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ABSTRACT

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 com-
bustion regimes, at a reduced computational cost, a novel approach based on virtual optimized mecha-
nisms is developed. This method consists in (i) building a kinetic scheme from scratch instead of reduc-
ing 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 quanti-
ties. In the present work, kinetic rate parameters of the virtual reactions and virtual species thermody-
namic 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 ap-
plied 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.

1. Introduction cost associated with the resolution of species transport equations,

the numerical stability issues due to reaction rates stiffness and

The conflicting nature of performance, operability and environ-
mental constraints leads engine manufacturers to perform a fine
optimization of the burner geometry to find the best design com-
promise [1]. Numerical simulation constitutes an attractive tool to
achieve this challenging task, and is routinely used in design of-
fices 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 simula-
tions of real scale configurations is prohibitive. The computational
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the potential modeling issues related to the coupling with turbu-
lence, 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 ad-
dressed [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 be-
tween 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 ap-
proach to model complex chemistry at a low computational cost is
tabulated chemistry. This strategy assumes that the flame struc-
ture can be parametrized by a reduced set of control param-
eters [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 simul-
taneous 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” re-
duction approaches based on skeletal reduction [9-11] and Quasi-
Steady State (QSS) approximation [12-14]. The resulting kinetic
schemes, called analytically-reduced mechanisms, provide an ac-
curate 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 NOy concentrations in a rep-
resentative configuration. Nevertheless, the computational cost as-
sociated 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 semi-
global 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 re-
cently, Franzelli et al., [21] developed an empirical method to build
two-step mechanisms valid on a wide range of operating condi-
tions. In this work, pre-exponential factors are tabulated as a func-
tion 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 evolu-
tionary optimization algorithms have arisen to determine optimum
chemical rate parameters of semi-global schemes [22-25]. Inde-
pendently 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 combus-
tion 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. More-
over, 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 com-
putational 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 proper-
ties 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 mi-
nor species formation in premixed and non-premixed hydrocar-
bon/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 satel-
lite virtual optimized mechanisms is presented. The new chem-
istry 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 ap-
proaches in terms of predictive capabilities, computational costs
and numerical stiffness. In a fourth part, fully resolved simula-
tions of a two-dimensional laminar partially-premixed methane/air
burner are performed to assess virtual optimized schemes capabil-
ities in a multi-dimensional context. Finally, virtual optimized ki-
netic schemes devoted to the description of heavy fuels oxidation
are built-up and compared to detailed chemistry solutions.

2. Methodology for building up virtual Kkinetic schemes
2.1. Virtual chemistry concept

The virtual reaction mechanism is optimized to predict specific
flame properties requested by a Research and Development en-
gineer 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, NOy, soot precursors, etc.). The target flame prototypes must
be representative of the variety of combustion elements encoun-
tered 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 ref-
erence database could however be enlarged by adding other re-
active configurations such as 0-D homogenous reactors or non-
adiabatic 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 in-
stead 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 ap-
proach 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 (thermody-
namic and transport) are optimized to capture real mixture av-
eraged properties. In opposition with classical reduction meth-
ods [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 cap-
ture 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 opti-
mization to recover a target database composed of reference so-
lutions 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 de-
scribing the mixture-averaged thermodynamic and transport prop-
erties as well as the heat released by combustion. As the main vir-
tual 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, indi-
vidual species informations are not modeled by the main virtual
scheme. To have access to species concentration of interest (e.g.
CO, CO,, NOx or HCy) satellite-mechanisms are introduced. These
sub-schemes, exclusively designed to model individual species con-
centrations, do not retro-act on the main virtual scheme. No feed-
back from satellite mechanisms to the main virtual scheme is in-
deed 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 sub-
mechanisms) 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 N¢
species of chemical symbols V;j interacting through NY reactions is
formulated as follows:

N N

'd yyd "dy,d d
E Qi Ve — E Vg forr=1,....N; (1)
k=1 k=1

where ocl‘jr are the stoichiometric coefficients per mass unit. Simi-

larly, the virtual mechanism reads:

Ny NJI
, "
Vqy,Vq Z Vqy,Vq
Z Olk.rVk g ak.r Vk
k=1 k=1

where the superscript vq identifies the gth virtual mechanism with
q = m for the main virtual mechanism and q = s, for the nth vir-
tual sub-mechanism for CO, PAH or NOy for instance.

Using the notation d;f = d; f + dx, (fu;), the systems of conser-
vation equations associated to both main and satellite mechanisms
may be written as:

forr=1,...,N/ (2)

Main mechanism:
dtp =0
di(puj) = 3,0y
de(pY,") = =0 (PY," Vi) + g
Nm
de(ph) = 3y | A'0T — p D V" Vmhym (3)

k=1

for k e [1,N{m]

nth satellite-mechanism:
di(pYy") = =0y (pY, " Ve ) + iy forke [1,N"] (4)

where p is the density, u; the velocity component and o the sum
of the viscous tensor T and the hydrodynamic pressure P tensor.
Yy is the kth species mass fraction, while V}; and @, denote the
molecular diffusion velocity component and the chemical reaction
rates of the kth species. In the enthalpy conservation equation, A
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. Un-
like the main mechanism, the satellite sub-mechanisms are not in-
volved in the closure of mass, momentum and energy equations
but only account for pollutant species mass fractions. The tem-
perature, 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 dis-
cussed 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:

submitted to  S(w’(x")) (5)

{minimize £(wr(xr), wi(xd))
where £ is the function comparing virtual and detailed so-
lutions, often called fitness or cost function. The vector w=
(pu, pv, pw, pY,, ph) refers to the state vector depending on the
set of parameters X describing the thermo-chemochemical, trans-
port and kinetic rate properties. Detailed state vector w? and vir-
tual state vector w¥ are constrained by the set of conservation
equations for mass, momentum and energy referred as S:

ow

W-I—V.F(W,X) =s(w, X) (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 XV 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. Determin-
istic optimization methods include all optimization algorithms
using a specific rule to guide the evolution from one set of can-
didate 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 fea-
ture very different behaviors. In this work, as the cost function
is evaluated through the resolution of a non-linear system of dif-
ferential 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 func-
tions, the use of stochastic optimization algorithms is required
[34]. Among the various types of random search techniques, evo-
lutionary 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 func-
tion information) so as to converge towards the best global solu-
tion [37]. This efficient and robust optimization approach is con-
sidered here for the optimization of virtual mechanisms. The next
section introduces the main principles of evolutionary algorithms.

2.2.2. Evolutionary algorithms

Evolutionary algorithms explore the domain by modeling bio-
logical evolution principles and hereditary laws. Following the evo-
lutionary theory introduced by Darwin [38], a number of opti-
mization algorithms based on this concept were introduced. In this
work, optimization of species thermodynamic properties and reac-
tion rate parameters is performed using the genetic algorithm pro-
posed by Holland [39] and later modified by Goldberg [40]. The
evolutionary algorithm principle implemented in the in-house op-
timization code is described in Fig. 2.

The main steps of the evolutionary algorithm may be summa-
rized as follows:

1. In a first stage, the initial generation composed of a set of indi-
viduals, representing potential solutions, is randomly generated.
Each individual is represented by a real vector also called chro-
mosome whose values called gene correspond to the unknown
parameters. Definition of the chromosomes for the calibration
of the species thermodynamic properties and the kinetic pa-
rameters are given in Section 2.5.

2. Each individual (potential solution) of the first generation is
then evaluated through the fitness function £ that discriminates
good solution candidates from the others.

3. The next step relies on population evolution through the appli-
cation of three genetic operators:

(i) A selection procedure is used to identify the fittest individ-
uals 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 ran-
domly chosen parents. This genetic operator imitates the
hereditary process that mixes parental qualities towards po-
tential improvement of the offspring.

(iii) Eventually, mutation operation is randomly applied on chil-
dren 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 k-
tournament selection is applied to the total population formed
by the merging between the parents’ population and the chil-
dren’ population. To ensure a constant improvement of the gen-
erations an elitist model is used.

Details about initialization, selection procedure, genetic operators
and elitism model are given in Appendix A. Evaluation of the vir-
tual kinetic models is performed with the REGATH thermochem-
istry package [41].

2.3. Main virtual scheme for flame structure prediction

The general methodology to build up the main mechanism de-
voted 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 param-
eters 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:

op"F + o nOx + ap"D — o/ + oD (R1)
Ny

j N Zoe,ﬁk’"l’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 N virtual products P,. 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 trans-
port 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 pro-
cedure. 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 solu-
tions are as close as possible to a set of reference flamelets ob-
tained with a detailed chemistry mechanism. In the present study,
the reference database is made of 1-D adiabatic laminar flames, ei-
ther freely-propagating premixed or non-premixed counterflow.

The calibration of the main virtual scheme is performed step-
by-step to minimize the total number of unknown that is identi-
fied at each step. The performance of the overall optimization pro-
cedure is therefore improved.
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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 v is introduced
to represent the mixture-averaged thermodynamic properties:

Nym

N¢ 5
YIS Ul and  yte= Yy @)
k=1 k=1
where the vector ¥y = {hy, cp} gathers the enthalpy hy and the
heat capacity at constant pressure of the kth species. Following the
NASA parametrization, ¢y, and hy are modeled by temperature de-

pendent polynomial functions:

Cpk

& = Gt ay T + a3 T? + agT° + a5 T* (8)
k ok A3 o | Qa3 | Oskrng | ek

L Qg Gkpa | Bakps | Gskpa | Dok 9

Tkt ittt g ©)

The coefficients ay of species k correspond to thermodynamic co-
efficients. Classically, these coefficients are given in thermodynamic
database built to retrieve the evolution of species individual prop-
erties with the temperature. In this work, the Ny = 6 coefficients
ay, 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:

Yol =gt VA RES A

and (10)

where superscripts f and eq denote fresh and equilibrium condi-
tion.

At this stage, evolution of the mixture thermodynamic proper-
ties (heat capacity and enthalpy) across the flame front is not ex-
plicitly targeted during the optimization process as the only local
property considered is temperature. However, capability of the vir-
tual scheme to capture mixture-averaged thermodynamic proper-
ties 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
0Ox) and dilutant (D) species of the virtual mixture:

n =y for A= {F,0x, D} (11)

In practice, this condition is fulfilled by imposing real thermody-
namic coefficients to virtual species:

ajm =af, forA={F,0x,D} and Ie[1;Nr] (12)

For instance, for methane/air combustion, F, Ox and D have the
thermo-chemical properties of CHy, O, and N, respectively. In the
following, the subset of species composed by fuel, oxidizer and di-
lutant species is referred as A.

The modeling of burnt gases thermodynamic properties is more
complex as for hydrocarbon/air mixtures the equilibrium composi-
tion may involve hundreds of real species. To overcome this diffi-
culty, the in-house genetic code presented in Section 2.2.2 is used
to identify the minimum number of virtual products N;m and their
associated thermodynamic properties a;’g; that describe the most

reliably the burnt gases state. This is achieved through the mini-
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mization of the fitness function 8{{1‘;};}0 defined as:
. N(
LNEOR B AT RICORRARICS] (13)

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 flammabil-
ity range [¢;; ¢r]. Referring to reactions R1 and R2 and to Eq. (7),
mixture-averaged thermodynamic properties ¥4 and m can be
expressed by:

N¢
=Y Y (14)
k=1
Ny
I//.Um — Zwlg’nyl:}m _|_.¢fll/myvm +Zwvmyvm (15)
keA

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 Egs. (13)-(15), the fitness function
describing the modeling of thermodynamic properties at equilib-
rium is given by:

c Nym
gmain () =1 Yy () + Z YEmYE | (i)
i=1 keA
Nd
S ICD! (16)

k=1

Under equilibrium conditions, species mass fractions of virtual
products are related to mass stoichiometric coefficients aﬁ;ﬂ

Um __ yVmyUm
Y, S op"Yp |e (17)
where Yym[e7 = Zk” Y"’"|eq is the total mass fraction of virtual
products in fully burnt gases At equilibrium state, mass balance
equation gives:
eq

=1->ynr (18)

keA

va eq _

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. How-
ever, 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 stoi-
chiometric coefficients al';’:” are expressed as a function of the fresh
gases composition. As a consequence, the set of parameters X to
be optimized is defined as:

ke[1:Ny]
ie[1:N] (19)
le [1, NT]

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

i (Vg (9. iy
Ne Nr
= 3> [ +ag ) -l | (20)

i=1 I=1

= {Ng"uagkm (@0, a}’g} for

The mixture-averaged coefficients @, refer to the linear combi-
nation of the thermodynamic coefficients aj for each group of
species:

TR (i) = Y a1 (@) (21)
keA
NV'"
alp [*U(y) = Za[rnaUmYUm|EQ(¢l (22)
k=
N¢
@) = Y adYd®(en) (23)
k=1

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 in-
termediate species I may feature high concentrations in the flame
front the value of the NASA coefficients a}’[“, modeling the species
sensible and chemical energy, can influence the description of the
inner flame structure. As a consequence, thermodynamic proper-
ties of the intermediate species must be carefully modeled. To
reach a proper description of the temperature profiles, the coef-
ficients a;’l"‘ may be included in the set of coefficients to be opti-
mized, 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 ¢ > ¢.) 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 ¢ < ¢, and endothermic for ¢ > ¢,. Figure 4 shows the evolu-
tion of the standard enthalpy of formation of the virtual products

in burnt gases (AH}’T,F‘I = Zg‘v’m ym e AH}’”;{) with the equivalence
ratio for two mixtures at different operating conditions. For ¢ <
¢, the condition AH}”}‘ > AH'f’"I; ensures an exothermic behavior
of the reaction R2, while for ¢ > ¢, the relation AH}"“ < AH;"‘
implies that reaction R2 is endothermic. This condition allows to
express the NASA coefficient ag; as a function of the targeted stan-
dard enthalpy of formation and the coefficients modeling the sen-
sible part of the energy:
AHUm

fI av abm alm
s = = (a”To-s- Gz Gl G r51+;1705) (24)

2.3.3. Specific gas constants

As the main virtual mechanism aims at describing the density
profiles across a flame, the specific gas constant r}(’m (or equiva-
lently the molecular weight W,:’"‘) of the virtual species k must be
identified so as to reproduce the reference mixture-averaged spe-
cific gas constant rVm (or equivalently the molecular weight Wvm)
in both fresh and burnt gases:

NV’" Nd
=l = Y eyl =yl (25)
k=1 k=1
N{m
rUmleqd — |eq = ermyvm|eq _ Zrdyd|eq (26)

k= k=1


Benoit Fiorina

Benoit Fiorina


o
-7 P T T S T
Exothermic Endothermic
g 1 AH{ >AH,  AH7 <AHpp|
-9 | |
AH

AHY% [MJ. kg™

-12 T T T T T

-10 4 // L
“11 4 A

04 08 12 L6 20
¢[—]

(a) Methane/air mizture at fresh gas temper-

ature Ty = 300K and pressure P = 1atm

-7 I I 1 1
T -8 L
o0
4 |
— AHY
= 91 -
it
5 -10 -
Exvothermic;) Engothermiﬁ L
By AH>AH:,  AH <AH"

T T T T T T T
0.4 08 12 16 20
¢[—]
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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:

rim =14 for A= {F,Ox,D} (27)

Virtual product specific gas constant rgk are determined by mini-

mizing the cost function Scmhg'nr;istry given by:
Ne Np"
B (1) = 10| e 00 + i (6

i=1 | keA k=1
Nd

3 ryal gy (28)

ki i

k=1

Transport properties: Virtual mixture-averaged transport proper-

ties are closed with simplified models based on analytic laws and
dimensionless transport numbers. The mean dynamic viscosity u"
is given by u! = ,ug(T/To)ﬁv, where pf is the dynamic viscosity
of the burnt gases in a stoichiometric premixed flame at the ref-
erence temperature Ty. The coefficient BV is optimized to retrieve
the viscosity dependence on temperature. The gas mixture thermal
conductivity A" reads: AV = (u'ch)/Pry, where Prg is the Prandtl
number, assumed constant and equal to the Prandtl number in the
burnt gases of a premixed flame at stoichiometry. The molecular
diffusion velocities V/; are closed using a unity Lewis number as-
sumption:
ViV = ~DUO Y = (3 peh) i 29)
In this article, molecular diffusion coefficients DV 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 dis-
cussed in Section 3.1.1, this assumption does not limit the pre-
diction 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 ef-
fects. Nevertheless, to handle changes in elemental composition
and displacement of equilibrium properties induced by preferen-
tial diffusion, as observed experimentally in [44], transport coef-
ficients 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 genera-
tion procedure (Fig. 3), the kinetic rate parameters are optimized
so that the virtual optimized scheme reproduces as best as possi-
ble a set of flame properties characterizing the coupling between

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 q; and g, of reactions R1 and R2 are given by:

_EU v v
g1 = A'{f{}(Z) exp ( R;.l ) ([F]v,,.)Fr.1 ([Ox]vm)FmJ, (30)
A “Eaz\ (ppmyiat@ 2
G2 =2 8Xp | —pr ([] ) , (31)

where AY and E} . are the pre-exponential factor and activation en-
ergy of the rth reaction. The exponent F corresponds to the for-
ward reaction order of the species k in reaction r. The quantity
[Ve]"™ refers to the molar concentration of the virtual species k.
Functions fY(Z) are correction functions dependent on the mix-
ture fraction Z characterizing the fresh gases composition. As unity
Lewis numbers are considered here, the mixture fraction is di-
rectly related to the normalized dilutant mass fraction, Z = (Y];’” -
Y™ |9%)/(Yym | — Y3m[©%), where the superscripts F and Ox denote
conditions in the pure oxidizer and pure fuel respectively. As sug-
gested by Lifidan and Williams, [45], the pre-exponential factor of
the first reaction A} is modified by a mixture fraction dependent
function f! so as to match the laminar flame speed within the
flammability limits. Also, the reaction exponent of the intermedi-
ate F,“2 is corrected by a mixture fraction dependent function f} 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
(A}, Eg;. F,) and correction functions f{' and f} that best repro-
duce the temperature profiles and laminar flame speed. The fit-
ness function €M comparing solutions obtained using the vir-

kinetic
tual mechanism and the reference flamelet is defined by:

e (AL EY B f1(Z)

kinetic
N T (x) — T4 x)I1,
IT4 (o)l

= Ws, +Wwr
2T

where Sy, and T;(x), respectively, represent the laminar flame speed
and the temperature profile of the ith set of operating conditions
¢;. The factors ws, and wr are weights attributed to each objec-
tive to give appropriate influence to each targeted quantity. For
the considered 1-D computational domain and mesh, the values
ws, =0.01 and wr =0.99 were found to give approximately the

(32)
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same weight to the laminar flame speed and temperature profile
objective.

2.4. Virtual sub-mechanism for minor species prediction

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 pre-
dicted by the main virtual mechanism. Similarly to the optimiza-
tion 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:

- 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 ac-
tive radicals. Then in the post-flame zone, CO slowly recombines
into CO,. In the virtual chemistry framework, the following set of
global reactions is proposed to describe these processes:

apPF + ag0x + ap®D — @' CO + (1 — a’®)V; + af°D  (R3)
F+V; > F+CO (R4)

Qo PITA (R5)

where F, Ox and D are the fuel, oxidizer and dilutant transported
in the main mechanism while V; and V, are virtual species. The
first reaction R3 describes the fast CO production from fuel oxida-
tion. The second reaction converting V; into CO mimics the slow
CO formation processes occurring in rich conditions. Finally, the
reversible reaction R5 between CO and V, models the slow recom-
bination processes observed in the post-flame zone.

The rate of progress of the virtual reactions R3-R5 are closed
with Arrhenius type laws:

v

—E v v
a3 =A3f3(2) exp( R;’3>([F]”C°)FF-3 ([ox]"e) o> (33)

_FV

R;:“) (IF1"e) ™ (v o) (34)

s = AL f3(Z) exp (

-k,

s = Aisjfg (Z) exp ( = 5 ) (([CO]uCD)FC‘b.s ([Vz]VCO)FVVZ'S

veo \Reos vco \ Ry 5
(o) (g 5
KV

where F/ and Rzr are, respectively, the forward and reverse re-
action orders of the species k in the reaction r. Functions fY(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
I(g”5 of the reversible reaction R5 is presented hereinafter.

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:

Yy =Y/ for A= {F,Ox,D} (36)

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
AL =AY, =1 E:;Y3 =Ey ., F3= FF“’1 and ng,3 =[5, 1- Thus, the
coefficients A}, f3, Ej 3, FY3 and Fj, 5 are not calibrated but their
values are fixed by the optimization of the main mechanism. Im-
posing 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 evolu-
tion may lead the calibration procedure to converge towards un-
wanted 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:

'O
S VCO

K = [T (Il lee)™ (37)
k=1

For the reverse reaction R5, the equilibrium constant K:_CSO reads:

Vs
veo _ [V2]0
5 T [CO]Usco|eq
Although sub-mechanisms are not involved in mass balance con-
servation equation, the satellite schemes are built so that the sum

of virtual species mass fractions equals one. For the nth sub-
mechanism the condition gives:

(38)

Usn
N;

Ywpe=t (39)

k=1

Considering that the virtual species V; 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 V, expresses as:

Yl = 1= | DY + Yol (40)
keA

where the equilibrium composition of reactants F, Ox and dilutant
species D are determined by the main mechanism, while the equi-
librium mass fraction of CO is the reference quantity given by com-
plex thermo-equilibrium calculations.

The equilibrium constant I(ZCS0 is pre-tabulated versus the mix-
ture fraction Z to properly describe the equilibrium state within

the flammability limits:
[V2]"°[*4(Z)
[co)’|(2)

As for the main virtual kinetic scheme, the reaction orders are in-
cluded 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 g5|®? = 0. This
condition is expressed using Eqs. (35) and (38) as:

K% (2) = (41)

Rl/
V,.5

(11 ) (el

CO Vco |eq Fclé).s V Vco |eq F‘}’ 5 —
([copeefea) s ([va] o |o0) ™ (COFl) T,

(42)
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Virtual optimized mechanisms

Fig. 5. Summary of the procedure to build virtual optimized mechanisms.

The equilibrium behavior is retrieved if the following conditions
are satisfied:

Fos—Reos=1 and F, 5—Ry 5=-1 (43)

Prediction of the CO mass fraction profiles: The virtual sub-
scheme 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 pre-
exponential factor AY of reaction R5 is adjusted through a correc-
tion function f¥(Z) tabulated as function of the mixture fraction
Z. In addition, for very rich conditions, detailed chemistry calcula-
tions show that CO produced by the combustion of classical hydro-
carbon 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 aVco of reaction
R3 is tabulated versus the fresh gas equivalence ratio. For lean and
moderately rich mixtures, ’co (Z) is set to unity so that CO is first
rapidly produced in the reaction zone and then slowly converted
into V, in the post-flame zone through the equilibrium reaction
R5. For rich injection conditions, «’co (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 f} depending on the mixture fraction is ap-
plied on the pre-exponential factor A} of reaction R4.

The set of reaction rate parameters and tabulated functions are
identified using the optimization algorithm previously introduced.
The fitness function £ . minimized through the genetic opti-

. X . “kinetic
mization procedure is given by:

Ne Y (x) — Y& (%)l
Z CO; Co; 2
gkci?letic(‘ W’ Eg,r’ Ikifr’ fTv( ’)) ||Yd (X) ”L
im1 Co; 2

(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 pro-
vided.

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 forma-
tion in methane/air flames. As described in Fig. 5, a prerequisite
to the optimization procedure is the generation of a flamelet li-
brary 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 correc-
tion functions closing the main virtual mechanism is performed
with the in-house genetic code described in Section 2.2. The tar-
get reference database, used to calibrate the unknown parame-
ters, is made up with N; = 31 one-dimensional unstretched pre-
mixed flamelets with fresh gas equivalence ratio varying from lean
(¢1=0.5) to rich (¢g=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 Detailed chemistry GRI3.0 [46]
Semi-global Semi-global scheme Jones [20]
Analytic Analytically-reduced chemistry LU19 [16]
Tabulated Premixed based tabulated chemistry FPI [4]
Virtual Virtual optimized chemistry
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Fig. 6. Evolution of the laminar flame speed S; with the equivalence ratio for
a premixed methane/air flame at fresh gas temperature T; = 300K and pressure
P =1atm. Legend: (mm=) GRI3.0 reference chemistry, (O) Jones semi-global scheme,

( f ) LU19 analytic scheme, (V) FPI tabulated chemistry, (C0) Main virtual scheme.

shown in Table 1. Predicted laminar consumptions speeds S; 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 ra-
tio. The optimized main virtual scheme reproduces well the lam-
inar flame speed in comparison with the detailed mechanism.
The optimization of the correction function applied on the pre-
exponential 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 in-
cluding differential diffusion effects, the molecular diffusive fluxes
may be modeled with a unity Lewis number assumption with-
out 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 analytically-
reduced chemistry method recovers successfully the evolution of
the laminar consumption speed.

FPI

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 tabula-
tion of the intermediate reaction order F;, with the mixture frac-
tion enables the adjustment of the characteristic thickness of the
post-flame zone and a proper description of the temperature pro-
files. Also it is worth noting that for very rich condition, at ¢ = 1.8,
the two-step virtual mechanism recovers the temperature decrease
from its maximum value to the equilibrium temperature T,; (see
inset Fig. 7 bottom right). For this equivalence ratio, the endother-
mic 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 post-
flame 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.

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 = 155! 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 ag of 385 s~1, while with the two-step virtual
scheme the diffusion flame front persists up to 535 s~!. In this
near-extinction region, one may observe that maximum flame
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Fig. 7. Spatial evolution of the temperature for premixed methane/air flames at fresh gas temperature T; = 300K and pressure P = 1atm. 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.
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Fig. 8. Evolution with the strain rate of the peak temperature obtained in 1-
D counterflow methane/air flames at fresh gas temperature Ty = 300K and pres-
sure P =1 atm. Legend: (e @) GRI3.0 reference chemistry, ( ) Jones semi-global
scheme, (m===) FPI tabulated chemistry, (we==) LU19 analytic scheme, (mm=) Main
virtual scheme, (w==) One-step scheme from [30].

temperature predicted by the two-step main virtual scheme are
considerably smaller than the reference one. Regarding the semi-
global 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 premixed-
based 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 mecha-
nism match well the reference database for both low and high
strain rate conditions (same observations are made for interme-
diate strain rates). However, the position of the maximum tem-
perature 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

JONES ‘ ‘ FPI

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

Virtual scheme Reference database

CO-P Premixed flames with ¢ = {0.7,1.1, 1.6}
CO-D Non-premixed flames with a = {50, 150, 250} s~!
CO-P-D Premixed flames with ¢ = {1.1,1.6}

Non-premixed flame with a =50 s~!

the temperature profiles. The temperature departs however from
the reference solution in the lean side of the flame. This obser-
vation 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

The concept of virtual satellite scheme dedicated to the cap-
ture of a minor species formation is here tested for CO. The influ-
ence 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 cal-
culations carried out. The first optimization procedure uses a tar-
get database composed of a collection of three 1-D premixed lam-
inar flames only, the second reference flame library is made up
of three counterflow diffusion reference solutions, while both 1-
D 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 equiv-
alence 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 lami-
nar premixed flames.

Figure 10 compares the CO mass fractions in burnt gases of pre-
mixed flames predicted by reduced chemistry and detailed mech-
anism. 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 re-
action R5. The three other chemistry description strategies, namely
semi-global, tabulated and analytic chemistry, also provide a cor-
rect 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
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Fig. 9. Spatial evolution of the temperature for counterflow methane/air flames at fresh gas temperature Ty = 300K and pressure P = 1atm. Legend: (e ) GRI3.0 reference

chemistry, (

) Jones semi-global scheme, (mm==) LU19 analytic scheme, (mm==) FPI tabulated chemistry, (m===) Main virtual scheme.
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Fig. 10. CO equilibrium mass fraction versus equivalence ratio for premixed
methane/air flames at fresh gas temperature Ty = 300K and pressure P =1atm.

Legend: (mm=) GRI3.0 reference chemistry, (O) Jones semi-global scheme, () LU19
analytic scheme, (V) FPI tabulated chemistry, (30) CO-P virtual sub-scheme, (<) CO-
P-D virtual sub-scheme.

using 1-D premixed laminar flame solutions are in reasonable
agreement with detailed chemistry solutions. For lean and stoi-
chiometric 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 opti-
mized 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

_JONES FPI

derived using non-premixed flames shows reasonably good agree-
ment 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.

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 descrip-
tion 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 mecha-
nism, 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
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Table 3

) Jones semi-global scheme, (w===) LU19 analytic scheme, (m===) FPI tabulated chemistry, (me==) CO-P virtual sub-scheme, (mm==) CO-D virtual

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

Case Premixed flames Diffusion flames

&%) Erl®]  EplR]  Ecol®]  Er[E]  Epl%]  Ecol%)
Jones semi-global 77.95 0.43 0.55 8.70 1144 226 16.24
LU19 analytic 438 0.16 0.08 0.89 2.59 0.71 5.78
FPI tabulated 0.19 0.03 0.04 0.35 8.58 3.42 84.81
M & CO-P virtual 1.11 0.15 0.10 5.07 5.65 1.96 23.00
M & CO-D virtual 1.11 0.15 0.10 6.92 5.65 1.96 732
M & CO-P-D virtual ~ 1.11 0.15 0.10 5.91 5.65 1.96 11.75

the non-premixed strained flame archetype at a =50s"! in the
reference library greatly improves the predictive capabilities not
only for a = 55s~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 con-
clusion is consistent with tabulated chemistry solutions, where the
premixed-based tabulated approach does not capture the CO pro-
files. 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 refer-
ence 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:

lIsi (x) = s7 Xl
lIsf @)L,

where Nop is the number of operating conditions tested (i.e. equiv-
alence 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 consid-
ered during the optimization procedure (laminar flame speed &,
temperature & and CO mass fraction £¢g) are presented. The rel-
ative error norms associated with the capture of density profiles
(€p), 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 er-
ror 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 non-
premixed flame configurations, it fails to capture CO concentration
levels. Regarding analytically-reduced chemistry scheme, small de-

Nop

2

i=1

1

ggzNiop

(45)
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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 ~ Nb. of eq.  Rel. CPU time  Norm. CPU time
model Neg =TT Cn = (C:NY?) /N2,

GRI3.0 reference Complex 55 135 7.58

Jones semi-global Scy, = cst 9 0.76 1.57

LU19 analytic Sc, = cst 21 9.55 3.66

FPI tabulated Scy, = cst 3 0.07 1.30

M and CO-P-D virtual  Sc, = cst 13 1.00 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 overestima-
tion 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 config-
urations, the Jones kinetic scheme is associated with acceptable
error levels for the CO mass fraction prediction, but lacks of pre-
dictive 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 quanti-
ties investigated. In non-premixed conditions, the main virtual op-
timized 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 CO-
D virtual sub-mechanism associated with the main virtual scheme
produces a small deviation of 7.32% in comparison with the de-
tailed 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 re-
duced leading to an averaged error of 23%. This discrepancy is re-
duced 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 dis-
cussed. 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 trans-
port models are used, a non-negligeable additional cost is asso-
ciated 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 C; of the different chem-
ical 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 C,, 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 compo-
nents of its solution respond very quickly, while others respond
quite slowly [49]. In the combustion chemistry community, stiff-
ness analysis is most often characterized by evaluating the chem-
ical time scales t) 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 differ-
ential equations [50]. The most refined and computationally de-
manding method express the chemical time scales as the inverse of
the eigenvalues of the Jacobian of the chemical source terms ma-
trix [51,52]. Chemical time scales may also be computed without
explicit evaluation of the Jacobian eigenvalues. For example, Lavas
et al, [53] defined the species lifetime as the inverse of the di-
agonal 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 defi-
nition, 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 fea-
tures 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 Ty = 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 x 10~85s. Regarding analytically-reduced scheme, one
may observe that relevant time scales in the highly reactive
zone (x e [1073,1072|m) range within a shorter interval than
with complex detailed chemistry. However, the smallest relevant
chemical time scale of 3.0 x 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 x 10~7
and 1.0 x 10-%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 CH,4/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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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
¢p = 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 pre-
scribed is a plug flow with characteristic velocity U, = 0.05 ms!
for the co-flow, and Up =0.8ms~! (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 com-
putational domain is discretized into 1.0 million cells featuring a
characteristic size Ax of 20 um. With a laminar flame thickness
8?| of 0.5mm, the thermal flame front is resolved on about 25

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 repro-
duction 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 compar-
ison 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 do-
main 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 semi-
global scheme is not able to reproduce the temperature evolu-
tion 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 ap-
proach 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 vir-
tual 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-

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 op-
erating point. The reference database used to identify the ther-
modynamic properties and molecular weights of the virtual prod-
uct species are composed by N. =31 constant pressure adiabatic
equilibrium calculations, with equivalence ratio varying from lean
(¢ = 0.5) to rich (¢ = 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 tar-
get 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 pre-
mixed flames.

5.1. Global flame properties of complex fuels

Figure 16 (left) compares the adiabatic flame temperatures pre-
dicted by mixtures composed of four virtual products with op-
timized thermodynamic properties against reference equilibrium
calculations. For each fuel, a very good agreement is obtained be-
tween 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 Ref. Virtual main Virtual CO
scheme scheme sub-scheme
Ethylene 297 species [60] 8 species 3 species
(CyHy) 16797 reactions 2 reactions 3 reactions
Propane 111 species [61] 8 species 3 species
(CsHg) 784 reactions 2 reactions 3 reactions
N-heptane 106 species [62] 8 species 3 species
(C7Hy6) 1738 reactions 2 reactions 3 reactions
Kerosene surrogate 91 species [15] 8 species 3 species
(C1oHa0) [63] 694 reactions 2 reactions 3 reactions
o  (yH, detailed ¢ C3Hjg detailed <4 CrH detailed O  CygHyy skeletal
- 02H4 virtual e CgHg virtual - C7H1(; virtual — CIOH20 virtual
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Fig. 16. Adiabatic flame temperature and laminar flame speed versus fuel mole fraction for hydrocarbon/air mixtures.
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state. The laminar flame speeds are also well captured by the vir-
tual 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,

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 for-
mation 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 compu-
tations 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 in-
vestigated, an overall good agreement is obtained between the re-
duced virtual scheme and the detailed one. However, as noticed
for near-stoichiometric methane oxidation, the characteristic time
to reach the equilibrium is slightly mispredicted.

6. Conclusions and discussions

A reduced-cost chemical modeling strategy, called virtual opti-
mized chemistry, has been proposed. This approach relies on build-
ing 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 sub-
mechanisms.
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Fig. 19. Spatial evolution of the dimensionless CO mass fraction Yg, = Yo/ max (cho) for premixed kerosene/air flames. Legend: (e ®) Luche reference mechanism and ( )

CO virtual sub-scheme.
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In this article, the methodology is first illustrated by the deriva-
tion 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, vir-
tual 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 stud-
ied. It has been shown that contrarily to heat release prediction,
CO emissions modeling is impacted by the choice of the refer-
ence 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 com-
bustion 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, suggest-
ing 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 reduced-
cost 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 forma-
tion and temperature. Future works intend to challenge this new
strategy on other pollutants species such as NOy and PAH. Though
the methodology can theoretically be transposed to any chemical
species, difficulties associated with the capture of chemical pro-
cesses 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 config-
urations (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 dif-
fusion 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 pa-
rameters to optimize and add laminar strained premixed flames in
the training database. Finally, to improve the accuracy of the vir-
tual schemes and its range of applicability an automated method
to identify the mechanism structure should be developed. For in-
stance, the nature (consecutive, competing, equilibrium) and the
number of virtual chemical reactions could be identified by ex-
ploiting 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 chem-
istry. Additionally, derivation of analytic kinetic schemes describing
the combustion of complex and heavy hydrocarbon such as alter-
native 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 in-
terest, 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.

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 configu-
rations. As discussed in previous works [7,8,64,65] the domain of
validity of tabulated chemistry can be extended by adding vari-
ous flamelet configurations (premixed, partially-premixed and dif-
fusion) in the database and by increasing the number of con-
trol 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 diffi-
culties [66,67], and (ii) theoretical difficulties to close the balance
equations in both laminar and turbulent context [2,68]. These dif-
ferent 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 refer-
ence database. When only premixed flamelet are used to train the
virtual scheme, CO formation processes are not predicted in non-
premixed 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 so-
lutions from the physical space to a composition space whose co-
ordinate 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 multidi-
mensional optimization problem [34]. Initialization, selection pro-
cedure, genetic operators and reduction technique used in the op-
timization 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 tourna-
ment. This operator selects with a probability py the fittest individ-
ual 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 pr. In this work, the intermediate
value pr = 0.7 was found to adequately balance between strong
selective pressure promoted with p;y = 1.0 (determinist selection)
and weak selective pressure promoted with pr = 0.5 (random se-
lection).

The crossover operation considered in this study is the Simu-
lated 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 conver-
gence. Application of the SBX crossover is performed with a prob-
ability P, 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 de-
signed to allow a fine local tuning of the population diversity with
time. If the kth gene g, of parent P is selected for mutation the
gene k g}( of the associated children C reads:

. e+ Aa(n g -g) ifR=0 A1)
g = Al
e - An.g.—gmm) ifR=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
A(n, y) returns a value in the range [0, y] such that the probability
of A(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 se-
lection is applied to select the individual retained for the next
generation. To ensure population diversity the reduction oper-
ation prevents an individual to be selected twice in the new
generation.

Appendix B. Product thermodynamic properties optimization

This appendix discusses the calibration procedure used to iden-
tify 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:

N: Nr
o () (Nl (9.l ) = 3" [a 196 — on(9)]
i=1 I=1
(B.1)

where o;(¢;) =a; |°9(¢;) —E;’/g"|eq The function a mied(¢;) is en-
tirely defined by real species properties and equ111br1um concentra-
tion of reactants, while ﬁfleq (¢;) is obtained through equilibrium
calculations with detailed chemistry. Therefore, o;(¢;) is known
and constitutes the target coefficient of the optimization proce-
dure. Figure B.20 shows the evolution of the 6 coefficients o ver-
sus the equivalence ratio.
Zm

The term @;f'|*/(¢;) is unknown and needs to be optimized in

order to minimize the cost function St“l}‘g;gm defined by Eq. (B.1):

Um
NP

apl (@) =Y apoprYyn |y for le[1,Nr] (B2)
=1

The optimization calculation requires the evaluation of Ny x N},’m
thermodynamic coefficients a”, , and (N"'" — 1) * N, stoichiometric
. For only two products and N = 31 equivalence
ratio condmons, 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 N"m products, a sub-
set of Ny thermodynamic coefficients al’" is known and ensure a

coefficients Ol

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

equivalence ratio ¢;:
Nym
Z a]p O‘pmyvm [*9(¢;) = o1(¢hi)
(B.3)

NU
Z agrp op"Yp" |°(¢i) = on, (#1)

With the arbitrary constraint kal a“’" =1, Eq. (B.3) can be
rewritten:

Nim 1 N;m 1
z [ath o (@] + i, |1 -z ap" (1) Yum|eq (P9
Nim 1 Nym 1
z] (@bt (o] + i, (1~ k21 alr (@) =Y;n”feq (1)
(B.4)
If Ng=Ny™ —1, the system Eq. (B.4) exhibits N)™ — 1 equations

and N"m —1 unknown functions ot”m (¢). The stoichiometric co-
efficients ozP'" (¢;) can be evaluated by inverting the N, systems

of Eq. (B.4). Thus for any set of Ny = Ng’“ — 1 thermodynamic co-
efficients, the evolution of the product stoichiometric coefficients
in the composition space can be calculated. However, the physi-
cal consistency (bounded behavior) of the resulting ozP’" (¢) coef-
ficients is not necessarily obtained. Then the 1dent1ﬁcat10n of the
best subset of NZ"‘ — 1 thermodynamic coefficients and associated

"”’ (q’)) is done through genetic optimization with the objective

to respect the physical constraint: 0 < oz ™ (¢;) < 1. Practically, the

physical behavior of the stoichiometric coeﬁiaents is ensured by

RS . main
minimizing the cost function £fan -

Nym i
min 35, with Spk:{o if o (@) el 1l g

thermo 1 1 else
k=1

The second part of the optimization procedure aims at evaluating

the Ny = Nr — Ny residual thermodynamic coefficients. The opti-
mization algorithm is again used to minimize the fitness function
Ehermo2’
N; Ny
thermo2 = Z Z [ﬁi’pl“’(qﬁi) -0 (¢i)] (B.6)
i=1 I=m

In practice, the choice of the Ny thermodynamic coefficients op-
timized during the first stage of the procedure is important.
Figure B.20 shows that three families of coefficients can be identi-
fied considering their evolution in the composition space. The co-
efficients 01, 03 and o5, belonging to the family called 7, fea-
ture a constant behavior for lean mixtures and the same increasing
trend in the rich zone. The second family of coefficients F,, includ-
ing the terms o, and o4, is constant for lean injection conditions
and shows a decrease with the equivalence ratio for rich mixtures.
Finally the coefficient o presents a distinct behavior with a dis-
continuity near the stoichiometry. To summarize, if Ny = 3 thermo-
dynamic coefficients are used to identify the evolution of NZ’" =4
virtual product stoichiometric coefficients a ™ (¢;), given the self-

similar behavior of o profiles, optimization of the Ny, = 3 remain-
ing coefficients is therefore easier. If the Ny 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 con-
clusion, this a priori study shows a minimum number of four vir-
tual products is required to describe the equilibrium state ther-
modynamic properties (¢, and h) of the mixture on the whole
flammability range.
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Fig. B.20. Evolution of the target coefficients o, versus the equivalence ratio.
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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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