced computational cost [29]. This strategy, aiming at building reaction
mechanisms capable of describing user-deﬁned ﬂame properties,
relies on the optimization of a virtual mechanism composed of
virtual reactions and virtual species whose thermodynamic properties are also calibrated. Virtual optimized mechanisms capabilities
to capture temperature and heat release rate on premixed and
non-premixed combustion regimes have been validated on 1-D
laminar ﬂames [29]. Interestingly, an original optimization method
has also been lately introduced to derive one-step schemes using
one virtual product with optimized properties [30]. The resulting

one-step mechanisms retrieve well global ﬂame properties of both
premixed (burnt gas temperature, laminar consumption speed and
thermal thickness) and diffusion (extinction strain rate) ﬂames.
The present paper focuses on the development of a low-CPU
cost virtual chemistry approach dedicated to the prediction of minor species formation in premixed and non-premixed hydrocarbon/air ﬂames. A special emphasis is given to CO concentration
prediction which is of particular interest for industrial applications
and from a modeling point view, as CO formation features both fast
and slow processes. Moreover inﬂuence of the reference database
used to optimize the virtual scheme is discussed. In a ﬁrst part, the
general methodology for the derivation of both the main and satellite virtual optimized mechanisms is presented. The new chemistry description method is ﬁrst used to derive virtual reduced
schemes dedicated to the prediction of the ﬂame temperature and
CO concentration in methane/air ﬂames. The subsequent virtual
mechanisms are compared against main chemistry description approaches in terms of predictive capabilities, computational costs
and numerical stiffness. In a fourth part, fully resolved simulations of a two-dimensional laminar partially-premixed methane/air
burner are performed to assess virtual optimized schemes capabilities in a multi-dimensional context. Finally, virtual optimized kinetic schemes devoted to the description of heavy fuels oxidation
are built-up and compared to detailed chemistry solutions.
2. Methodology for building up virtual kinetic schemes
2.1. Virtual chemistry concept
The virtual reaction mechanism is optimized to predict speciﬁc
ﬂame properties requested by a Research and Development engineer on an ensemble of user-deﬁned ﬂame conﬁgurations. The
properties of interest may be for instance the ﬂame temperature,
the consumption speed and the formation of a given pollutant
(CO, NOx , soot precursors, etc.). The target ﬂame prototypes must
be representative of the variety of combustion elements encountered in practical applications. In the present work, the optimized
scheme targets both premixed and non-premixed adiabatic ﬂame
archetypes so that complex ﬂame structures are captured. The reference database could however be enlarged by adding other reactive conﬁgurations such as 0-D homogenous reactors or nonadiabatic ﬂames, if these combustion events occur in the targeted
application.
The virtual mechanisms are generated through an original
method relying on:
• Building up a reduced chemical mechanism from scratch instead of reducing a detailed scheme. Most reduction techniques
are based on progressive elimination of species and reactions
so as to achieve a satisfactory level of accuracy compared to the
complex chemistry. Conversely, virtual optimized chemistry approach gradually increases the number of species and reactions
so that the target ﬂame quantities are properly described.
• Using virtual global reactions that do not model real kinetic
paths between species. Virtual optimized mechanism may be
seen as a mathematical architecture designed to retrieve a set
of user-deﬁned physical targets.
• Using virtual species whose physical properties (thermodynamic and transport) are optimized to capture real mixture averaged properties. In opposition with classical reduction methods [19,20] that use real species, species do not represent real
chemical entities but are considered as degrees of freedom of
the model. It must however be underlined that when minor
species such as pollutants are targeted the virtual mechanism
involves virtual species that model the real chemical compound
of interest.
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Fig. 1. Virtual optimized mechanisms architecture.

The virtual optimized mechanisms architecture is illustrated in
Fig. 1. The proposed strategy consists in building and optimizing
independent reduced virtual kinetic schemes dedicated to the capture of a given ﬂame property. The virtual optimized mechanisms
are decomposed into a main kinetic scheme and several satellite
sub-mechanisms dedicated to minor species description.
Both main and sub-schemes are trained through genetic optimization to recover a target database composed of reference solutions representative of different canonical combustion problems.
The main virtual mechanism is calibrated to capture the ﬂame/ﬂow
ﬁeld coupling. More precisely, the main kinetic scheme aims at describing the mixture-averaged thermodynamic and transport properties as well as the heat released by combustion. As the main virtual scheme is trained to capture the ﬂame structure of a complex
chemistry database, it accounts for the overall impact of all species
present in the reference scheme on the heat release rate, within
a certain accuracy. However, as only integrated quantities such as
temperature and mixture-averaged properties are targeted, individual species informations are not modeled by the main virtual
scheme. To have access to species concentration of interest (e.g.
CO, CO2 , NOx or HCx ) satellite-mechanisms are introduced. These
sub-schemes, exclusively designed to model individual species concentrations, do not retro-act on the main virtual scheme. No feedback from satellite mechanisms to the main virtual scheme is indeed required as detailed chemistry information are included in
the heat release and temperature proﬁles predicted by the main
virtual scheme.
Reduced virtual schemes (including main mechanism and submechanisms) have a structure similar to conventional mechanisms.
In this article, the superscript v refer to quantities associated to
virtual species and reactions whereas the superscript d denotes
detailed chemistry formalism. A detailed mechanism involving Nsd
species of chemical symbols Vkd interacting through Nrd reactions is
formulated as follows:
d

Ns


d



d d
αk,r
Vk →

k=1

Ns




αk,rd Vkd

for r = 1, . . . , Nrd

(1)

k=1

d
αk,r

where
are the stoichiometric coeﬃcients per mass unit. Similarly, the virtual mechanism reads:
vq

Ns

k=1

vq



vq vq
αk,r
Vk →

Ns




αk,rvq Vkvq

v

for r = 1, . . . , Nr q

(2)

k=1

where the superscript vq identiﬁes the qth virtual mechanism with
q = m for the main virtual mechanism and q = sn for the nth virtual sub-mechanism for CO, PAH or NOx for instance.
Using the notation dt f = ∂t f + ∂xi ( f ui ), the systems of conservation equations associated to both main and satellite mechanisms
may be written as:

Main mechanism:

dt ρ = 0

ρ u j = ∂ x i σi j




vm
dt ρYkvm = −∂xi ρYkvm Vk,i
+ ω˙ kvm

vm
dt



dt (ρ h ) =

λv ∂xi T − ρ

∂xi

Ns


for k ∈ [1, Nsvm ]



vm vm vm

Yk Vk,i hk

(3)

k=1

nth satellite-mechanism:

dt





v sn 
v
+ ω˙ k sn
ρYkvsn = −∂xi ρYkvsn Vk,i



v

for k ∈ 1, Ns sn



(4)

where ρ is the density, ui the velocity component and σ ij the sum
of the viscous tensor τ and the hydrodynamic pressure P tensor.
Yk is the kth species mass fraction, while Vk,i and ω˙ k denote the
molecular diffusion velocity component and the chemical reaction
rates of the kth species. In the enthalpy conservation equation, λ
is the thermal conductivity and T denotes the temperature.
The main virtual model, trained to describe the ﬂame/ﬂow ﬁeld
interactions, is coupled with the ﬂow governing equations through
mass, species, momentum and energy conservation equations. Unlike the main mechanism, the satellite sub-mechanisms are not involved in the closure of mass, momentum and energy equations
but only account for pollutant species mass fractions. The temperature, density and mixture properties (heat capacity, enthalpy,
conductivity, etc.) evaluated from the main virtual mechanism are
used as input in satellite kinetic models.
The procedure used for virtual mechanisms optimization is discussed in Section 2.2. The derivation of the main block is detailed
in the Section 2.3, while the design of a sub-mechanism for CO
prediction is discussed in Section 2.4.
2.2. Optimization procedure
One major ingredient of the strategy is the optimization of
species physical properties and reaction rate parameters so as to
accurately recover a set of target ﬂame properties. This inverse
problem expresses as a constraint minimization:





minimize E wv (X v ), wd X d
submitted to S (wv (X v ) )



(5)

where E is the function comparing virtual and detailed solutions, often called ﬁtness or cost function. The vector w =
(ρ u, ρv, ρ w, ρYk , ρ h ) refers to the state vector depending on the
set of parameters X describing the thermo-chemochemical, transport and kinetic rate properties. Detailed state vector wd and virtual state vector wv are constrained by the set of conservation
equations for mass, momentum and energy referred as S:

∂w
+ ∇ .F ( w, X ) = s ( w, X )
∂t

(6)
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where F is the ﬂux tensor and s the source term vector.
Following the work of Polifke et al., [22], the identiﬁcation
of the best set of free parameters X v is performed through an
eﬃcient and automated procedure. The following section brieﬂy
presents the main classes of optimization methods that may be
used to close the virtual kinetic schemes.
2.2.1. Brief review of optimization techniques
Two main classes of optimization approaches may be identiﬁed
in the literature: deterministic and stochastic methods. Deterministic optimization methods include all optimization algorithms
using a speciﬁc rule to guide the evolution from one set of candidate parameters to another [31]. As an example, gradient-based
approaches use the cost function and its gradient to identify a
new set of optimum parameters. Optimization methods based on
sensitivity analysis examine the Jacobian of the studied system
to guide the search direction [32]. On the contrary, stochastic
optimization strategies introduce randomness during the search
process to improve the algorithm eﬃciency. The introduction of
randomness may indeed avoids the convergence towards a local
optimum and eventually allows to approach the best solution [33].
The family of stochastic search optimization methods includes
a wide variety of algorithms going from simulated annealing to
particle swarm or genetic optimization.
Depending on the problem treated, the two techniques can feature very different behaviors. In this work, as the cost function
is evaluated through the resolution of a non-linear system of differential equations, it can feature multiple ridges and valleys as
well as discontinuities (because of calculations non-convergence).
With such complex and highly structured landscapes ﬁtness functions, the use of stochastic optimization algorithms is required
[34]. Among the various types of random search techniques, evolutionary algorithms have been largely used for the optimization
of kinetic schemes [22,24,35,36]. One of the main advantages of
this optimization algorithm is its ability to balance between space
exploration (random search) and space exploitation (ﬁtness function information) so as to converge towards the best global solution [37]. This eﬃcient and robust optimization approach is considered here for the optimization of virtual mechanisms. The next
section introduces the main principles of evolutionary algorithms.

(i) A selection procedure is used to identify the ﬁttest individuals to be the survivor parents for the next generation. The
selection operator is based on a k-tournament algorithm.
(ii) A crossover operation is then applied on a couple of randomly chosen parents. This genetic operator imitates the
hereditary process that mixes parental qualities towards potential improvement of the offspring.
(iii) Eventually, mutation operation is randomly applied on children solutions to improve the population diversity.
4. The predictive capabilities of every individual of the children
population is then evaluated by comparing reference solutions
to those obtained with the corresponding virtual models.
5. Finally, a reduction or ﬁltering operation relying on ktournament selection is applied to the total population formed
by the merging between the parents’ population and the children’ population. To ensure a constant improvement of the generations an elitist model is used.
Details about initialization, selection procedure, genetic operators
and elitism model are given in Appendix A. Evaluation of the virtual kinetic models is performed with the REGATH thermochemistry package [41].
2.3. Main virtual scheme for ﬂame structure prediction
The general methodology to build up the main mechanism devoted to the description of ﬂame/ﬂow ﬁeld coupling is presented.
The structure of the virtual scheme is ﬁrst introduced. Then, the
optimization of virtual species properties and reaction rate parameters is discussed in Sections 2.3.2 and 2.3.4, respectively.
2.3.1. Main virtual mechanism generation principles
Two types of virtual mechanism structures composed of one
or two consecutive virtual reactions have been tested in [29]. The
two-step scheme is retained here because it provides a better
description of the ﬂame temperature proﬁles. This mechanism is
composed of the two following consecutive virtual reactions:
vm
αFvm F + αOx
Ox + αDvm D → αIvm I + αDvm D

(R1)

vm

2.2.2. Evolutionary algorithms
Evolutionary algorithms explore the domain by modeling biological evolution principles and hereditary laws. Following the evolutionary theory introduced by Darwin [38], a number of optimization algorithms based on this concept were introduced. In this
work, optimization of species thermodynamic properties and reaction rate parameters is performed using the genetic algorithm proposed by Holland [39] and later modiﬁed by Goldberg [40]. The
evolutionary algorithm principle implemented in the in-house optimization code is described in Fig. 2.
The main steps of the evolutionary algorithm may be summarized as follows:
1. In a ﬁrst stage, the initial generation composed of a set of individuals, representing potential solutions, is randomly generated.
Each individual is represented by a real vector also called chromosome whose values called gene correspond to the unknown
parameters. Deﬁnition of the chromosomes for the calibration
of the species thermodynamic properties and the kinetic parameters are given in Section 2.5.
2. Each individual (potential solution) of the ﬁrst generation is
then evaluated through the ﬁtness function E that discriminates
good solution candidates from the others.
3. The next step relies on population evolution through the application of three genetic operators:

I→

Np

αPvm Pk
k

(R2)

k=1

The ﬁrst virtual reaction R1 converts fuel (F) and oxidizer (Ox)
to an intermediate species (I) which is then transformed through
reaction R2 into a set of Nvp virtual products Pk . The species
named D is a dilutant compound which is not affected by chemical
reactions.
Figure 3 illustrates the two consecutive steps required to build
up the main virtual scheme. First, the thermo-chemical and transport properties of the virtual species are optimized to mimic real
mixture properties such as heat capacity, heat conductivity and
mixture-averaged molecular weight. Table (a) in Fig. 3 summarizes
the physical properties optimized during the ﬁrst stage of the procedure. The second step of the optimization aims at evaluating the
kinetic rate constants of the virtual reactions (Table (b) in Fig. 3).
The unknown parameters are ﬁtted so that virtual scheme solutions are as close as possible to a set of reference ﬂamelets obtained with a detailed chemistry mechanism. In the present study,
the reference database is made of 1-D adiabatic laminar ﬂames, either freely-propagating premixed or non-premixed counterﬂow.
The calibration of the main virtual scheme is performed stepby-step to minimize the total number of unknown that is identiﬁed at each step. The performance of the overall optimization procedure is therefore improved.
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Fig. 2. Genetic algorithm principle.

Fig. 3. Main virtual optimized mechanism generation procedure.

2.3.2. Optimization of virtual species properties
In a ﬁrst step, the thermodynamic and transport properties of
the virtual species are calibrated to recover averaged properties of
the multi-component real mixture.
Thermodynamic properties of reactant and product species: For
both detailed and virtual formalisms, the quantity ψ is introduced
to represent the mixture-averaged thermodynamic properties:
vm

d

ψ =
d

Ns


ψ

d d
k Yk

and

k=1

ψ vm =

Ns


ψkvm Ykvm

(7)

k=1

where the vector ψk = {hk , c pk } gathers the enthalpy hk and the
heat capacity at constant pressure of the kth species. Following the
NASA parametrization, cpk and hk are modeled by temperature dependent polynomial functions:

c pk
= a1k + a2k T + a3k T 2 + a4k T 3 + a5k T 4
R

(8)

hk
a
a
a
a
a
= a1k + 2k T + 3k T 2 + 4k T 3 + 5k T 4 + 6k
RT
2
3
4
5
T

(9)

The coeﬃcients alk of species k correspond to thermodynamic coeﬃcients. Classically, these coeﬃcients are given in thermodynamic
database built to retrieve the evolution of species individual properties with the temperature. In this work, the NT = 6 coeﬃcients
alk of species k are optimized so that the real mixture properties
are correctly described in both fresh and fully burnt gases where
heat and mass diffusion may occur:

ψ vm | f = ψ d | f

and

ψ vm |eq = ψ d |eq

(10)

where superscripts f and eq denote fresh and equilibrium condition.
At this stage, evolution of the mixture thermodynamic properties (heat capacity and enthalpy) across the ﬂame front is not explicitly targeted during the optimization process as the only local
property considered is temperature. However, capability of the virtual scheme to capture mixture-averaged thermodynamic properties variation along the ﬂame is a-posteriori veriﬁed.
The description of mixture-averaged properties in the fresh
gases is achieved by attributing real properties to reactants (F and
Ox) and dilutant (D) species of the virtual mixture:

ψAvm = ψAd for A = {F , Ox, D}

(11)

In practice, this condition is fulﬁlled by imposing real thermodynamic coeﬃcients to virtual species:

avlAm = adlA

for A = {F , Ox, D}

and

l ∈ [1; NT ]

(12)

For instance, for methane/air combustion, F, Ox and D have the
thermo-chemical properties of CH4 , O2 and N2 , respectively. In the
following, the subset of species composed by fuel, oxidizer and dilutant species is referred as A.
The modeling of burnt gases thermodynamic properties is more
complex as for hydrocarbon/air mixtures the equilibrium composition may involve hundreds of real species. To overcome this diﬃculty, the in-house genetic code presented in Section 2.2.2 is used
to identify the minimum number of virtual products N vpm and their
associated thermodynamic properties avlPm that describe the most
k

reliably the burnt gases state. This is achieved through the mini-
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main
mization of the ﬁtness function Ethermo
deﬁned as:
main
Ethermo
(X ) =

Nc


ψ vm |eq (φi ) − ψ d |eq (φi )

(13)

The mixture-averaged coeﬃcients al refer to the linear combination of the thermodynamic coeﬃcients alk for each group of
species:

alAm |eq (φi ) =
v

i=1

where X corresponds to the set of parameters to be optimized.
Nc is the number of targeted operating conditions for instance the
number of equivalence ratio conditions targeted in the ﬂammability range [φ L ; φ R ]. Referring to reactions R1 and R2 and to Eq. (7),
mixture-averaged thermodynamic properties ψ d and ψ vm can be
expressed by:

ψ =

Ns


vm

alPm |eq (φi ) =
v

ψ



(14)

vm

ψkvm Ykvm + ψIvm YIvm +

Np

k=1

(X ) =

Nc



ψPvkm YPvkm

(15)

vm

ψ vm Y vm |eq
k

i=1

−

k

( φi ) +

k∈A
Nsd



Np


ψPvkm YPvkm |eq (φi )

k=1

ψkdYkd |eq (φi )

(16)

k=1

Under equilibrium conditions, species mass fractions of virtual
products are related to mass stoichiometric coeﬃcients αPvm :
k

α vm Y vm |eq
Pk

k

(17)

P

where YPvm |eq =

N p

vm

k=1

YPvm |eq is the total mass fraction of virtual
k

products in fully burnt gases. At equilibrium state, mass balance
equation gives:


eq

 v 
vm eq
m
YP  = 1 −
Yk 


k∈A

(18)

In real mixture, the equilibrium concentrations of product species
depend on the initial temperature, pressure and composition of
the fresh gases. To reduce the number of degrees of freedom, only
equivalence ratio dependency is considered in the following. However, the formulation can be extended to pressure and fresh gases
temperature dependency in a straightforward manner. To mimic
equilibrium composition variations with equivalence ratio, the stoichiometric coeﬃcients αPvm are expressed as a function of the fresh
k

gases composition. As a consequence, the set of parameters X to
be optimized is deﬁned as:

X =



N vm , α vm
p

Pk

(φi ), alPk

vm




for



k ∈ 1; N pvm
i ∈ [1; Nc ]
l ∈ [1; NT ]



(19)

Considering thermodynamic properties given by Eqs. (8) and
(9) and identifying polynomial coeﬃcients, one may express the
ﬁtness function of Eq. (16) as:



main
Ethermo
N pvm , αPvm (φi ), avlPm
k

=

(22)

k

| ( φi ) =

d
al eq

NT
Nc 

i=1 l=1



adlkYkd |eq (φi )

(23)

The practical resolution of the optimization problem is detailed in
Appendix B.
Thermodynamic properties of intermediate species: As previously
stated, the thermodynamic properties of the intermediate species
have no impact on the equilibrium gas state. However, as the intermediate species I may feature high concentrations in the ﬂame
front the value of the NASA coeﬃcients avlIm , modeling the species
sensible and chemical energy, can inﬂuence the description of the
inner ﬂame structure. As a consequence, thermodynamic properties of the intermediate species must be carefully modeled. To
reach a proper description of the temperature proﬁles, the coefﬁcients avlIm may be included in the set of coeﬃcients to be optimized, similarly as reaction rate parameters (see Section 2.3.4).
Interestingly, the typical endothermic behavior observed in rich
premixed ﬂame fronts may be considered to reduce the number of
parameters to be optimized. Detailed chemistry simulations show
that in rich premixed hydrocarbon/air ﬂames (for φ > φL ) the
maximum ﬂame temperature reached in the ﬂame front is higher
than the equilibrium temperature Teq obtained in fully burnt gases.
To properly capture this phenomenon, the standard enthalpy of
formation of species I is chosen so that reaction R2 is exothermic
for φ < φL and endothermic for φ > φL . Figure 4 shows the evolution of the standard enthalpy of formation of the virtual products
Nvm
m eq
in burnt gases ( H vf,P
| = k p Ykvm |eq H vf,km ) with the equivalence
ratio for two mixtures at different operating conditions. For φ <
φL , the condition H vf,Im > H vf,Pm ensures an exothermic behavior
of the reaction R2, while for φ > φL the relation

vm

a6I =

H vf,Im
R




av2mI 2 av3mI 3 av4mI 4 av5mI 5
a1I T0 +
T +
T +
T +
T
(24)
2 0
3 0
4 0
5 0

−

2.3.3. Speciﬁc gas constants
As the main virtual mechanism aims at describing the density
proﬁles across a ﬂame, the speciﬁc gas constant rkvm (or equivalently the molecular weight Wkvm ) of the virtual species k must be
identiﬁed so as to reproduce the reference mixture-averaged speciﬁc gas constant r vm (or equivalently the molecular weight W vm )
in both fresh and burnt gases:
vm

r vm | f = r d | f ⇒

(20)

d

Ns
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rkvm Ykvm | f =
rkdYkd | f

vm

d

m
H vf,P

vm

k

v

H vf,Im <

implies that reaction R2 is endothermic. This condition allows to
express the NASA coeﬃcient a6,I as a function of the targeted standard enthalpy of formation and the coeﬃcients modeling the sensible part of the energy:

k=1

alAm |eq (φi ) + alPm |eq (φi ) − al |eq (φi )
v

Ns

k=1

Accordingly to the structure of the two-step virtual mechanism,
given by reactions R1 and R2, intermediate species fractions is null
at equilibrium. By combining Eqs. (13)–(15), the ﬁtness function
describing the modeling of thermodynamic properties at equilibrium is given by:

YPvm |eq =

k

d

d d
k Yk

k∈A

main
Ethermo

Np

avlPm αPvm YPvm |eq (φi )
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Fig. 4. Evolution of the standard enthalpy of formation of the burnt gases virtual mixture with the equivalence ratio. The dotted grey line represents the standard enthalpy
of formation of the virtual intermediate species I.

Fresh gases speciﬁc gas constant is naturally obtained by assigning
real properties to the reactant subset of species A:

for A = {F , Ox, D}

rAvm = rAd

(27)

Virtual product speciﬁc gas constant rPv are determined by minik

main
mizing the cost function Echemistry
given by:

main
Echemistry
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rk m αP m YP m |eq (φi ) +
rPm YP m |eq (φi )

i=1
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k
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−
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k

k=1
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rkdYkd eq

q2 = Av2 exp
(28)

k=1

Transport properties: Virtual mixture-averaged transport properties are closed with simpliﬁed models based on analytic laws and
dimensionless transport numbers. The mean dynamic viscosity μv
v
is given by μv = μv0 (T /T0 )β , where μv0 is the dynamic viscosity
of the burnt gases in a stoichiometric premixed ﬂame at the reference temperature T0 . The coeﬃcient β v is optimized to retrieve
the viscosity dependence on temperature.
The gas mixture thermal

conductivity λv reads: λv = μv cvp /Prv0 , where Prv0 is the Prandtl
number, assumed constant and equal to the Prandtl number in the
burnt gases of a premixed ﬂame at stoichiometry. The molecular
v are closed using a unity Lewis number asdiffusion velocities Vk,i
sumption:



vm
Ykvm Vk,i
= −Dv ∂xi Ykvm = −


λv /ρ v cvp ∂xi Ykvm



q1 = Av1 f1v (Z ) exp

N pm

Nc


the ﬂame and the ﬂow ﬁeld. Here the target quantities retained
for the optimization are the laminar ﬂame consumption speed and
temperature proﬁles of 1-D premixed ﬂames.
Chemical reaction rates are expressed with Arrhenius type laws.
Rates of progress q1 and q2 of reactions R1 and R2 are given by:

(29)
Dv

In this article, molecular diffusion coeﬃcients
of virtual species
are assumed equal. It is well established that the use of such
simpliﬁed transport model impacts both global ﬂame properties
[42] and the inner ﬂame structure [43]. However, as it will be discussed in Section 3.1.1, this assumption does not limit the prediction of the laminar ﬂame consumption speed and premixed
temperature proﬁles, as long as targeted ﬂame solutions used to
calibrate the main virtual scheme include differential diffusion effects. Nevertheless, to handle changes in elemental composition
and displacement of equilibrium properties induced by preferential diffusion, as observed experimentally in [44], transport coefﬁcients of virtual species should be included in the optimization
procedure.
2.3.4. Optimization of virtual reaction rate parameters
During the second step of the main virtual mechanism generation procedure (Fig. 3), the kinetic rate parameters are optimized
so that the virtual optimized scheme reproduces as best as possible a set of ﬂame properties characterizing the coupling between

v
−Ea,
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v
−Ea,
1



RT





v
vm FF,1

[F ]

v v
vm FI,2 f2 (Z )

[I ]

v
vm FOx,1

[Ox]

,

,

(30)

(31)

v are the pre-exponential factor and activation enwhere Avr and Ea,r
v corresponds to the forergy of the rth reaction. The exponent Fk,r
ward reaction order of the species k in reaction r. The quantity
v
[Vk ] m refers to the molar concentration of the virtual species k.
Functions frv (Z ) are correction functions dependent on the mixture fraction Z characterizing the fresh gases composition. As unity
Lewis numbers are considered here, the mixture fraction is directly related to the normalized dilutant mass fraction, Z = (YDvm −
YDvm |Ox )/(YDvm |F − YDvm |Ox ), where the superscripts F and Ox denote
conditions in the pure oxidizer and pure fuel respectively. As suggested by Liñán and Williams, [45], the pre-exponential factor of
the ﬁrst reaction Av1 is modiﬁed by a mixture fraction dependent
function f1v so as to match the laminar ﬂame speed within the
ﬂammability limits. Also, the reaction exponent of the intermediate FI,v2 is corrected by a mixture fraction dependent function f 2v to
control the thickness of the post-ﬂame zone and to improve the
ﬂame structure prediction [29].
The genetic algorithm used to optimize species properties
is employed to determine the set of reaction rate parameters
v , F v ) and correction functions f v and f v that best repro(Avr , Ea,r
1
2
k,r
duce the temperature proﬁles and laminar ﬂame speed. The ﬁtmain comparing solutions obtained using the virness function Ekinetic
tual mechanism and the reference ﬂamelet is deﬁned by:





main
v , Fv , fv Z
Ekinetic
Avr , Ea,r
r ( i)
k,r

=

Nc

i=1

wS L

|SLvi − SLdi |
SLd
i

+ wT

Tiv (x ) − Tid (x )L2
,
Tid (x )L2

(32)

where SLi and Ti (x), respectively, represent the laminar ﬂame speed
and the temperature proﬁle of the ith set of operating conditions
φ i . The factors wSL and wT are weights attributed to each objective to give appropriate inﬂuence to each targeted quantity. For
the considered 1-D computational domain and mesh, the values
wSL = 0.01 and wT = 0.99 were found to give approximately the
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same weight to the laminar ﬂame speed and temperature proﬁle
objective.

To decrease the computational cost related to the integration of
the CO sub-scheme, the species F, Ox and D intervening in reaction
R3 are not transported. Instead, we assume that:

2.4. Virtual sub-mechanism for minor species prediction

YAvCO = YAvm

As indicated previously, pollutants are predicted by speciﬁc
sub-schemes. Virtual sub-mechanisms do not retro-act on the ﬂow
ﬁeld (see equation systems (3) and (4)), but use quantities predicted by the main virtual mechanism. Similarly to the optimization of the main virtual mechanism for temperature prediction, the
sub-mechanisms are optimized to capture proﬁles of a given minor
species.
The calibration process aims at evaluating both:

This assumption is realized only if the kinetic rate parameters
deﬁning the reaction rate of reaction R3 are identical to these of
the fuel consumption reaction R1 in the main virtual scheme i.e. if
v = E v , F v = F v and F v = F v . Thus, the
Av3 = Av1 , f3v = f1v , Ea,
3
a,1
F,3
F,1
Ox,3
Ox,1
v , F v and F v
coeﬃcients Av3 , f3v , Ea,
are not calibrated but their
3
F,3
Ox,3
values are ﬁxed by the optimization of the main mechanism. Imposing the kinetic rate parameters of reaction R3 tends to constrain
the optimization problem. Typically, the set of kinetic coeﬃcients
of reactions R4 and R5 leading to calculation convergence evolve in
a reduced domain. This restriction of the parameter domain evolution may lead the calibration procedure to converge towards unwanted kinetic parameters values such as negative reaction orders.
Prediction of the equilibrium state: The equilibrium constant in
concentration unit of the rth reaction is given by:

• the minimum number of species and reactions constituting the
virtual sub-scheme,
• the best set of kinetic rate parameters so as to reproduce the
minor species concentration on the collection of targeted ﬂame
conﬁgurations.
In this work, the concept of sub-mechanism is applied for the
description of CO, but the methodology can be transposed to any
minor species.
2.4.1. Optimization of the virtual reaction sub-mechanism for CO
In hydrocarbon/air ﬂames, the CO features an intermediate-like
behavior with two characteristic times. In the fuel oxidation layer,
CO is rapidly produced through reactions promoted by highly active radicals. Then in the post-ﬂame zone, CO slowly recombines
into CO2 . In the virtual chemistry framework, the following set of
global reactions is proposed to describe these processes:



vCO
αFvCO F + αOx
Ox + αDvCO D → α vCO CO + 1 − α vCO V1 + αDvCO D

(R3)

v

vCO

Kc,r =

Ns CO



for A = {F , Ox, D}
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v

For the reverse reaction R5, the equilibrium constant Kc,CO
reads:
5

Kc,vCO
=
5

v
[V2 ] s CO |eq
v
[CO] s CO |eq

(38)

Although sub-mechanisms are not involved in mass balance conservation equation, the satellite schemes are built so that the sum
of virtual species mass fractions equals one. For the nth submechanism the condition gives:
v

Ns s n

F + V1 → F + CO

(R4)

 v
Yk s n = 1

(39)

k=1

CO ↔ V2

(R5)

where F, Ox and D are the fuel, oxidizer and dilutant transported
in the main mechanism while V1 and V2 are virtual species. The
ﬁrst reaction R3 describes the fast CO production from fuel oxidation. The second reaction converting V1 into CO mimics the slow
CO formation processes occurring in rich conditions. Finally, the
reversible reaction R5 between CO and V2 models the slow recombination processes observed in the post-ﬂame zone.
The rate of progress of the virtual reactions R3–R5 are closed
with Arrhenius type laws:
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1

Considering that the virtual species V1 is completely consumed
through reaction R4, and as species F, Ox in reaction R3 are the
same as in reaction R1 the equilibrium mass fraction of the virtual
species V2 expresses as:



YVvCO |eq = 1 −
2

v 
vCO FCO,5

v
[V2 ] CO

FVv ,5
2

RVv ,5 
2

(35)

c,5

v and Rv are, respectively, the forward and reverse rewhere Fk,r
k,r
action orders of the species k in the reaction r. Functions f rv (Z )
are correction functions applied to the pre-exponential factors to
improve the predictive capabilities of the virtual sub-mechanism
on the whole ﬂammability range. Details about these functions are
given in the next session. The closure of the equilibrium constant
v of the reversible reaction R5 is presented hereinafter.
Kc,
5



(40)

k∈A

where the equilibrium composition of reactants F, Ox and dilutant
species D are determined by the main mechanism, while the equilibrium mass fraction of CO is the reference quantity given by complex thermo-equilibrium calculations.
v
The equilibrium constant Kc,CO
is pre-tabulated versus the mix5
ture fraction Z to properly describe the equilibrium state within
the ﬂammability limits:

Kc,vCO
Z =
5 ( )
[CO]

 v
d eq
Yk m |eq + YCO
|

v
[V2 ] CO |eq (Z )

[CO]

(41)

| (Z )

d eq

As for the main virtual kinetic scheme, the reaction orders are included in the set of optimized parameters to increase the degrees
of freedom and enhance the predictivity of the virtual scheme.
However, the modiﬁcation of the reaction orders of the reversible
reaction R5 must be consistent with the rule conditioning the
chemical equilibrium. In fact, elementary kinetics ensures that the
reaction rate of reaction R5 vanishes at equilibrium q5 |eq = 0. This
condition is expressed using Eqs. (35) and (38) as:



F v  v
F v
v
[CO] CO |eq CO,5 [V2 ] CO |eq V2 ,5 =
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 v  vCO eq RVv ,5
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Fig. 5. Summary of the procedure to build virtual optimized mechanisms.

The equilibrium behavior is retrieved if the following conditions
are satisﬁed:
v − Rv
FCO
,5
CO,5 = 1

FVv2 ,5 − RVv2 ,5 = −1

and

(43)

Prediction of the CO mass fraction proﬁles: The virtual subscheme is designed so that enough ﬂexibility is given to capture
a large variety of CO evolutions. For instance, to match the CO
mass fraction peak evolution with the equivalence ratio, the preexponential factor Av5 of reaction R5 is adjusted through a correction function f5v (Z ) tabulated as function of the mixture fraction
Z. In addition, for very rich conditions, detailed chemistry calculations show that CO produced by the combustion of classical hydrocarbon fuels features a slow increase in the oxidation layer. At the
opposite for lean and moderately rich mixtures, CO mass fraction
proﬁles exhibit a decrease or constant evolution in the post-ﬂame
zone. To account for the different CO mass fraction behaviors in
the post-ﬂame zone, the stoichiometric coeﬃcient α vCO of reaction
R3 is tabulated versus the fresh gas equivalence ratio. For lean and
moderately rich mixtures, α vCO (Z ) is set to unity so that CO is ﬁrst
rapidly produced in the reaction zone and then slowly converted
into V2 in the post-ﬂame zone through the equilibrium reaction
R5. For rich injection conditions, α vCO (Z ) is set lower than unity to
model the slow production of CO in the post-ﬂame zone, through
reaction R4. Finally, to ﬁt the thickness of the CO oxidation layer,
a correction function f4v depending on the mixture fraction is applied on the pre-exponential factor Av4 of reaction R4.
The set of reaction rate parameters and tabulated functions are
identiﬁed using the optimization algorithm previously introduced.
CO
The ﬁtness function Ekinetic
minimized through the genetic optimization procedure is given by:





CO
v , Fv , fv Z
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Avr , Ea,r
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i=1
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(x )L2
d
YCOi (x )L2
vCO

d
− YCO
i

(44)

2.5. Summary
A summary of the different stages for the design of the main
and satellite sub-mechanisms is illustrated in Fig. 5. For each step
of the virtual mechanisms generation process, the set of unknown
parameters or chromosome that must be calibrated are also provided.

3. Application to 1-D laminar methane/air ﬂames
In this section, the strategy presented in Section 2 is applied to
the description of the ﬂame/ﬂow ﬁeld interactions and CO formation in methane/air ﬂames. As described in Fig. 5, a prerequisite
to the optimization procedure is the generation of a ﬂamelet library that serves as a reference for the evaluation of the virtual
scheme predictive capabilities. The target database, used for the
methane/air virtual scheme optimization, is composed by ﬂamelets
computed with the detailed chemistry mechanism GRI3.0 [46] and
with mixture-averaged transport models [47]. The inﬂuence of the
ﬂamelet archetypes retained to generate the reference database
will be discussed in Sections 3.1 and 3.2.
The performances of the virtual schemes in terms of prediction,
computational cost and chemical stiffness are compared against
analytically-reduced chemistry, a semi-global mechanism and a
premixed-based tabulated chemistry strategy. Table 1 summarizes
the chemical models considered for the comparative study.
3.1. Main virtual mechanism
Identiﬁcation of the ﬁttest reaction rate parameters and correction functions closing the main virtual mechanism is performed
with the in-house genetic code described in Section 2.2. The target reference database, used to calibrate the unknown parameters, is made up with Nc = 31 one-dimensional unstretched premixed ﬂamelets with fresh gas equivalence ratio varying from lean
(φ L =0.5) to rich (φ R =2.0) ﬂammability limits.
3.1.1. Unstretched laminar premixed ﬂames
A series of 1-D laminar freely-propagating premixed methane–
air ﬂames is simulated with the chemical combustion models
Table 1
Chemistry description approaches considered for the comparative study.
Case

Chemistry description strategy

Reference
Semi-global
Analytic
Tabulated
Virtual

Detailed chemistry GRI3.0 [46]
Semi-global scheme Jones [20]
Analytically-reduced chemistry LU19 [16]
Premixed based tabulated chemistry FPI [4]
Virtual optimized chemistry
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(+ ) LU19 analytic scheme, ( ) FPI tabulated chemistry, ( ) Main virtual scheme.

Figure 7 shows the temperature proﬁles of a selection of 1-D
laminar premixed methane/air ﬂames. For all fresh gas equivalence
ratios, the temperature predicted by the main virtual mechanism
agrees very well with the detailed reference scheme. The tabulation of the intermediate reaction order FI,2 with the mixture fraction enables the adjustment of the characteristic thickness of the
post-ﬂame zone and a proper description of the temperature proﬁles. Also it is worth noting that for very rich condition, at φ = 1.8,
the two-step virtual mechanism recovers the temperature decrease
from its maximum value to the equilibrium temperature Tad (see
inset Fig. 7 bottom right). For this equivalence ratio, the endothermic behavior of reaction R2 allows the temperature reduction in
the post-ﬂame zone. Regarding semi-global chemistry, the Jones
scheme fails to retrieve the local ﬂame temperature and predicts
a very rapid reach of the equilibrium. For all equivalence ratios
investigated, the semi-global mechanism shows a very thin postﬂame region where the temperature is overestimated. Finally, the
analytic mechanism and the tabulated chemistry strategy provide
a correct description of the temperature proﬁles for all equivalence
ratios.

shown in Table 1. Predicted laminar consumptions speeds SL are
plotted in Fig. 6. Except for the Jones semi-global mechanism, the
overall agreement between all reduced chemistry approaches and
the reference model is good on the whole range of equivalence ratio. The optimized main virtual scheme reproduces well the laminar ﬂame speed in comparison with the detailed mechanism.
The optimization of the correction function applied on the preexponential factor enables a good agreement between the ﬂame
speed evaluated from the low order mechanism and the reference
detailed chemistry solutions. Interestingly, as long as the main
virtual scheme is trained to reproduce a reference database including differential diffusion effects, the molecular diffusive ﬂuxes
may be modeled with a unity Lewis number assumption without impacting the capture of the laminar speed. The tabulated
chemistry approach with correction of differential diffusion effects
matches very well the reference curve. Finally, the analyticallyreduced chemistry method recovers successfully the evolution of
the laminar consumption speed.

3.1.2. Non-premixed counterﬂow laminar ﬂames
The main virtual mechanism trained to capture the premixed
ﬂame structure is a posteriori tested on non-premixed ﬂames.
A set of counterﬂow ﬂames has been simulated for strain rates
varying from a = 15 s−1 to ac , the strain rate at which the diffusion
ﬂame is close to quenching. The dependence of peak temperature
with strain rate is presented in Fig. 8. For comparison purposes,
the results obtained with the one-step model proposed by Er Raiy
et al., [30] are added. Though composed of a unique reaction the
virtual kinetic scheme provides a satisfactory description of the
peak temperature evolution with strain rates. The two-step virtual
mechanism captures well the maximum temperature obtained
in diffusion ﬂame fronts. However, a slight overestimation of
the extinction strain rate is observed. The detailed kinetic model
GRI3.0 predicts extinction of the counter-ﬂow diffusion ﬂame
for a strain rate adc of 385 s−1 , while with the two-step virtual
scheme the diffusion ﬂame front persists up to 535 s−1 . In this
near-extinction region, one may observe that maximum ﬂame

Fig. 6. Evolution of the laminar ﬂame speed SL with the equivalence ratio for
a premixed methane/air ﬂame at fresh gas temperature T f = 300 K and pressure
) GRI3.0 reference chemistry, ( ) Jones semi-global scheme,
P = 1 atm. Legend: (

Fig. 7. Spatial evolution of the temperature for premixed methane/air ﬂames at fresh gas temperature T f = 300 K and pressure P = 1 atm. Legend: (black dot) GRI.3.0 reference
chemistry, (orange line) Jones semi-global scheme, (blue line) FPI tabulated chemistry, (green line) LU19 analytic scheme, (red line) Main virtual scheme.

M. Cailler, N. Darabiha and B. Fiorina / Combustion and Flame 211 (2020) 281–302

291

Table 2
Optimization calculations for derivation of the CO sub-mechanisms.
Virtual scheme

Reference database

CO-P
CO-D
CO-P-D

Premixed ﬂames with φ = {0.7, 1.1, 1.6}
Non-premixed ﬂames with a = {50, 150, 250} s−1
Premixed ﬂames with φ = {1.1, 1.6}
Non-premixed ﬂame with a = 50 s−1

the temperature proﬁles. The temperature departs however from
the reference solution in the lean side of the ﬂame. This observation is in accordance with the a posteriori test of the premixed
tabulated method on diffusion ﬂames performed in [7]. Eventually,
the analytic scheme is in good agreement with detailed chemistry.
3.2. Virtual sub-mechanism for CO formation prediction
Fig. 8. Evolution with the strain rate of the peak temperature obtained in 1D counterﬂow methane/air ﬂames at fresh gas temperature T f = 300 K and pres) GRI3.0 reference chemistry, (
) Jones semi-global
sure P = 1 atm. Legend: (
) FPI tabulated chemistry, (
) LU19 analytic scheme, (
) Main
scheme, (
) One-step scheme from [30].
virtual scheme, (

temperature predicted by the two-step main virtual scheme are
considerably smaller than the reference one. Regarding the semiglobal scheme, important overestimation of the peak temperature
is noticed for all strain rates. The Jones mechanism is almost not
affected by the mechanical effects and overpredicts the quenching
strain limit by almost one order of magnitude. The FPI approach
tends to underestimates the temperature levels for low strain
rates, while over-estimation of the peak temperature is found for
high strain rates. The quenching limit predicted by the premixedbased tabulated approach is twice higher than the reference value.
Analytically-reduced chemistry reproduces very well the maximum
temperature levels and the occurence of ﬂame extinction.
Figure 9 compares spatial temperature proﬁles predicted by the
different kinetic description approaches investigated. Pure methane
is injected from the right side and air ﬂows from the left. The
temperature proﬁles predicted by the virtual optimized mechanism match well the reference database for both low and high
strain rate conditions (same observations are made for intermediate strain rates). However, the position of the maximum temperature is slightly shifted towards the oxidizer side. As shown in
Fig. 8, the semi-global four-step scheme has diﬃculties to retrieve
the impact of strain rate on the counterﬂow ﬂame structure. The
tabulated chemistry strategy provides a reasonable reproduction of

The concept of virtual satellite scheme dedicated to the capture of a minor species formation is here tested for CO. The inﬂuence of the reference database used to train the virtual mechanism
is discussed by calibrating three sub-schemes with three different
ﬂamelet library. Table 2 summarizes the different optimization calculations carried out. The ﬁrst optimization procedure uses a target database composed of a collection of three 1-D premixed laminar ﬂames only, the second reference ﬂame library is made up
of three counterﬂow diffusion reference solutions, while both 1D premixed and non-premixed laminar ﬂamelets are used in the
training database of the third optimization calculation.
3.2.1. Unstretched laminar premixed ﬂames
1-D laminar premixed ﬂames are computed for various equivalence ratios with the different chemistry reduction methods. The
ability of reduced chemical schemes to retrieve thermo-chemical
equilibrium state is ﬁrst challenged. For that purpose, compositions
of burnt gases is extracted from the steady state solutions of laminar premixed ﬂames.
Figure 10 compares the CO mass fractions in burnt gases of premixed ﬂames predicted by reduced chemistry and detailed mechanism. For the whole range of equivalence ratios, both CO-P and
CO-P-D virtual sub-mechanisms reproduce well the equilibrium
values thanks to the tabulation of the equilibrium constant in reaction R5. The three other chemistry description strategies, namely
semi-global, tabulated and analytic chemistry, also provide a correct description of CO equilibrium mass fractions.
Spatial CO mass fraction proﬁles predicted by different reduced
and tabulated approaches are compared to detailed chemistry
solutions in Fig. 11. The virtual optimized sub-schemes trained

Fig. 9. Spatial evolution of the temperature for counterﬂow methane/air ﬂames at fresh gas temperature T f = 300 K and pressure P = 1 atm. Legend: (
) Jones semi-global scheme, (
) LU19 analytic scheme, (
) FPI tabulated chemistry, (
) Main virtual scheme.
chemistry, (

) GRI3.0 reference
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derived using non-premixed ﬂames shows reasonably good agreement with the detailed scheme for lean ﬂames. However, as the
equivalence ratio increases the deviation between the reference
premixed solutions and virtual proﬁles heightens. In particular,
for rich ﬂames, the slow processes of CO production are not
accounted for. This observation clearly evidences that the proper
description of the CO production in premixed ﬂames is achieved
if the virtual sub-scheme is trained using the premixed ﬂame
archetype. On the whole range of equivalence ratio investigated,
the seven-species semi-global mechanism tends to overestimate
the CO mass fraction peaks and predicts a rapid reach to the
asymptotic equilibrium value. As expected, the premixed based
tabulated strategy FPI and the analytically-reduced mechanism
LU19 capture well the CO formation.

Fig. 10. CO equilibrium mass fraction versus equivalence ratio for premixed
methane/air ﬂames at fresh gas temperature T f = 300 K and pressure P = 1 atm.
) GRI3.0 reference chemistry, ( ) Jones semi-global scheme, (+ ) LU19
Legend: (
analytic scheme, ( ) FPI tabulated chemistry, ( ) CO-P virtual sub-scheme, ( ) COP-D virtual sub-scheme.

using 1-D premixed laminar ﬂame solutions are in reasonable
agreement with detailed chemistry solutions. For lean and stoichiometric injection conditions, the characteristic time to reach
the equilibrium value is however either slightly too slow (lean
conditions) or too fast (stoichiometry). In rich ﬂames, the optimized virtual sub-mechanisms CO-P and CO-P-D reproduce well
the slow increase of CO mass fraction in the post-ﬂame zone.
Except in rich conditions, where the CO-P scheme better captures
the CO level than the CO-P-D model, the two satellite mechanisms
feature similar predictive capabilities with an overall good capture
of CO mass fraction proﬁles. The virtual optimized sub-scheme

3.2.2. Counter-ﬂow diffusion ﬂames
The three virtual sub-mechanisms CO-P, CO-D and CO-P-D are
tested on non-premixed ﬂames. Figure 12 compares the CO mass
fraction proﬁles obtained with the different chemistry description strategies of Tables 1 and 2. The Jones semi-global scheme
solutions are in overall good agreement with detailed chemistry
for all strain rates. Some slight discrepancies with regard to the
CO mass fraction peak position and value are however noticeable.
Regarding results obtained using the analytically-reduced mechanism, Fig. 12 shows that a very good agreement is obtained for the
all range of strain rates investigated. The virtual satellite scheme
calibrated to capture CO in counter-ﬂow diffusion ﬂames matches
well the ﬂame solutions evaluated with the reference detailed
scheme GRI3.0. If the two virtual blocks CO-P and CO-P-D give
similar responses in premixed conﬁgurations, this is not the case
in non-premixed mode. For low strain rates, CO-P sub-mechanism
built from a premixed database highly overestimates the CO levels.
On the contrary, the mass fraction proﬁles are well captured with
the CO-P-D virtual scheme for low strain rates. The addition of

Fig. 11. Spatial evolution of the CO mass fraction YCO for a 1-D premixed methane/air ﬂame at fresh gas temperature T f = 300 K and pressure P = 1 atm. Legend: (
)
) Jones semi-global scheme, (
) LU19 analytic scheme, (
) FPI tabulated chemistry, (
) CO-P virtual sub-scheme, (
) CO-D
GRI3.0 reference chemistry, (
) CO-P-D virtual sub-scheme.
virtual sub-scheme, (
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Fig. 12. Spatial evolution of the CO mass fraction YCO for 1-D counterﬂow methane/air ﬂames at fresh gas temperature T f = 300 K and pressure P = 1 atm. Legend: (
)
) Jones semi-global scheme, (
) LU19 analytic scheme, (
) FPI tabulated chemistry, (
) CO-P virtual sub-scheme, (
) CO-D virtual
GRI3.0 reference chemistry, (
) CO-P-D virtual sub-scheme.
sub-scheme, (

Table 3
Averaged relative errors of chemical strategies compared to virtual chemistry approach for
1-D premixed and diffusion ﬂame calculations with REGATH.
Case

Jones semi-global
LU19 analytic
FPI tabulated
M & CO-P virtual
M & CO-D virtual
M & CO-P-D virtual

Premixed ﬂames

Diffusion ﬂames

ESL [%]

ET [%]

Eρ [%]

ECO [%]

ET [%]

Eρ [%]

ECO [%]

77.95
4.38
0.19
1.11
1.11
1.11

0.43
0.16
0.03
0.15
0.15
0.15

0.55
0.08
0.04
0.10
0.10
0.10

8.70
0.89
0.35
5.07
6.92
5.91

11.44
2.59
8.58
5.65
5.65
5.65

2.26
0.71
3.42
1.96
1.96
1.96

16.24
5.78
84.81
23.00
7.32
11.75

the non-premixed strained ﬂame archetype at a = 50 s−1 in the
reference library greatly improves the predictive capabilities not
only for a = 55 s−1 but also for higher strain rates. Near extinction,
it may however be noticed that the virtual sub-scheme built to
capture CO in premixed ﬂames better capture the CO mass fraction
peak than the CO-P-D virtual mechanism. As shown in Table 3, the
global error associated with the CO-P-D virtual satellite scheme is
importantly reduced in comparison with the CO-P sub-mechanism.
Therefore to properly predict CO levels the kinetic model must be
optimized on both premixed and non-premixed ﬂame. This conclusion is consistent with tabulated chemistry solutions, where the
premixed-based tabulated approach does not capture the CO proﬁles. Unlike heat release and temperature, it appears mandatory
to account for the co-existence of different combustion regimes to
capture pollutant species such as CO.
3.3. Overall model errors for both premixed and non-premixed ﬂames
The deviation between reduced chemistry models and the reference complex kinetic scheme is quantiﬁed by adding error criteria
for each quantity of interest. The averaged relative error between

the reduced model r and the detailed model d associated with the
target quantity s is given by:

Es =

Nop
1  sri (x ) − sdi (x )L2
Nop
sdi (x )L2

(45)

i=1

where Nop is the number of operating conditions tested (i.e. equivalence ratio for premixed ﬂames or strain rates for diffusion
ﬂames).
Table 3 summarizes the mean level of errors for both premixed
and non-premixed ﬂames. Relative errors for the quantities considered during the optimization procedure (laminar ﬂame speed ESL ,
temperature ET and CO mass fraction E CO ) are presented. The relative error norms associated with the capture of density proﬁles
(Eρ ), which are not explicitly targeted when deriving the virtual
mechanism, are also given. As expected, in premixed combustion
mode, the FPI tabulated chemistry approach yields negligible error levels (lower than 1%) mainly associated with the choice of
the progress variable. However, as noticed in Fig. 12 when the
premixed tabulated method is used to simulate counterﬂow nonpremixed ﬂame conﬁgurations, it fails to capture CO concentration
levels. Regarding analytically-reduced chemistry scheme, small de-
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Table 4
Relative and normalized costs of chemical strategies compared to virtual chemistry approach
for 1-D premixed ﬂame calculations with REGATH. M stands for the main virtual mechanism.
Case

Transport
model

Nb. of eq.
Neq

Rel. CPU time
Cr = T /T v

Norm. CPU time
v 2 )/N 2
Cn = (Cr Neq
eq

GRI3.0 reference
Jones semi-global
LU19 analytic
FPI tabulated
M and CO-P-D virtual

Complex
Sck = cst
Sck = cst
Sck = cst
Sck = cst

55
9
21
3
13

135
0.76
9.55
0.07
1.00

7.58
1.57
3.66
1.30
1.00

viation levels are obtained for both premixed and non-premixed
conditions. As analytic schemes are derived retaining important
chemical pathways and chemical compounds they also conserve
a good physical representation of the chemical phenomena. In
premixed combustion mode, the four-step semi-global mechanism
features important error levels for all ﬂame variables of interest.
These high discrepancies are mainly due to (i) the overestimation of laminar ﬂame speed in rich conditions leading to shorter
thermal thicknesses, and (ii) an underestimation of the chemical
time scales in the post-ﬂame region leading to temperature and
CO mass fraction overpredictions. In non-premixed ﬂame conﬁgurations, the Jones kinetic scheme is associated with acceptable
error levels for the CO mass fraction prediction, but lacks of predictive capabilities for temperature description compared to other
models. In premixed mode, when premixed ﬂames are included in
the reference database used to train virtual schemes, the optimized
chemistry approach provides acceptable error levels for all quantities investigated. In non-premixed conditions, the main virtual optimized schemes dedicated to the prediction of the ﬂame/ﬂow ﬁeld
coupling produces acceptable overall error levels of about 5%. As
regards with CO formation prediction in diffusion ﬂames, the COD virtual sub-mechanism associated with the main virtual scheme
produces a small deviation of 7.32% in comparison with the detailed GRI mechanism. If the virtual satellite scheme is trained
using only 1-D premixed laminar ﬂames the agreement between
the reference database and the reduced scheme is considerably reduced leading to an averaged error of 23%. This discrepancy is reduced to 12% with the virtual CO-P-D sub-scheme built using both
premixed and non-premixed ﬂames in the learning database.
3.4. Computational costs
The computational time associated with the calculation of a
stoichiometric monodimensional laminar premixed ﬂame is discussed. The resolution of such canonical problem is performed
with the REGATH ﬂame solver based on a Newton-type algorithm
whose cost is mainly dependent on the evaluation of the Jacobian
matrix and the inversion of the system. It can be shown that this
cost is proportional to the number of reactions and scales with the
number of equations to solve squared [48]. When complex transport models are used, a non-negligeable additional cost is associated with the evaluation of binary diffusion coeﬃcients. Finally,
the computational cost is also dependent on the stiffness of the
numerical system.
Table 4 presents the relative CPU time Cr of the different chemical strategies with respect to virtual chemistry. The cost of an
iteration T is averaged over 50 iterations to ensure representativity
of the comparison. The normalized cost Cn , whose deﬁnition is
given in Table 4, is added to highlight the overcosts associated
with transport modeling and chemical stiffness. Compared to
the detailed scheme, virtual chemistry allows a reduction of
computational time by a factor of 135. As the normalized cost
is not close to unity, this high difference is not only due to the
size of the kinetic scheme. Indeed, the chemical stiffness of the

detailed mechanism and the complex transport model used to
close the molecular diffusive ﬂuxes contribute importantly to the
overall cost of the calculation. With identical transport models,
the simulation of a 1-D premixed ﬂame using virtual chemistry is
about 10 times less expensive than with analytic chemistry. The
computational gain offered by virtual mechanisms is ﬁrst related
with the low number of species and reactions involved in the
virtual scheme compared with the analytically-reduced model.
Secondly, the residual stiffness of the analytic mechanism tends
to increase the computational time associated with the resolution
of species transport equations (see stiffness analysis hereinafter).
Comparing the proposed strategy with semi-global chemistry
shows that virtual chemistry is about 25% more expensive. This
25% difference, explained by the additional number of transported
species involved in virtual mechanisms, is acceptable. Finally
tabulated chemistry strategy is more than ten times cheaper
than virtual chemistry. However, as the normalized cost is almost
unity, we can conclude that the extra cost associated with virtual
chemistry is mainly due to the number of transported variables.
3.5. Stiffness analysis
One key feature of a kinetic scheme is its chemical stiffness.
A reactive system of equations is deﬁned as stiff if some components of its solution respond very quickly, while others respond
quite slowly [49]. In the combustion chemistry community, stiffness analysis is most often characterized by evaluating the chemical time scales τ k of all species involved in the kinetic model.
These key quantities may be identiﬁed through various deﬁnitions
generally based on the analysis of the linearized system of differential equations [50]. The most reﬁned and computationally demanding method express the chemical time scales as the inverse of
the eigenvalues of the Jacobian of the chemical source terms matrix [51,52]. Chemical time scales may also be computed without
explicit evaluation of the Jacobian eigenvalues. For example, Løvås
et al., [53] deﬁned the species lifetime as the inverse of the diagonal element of the Jacobian matrix. Alternatively, global system
progress time scale based on the Jacobian matrix [50] may be used
for turbulence-chemistry interaction modeling. In this framework,
Caudal et al., [54] introduced a reﬁned eigenvalue time scale deﬁnition, called Chemical Time Scales Identiﬁcation (CTS-ID) method,
allowing the identiﬁcation of relevant time scales by comparing
the eigenvectors direction to the chemical system trajectory.
In this work, both the classic eigenvalue time scale and the
reﬁned one proposed by Caudal et al., [54] are retained to evaluate
the chemical time scales exhibited by the different chemistry
description methods. Figure 13 shows the spatial evolution of
the chemical time scales across a stoichiometric premixed ﬂame
front. Relevant time scales, associated with chemical trajectories
contributing for more than 1% of the highest contribution, are
displayed with black dots. While non relevant time scales, i.e.
not related to the chemical trajectory, are represented with gray
dots. As expected, the GRI3.0 detailed kinetic mechanism features a wide range of chemical time scales, that may lead to a
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Fig. 13. Chemical time scales for a stoichiometric laminar premixed methane/air ﬂames at fresh gas temperature T f = 300 K and pressure P = 1 atm. Legend: (black dots)
relevant time scales, (gray dots) non-relevant time scales.

very stiff behavior compared to other methods. If only relevant
time scales are considered, the smallest contribution is found
in the ﬂame front region with a characteristic time scale of
about 6.0 × 10−8 s. Regarding analytically-reduced scheme, one
may observe
time scales in the highly reactive
 that relevant

zone (x ∈ 10−3 , 10−2 m) range within a shorter interval than
with complex detailed chemistry. However, the smallest relevant
chemical time scale of 3.0 × 10−7 s is lower than those exhibited
with virtual or tabulated chemistry, conﬁrming the hypothesis
of residual stiffness. The Jones semi-global mechanism presents
smallest relevant chemical time scales ranging between 1.0 × 10−7
and 1.0 × 10−6 s, that are smaller than those obtained with
virtual optimized mechanisms. As discussed by Pruefert et al.,
[50], the chemical time scales evaluated from the source term of
the progress variable (i.e. for the premixed tabulated chemistry
method) may be interpreted as the overall chemical time scale

of the system, or more precisely, of the main products formation.
Interestingly, the chemical time scales of the progress variable are
very similar to the chemical time scales of the virtual schemes,
meaning that virtual schemes mainly capture the overall dynamic
of the chemical system. Moreover, the reduced chemical stiffness
exhibited by the virtual chemistry approach constitutes a real
advantage regarding the cost of the species transport equation
integration.
4. Modeling of 2-D laminar methane/air burners
The virtual optimized mechanisms for CH4 /air combustion have
been successfully validated on 1-D premixed and non-premixed
ﬂames. The predictive capabilities of virtual chemistry are now
assessed on two-dimensional laminar partially-premixed burner.
This simple laminar conﬁguration has been chosen for two main
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Fig. 14. Temperature ﬁeld in the laminar partially premixed burner.

Fig. 15. Horizontal proﬁles of temperature (top) and CO mass fraction (bottom) for different axial positions. Legends: (
) LU19 analytic scheme, (
) FPI tabulated chemistry and (
) Virtual mechanisms.
global scheme, (

reasons. First, laminar ﬂow conﬁguration eliminates the impact of
turbulent combustion modeling, enabling a focus on combustion
kinetics effects only. Secondly, the small dimensions of the burner
make Direct Numerical Simulation accessible in terms of CPU time
even with complex chemistry model. The objective is to compare
and analyze DNS of a partially-premixed burner performed with
the chemistry description strategies investigated in Section 3. The
four-step Jones mechanism is however replaced with the two-step
semi-global scheme proposed by Franzelli et al., [55].
The 2-D burner studied in this work has been previously
investigated by authors in [56,57] in non-adiabatic conditions. The
burner geometry and its dimensions are detailed in [57]. A lean
methane–air mixture, featuring a fresh gas equivalence of ratio of
φP = 0.8, is injected through a central injector. The primary stream
is surrounded by air co-ﬂow to isolate the ﬂame from ambient
perturbations. For both streams, the inlet velocity proﬁle prescribed is a plug ﬂow with characteristic velocity Uc f = 0.05 m s−1
for the co-ﬂow, and UP = 0.8 m s−1 (ReP =125) for the primary
inlet. The fresh gases temperature and pressure correspond to
atmospheric conditions. As virtual chemistry mechanisms have
been built to capture adiabatic ﬂame conﬁgurations, injector walls
are treated with adiabatic conditions. The transverse size of the
computational domain being large enough to avoid interactions
between premixed branches and the side boundaries, symmetry
boundary conditions are considered for lateral walls. The computational domain is discretized into 1.0 million cells featuring a
characteristic size x of 20 μm. With a laminar ﬂame thickness
δL0 | of 0.5 mm, the thermal ﬂame front is resolved on about 25

) GRI3.0 reference chemistry, (

) BFER semi-

points. Direct Numerical Simulations have been performed with
the low-Mach number, unstructured ﬁnite volume ﬂow YALES2
solver [58]. A centered fourth-order scheme is used for spatial
discretization, while temporal integration is performed explicitly
using a fourth-order TFV4A scheme [59].
Figure 14 displays the temperature ﬁelds predicted by detailed,
analytic, semi-global, tabulated and virtual chemical models. The
direct comparison of the temperature 2-D ﬁelds demonstrates
a qualitative good agreement between all chemistry modeling
approaches. All reduced chemical models provide a good reproduction of the temperature levels. A small difference is however
noticeable for the global BFER scheme that over-predicts the
temperature in the post-ﬂame zone. The ﬂame lengths comparison shows that the virtual optimized scheme, the semi-global
mechanism and the premixed tabulated strategy predict a shorter
ﬂame than detailed and analytic chemistry solution. The reasons
for these discrepancies may be mainly attributed to transport
modeling. Tabulated, semi-global and virtual chemistry approaches
close the diffusion ﬂuxes with a unity Lewis number assumption.
While, the analytic scheme evaluates species diffusivities assuming
a constant Schmidt number for each species. The phenomena
combining ﬂame curvature and preferential diffusion effects,
occurring in the direction tangential to the ﬂame front, are not
properly captured with the simple transport models.
Quantitative comparisons regarding temperature prediction are
provided in Fig. 15 (top) where radial proﬁles of temperature are
plotted for different axial distances from the computational domain entrance. The virtual optimized mechanism captures well the
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temperature evolution for the three positions investigated. Very
good agreement is also observed between detailed, LU19 analytic
and premixed-based tabulated models. However, the BFER semiglobal scheme is not able to reproduce the temperature evolution in the ﬂame front. The radial proﬁles of CO mass fraction
are displayed in Fig. 15 (bottom). As discussed in [55], the BFER
semi-global scheme largely under-predicts the CO concentration
in the ﬂame region, whereas premixed-based tabulated approach
slightly overestimates it above the burner exit plane. Eventually,
both analytically-reduced chemistry and the virtual chemistry approach recover well the detailed solution.

5. Virtual optimized schemes for heavy fuels
This section presents the application of the virtual chemistry
approach for the derivation of reduced virtual schemes describing
the oxidation of heavier hydrocarbon fuels. Main objective of this
part is to demonstrate the relevance of the method independently
of the fuel size and complexity. Low temperature and preferential
diffusion effects, predominant for heavy hydrocarbon combustion,
are not treated in this article.
Four virtual optimized mechanisms dedicated to the prediction
of ethylene, propane, heptane and kerosene oxidation are build
up by reducing the four detailed chemical mechanisms indicated
in Table 5. Despite the various sizes of the reference complex
schemes (the number of species ranges from 91 to 297 and the
number of elementary reactions varies from 694 to 16,797), all
corresponding reduced virtual schemes are composed by the same
number of virtual species (11) and virtual reactions (5). Main virtual schemes dedicated to temperature prediction involve 8 species
(three reactants, one virtual intermediate species and four virtual
products) interacting through two global reactions. Three addi-
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tional species and three virtual reactions are required to describe
CO formation.
In the following, all reduced virtual schemes are optimized for
atmospheric initial conditions, except the kerosene virtual kinetic
model which is designed for high pressure and temperature operating point. The reference database used to identify the thermodynamic properties and molecular weights of the virtual product species are composed by Nc = 31 constant pressure adiabatic
equilibrium calculations, with equivalence ratio varying from lean
(φ L = 0.5) to rich (φ R = 2.0) ﬂammability limits. The main virtual
scheme and the CO satellite mechanism are built up to capture the
ﬂame temperature and CO formation in premixed ﬂames computed
with the detailed chemistry of Table 5 and with mixture-averaged
transport models [47]. Diffusion ﬂames are not included in the target database as preferential diffusion effects, dominant in heavy
hydrocarbon/air counterﬂow ﬂames are not treated at this stage.
Capabilities of the virtual optimized mechanisms to capture
global ﬂame properties such as adiabatic ﬂame temperature and
laminar ﬂame speed are ﬁrst assessed. Then, two virtual optimized
mechanisms designed to retrieve the ﬂame/ﬂow ﬁeld coupling and
CO formation in kerosene/air ﬂames are evaluated on laminar premixed ﬂames.

5.1. Global ﬂame properties of complex fuels
Figure 16 (left) compares the adiabatic ﬂame temperatures predicted by mixtures composed of four virtual products with optimized thermodynamic properties against reference equilibrium
calculations. For each fuel, a very good agreement is obtained between virtual and complex kinetic solutions on the whole range of
equivalence ratio. Even for heavy hydrocarbons such as kerosene,
only four virtual products are required to describe the equilibrium

Table 5
Hydrocarbons and reference kinetic schemes used to derive reduced virtual main and sub-scheme schemes.
Hydrocarbons

Detailed
scheme

Ref.

Virtual main
scheme

Virtual CO
sub-scheme

Ethylene
(C2 H4 )
Propane
(C3 H8 )
N-heptane
(C7 H16 )
Kerosene surrogate
(C10 H20 ) [63]

297 species
16797 reactions
111 species
784 reactions
106 species
1738 reactions
91 species
694 reactions

[60]

8
2
8
2
8
2
8
2

3
3
3
3
3
3
3
3

[61]
[62]
[15]

species
reactions
species
reactions
species
reactions
species
reactions

species
reactions
species
reactions
species
reactions
species
reactions

Fig. 16. Adiabatic ﬂame temperature and laminar ﬂame speed versus fuel mole fraction for hydrocarbon/air mixtures.
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Fig. 17. Spatial evolution of the dimensionless temperature T + = T /T f for premixed kerosene/air ﬂames. Legend: (
scheme.

) Luche reference mechanism and (

) main virtual

the one-layer thermal ﬂame structure typical of lean conditions
and the two-layer thermal ﬂame regime observed in moderately
rich injection condition are well recovered by the two-step scheme.
A satellite sub-mechanism dedicated to the capture of CO formation processes is used in combination with the main virtual
mechanism. Equilibrium CO mass fractions predicted by the virtual
sub-mechanism are compared with reference equilibrium computations performed with the set of 91 species included in the Luche
skeletal scheme (Fig. 18). For the whole ﬂammability range, a good
agreement is obtained between the virtual optimized model and
the reference equilibrium calculations. Figure 19 shows the CO
mass fractions proﬁles predicted by the virtual satellite scheme
and the skeletal mechanism. For the three equivalence ratios investigated, an overall good agreement is obtained between the reduced virtual scheme and the detailed one. However, as noticed
for near-stoichiometric methane oxidation, the characteristic time
to reach the equilibrium is slightly mispredicted.
eq
Fig. 18. Dimensionless equilibrium CO mass fraction YCO eq + = YCO
/YCO eq d |st versus
equivalence ratio for kerosene/air mixture. Legend: ( ) Luche reference mechanism and ( ) CO virtual sub-scheme.

state. The laminar ﬂame speeds are also well captured by the virtual mechanisms over the whole ﬂammability range, as presented
in Fig. 16 (right).
5.2. Flame temperature and CO formation in premixed kerosene/air
ﬂames
Ability of the virtual two-step mechanism to capture local ﬂame
temperature in premixed ﬂame fronts is investigated in Fig. 17.
Over the whole ﬂammability range, temperature proﬁles predicted
by the virtual mechanism are in very good agreement with the
reference ﬂame solutions. As noticed for methane–air combustion,

6. Conclusions and discussions
A reduced-cost chemical modeling strategy, called virtual optimized chemistry, has been proposed. This approach relies on building up virtual optimized schemes that are composed of virtual
species and reactions. In this framework, virtual species properties
and reaction rate parameters are calibrated to retrieve quantities of
interest such as ﬂame temperature and minor species, on a range
of selected ﬂame conﬁgurations. An automated procedure, based
on genetic algorithm, allows to identify (i) the physical properties
of virtual species that best describe mixture-averaged properties
of a real reference mixture, (ii) the set of kinetic rate coeﬃcients
allowing a proper description of a reference database composed
by a collection of laminar ﬂamelets. Flame/ﬂow ﬁeld coupling and
minor species formation processes are modeled by different submechanisms.

+
d
Fig. 19. Spatial evolution of the dimensionless CO mass fraction YCO
) for premixed kerosene/air ﬂames. Legend: (
= YCO / max (YCO
CO virtual sub-scheme.

) Luche reference mechanism and (

)
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In this article, the methodology is ﬁrst illustrated by the derivation of two sub-mechanisms dedicated to the prediction of heat
release and CO formation in methane/air ﬂames. The resulting
virtual schemes are compared to different chemistry description
strategies on 1-D laminar premixed and non-premixed ﬂames.
For both targeted quantities and ﬂame archetypes analyzed, virtual chemistry is in good agreement with detailed chemistry, and
shows good predictive capabilities in comparison with classical
chemistry reduction approaches. The inﬂuence of the reference
database used to design the virtual mechanism has been studied. It has been shown that contrarily to heat release prediction,
CO emissions modeling is impacted by the choice of the reference database used to train the virtual mechanism. When both
premixed and non-premixed ﬂame elements are included in the
reference ﬂamelet library the predictive capabilities of the virtual
sub-mechanism are improved.
The new chemical model has also been used for the generation
of virtual schemes devoted to the description of kerosene/air combustion in high pressure and high temperature conditions. While
keeping the same mechanism architecture than for methane, the
CO concentrations and heat release rate are well captured, suggesting that the size of the reduced virtual scheme does not depend
on the number of reactions and species involved in the reference
mechanism.
The newly proposed strategy appears as a promising reducedcost modeling technique to account for chemistry effects. It may
for instance be used in combustion chamber design phase stage to
eﬃciently assess the effect of technological changes on CO formation and temperature. Future works intend to challenge this new
strategy on other pollutants species such as NOx and PAH. Though
the methodology can theoretically be transposed to any chemical
species, diﬃculties associated with the capture of chemical processes evolving with dramatically different time scales should be
addressed. Also, it would be of great interest to test and extend the
virtual optimized concept to a wider range of operating conditions
(initial pressure and temperature, dilution etc.) and ﬂame conﬁgurations (auto-ignition problems, cold ﬂames etc.). In the present
work, the transport properties of the virtual species are closed
with simpliﬁed models that do not account for preferential diffusion effects. However, in conﬁguration where the ﬂame is not
perfectly planar, the combined effects of stretch and preferential
diffusion may not be captured. A perspective would be to include
the virtual species molecular diffusion coeﬃcients in the set of parameters to optimize and add laminar strained premixed ﬂames in
the training database. Finally, to improve the accuracy of the virtual schemes and its range of applicability an automated method
to identify the mechanism structure should be developed. For instance, the nature (consecutive, competing, equilibrium) and the
number of virtual chemical reactions could be identiﬁed by exploiting information contained in reference ﬂame solutions.
As discussed in the introduction, reduced combustion chemistry
can be modeled through three routes namely analytic, semi-global
and tabulated chemistry.
If analytic chemistry provides a reliable description of complex
kinetic effects, the numerical diﬃculties associated with equations
stiffness or its extension to the prediction of heavy molecules such
as soot precursors constitute drawbacks compared to virtual chemistry. Additionally, derivation of analytic kinetic schemes describing
the combustion of complex and heavy hydrocarbon such as alternative fuels may results in high dimensionality mechanisms.
Semi-global chemistry and optimized virtual strategy present
similar computational costs. However, unlike standard semi-global
schemes, virtual mechanisms are able to capture quantities of interest, even if related to complex chemistry phenomena. Here, it
has been shown that CO mass fraction and complex temperature
proﬁles are reasonably predicted by virtual optimized chemistry.
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Finally, even though, tabulated chemistry formalism is cheaper
than virtual chemistry, its range of validity is limited to simple
ﬂame archetypes. For instance, the comparative study performed
in Section 3.2 showed that premixed-based tabulated methods are
not able to capture CO formation in non-premixed ﬂame conﬁgurations. As discussed in previous works [7,8,64,65] the domain of
validity of tabulated chemistry can be extended by adding various ﬂamelet conﬁgurations (premixed, partially-premixed and diffusion) in the database and by increasing the number of control parameters. However the tabulation of these different types
of ﬂame elements in one unique table raises various problems.
Among them we can mention (i) coordinates identiﬁcation diﬃculties [66,67], and (ii) theoretical diﬃculties to close the balance
equations in both laminar and turbulent context [2,68]. These different issues limit the practical applicability of tabulated chemistry
approaches.
As tabulated chemistry, virtual chemistry range of application
depends on the ﬂame ingredients retained to build up the reference database. When only premixed ﬂamelet are used to train the
virtual scheme, CO formation processes are not predicted in nonpremixed ﬂames. However, the addition of non-premixed ﬂamelet
archetype to the reference database improve the results. The main
advantage of virtual schemes compared to tabulated chemistry is
that the issues raised before are bypassed by the method. Indeed,
virtual chemistry strategy does not require to transpose ﬂame solutions from the physical space to a composition space whose coordinate identiﬁcation is complex.
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Appendix A. Optimization algorithm
This appendix gives details on the genetic optimization tool. A
real encoded genetic algorithm is considered in this work as it
is particularly suited for constrained, high-precision and multidimensional optimization problem [34]. Initialization, selection procedure, genetic operators and reduction technique used in the optimization code are discussed hereinafter.
The population initialization is performed using the classical
Mersenne Twister pseudorandom numbers generator [69].
The selection operator is based on a stochastic binary tournament. This operator selects with a probability pT the ﬁttest individual of a couple of randomly chosen potential solutions. This simple
and low CPU demanding algorithm enables an easy control of the
selective pressure and population diversity by adjusting the value
of the tournament probability pT . In this work, the intermediate
value pT = 0.7 was found to adequately balance between strong
selective pressure promoted with pT = 1.0 (determinist selection)
and weak selective pressure promoted with pT = 0.5 (random selection).
The crossover operation considered in this study is the Simulated Binary Crossover (SBX) introduced by Deb and Agrawal [70].
Main advantage of this recombination operation is to avoid bias
towards any parent solution. Moreover, as the children solutions
has a spread which is proportional to that of the parent solutions,
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solution dispersion reduces as generations evolve to ease convergence. Application of the SBX crossover is performed with a probability Pc equal to 0.7 to ensure a satisfactory exploitation of the
evaluation step.
The non-uniform mutation operator proposed by Michalewicz
[71] is used in this work. This dynamic mutation operator is designed to allow a ﬁne local tuning of the population diversity with
time. If the kth gene gk of parent P is selected for mutation the

gene k gk of the associated children C reads:





gk =

gk +
gk −





n, gmax
k

− gk

n, gk −

gmin
k



⎧ vm
Np
⎪
 vm vm vm eq
⎪
⎪
a α Y | ( φi ) = σ 1 ( φi )
⎪
⎨k=1 1Pk Pk P
...

(B.3)

v
⎪
N pm
⎪

⎪
⎪
⎩ avNmθ Pk αPvkm YPvm |eq (φi ) = σNθ (φi )

k=1

With the arbitrary constraint

Nvpm
k=1

αPvm = 1, Eq. (B.3) can be

rewritten:

if R = 0



equivalence ratio φ i :

(A.1)

if R = 1

where n is the curent number of generations, the superscripts min
and max denote the minimum and maximum bounds for the kth
parameter to optimize, and R is a random number. The function
(n, y) returns a value in the range [0, y] such that the probability
of (n, y) to be close to 0 increases when n increases. The function
used by Martin [23] is considered. Each solution has a probability
Pm = 0.1 to mute. This value was found to allow a good balance
between space exploitation and exploration.
A reduction operation operation relying on k-tournament selection is applied to select the individual retained for the next
generation. To ensure population diversity the reduction operation prevents an individual to be selected twice in the new
generation.

Appendix B. Product thermodynamic properties optimization

k



⎧ vm
v
N p −1 
N pm −1
 vm


⎪
σ
vm vm
vm
⎪
a1P αP (φi ) + a1PN 1 −
αPk (φi ) = vm1 eq (φi )
⎪
⎪
k
k
p
⎪
YP |
k=1
⎨ k=1
...


⎪
v
v
⎪
N pm −1 
N pm −1

⎪


σ
⎪
v
v
v
v
⎪
aNm P αP m (φi ) + aNm PN 1 −
αPkm (φi ) = vmNθeq (φi )
⎩
θ k
k
θ p
Y |
k=1

k=1

P

(B.4)
vm

vm

If Nθ = N p − 1, the system Eq. (B.4) exhibits N p − 1 equations
and N vpm − 1 unknown functions αPvm (φ ). The stoichiometric cok

eﬃcients αPvm (φi ) can be evaluated by inverting the Nc systems
k

of Eq. (B.4). Thus for any set of Nθ = N vpm − 1 thermodynamic coeﬃcients, the evolution of the product stoichiometric coeﬃcients
in the composition space can be calculated. However, the physical consistency (bounded behavior) of the resulting αPvm (φ ) coefk

ﬁcients is not necessarily obtained. Then the identiﬁcation of the
best subset of N vpm − 1 thermodynamic coeﬃcients and associated
αPvm (φ ) is done through genetic optimization with the objective
k

This appendix discusses the calibration procedure used to identify the virtual products thermodynamic properties. The in-house
genetic algorithm described in Section 2.2 is used to identify the
set of free parameters X that minimizes the cost function deﬁned
in Eq. (20) and expressed as:



main
Ethermo
(X ) Npvm , αPvm (φi ), avlPm
k

k



=

NT
Nc 

 vm eq

alP | (φi ) − σl (φi )
i=1 l=1

where σl (φi ) = adl |eq (φi ) − avlAm |eq . The function avlAm |eq (φi ) is entirely deﬁned by real species properties and equilibrium concentration of reactants, while adl |eq (φi ) is obtained through equilibrium
calculations with detailed chemistry. Therefore, σ l (φ i ) is known
and constitutes the target coeﬃcient of the optimization procedure. Figure B.20 shows the evolution of the 6 coeﬃcients σ l versus the equivalence ratio.
The term avlPm |eq (φi ) is unknown and needs to be optimized in
main
order to minimize the cost function Ethermo
deﬁned by Eq. (B.1):
vm

lP

Np

avlPm αPvm YPvm |eq (φi ) for l ∈ [1, NT ]
( φi ) =
k=1

k

k

(B.2)

The optimization calculation requires the evaluation of NT × N vpm
thermodynamic coeﬃcients avlPm , and (N vpm − 1 ) ∗ Nc stoichiometric
k

coeﬃcients αPvm . For only two products and Nc = 31 equivalence
k

ratio conditions, 43 variables have therefore to be determined.
To ease the optimization procedure, the problem is divided into
two parts. We ﬁrst consider that for each of Nvpm products, a subset of Nθ thermodynamic coeﬃcients avlPm is known and ensure a
k

k

physical behavior of the stoichiometric coeﬃcients is ensured by
main
minimizing the cost function Ethermo
:
1
vm

main
Ethermo
1

=

Np


δPk with δPk =

k=1

(B.1)

v
a m |eq

to respect the physical constraint: 0 < αPvm (φi ) < 1. Practically, the

perfect reproduction of the corresponding target coeﬃcients over
the whole ﬂammability range. This hypothesis can be expressed
through the following system presented in its general form for the

0 if αPvm (φi ) ∈]0; 1[
k
1 else

(B.5)

The second part of the optimization procedure aims at evaluating
the Nθ  = NT − Nθ residual thermodynamic coeﬃcients. The optimization algorithm is again used to minimize the ﬁtness function
main
Ethermo
:
2
main
Ethermo
2 =

Nθ 
Nc 

 v eq

alP | (φi ) − σl (φi )

(B.6)

i=1 l=m

In practice, the choice of the Nθ thermodynamic coeﬃcients optimized during the ﬁrst stage of the procedure is important.
Figure B.20 shows that three families of coeﬃcients can be identiﬁed considering their evolution in the composition space. The coeﬃcients σ 1 , σ 3 and σ 5 , belonging to the family called F1 , feature a constant behavior for lean mixtures and the same increasing
trend in the rich zone. The second family of coeﬃcients F2 , including the terms σ 2 and σ 4 , is constant for lean injection conditions
and shows a decrease with the equivalence ratio for rich mixtures.
Finally the coeﬃcient σ 6 presents a distinct behavior with a discontinuity near the stoichiometry. To summarize, if Nθ = 3 thermodynamic coeﬃcients are used to identify the evolution of N vpm = 4
virtual product stoichiometric coeﬃcients αPvm (φi ), given the selfk

similar behavior of σ l proﬁles, optimization of the Nθ  = 3 remaining coeﬃcients is therefore easier. If the Nθ chosen coeﬃcients are
for instance the ﬁrst, second and last one, one can expect a rapid
and eﬃcient convergence of the optimization algorithm. As a conclusion, this a priori study shows a minimum number of four virtual products is required to describe the equilibrium state thermodynamic properties (cp and h) of the mixture on the whole
ﬂammability range.
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Fig. B.20. Evolution of the target coeﬃcients σ l versus the equivalence ratio.

Supplementary material
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.cnsns.2019.01.021.
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