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Modeling Combustion Chemistry in Large Eddy
Simulation of Turbulent Flames

Benoit Fiorina - Denis Veynante - Sébastien Candel

Abstract Flame ignition, stabilization and extinction or pollutant predictions are cru-
cial issues in Large Eddy Simulations (LES) of turbulent combustion. These phenomena
are strongly influenced by complex chemical effects. Unfortunately, despite the rapid
increase in computational power, performing turbulent simulations of industrial configura-
tions including detailed chemical mechanisms will still remain out of reach for a long time.
This article proposes a review of commonly-used approaches to address fluid/chemistry
interactions at a reduced computational cost. Several chemistry modeling routes are first
examined with a focus on tabulated chemistry techniques. The problem of coupling chem-
istry with LES is considered in a second step. Examples of turbulent combustion simulations
are presented in the final part of the article. Three LES applications are analyzed: a lean
swirled combustor, a non-adiabatic turbulent stratified flame and a combustion chamber
where internal recirculations promote the dilution of fresh gases by burnt gases.

Keywords Turbulent combustion - Large Eddy Simulation - Tabulated chemistry -
Complex chemistry

1 Introduction

Combustion accounts for about 90 % of the global consumption of primary energy [1].
Despite its environmental impact this share will probably not fall in the near future. Com-
bustion delivers energy which is immediately available through the exothermic conversion
of gaseous, liquid or solid fuels. There are no other way to provide energy which are as
convenient and as effective. In automotive or aerospace applications, combustion provides
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the required level of energy and the energy density of fuels is so large (about 40 MJ kg ™!
for standard hydrocarbon fuels) that it gives a considerable autonomy to the vehicle which
cannot be matched by other means. While automobiles may run with electrical engines and
batteries, it is less easy to replace current gas turbine engines by an electrical propulsion sys-
tem in transport aircraft. The very high energy density which can be obtained from chemical
conversion of reactants is also essential to rocket propulsion.

Production of electrical energy also heavily relies on coal burning power plants and gas
turbines (except in France where most of the electrical energy is produced by nuclear and
hydraulic plants). One may think that the introduction of a greater amount of renewables
like wind turbines or photovoltaics will reduce the need for fossil fuel powerplants. This is
the case to some extent but renewable energy is essentially intermittent and wind turbines
operate for about a quarter of the time. When production vanishes because of a lack of wind
or sun and in the absence of massive capacities of electrical storage, the missing energy
will have to be compensated. This is most readily accomplished by fossil fuel plants and
gas turbines which can be rapidly mobilized. It is interesting and somewhat paradoxical to
note that the greater reliance on renewables will require at least on a short term additional
capacities to produce power from fossil fuels. One may also note that in some emerging
countries, the demand for energy is quite high and leads a country like China to open a
new coal powerplant every week or so. Combustion is also widely used to generate energy
from renewable biomass. Finally, it is important to keep in mind that there are many other
applications of combustion in industrial processes, waste incineration and safety.

In addition to being a way of transforming energy combustion generates green house
gases like CO;, and pollutants like carbon monoxide (CO), nitrogen oxides (NO,),
unburned hydrocarbons (HC), soot and other chemical species that have an adverse effect
on human health and the environment, even in very small proportions, and need to be min-
imized. Environmental constraints and economic objectives drive a continuous search for
more efficient combustion systems with reduced levels of pollutant emissions. Progress in
this direction has been quite substantial with the simultaneous advances of a fundamental
understanding of the basic mechanisms involved, enhanced diagnostics relying on lasers,
optics and numerical imaging, improvements in experimental methodologies, developments
in simulation software and high performance computing. Numerical modeling is now used
on a routine basis in combustion research and engineering design. Because combustion
raises many complex issues, there is no unique modeling method. While simple flames can
be calculated by taking into account large kinetic schemes involving a few hundred species
and a few thousand elementary reactions together with multi-species thermodynamics and
transport, this is not possible when considering turbulent flames. In most practical appli-
cations, flows are turbulent because turbulence enhances mixing and promotes chemical
conversion [2]. The description of turbulent combustion thus constitutes a central problem
which requires a clever and well balanced handling of the complexities of the process. Pre-
diction of the approximate length of a flame in a glass furnace does not need a detailed
consideration of the chemical kinetics and a simplified one-step chemistry may well be suf-
ficient to predict the burning velocity in turbulent premixed flames [3]. But this extreme
simplification of chemical kinetics is no longer adequate when one wishes to consider phe-
nomena which are sensitive to the chemical mechanisms such as the formation of pollutants
like carbon monoxide, nitrogen oxides, unburned hydrocarbons or soot or to analyze igni-
tion delays. These questions cannot be answered without taking into account some of the
chemical kinetics complexity. Chemical composition and elementary reactions also influ-
ence flame stabilization in continuous combustion systems like gas turbines. In Internal
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Combustion Engines (ICE), fuel and air are diluted by Exhaust Gas Recirculation (EGR).
The flame is then sensitive to low concentrations of radical species produced during the ini-
tiation phase of combustion. Ignition, but also flame propagation and interactions with walls
are then strongly influenced by detailed chemistry effects. The challenges are even greater
in the case of pollutant predictions because of their considerably smaller concentrations
and the many pathways leading to their formation or destruction. Pollutant mole fractions
amount to a few tenths to a few hundreds ppms while the main species are in much larger
proportions (a few percentage points and about 70 % for nitrogen which acts as a diluent).
This large dynamic range constitutes a real challenge for predictions.

While there are uncertainties in reaction kinetics many detailed chemical mechanisms
have been developed in recent years with an increasing degree of complexity to account
for the chemical conversion of heavier hydrocarbons. Current schemes in combination with
detailed models provide good predictions of laminar burning velocities of flames formed
by light hydrocarbons like methane [4]. Heavier hydrocarbons like n-decane, the main con-
stituent of kerosene, can also be considered with a reasonable degree of accuracy [5]. The
determination of some polluting species, like soot, is not as firmly established but a basis
is available which can be included in simulation models and may be used to guide analysis
and design.

Introduction of detailed chemical kinetics in numerical simulations, raises difficult mod-
eling issues and practical problems of computational strategy and resources. With the
availability of high performance computational resources, Direct Numerical Simulations
(DNS) including detailed chemistry have addressed complex situations like lifted jet flames
[6], laboratory scale turbulent “V”-flame [7] and swirling flows [8, 9]. The review work
from Chen [10] presents detailed chemistry DNS of lifted flame stabilization, premixed and
stratified flame propagation in intense turbulence, and extinction and reignition in turbu-
lent non-premixed jet flames. These direct numerical simulations (DNS) provide important
insights in turbulent combustion knowledge. However such simulations, very expensive,
exhibit important limitations on the the computational domain size, which does not in
general exceed a few cm in the three directions.

Considerably less expensive than DNS, Large Eddy Simulation (LES) is an attractive
way to predict flame dynamics and pollutant emissions in industrial combustion chambers.
Reviews of methods and issues for LES of turbulent combustion have been proposed by
Janicka & Sadiki [11], Pitsch [12] and Gicquel et al. [13]. The coupling between LES and
detailed chemistry is however challenging as it requires the establishment of closure laws
for the rates of reactions and a strategy to reduce the complex kinetics to a computationally
tractable description. These two aspects are considered in the following. One issue in LES
is the definition of a model providing the spatially filtered reaction rates, a problem which
has received considerable attention in recent years and which will be discussed later on in
this article. This article first examines chemistry modeling routes. The central problem of
coupling of chemistry with a large eddy simulation is considered in a second step. Examples
of turbulent combustion simulations are discussed in the final part.

2 Chemistry Modeling Routes
This section reviews the various strategies developed to model reactive flows chemistry. The

general mathematical formalism used to describe a reactive system is first introduced. The
principal strategies developed to reduce the size of chemical mechanisms are then briefly
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presented and classified. The review mainly focuses on tabulated chemistry methods which
aim at coupling chemical schemes to the flow by limiting the degree of freedom of the
chemical space.

2.1 Detailed chemistry formalism

The thermo-chemical state of a system is described by the vector ¢, which includes tem-
perature, species mass fractions, and chemical reaction rates. ¢ is identified from two state
variables and from the chemical composition [14]. If the pressure p and the temperature 7'
are retained as state variables, then a function F exists such that:

(p=]:(p,T,Y1,Y2,...,YnSp) (1)

where Y is the mass fraction of the k'* species and 7, is the total number of chemical
species considered in the chemical mechanism.
For ideal gases, the mixture enthalpy 4 and internal energy e are respectively given by:

T
h=n° +/ cpdT )
70

T
e=e0—|—/ c,dT 3)
T

0

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

P
p= " @)

where r = R/ W with R = 8.314 J.mol~".K~! the perfect gas constant and W the mixture
molar mass. Equations 2, 3 and 4 allow the substitution of the pair (p, T') by (p, k) or (p, e).
The thermochemical state may then be expressed in terms of these new sets of variables:

=G, h,Y1,Y2, ..., Yy,) )
p=H(p,e, Y1, Y2, ..., Y) (6)

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

2.2 Chemical scheme reduction: from detailed to global chemistry
2.2.1 Detailed and skeletal mechanisms

The objectives of detailed chemistry are to reproduce, with the highest possible precision,
chemical pathways (or at least the most important pathways) involved in combustion. A
detailed scheme is an exhaustive list of all possible elementary reactions between all species
involved in the conversion process of a given fuel by an oxidizer. Ideally, a reference detailed
scheme would be valid for the entire possible range of thermodynamical states (pressure,
temperature) and compositions (fuel/air equivalence ratio, fuel and oxidizer dilution,...).
However, even for the lighter hydrocarbons, there are no unique detailed kinetic schemes.
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Moreover, the development of detailed mechanism is also not the final answer to flame
chemistry modeling. Indeed, mechanisms which are too large cannot be effectively used in
multidimensional simulations of flames.

The first level of chemical scheme reduction consists in defining a skeletal mechanism,
which eliminates the unimportant reactions and species that have a negligible contribution to
the phenomena of interest. A skeletal mechanism which contains fewer elementary reactions
than the detailed one is generated in this stage. Examples of procedures for the systematic
reduction of mechanisms to a skeletal level are given in [15-18]. As the resulting skeletal
mechanisms remain generally too large, a second level of simplification leading to reduced
schemes is required for practical simulations .

2.2.2 Reduced mechanisms

Among methodologies to reduce chemical schemes, the distinction is made between
“systematically reduced” and “empirically reduced”. Systematically reduced mechanisms
contain sets of global reactions whose rates are the linear combination of the rates of the ele-
mentary reactions participating in the detailed or skeletal mechanism. Empirically reduced
mechanisms rely on global reactions featuring rates determined by tuning, guessing, and
trial and error.

Systematically reduced mechanisms

Popular procedures to systematically reduce mechanism are the Quasi Steady-State
approximation (QSSA) and/or the Partial Equilibrium approximation (PEA). QSSA
assumes that the rate of production and destruction of a selection of species are much larger
than their net rate of formation. This yields algebraic relations among the elementary rates.
The PEA assumes that the rates of some reactions are so large that a partial equilibrium
is established also giving rise to algebraic relations between the elementary reaction rates.
An extensive description of these methods, which gives the mathematical framework and
illustrations with practical examples, is given in the review article from [19].

Empirically reduced mechanisms

Empirical reduction aims at generating short mechanisms (from 1 to 4 steps in gen-
eral), which capture global flame properties such as for example the burning velocity, the
heat release rate, the burnt gas temperature and critical conditions for strain rate induced
extinction. Pioneering work is due to Westbrook and Dryer [20] who proposed one and
two global reaction steps with Arrhenius kinetics by tuning the pre-exponential factor, the
activation energy and the reaction order. More recently, the applicability of one-step irre-
versible Arrhenius kinetics with unity reaction order to the description of partially premixed
methane-air combustion has been investigated in [21]. For more complex hydrocarbons,
a simple technique has been proposed [22, 23] to derive one-step and two-step schemes
for kerosene-air flames. To fit the laminar burning velocity over a wide range of operating
conditions, the pre-exponential constants of the two reactions are tabulated as a function
of the local equivalence ratio. The fuel and oxidizer exponents are adjusted to reproduce
dependence of premixed laminar burning velocity with mean pressure.

All studies conclude that activation temperature [21] or pre-exponential constant [22,
23] must depend on the equivalence ratio to recover the evolution of burning velocity over
the whole flammability range. Methods have been recently developed to automatically opti-
mize these chemical rate parameters [24]. An example of application is provided in [25] to
calculate selective non catalytic reduction DeNO, process.

Global mechanisms efficiently capture global flame properties such as flame propaga-
tion. However such simplified mechanisms cannot describe the chemical structure of the
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flame itself. Complex phenomena such as pollutant formation, flame extinction or ignition
remain out of reach.

2.3 Tabulated chemistry

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

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

2.3.1 Principle

Tabulated chemistry aims at expressing the thermochemical variables in a reduced chemi-
cal state space, compared to detailed chemistry formalism. The set of species mass fractions
involved in Egs. 1, 5 or 6 are replaced by a reduced set of coordinates (Y1, ¥, ..., ¥n),
where n 4 2 is the number of dimensions of the thermochemical database. Tabulated chem-
istry is efficient in comparison with detailed chemistry if n << ng). In this new basis, the
thermochemical variables ¢ may be formally expressed as:

(p = ‘F/(p7 T,WI,V/Z,...,V/") (7)
(p = g/(P’h» 1//19 w27'-'9wn) (8)
o =Hp e V1, %2, ... ¥n) ©))

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

The key issues in the tabulated chemistry framework are to identify a suitable set
of coordinates (Y1, ¥2, ..., ¥,) and to generate the appropriate chemical database. The
numerous strategies proposed for that purpose can be classified in two groups which rely
on mathematical and physical analysis, respectively.

A pioneering mathematical technique for chemistry tabulation is the ILDM (Intrinsic
Low-Dimensional manifold) method, devised by Maas and Pope [14]. This is based on
a direct identification of the dynamic behavior of the nonlinear response of the chemical
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system. An attractor subspace is determined by examining the eigenvalues and eigenvectors
of the system of equations and by neglecting and cutting-off fast time-scales smaller than a
given time limit. Depending on the cut-off time-scale, one, two or more coordinates of this
state space (equivalent to chemistry parameters) are sufficient to accurately reproduce the
kinetic properties of the full reactive system. This attractor subspace is called manifold and
the number of its coordinates corresponds to the minimum number of scalars that need to be
transported to describe the full reactive system. In general, highly-reduced ILDM manifolds
(maximum two coordinates) do not correctly reproduce the low-temperature regions of the
flame, sensitive to molecular diffusion [27].

An alternative is to include physical consideration for designing the chemical database.
This assumption is the foundation of flamelet models which assume that a turbulent flame
front can be decomposed in a collection of 1-D flame elements. This strategy, developed
for example by Peters [28] and Bradley et al. [29] for turbulent non-premixed and premixed
flames respectively, is effective and well adapted to complex geometry reactors. Details
and examples of flamelet based tabulated chemistry techniques are given in the following
sections. The principal coordinates of tabulated chemistry are first introduced.

2.3.2 Principal coordinates of tabulated chemistry

The role of the chemical look-up table coordinates is to capture the impact of kinetics,
molecular diffusion and heat losses on the flame structure. As the number and definition
of the control variables depends on the modeling assumptions, there is no universal set of
coordinates. Issues encountered in trying to represent the influence of dominant phenomena
on combustion chemistry are discussed in the following.

Capturing mixing phenomena

Mixing between fuel and oxidizer streams is usually described by a conserved scalar, the
mixture fraction Z. There are many possible definitions which depend on chemistry and
transport modeling assumptions [2].

The simplest formulation of the mixture fraction can be derived for a single step chem-
istry of the type: v}F + 1/00 — P where F, O et P are fuel, oxidizer, and products,
respectively and v}, and v, denote molar stoichiometric coefficients. Assuming that molec-
ular diffusivities are identical for all species, a possible definition of the mixture fraction is:

sYr—Yo +Y]

Z = f (10)
sYp + Y]

where superscripts ¢ and / refer to the fuel and oxidizer stream properties, respectively
and s = v, Wo /vy, Wr is the mass stoichiometric coefficient, corresponding to the mass
of oxidizer needed per unit mass of fuel. The mixture fraction Z is equal to 0 and 1 in the
oxidizer and fuel streams, respectively.

This definition is not adapted to multi-step chemical schemes. Indeed, because of the
presence of intermediate species, (10) does not ensure that Z is a conserved scalar. A solu-
tion is to base the mixture fraction definition on the element (atomic) mass fractions Y, [30].

For each element e, a mixture fraction Z, is defined as follow:
Y, —Y?

Ze= 5 ¢ (11)

v —ve

where Y, ; and Y,, are the mass fractions of element e in the fuel and oxidizer streams,
respectively. Even in detailed chemistry situations, Z, always remains a conserved scalar.
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When assuming that all species have constant mass diffusivity (Le= A/(pc, D) = 1), the
mixture fraction definition does not depend on the chosen elemente (Z = Z1 = Z,, ... =
Z;, where [ is the total number of elements). Mixing between fuel and oxidizer is then
captured by a unique dimension and Z = Z, is a conserved scalar described by a balance
equation with no chemical source term:

opZ n dpu; Z _ 0 Daz (12)
ot ax;  ox \PVax

where the molecular diffusion velocity is modeled by Fick’s law. When differential diffu-
sion of species is considered (Lex # 1), mixing between fuel and oxidizer is not captured
by a unique variable Z,. Definition of Z by Eq. 11 depends on the element considered
(Z # Z1 # Zy,... # Z;). The degree of freedom of the systems increases from 1 to
I —1. Tracking all mixing states then requires to solve a balance equation for each conserved
scalar Z,, which exhibits unclosed cross-derivative terms. Solutions have been recently
proposed by Regele et al. [31], Verhoeven et al. [32] or Maragkos et al. [33] to capture
differential diffusion within tabulated chemistry formulations. However, the computational
cost and complexity of the look-up table generation are augmented. A solution is to allow
the incorporation of differential diffusion effects by limiting fuel/oxidizer mixing to a sin-
gle dimension. A single mixture fraction variable is used which is generally defined as a
conserved scalar solution of Eq. 12 [34]. While this approach introduces errors as pointed
out by Sutherland et al. [35] it also allows to incorporate differential diffusion features in
turbulent flame simulations [36] without affecting the computational cost.

Many practical combustion applications cannot be treated as a two-streams mixing prob-
lem between fuel and oxidizer with fixed composition in each stream. This is the case for
instance in MILD combustion [37], where reactions are strongly influenced by the rate of
fresh gas dilution by burnt products. At least one supplementary coordinate is therefore
needed to represent the chemical flame structure [38, 39]. A similar problem is observed
when fuels with different compositions are injected into a combustion chamber. Two mix-
ture fractions have been introduced for that purpose to capture a three-stream mixing
problem [40, 41].

Tracking chemical reactions

The conversion from fresh to burnt gases is usually captured by a progress variable Y,
which is generally defined by a combination of species mass fraction, selected to ensure a
continuous and monotonic evolution of the progress variable between initial (Y, = ch ) and
final (Y, = YCI’ ) states. When this condition is satisfied, ¢(Y,) is a mapping of Y, and the
thermochemical variables can be tabulated in term of Y,.

The importance of the definition of this progress variable Y, is illustrated in Fig. 1a which
shows the projection of methane/air freely propagating adiabatic laminar flames onto the
(Yco,, T) space for different values of fresh gas equivalence ratio. From¢ = 0.4to ¢ = 1.2
the temperature expressed as a function of CO, mass fraction is bijective, but in rich regions
turning points exist. This phenomenon corresponds to the presence of CO, and CO under
rich conditions and at high temperature levels. At the same time, for equivalence ratios
greater than 1.5, the temperature decreases when Yo, increases. Indeed, during the last
chemical steps, where species react and progress towards the equilibrium state, endother-
mic reactions become more important than the exothermic ones and heat is absorbed instead
of being released. A progress variable based on a linear combination of CO, and CO mass
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Fig. 1 Projection of 1-D premixed laminar flame trajectories in the plane (Y., T') for two progress variable

definitions. Each trajectory corresponds to a given value of fresh gases equivalence ratio ¢. From [44]
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fractions, Y. = Yc o, + Yco, will reduce the importance of the turning point problem. Here
the definition of the progress variable is based on a “user” knowledge but might be not opti-
mal. Indeed minor species might still evolve in a non-monotonic fashion introducing some
problems in the database exploitation. The progress variable definition may be facilitated
by an automatic process which was recently devised by Ihme et al. [42] and Niu et al. [43].
The progress variable Y, is often normalized in a variable c, increasing from 0O in fresh
to 1 in burnt gases [45]:
eq
c= Y}fr Ye e (13)
y!" —v¢
where Y:? and ch " correspond to Y, in fresh and burnt gases, respectively. In practice, Y¢?
corresponds to the value of Y, at the chemical equilibrium state. Y7, which depends on the
initial mixture composition, is therefore strongly related to the mixture fraction Z.

The definition Y. = Yc o, + Yco is well adapted to the tracking of reactive and thermal
layers, but alternative definitions of Y, are needed to capture phenomena that are out of the
range of time scales associated to the formation of carbon monoxide and dioxide. This is
the case of auto-ignition which exhibits time scales shorter than those of CO and CO; pro-
duction. To account for the ignition delay, the fuel mass fraction is added in the progress
variable definition [46—49]. Another issue, related to the capture of NO, produced through
the thermal pathway, is illustrated in Fig. 2. Chemical trajectories followed by a collection
of 1-D premixed flames are plotted in the (Y., Yy o) chemical subspace. For a definition
of Y, based on CO and CO; species important variations of NO, are not captured by the
progress variable. The first solution, proposed by Oijen and de Goey [50] and Godel
et al. [51] is to include a selection of nitrogen containing species in the definition of ¥.. NO
trajectories are then mapped by Y., as shown in Fig. 2.

An alternative, which does not constrain the major products to the NO, formation, is to
introduce two progress variables: one is dedicated to tracking the flame thermal layer while
the other describes nitrogen oxides [52, 53].

Accounting for heat exchanges

T T T T T
0.004 4
0.003 |- .
g
=
0.002 |- .
11
|
1
1
0.001 | - .
0 - 4
0.14 0.15 0.16 0.17 0.18 0.19 0.2

Progress of reaction Y _

Fig. 2 Projection in the space (Yno, Y.) of 1-D premixed laminar flame trajectories obtained for different
fresh gases equivalence ratios. Dashed: Y, is defined by Y. = Yco + Yco,. Solid : Y, is defined by Y. =
Yco, +Yco +Ymo +Yno + Yno, + YNn,0 + AYn,. Figure from [51]
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To use the total (i.e. sensible plus chemical) enthalpy

T
h =/ cpdT + h° (14)
70

is convenient to track effects of heat exchanges. Indeed the tabulation procedure remains
simple as the total enthalpy % is conserved across constant pressure flames, for a given ele-
mental composition. A normalized form of the enthalpy is generally introduced to facilitate
the tabulation procedure :

hn — h — hmln(z) (15)

hada(Z) — hmin(Z)

where h,q and hpi, are the adiabatic and an arbitrary minimal mixture enthalpy, respec-
tively.

2.3.3 Flamelet based tabulation strategies

An exhaustive review of strategies devised to build chemical look-up tables is out of the
scope to the present article. Methods based on time scale analysis, mainly derived from
Computational Singular Perturbation (CSP) [54] and Intrinsic Low Dimensional Manifolds
(ILDM) [14] theories would be included but we decided to focus on flamelet-based tabu-
lation techniques, which are well adapted to the simulation of many types of isobaric or
nearly isobaric combustors. Again for the sake of compactness tabulated chemistry meth-
ods specifically designed for internal combustion engines, such as the Tabulated Kinetic of
Ignition (TKI) model [55, 56], will not be discussed in here.

Premixed flamelet tabulation

Premixed flamelet tabulation has been first introduced in RANS computations of tur-
bulent premixed and partially-premixed flames by Bradley et al. [29, 57]. By analyzing
DNS results, Gicquel et al. [58] observed that the manifold covered by turbulent premixed
flames are well approximated by the trajectory followed by a 1-D laminar flame element.
By assuming that diffusion fluxes across mixture fraction iso-surfaces do not alter the chem-
ical flame structure, the properties observed by Gicquel et al. [58] justify the mapping of
the chemical trajectories accessed by a partially-premixed (or stratified) flame by a collec-
tion of premixed flamelets. A thermochemical look-up table is then built by solving, in a
detailed chemistry framework, the governing equations of a planar laminar premixed flame.
The inlet boundary conditions of the calculated flamelets are written in terms of the fresh
gas equivalence ratio or mixture fraction Z:

T =T"ZY), Y!'=Y“Z") for Z <Z"<2Z, (16)

where “ superscript refers to fresh gas conditions and Z; and Z, are the lean and rich
flammability limits, respectively. The one-dimensional premixed laminar flame balance
equations may be solved with a dedicated tool [59, 60], with the boundary conditions pre-
scribed by Eq. 16. Solutions are then the thermochemical variables ¢, expressed in term of
x, the spatial coordinate normal to the flame front, and the mixture fraction Z:

0 =9(Z,x) (17

By definition, the progress variable Y. follows a monotonic and continuous evolution
between fresh and burnt gas states in the spatial direction x, i.e. Y, is a bijective function of
x. Then, any thermo-chemical variable ¢ may be mapped as:

=9, Z) (18)
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To facilitate the management of the look-up table (data storage and interpolations), the
coordinate Y, is generally normalized accordingly to Eq. 13. Within the flammability range,
thermochemical data are in practice stored as follow:

o =¢(,2) for Z;<Z < Z (19)

Outside the flammability range, chemical reactions rates are equal to zero. Under a unity
Lewis assumption, species mass fractions and mixture enthalpy may be obtained from linear
relations in Z space (pure mixing) along iso-c:

for 0<Z < Z;:

Z
Yi(e, Z2) = Z (Yele, Zp) = Vi) + 1o (20)
Z
h(c, Z) = Z (h(c, Z1) — h*) + A 1)
for Z, <Z < 1:
Z—Z fuel
nez="1_ (Ve = Ye(e. Z)) + Yete. 20 @2
_z
Z-Z
he.zy="_" (hf“el — (e, z,)) +hic, Z) 23)
_z

where superscripts fuel and oxy characterize the fuel and oxidizer properties, respectively.
Assuming constant pressure across the flame front, remaining thermochemical quantities
such as the temperature are then deduced outside the flammability range from the vector of
state variables (p, h, Yi).

An FPI chemical database is illustrated in Fig. 3, where the progress variable reaction rate
is plotted in the (¢, Z) subspace. This tabulation procedure assumes that combustion occurs
under adiabatic conditions. Accounting for effects of heat exchanges on the chemical flame
structure requires to include flamelet solutions obtained under different enthalpy conditions
in the look-up table. One solution is to calculate a series of burner-stabilized flames [44,
62]. Heat losses from each flamelet are controlled by the fresh gas mass flow rate injected
through the porous burner. The enthalpy coordinate is then added to the chemical look-up
table and each thermochemical variable ¢ can be expressed in the form:

=9, 1., 2) (24)

Again, to facilitate database storage and requests, thermochemical variables are expressed
in practice in terms of normalized coordinates:

¢ =" (hy,c, 2) 25)

Chemistry tabulation based on premixed flamelets are found in the literature under the
acronyms FPI (Flame Prolongation of ILDM) [58] or FGM (Flamelet Generated Mani-
fold) [62]. This strategy implicitly assumes that a turbulent stratified flame front can be
decomposed in a series of independent premixed flamelets. This is true for low fuel/air
mixing rates but is questionable when diffusion across mixture fraction isolayers becomes
important. In such situations, the chemical flame structure is similar to a laminar diffusion
flame and cannot be approximated by a collection of premixed flamelet archetypes any-
more. This has been observed through a priori analysis of both 1-D counterflow detailed
chemistry numerical solutions [63] and experimental measurements of turbulent jet flames
[64]. When this happens the structure of the flame sheet is closer to that of a non-premixed
flamelet. Chemistry tabulation based on 1-D diffusion flamelets, discussed below, is then
more suitable.
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Fig. 3 Visualization of an FPI look-up table computed with the Lindsdedt mechanism [61] . Progress vari-
able reaction rate tabulated in terms of normalized mixture fraction (Z) and progress variable (c). Z = 0 and
Z = 1 correspond to pure air and to a methane - air mixture with equivalence ratio equal to 2, respectively.
The normalized progress variable c is defined from Eq. 13 by making use of Y. = Yco + Yco,

Non-premixed flamelet tabulation

To model non-premixed combustion, Peters [28] compiled strained steady diffusion
flamelets in a thermochemical library. The flamelet equations are derived by assuming that
the flame structure is locally one-dimensional and depends only on time and on the coordi-
nate normal to the flame front [65]. The equations are generally expressed and solved in the
mixture fraction space, where the impact of strain rate on the flame structure is governed by
the scalar dissipation rate of the mixture fraction x, = D,|VZ |2. For instance, under unity
Lewis number assumption, the species mass fractions are governed by:

Yy 3%Yy
= W a 26
P ooy =Xz 5,0 T Wik (26)

where @y and Wj are the chemical molar reaction rate and molar mass of the k” species,
respectively.
The scalar dissipation rate xz, which depends on flow conditions, must be modeled. In

steady strained counter-flow, the scalar dissipation rate is expressed in terms of mixture
fraction and a, the strain rate, through the following analytical function [66]:

X, = o e (=2lerf ! @Z ~ DP) =aF(2) @7)
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Introducing the stoichiometric scalar dissipation rate, Xz, = X(Z = Zs), (27) becomes:
F(2Z)

X
“F(Zst)
Solving the system of Eqgs. 26 and 28 under steady-state conditions for different values

of stoichiometric scalar dissipation rates leads to the identification of thermo-chemical
variables ¢:

x(Z2) = (28)

o =S SFM (7, Xz,) Wwith 0<y, < Xg” (29)

where S-SFM refers to Steady Strained Flamelet Model. In the previous expressions x,
is the mixture fraction scalar dissipation rate conditioned by stoichiometric conditions.
This formulation tracks steady states of non-premixed flames, from chemical equilibrium
(Xz, = 0) to quenching Xz, = Xq ). To account for re-ignition events, Pierce and
Moin [67] added the unstable solutlons of flamelet equations in the look-up table. The
parametrization given by Eq. 29 is no longer suitable. Indeed, the S-curve plotted in Fig. 4
indicates that a given value of the scalar dissipation rate x may correspond to stable,
unstable and unburned states, a unique thermochemical state is not ensured. This issue is
overcome by using the progress variable Y, instead of x:

=5 PV, 2) (30)

where S-FPV stands for Steady-Flamelet Progress Variable. As the chemical trajectories are
restricted to the steady state S-shaped response curve, phenomena which are unsteady such
as auto-ignition events can not be captured by FPV look-up tables. To describe the transient
evolution of all thermochemical variables during the flame ignition process, the solution
of unsteady flamelet balance equations needs to be included [68, 69]. ¢ variables are then
parameterized in the form of:

=" V(Y. Z.x,,) 31

where "U-FPV” refers to Unsteady-Flamelet Progress Variable approaches. A third coordi-
nate has been added to the steady state flamelet library to account for unsteady phenomena.
Trajectories covered in the (7, x5:) subspace by S-SFM, S-FPV and U-FPV chemical
look-up tables are shown in Fig. 4. The S-SFM model covers the upper stable branch of
the S-curve while S-FPV also includes the lower unstable branch. As a dimension has
been added to the chemical database, the U-FPV approach relies on two coordinates in the
subspace (T, Xst)-

An extension of the FPV model has been recently proposed by Lamouroux et al. [39]
to account for the influence of burnt gas dilution. This formulation is specifically attractive
in modeling of pollutant formation in flameless or MILD (Moderate or intense low oxygen
dilution) combustors. In a non-adiabatic context, thermo-chemical variables then read as
follows:

9 =9 VYo, Z, o ) (32)
where "D-FPV” refers to Diluted FPV model. « is the rate of fresh gas dilution by burnt
gases. Note that the influence of heat losses are accounted for by the variable £, defined in
Eq. 15.

In parallel, the Combustion Group at the Eindhoven University of Technology introduced
non-premixed flamelets in the FGM chemistry tabulation procedure [32, 70]. Steady and
unsteady diffusion flamelets are used to generate 2D and 3D databases, respectively. 3D
look-up tables appear to be more accurate to capture the chemical structure of unsteady
flames [70, 71]. Large Eddy Simulations based on FGM constructed with non-premixed
flames are exemplified in [72—74]. Tabulated chemistry methods based on non-premixed
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Fig. 4 S-curve characteristic of
a methane/air flame. The fuel
temperature is 298K while the air
stream has been preheated to
673K. Trajectories covered in the
(Ts:, xst) subspace by S-SFM,
S-FPV and U-FPV chemical
look-up table are shown by
arrows. Projections of the
manifold mapped by S-SFM and
S-FPV are 1-D but 2-D for the
U-FPV model
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flamelets are obviously well adapted to model the chemical structure of diffusion flames but
will fail to recover premixed flame properties, such as laminar flame speed [63]. To model
complex flame elements which exhibit both premixed and non-premixed flame structures,
multi-regime flamelet tabulation are required.

Multi-regime flamelet tabulation

To track multiple flamelet regime within a single look-up table, Bykov and Maas [75,
76] and Nguyen et al. [77] proposed to solve the projection of the full set of mass conserva-
tion species balance equations into a restricted subset of the composition space. Assuming
that for partially premixed combustion the chemical system is well characterized in the
Z — Y, subspace, a chemical table is computed by solving the following system of species
equations:

Y, oY . 3%y, 3%y, 3%y,

= 2 W 33
a1 + aYCwYL P Xy, aYg +0Xz 572 + prC,zaycaZ + Wian (33)

0

where unity Lewis number has been assumed. The chemical look-up table is parametrized
by the dimensions Y, and Z but also by the scalar dissipation rates of the control parameters:
X, = D|VZ|? Xy, = D|VY,|? and Xy,.z = DVY. - VZ. Analytical models for x,, xv.
and xy,,z can then be used to integrate the multi-regime flamelet equations expressed in the
(Y, Z) subspace. Thermo-chemical variables are then expressed as follows:

MY, Z, %y Ayes Xyez) (34)

The addition of the scalar dissipation rates as control parameters increases the number of
look-up table coordinates enabling the modeling of complex flame structures. An alterna-
tive, proposed by Franzelli et al. [78] is to solve multi-regime flamelet equations in physical
space. Premixed, partially-premixed and non premixed flame solutions are then merged and
mapped into a multi-dimensional chemical look-up table. A priori tests on 1-D counterflow
flame configuration show that multi-regime chemical look-up table are required to accu-
rately describe pollutant formation such as carbon monoxides [78] and other species which
are sensitive to the chemistry details.

Accounting for differential diffusion effects

A single mixture fraction coordinate is not sufficient to describe the fuel/air mixing when
differential diffusion needs to be accounted for. This issue drastically increases the complex-
ity of the tabulation process as it requires the addition of several coordinates [58], leading
to high-dimensional databases. Preferential diffusion can be included by tabulating strained
flame responses as a function of elemental mass fractions, enthalpy and a progress variable
[79]. This method has been applied to perform DNS of a lean premixed turbulent Bunsen
flame with hydrogen addition [80]. In a laminar context, Regele et al. [31] applied a tech-
nique to account for fuel differential diffusion phenomena within tabulated chemistry by
adding a source term to the mixture fraction balance equation. A similar method has been
recently developed for turbulent flames and applied in an LES context by Nambully et al.
[81]. For premixed flamelet tabulations, an intermediate solution which does not increase
the number of look-up table dimensions, is simply to generate the look-table with 1-D flame
elements computed under differential diffusion assumptions. It neglects the impact of dif-
ferential diffusion in the direction tangential to the flame front (i.e. between each flamelet).
However, the species differential diffusion in the direction normal to the flame is captured
by the 1-D premixed flamelet elements and allows to correctly predict the laminar flame
consumption speed [36].
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2.3.4 Tabulated chemistry and CFD

Low Mach number and compressible flow formalisms

Low Mach number assumptions are generally retained to generate thermo-chemical
look-up tables. If the reactive flow governing equations are also expressed for low Mach
conditions, then the chemistry tabulated formalism is consistent and its implementation
straightforward. All thermo-chemical variables are directly estimated, for each numerical
iteration, from linear interpolation within the chemical look-up table. For instance, density
and temperature of adiabatic reactive flows are expressed in the form:

o= p W, Y2, ., ) (35
T =T, Y2, ..., ¥n) (36)

Issues appear in the coupling with compressible Navier-Stokes equations, in particular when
compressible effects are not considered during the database generation. By comparison with
an adiabatic and isobaric low Mach number flow, the compressible formalism introduces
two degrees of freedom which are for instance the pair (e, p) or (e, p). Even if the flow is
adiabatic, the internal energy varies locally because of acoustic pressure waves.

To couple an adiabatic chemical table with a compressible flow solver, Galpin et al. [82]
proposed to solve, in addition to the reduced set of variables, balance equations for some
chemical species selected to estimate the temperature from energy. This implementation
does not require heavy modifications of the flow solver but increases the number of equa-
tions. In addition, a divergence between the additional transported species and the tabulated
ones is frequently observed and requires a specific treatment.

An alternative, called TTC (Tabulated Thermo-chemistry for Compressible flows) has
been proposed by Vicquelin et al. [83]. The first order truncated Taylor expansion of e
around T = T’ leads to the following linear approximation of the temperature:

e — etab(w17 UK Wn)
C{}ab(w—l’ ctt Wn)

The “compressible” temperature 7' can therefore be approximated from the energy and tem-
perature e’*? and T?*® which are both tabulated in an adiabatic look-up table. The energy e
which accounts for acoustic perturbations is transported. Note that this assumption is valid
for moderate acoustic perturbations inducing small temperature variations. It is justified
when combustion operates at constant pressure such as in gas turbines, furnaces, unconfined
laboratory flames, etc... Other practical situations exist where pressure variations are suffi-
ciently large to affect the chemistry (internal combustion engines, detonation waves, . . .)
and extra-coordinates have to be added to the chemical database.

Finally the introduction of tabulated chemistry in compressible CFD requires a careful
treatment of boundary conditions. For that purpose, Vicquelin et al. [83] reformulated the
Navier-Stokes Characteristic Boundary Conditions (NSCBC) derived by Poinsot and Lele
[84].

Managing chemical table storage

In a parallel computational framework, chemical databases are loaded in the local mem-
ory of each processor to minimize data exchanges. Then, the chemical database size may
become a problem when handling a large number of coordinates. This issue is of crucial
importance when running on massively parallel computers having a limited amount of mem-
ory per processor. Some strategies has been developed to limit the chemical database sizes.
For example, ISAT (In Situ Adaptive Tabulation) proposed by Pope [85] relies on the in
situ generation of look-up tables, which are constructed from the direct solution of time

T =T, ..., ) + (37)
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evolution equations for species mass fractions. Only the chemical composition effectively
accessed during the computation are calculated and stored in the chemical table. An alter-
native to reduce the database size is to introduce optimal neural networks to approximate
chemical tables [86, 87].

Another simplification in the framework of flamelet tabulation has been devised by
Ribert et al. [88]. It exploits self-similar properties of laminar flames to reduce the database
memory requirements. Species reaction rates expressed as a function of a progress variable
are found to reduce to single curves when using suitable scaling rules. This methodology
has been recently extended to capture auto-ignition situations including cool-flame burn-
ing regime [89]. This strategy has been extended to turbulent regimes by taking advantage
of self-similar properties of mean chemical quantities under a presumed probability den-
sity function formalism [41, 90]. This idea has been successfully applied to the RANS
simulation of a turbulent jet flame [91].

A different strategy recently proposed by Weise et al. [92] relies on a Memory Abstrac-
tion Layer (MAL) that handles requested chemical look-up table entries efficiently by
splitting the database file into several smaller blocks. The method keeps the total memory
usage at a minimum by employing thin allocation methods and compression to mini-
mize filesystem operations. The efficiency of the method has been demonstrated on the
simulation of laminar and turbulent non premixed flames [92].

3 Coupling Chemistry with LES

One of the central issues for large eddy simulation in combustion is to couple the chemistry
description to the flow solver. This section summarizes the different approaches derived to
model reaction rates in this framework. These may be classified with respect to the following
two points:

Flame / Turbulence interactions: primary modeling concepts may be based on flame
surface, statistical and mixing formalisms, as described in the following sections.!

Chemistry description: The simplest description is to assume that chemical time scales
are faster than turbulence scales. Under this condition, the turbulent eddies do not alter
the laminar chemical flame structure. The flame is then viewed as a collection of lam-
inar flame elements (flamelet assumption), leading to global descriptions (“mixed is
burnt” for non-premixed flames or infinitely thin propagating flame surface for premixed
flames). More refined approaches involve simple chemical step, reduced global chem-
ical schemes, skeletal schemes, tabulated chemistry, detailed chemical mechanisms as
described in the previous section.

INote that several concepts may be combined. For example, partial premixing (i.e., heterogenous equivalence
ratio fields) are generally incorporated in flame surface concepts through mixture fraction probability density
functions. The wide range of chemical time scales may also be handled combining several formalisms: the
fuel oxidation, generally occurring in thin reaction layers may be described in terms of flame surface densities
while the slow N Ox formation modeled through turbulent mixing concepts. The classification proposed here
is based on the primary modeling concept, flame surface for the previous example.
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Most of the combinations (flame / turbulence interaction, chemical description) are
theoretically possible but not necessarily of practical interest. A third dimension for clas-
sification is the practical implementation, considering assumptions made in the solver
developments (fully compressible or low Mach number frameworks) or efficient chemistry
implementations, for example through the ISAT formalism [85].

Compared to the Reynolds Averaged Navier-Stokes (RANS) formalism, two specific
issues should be considered (i) First, the instantaneous flame front thickness is generally
smaller than the typical mesh size, usually directly linked to the filter size. Combustion
is mainly a sub-grid scale phenomenon while most of the turbulence energy is contained
in large resolved scales. Models should be adapted to overcome this difficulty but, up-to-
now, only flame surface formalism derivations explicitly consider this point and, in practice,
the resolved flame thickness is mainly controlled by numerics in most models ; (ii) LES
models should be able to reproduce laminar flames when sub-grid scale turbulence vanishes.
In contrast most of the RANS models are derived in the limit of high Reynolds number
turbulence and do not behave correctly when applied in the laminar flow limit. One may
remember that LES is expected to reduce to DNS when the filter size becomes vanishingly
small (A — 0). In addition, in the computational meshes accessible today, the flame front
wrinkling may become fully resolved in some parts of the numerical domain [93].

Conceptually, the Large Eddy Simulation formalism introduces a numerical length scale,
the filter size A, in the turbulent combustion problem. To compare this new practical scale to
turbulence and combustion length scales led Pitsch [12, 94] to revisit premixed combustion
regime diagrams.

3.1 Geometrical approach

Geometrical formulations, designed to capture the flame front propagation, are well adapted
to premixed or stratified combustion regimes. Three main approaches have been developed
describing the flame in terms of flame surface and managing the flame thickness issues
discussed previously: G-equation, filtered one-dimensional flames and thickened flame
model.

3.1.1 Level set or “G-equation” formalism

In this approach, the flame surface is viewed as an infinitely thin propagating surface
(flamelet). The key idea is to track the position of the flame front using a field variable G.
This G-field, generally identified to a signed distance to the flame front, does not have to
follow the gradients of the progress variable ¢ and can be smoothed out to be resolved on
the LES mesh. The G-equation is introduced by Kerstein et al. [95]:

88(; +u-VG = Sr|VG| (38)
where S7 is the sub-grid scale turbulent burning velocity that should be modeled.
Equation 38 corresponds to a simple kinematic description and its coupling with the density
field through heat release requires some care [96-98]. However, despite some drawbacks,
this approach has become one of the most commonly used in large eddy simulations of pre-
mixed combustion [12, 66, 94, 97, 99-105]. It is also well-suited to large computational
domains as the inner structure of the turbulent flame brush does not need to be resolved.
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3.1.2 Filtering laminar flames

Basic principles

Applying the LES filter F to the reduced progress variable ¢ = Y,/ Y7 balance equation
in premixed combustion (¢ = 0 within fresh reactants and ¢ = 1 within burnt products, ¥?
being the Y,.-equilibrium value) leads to the following expression:

LY D) + V- p (@~ W] = V- (pDVE) 40 9

= pw |Vc| (40)

where Q and é = pQ/p denote filtered and mass-weighted filtered quantities, respec-
tively. The three LHS terms correspond respectively to unsteady effects, resolved convective
fluxes and unresolved transport. The two RHS terms in Eq. 39 respectively denote filtered
molecular diffusion and filtered reaction rate. The RHS term in Eq. 40 corresponds to flame
front displacement.

As already pointed out, the flame front is generally too thin to be resolved on the LES
computational mesh. Nevertheless, the filtered progress variable ¢ may be resolved using a
physical space Gaussian filter with a filter size A larger than the computational mesh size
A, as shown in Fig. 5 [106]. Accordingly, the filtered flame front is numerically resolved
with about2 A /A, grid points. The ¢-balance (40) is similar to a G-equation but, compared
to an arbitrary G-field, the progress variable ¢ has the important advantage of being related
to quantities that are physically defined and may be extracted from DNS or experimental
data.

0.8 —
0.6 —

0.4 —

progress variable

0.2 —

0.0 —

T
0
x/A

Fig. 5 Effect of a spatial Gaussian filter having a size A larger than the mesh size A, (A = 4 A,).
The unfiltered progress variable ¢ (dashed-dotted line) and the filtered progress variable ¢ (bold line) are
plotted as a function of x/A where x is the spatial coordinate. The progress variable c is not resolved on the
computational mesh denoted by (e symbols) whereas the filtered progress variable c is resolved with about
2 A /A, = 8 grid points inside the filtered flame front. From Boger et al. [106]
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Boger et al. [106] then propose a flame surface density formulation for subgrid scale
modeling. The flame front displacement may be recast as:

pw |Vc|

+o00
/ pw|Ve| F (x —x') dx’ (41)

o0

too pl
/ / pw |Ve|8 (c — ¢*) F (x —x) dc*dx’
—oo J0

1

- /0 () * de* = (pw), T = (pw), & Vel
where § is Dirac’s delta function. X* is the sub-grid surface density (i.e. the subgrid surface
per unit filtering volume) of the ¢ = ¢* surface and (Q)} denotes the conditional averag-
ing of Q along this surface c=c*. ¥ and (Q);, introduced in Eq. (42) may be viewed as
generalized subgrid flame surface density and surface average, respectively, and defined by:

1
z:/ $* det = |Vl 42)
0
= N oyraer = 1Y€ 43
(Q>s—Z/O(Q>SC— . 43)

while E = ¥/|Vc]| is the flame front wrinkling factor.

The challenge is now to model (pw), and E or X. The first term is related to the internal
flame structure while the two others describe the flame / turbulence interaction. Filtered
flame models depend on the methods adopted to describe the previous quantities:

e The Boger et al. [106] model relies on the ratio of the surface-averaged mass-weighted
displacement speed to the laminar flame speed S; and the fresh gas density p, as
(pw)y ~ p, Sr, while |Vc| is estimated by filtering one-dimensional infinitely thin
laminar premixed flame, approximating the result by a progress variable parabolic

shape, leading to:
>:=45\/6C(1_a (44)
b4 A
To ensure a correct sub-grid scale turbulent burning velocity S7 = ES; and recover
Sz when the flame becomes laminar (E — 1), Boger and Veynante [107] proposed an
adapted model for the unresolved progress variable transport p (¢ —uc) and solved the
filtered progress variable equation:

Apc - SLEA \ . \/6 T(1 =79
V. =V. v 40,8, B 45
9t + (Pllg) |:()Ou 16\/6/7Z’> C]+ PudL - A (45)

e Duwig [108] proposed to extract (pw),|Vc| by filtering one-dimensional synthetic
laminar flames using a Gaussian expression for the reaction rate.

e F-TACLES model: Fiorina et al. [93] propose to tabulate the unclosed terms by fil-
tering one-dimensional laminar flames derived from detailed chemical simulations,
leading to :

V. [p@e—] = 8QFT? @A) +(E-1V- (af”b @, A)psz)

V.- (pDVc)

I
<

: (af Tab (= A) psz) (46)

be = Bal @A) 47
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where the superscript 79’ denotes quantities extracted from one-dimensional fil-
tered laminar premixed flames and tabulated as function of the mass-weighted filtered
progress variable ¢ and the filter size A. QF Tab(z A) corresponds to the unresolved
progress variable transport, linked to thermal expansion. Filtered diffusion fluxes and
unresolved transport are also modeled from one-dimensional laminar flames, the lat-
ter combining thermal transport and a gradient expression estimated from the filtered
diffusion fluxes and the wrinkling factor E. As both transport and reaction terms are
multiplied by the wrinkling factor E, such a model predicts a resolved flame propagat-
ing at the turbulent flame burning velocity &Sy, where Sy, is the laminar flame speed.
This model, called F-TACLES (Filtered TAbulated Chemistry for Large Eddy Simula-
tions) is found to provide good results, including detailed chemistry features [93, 109,
110].

Note that the Boger et al. [106] model corresponds to F-TACLES in the limit of infinitely
thin premixed flames and where the tabulation is replaced by a parabolic ¢ function.

Artificially thickened flame model

Strictly speaking, the Thickened Flame concept for LES is not a filtered flame model
but is linked to this family of models through the method used to close unknown terms in
the spatially filtered balance equations. The basic idea, proposed in [111, 112] for laminar
flame calculations, is to consider a flame thicker than the actual one, but having the same
laminar burning velocity S;.. Following simple theories of laminar premixed flame [65], the
burning velocity Sy, and flame thickness §;, may be expressed as:

Spocvae i Spoc L 48)
SL

where a is the thermal diffusivity and @ the mean reaction rate. Then, an increase of the
flame thickness §; by a factor o while keeping a constant burning velocity Sy, is easily
achieved by replacing the thermal diffusivity a by o a and the reaction rate @ by w/«. For
sufficiently large o values, the thickened flame front may then be resolved on the LES
computational mesh.? The flame thickening concept was demonstrated in an investigation
of combustion instabilities leading to flashback [113].

Unfortunately, when the flame is thickened from §; to «d;, the interaction between tur-
bulence and chemistry may be modified because the Damkohler number, Da = t;/7.,
comparing turbulent (7;) and chemical (t. = S;. /1) time scales is decreased by a factor
«. This point has been investigated using DNS [114] and an efficiency function, in fact an
effective flame wrinkling factor E, has been derived to compensate this effect. In practical
applications, the thickened flame approach is implemented by changing the diffusivity and
the reaction rate [114, 115]:

Diffusivity: a — Eaa
Reaction rate: @ — Ew/«a
This model is then designed to propagate a flame front of thickness a8z, at the sub-grid scale

turbulent burning velocity ES;, replacing the flame surface lost in the thickening process
by a higher burning velocity.

2This property of convection/diffusion/reaction balance equations is easily proved by replacing the spatial
coordinate x by x /« in the balance equation for a 1D steady propagating flame.
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This approach has been successfully used by [116—123], among others. Note also that a
dynamic version® of the Thickened Flame Model, where the thickening operation is only
applied in the reaction zone to preserve diffusion in non-reacting regions, has also been
developed and applied to non-premixed or partially premixed combustion [124]. The thick-
ening factor may also depend on the local grid resolution [120]. Auzillon et al. [109] have
compared F-TACLES and TFLES formulations and proposed a relation between filter size
A and thickening factor « for a given numerical resolution.

Flame surface wrinkling and flame surface density modeling
While (pw), or (pw),|Vc]| are extracted from one-dimensional laminar flame analysis,

the flame / turbulence interactions is described through a wrinkling factor E or a flame
surface density X. These quantities may be deduced from:

e Algebraic expressions, such as, for example, Colin et al. [114] or Charlette et al. [115]
expressions or from a fractal analysis [125]. These formulations rely on an equilibrium
assumption between flame wrinkling and turbulent fluctuations, which is often not valid
for early flame developments.

Similarity assumptions, taking advantage of the knowledge of resolved scales [126].
Dynamic modeling where the model parameters entering algebraic expressions are
automatically adjusted during the simulation from the known resolved flow field [104,
127-130].

¢ Balance equations for the flame surface density [106, 131-133] or the wrinkling factor,
B [134].

3.2 Statistical approach
3.2.1 Principle

The statistical formalism is based on probability density functions and is first described
here for clarity when thermochemical variables ¢ such as species or temperature depend
only on a single variable, for example the mixture fraction Z for infinitely fast chemistry in
non-premixed flames. The Favre filtered fuel mass fraction is defined as [135]:
1 +00
o(x, 1) = ) / 0 (x/, t) 1) (Z (x’, t)) F (x — x/) dx’ (49)
—00

Introducing the Dirac §-function, this expression becomes:

1 p+4oo
gx,1)= ;/ / p (W) (W)S(Z(x', 1) —W)F(x—x')dx"d¥  (50)
0 J—-o0

leading to:
1
$(x,z)=/ (W) P (¥, x,t) dVU (51)
In this expression °
~ +o00
PV, x, 1) = ! / p (W) (Z(x' 1) — W) F (x —x)dx’ (52)
P J-oco

3The term dynamic might be confusing: it stands here for a local adjustment of the thickening factor to act
only in the reaction zone but does not correspond to an automatic adjustment of the model parameters from
the known resolved scales as is usually implied in LES.
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is the filtered density function (FDF) that may be either presumed or calculated as a solu-
tion of a balance equation (see Section 3.2.2). This formulation is easily extended to any
thermochemical variable. Mass fractions or reaction rates are then determined as:

Tmtll
@ (x, t)—/ / / (p.T.V1. Y2, ..., Y,
min Tmln

XP(R7Uh,b“.” ) dPdT dY; --- dY,

nsp ngsp

(53)
When the chemistry is tabulated, the previous expression becomes (7):
Tmax
(-x t) - /mm /mm / gﬂ(va I/f] I/f27 '7wl’l)
XP(p9 T, 1//1» 1//2» e 1;ﬁrl) dP»dT’d‘ﬁl’ ce 7d1pn
(54

The filtered joint probability P (W1,¢2,---,yy) describes the sub-grid scale distribution
of thermochemical variables v, i.e., in the filtering volume centered on location x at time .
Note that flamelet models as devised by Peters [28, 66] for non-premixed turbulent flames
and based either on infinitely fast chemistry or on solving steady or unsteady systems of
Eq. 26, rely on this statistical description and not on the previous geometrical formulation:
the flame / turbulence interaction is described through the filtered density function while the
flamelet assumption only links the local thermochemical variables correspond to those of
laminar flame elements. The challenge is then to determine the filtered density function P.

3.2.2 Filtered density function (FDF) modeling

The determination of the FDF is quite similar to what has been exploited in RANS
formulations:

Presumed filtered density function Single variable filtered probability density functions are
generally modeled using S-functions, as suggested by Cook and Riley [136, 137]. These
authors also discussed a similarity model to describe the mixture fraction variance without
solving an additional balance equation. Olbricht et al. [138] noted that a B distribution is
expected for temporal statistics but probably not adapted to instantaneous sub-grid scale
distributions, suggesting to retain a top-hat function (uniform probability between minimum
and maximum parameter values). Also, Fiorina et al. [93] pointed out that a 8 distribution
does not behave correctly for laminar premixed flames.

Two variables (progress variable and mixture fraction) or multi-variable (adding, for
example, strain rate, initial fresh gas temperature, heat losses, exhaust gas recirculation,...
dependencies) filtered probability density functions are modeled assuming statistical inde-
pendence of parameters. In general, progress variable or mixture fraction distribution are
described through S-functions while other parameters are assumed constant at the sub-grid
scale level (Dirac functions).
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FDF transport equation A transport equation for the filtered density function P (W, x,1)
may be derived [135] and reads [139]:

a§+ _ 9P 9 - ( | \p) 5
u = ur —(u =
Pgp TPy =g P Ko

- =

Unresolved transport
Q= \IJ) Pi|

N
0 1 0
“r 2y, [(paxk (%)
Mo]cculz:r:liffusion

a 1. ~
P24y, <pwi ) P) 2

i=1
- - -
Chemical reaction

where (Q|¢ = W) denotes a conditional averaging of Q for the sampling values W; on the
thermochemical variables ;. J; i is the kth component of the diffusion flux of i 'h thermo-
chemical variable. The LHS terms and the first RHS term correspond to the resolved and
unresolved transport in physical space, respectively, while the last two LHS terms describe
the FDF evolution in phase (i.e. ¢) space due to molecular diffusion and chemical reaction
respectively. Note that the chemical reaction term is closed and need no further modeling.
Equation 55 is limited to the composition space (i.e. to the thermochemical variable) but the
FDF could also incorporate the velocity components [139].

3.2.3 Conditional moment closure (CMC) modeling

The Conditional Moment Closure (CMC) approach, primarily proposed by Klimenko [140]
and Bilger [141], (see also [142]), is easily extended to LES, writing filtered scalars as:

1

a(x,;)=/<<p|z*;x,z) P(Z* x,1)dZ* (56)
0

where (¢|Z*; x, tl is the filtered conditional mean of ¢ for a given value Z* of the mix-
ture fraction and P(Z*; x, t) is the mass-weighted filtered density function of Z. In Eq. 56,
(¢|Z*; x, t) describes the filtered chemical flame structure in mixture fraction space and
is solution of balance equations. The CMC formalism is classified here as a statistical
approach because of the filtered density function P(Z*; x, t) entering (56). However, it
may also be viewed as a geometrical approach considering multi-surfaces, solving for the
filtered conditional mean of ¢ on given iso-Z* surfaces, (¢p|Z*; x, ).

This approach suffers from some drawbacks: it needs a variety of closure schemes, it
induces large computational costs (one balance equation per variable ¢ and conditional level
Z* taken into consideration). It is however conceptually attractive since diffusion flame
structures or certain phenomena like autoignition can be directly linked to Z-iso surfaces
[143]. The CMC approach has been successfully used in some situations [144—-147].
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3.3 Mixing approach

The description of reacting flows in terms of turbulent mixing may be based on the
extension to LES of simple RANS algebraic models such as the Eddy-Breay-Up or the
Eddy-Dissipation-Concept in which chemical reaction rates are assumed to be proportional
to the inverse of a mixing time. Following the same concept, sophisticated expressions have
been developed to model mixing characteristics based on fractal descriptions of turbulence
[148] or partially stirred reactors (PaSR) [149, 150]. A more refined formalism is explored in
a series of articles by [151-155] which introduce the Linear Eddy Model (LEM), based on a
one-dimensional stochastic description of turbulent stirring processes. In a LES framework,
this formulation is used to represent subgrid scale phenomena.

The turbulent stirring mechanism is modeled by a rearrangement process applied to
the 1D scalar field. The initial scalar distribution (Fig. 6a) is rearranged on a given segment
of size [ according to Fig. 6b (“triplet map”). This process may be viewed as the effect of
a single turbulent structure of size / located in xo. Then, the turbulent mixing is simulated
from a stochastic description where vortex locations xg, vortex sizes [ ([ <[ < A, where
I is the Kolmogorov length scale and A the LES filter size) and vortex frequencies A are
specified according to a given one - dimensional turbulence spectrum.

Molecular diffusion and chemical processes are described by one dimensional balance
equations:

3,0Y,‘ 0
ar  ox

0Y; .
pD; ) + o (57)
0x

In summary, the subgrid scale chemical reaction and turbulent mixing are analyzed on
the basis of a one dimensional problem which incorporates a simple stochastic descrip-
tion of turbulence. Any detailed chemistry or diffusion features may be easily included in
Eq. 57. This approach also provides a direct estimation of filtered mass fractions Y; or tem-
perature 7 without adding additional transport equations for these quantities. Nevertheless,
mass fractions and temperature transport between adjacent mesh cells must be modeled.
The LEM approach may also be relatively time consuming because a one-dimensional
calculation is required in each computational cell.

This approach is probably well suited for large eddy simulations of turbulent mixing
[156] and non premixed combustion, at least when combustion phenomena are essentially

I @ i ()

Y
Y

Fig. 6 “Triplet map” used in the Linear Eddy Model developed by Kerstein to simulate a one-dimensional
turbulent stirring process. a before mixing; b simulated mixing by a vortex of size /
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controlled by mixing [157, 158]. It also has been extended to premixed flames [159, 160]
and used to compute complex combustion systems such as reverse flow combustor [161].
One-Dimensional Turbulence (ODT) concepts have been used in a different manner in [162]
to cope with turbulent premixed flames.

3.4 Summary

Table 1 summarizes and classifies turbulent combustion models for large eddy simula-
tions in terms of their primary concepts. Columns cover all existing strategies for chemical
descriptions, from fast to detailed chemistry. Rows present the different models derived
to account for flame turbulence interactions based on flame surface, statistics or mixing
approaches, respectively. Turbulent combustion models appear as combinations between
these two primary concepts. Note that some turbulent combustion modeling strategies are
adapted to various types of chemical descriptions. For instance, TFLES can be used in
practice for single step, reduced or tabulated chemistry.

A particular box in Table 1 does not exhibit all the different features of the mod-
els. For example, level-set and flame surface density formalisms were combined with
tabulated chemistry but chemical characteristics are generally incorporated in terms of lam-
inar burning velocity, a global quantity and do not explicitly take into account the inner
flame structure. The Eddy-Dissipation-Concept (EDC) has been initially devised in the
fast chemistry limit [163] and then extended to reduced and detailed chemistries. How-
ever, reaction rates are assumed to be inversely proportional to a turbulent mixing time
and are bounded by the corresponding reaction rates estimated without turbulence (i.e.
computed from Arrhenius laws using filtered thermo-chemical variables), a fairly simple
formulation.

The chemical description should be correlated to the flame turbulence interactions mod-
eling. Indeed, the chemical flame structure is affected by strain, curvature, micro-mixing
and dilution effects, which are enhanced by turbulence eddies. The challenge for reduced
schemes and tabulated chemsitry is therefore to capture such complex flame structure. It
motivates the addition of species and reactions or dimensions to chemical mechanisms and
chemical look-up tables, respectively.

Table 1 Summary and classification of LES models for reacting flows, in terms of flame / turbulence inter-
action and chemical descriptions. This classification is based on primary concepts as models may combine
several approaches (for example, mixture fraction probability density functions are introduced in flame sur-
face concepts to describe partially premixed combustion). The conditional moment closure (CMC) formalism
may be classified as a statistical model, its primary closure scheme, or a multi-surface geometrical approach

Chemical description

Pri
c 5:;&;,2; Fast Single step Tabulated Reduced Detailed
chemistry chemistry chemistry schemes chemistry

- Level set - TFLES - Level set - TFLES -CMC
o Flame - Boger et al. - Duwig - Fractal -CMC
é surface - Fractal -FSD Eq.
= -FSD Eq. - TFLES
k=] - F-TACLES
g Statistics || - Presumed FDF | - Presumed FDF | - Presumed FDF | - Transp. FDF | - Transp. FDF
Q - Transp. FDF -CMC -CMC
% - EBU/EDC -EDC - LEM -EDC -EDC
[ MiXing - LEM - PaSR - PaSR

-LEM -LEM
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As shown by Veynante and Vervisch [164], flame / turbulence interaction concepts are
closely linked: there are exact (but unclosed) relations between flame surface densities, fil-
tered density functions and scalar dissipation rates describing turbulent mixing and filtered
reaction rates may be exactly expressed in terms of each of these quantities. For this rea-
son, there is no decisive advantage of a formalism compared to the others, which is not
surprising as they only consider the same problem from a different point of view. The only
possible benefits lie in the ability to close the unknown terms. In practice, the geometrical
approach, based on flame surface area, is well-suited to propagating premixed flames while
statistical and mixing concepts are easier to close for flames controlled by turbulent mixing.
An important point is to preserve the coherence between flame / turbulence and chemi-
cal descriptions. The general temptation, and trend, is to refine as much as possible the
chemical description, handling detailed chemical schemes. However most of the expected
gains are lost when modeling flame / turbulence interactions through a unique turbulent
time scale, usually associated to the filter size A. Thus, to expect that relevant results can
be obtained by combining a detailed chemical scheme with the EDC concept is likely an
illusion.

One should also not forget that each turbulent combustion model has its own require-
ments in terms of grid resolution and numerical scheme. To draw a comparison between
different turbulent combustion model in terms of strong and weak points without consider-
ing the entire computational strategy is therefore difficult. In that spirit, comparative studies
between LES and experimental data on target flame configurations [165] are regularly car-
ried out in the framework of the International Workshop on Measurement and Computation
of Turbulent Flames (TNF)[166]. In particular, results of five LES of the TSF-A flame [165]
have been analyzed in a joint publication [167].

3.5 Comments

Unresolved scalar fluxes are generally described from a simple gradient assumption.
However, DNS analysis have shown that counter-gradient transport may be observed as
in RANS, depending on turbulence levels and heat release rates [106]. But, as unre-
solved LES fluxes are smaller than in RANS, model uncertainties are less influential.
Since counter-gradient transport is linked to differential acceleration effects on cold fresh
and hot burnt gases, all characteristic length scales are involved. Thereafter, a portion of
the counter-gradient phenomena is directly described in large eddy simulations through
resolved motions as shown in [107].

Dynamic modeling for turbulent combustion LES gives the opportunity to estimate
subgrid scale phenomena from known resolved scales. Dynamic models, where model
parameters are automatically adjusted during the computations, have been found to effi-
ciently describe unresolved momentum or scalar transport a possibility which was pioneered
by Germano et al. [168]. Up to now, very fews attempts have been made to extend the
dynamic formalism to turbulent combustion. They may be classified into two categories.
“Indirect” procedures apply the dynamic formalism to the description of the turbulent
mixing through variances and scalar dissipation rates of a mixture fraction, an ingre-
dient entering non-premixed combustion models [12, 67, 169-172]. On the other hand,
“direct” approaches directly proceed with reaction rates through scale similarity assump-
tions [173], turbulent flame speed [12, 104] or flame wrinkling factors [115, 127-130,
174, 175], but concern turbulent premixed flames. Note that aerodynamics and combus-
tion behave differently: most of the flow energy is transported by large scale resolved
flow motions, a way to check LES quality [176], while combustion is mainly a subgrid
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scale phenomenon (the flame thickness is generally smaller than the LES grid mesh),
potentially leading to an ill-posed problem when looking for a linear parametrization
[115]. However, recent results achieved with dynamic models appear to be quite promising
[127-130].

4 Examples of Turbulent Combustion Simulations

Three examples of practical large eddy simulations including chemistry features are now
briefly discussed as illustrations. The first case corresponds to a well-characterized model
scale swirling combustor [177]. This configuration is used to compare several global and
reduced kinetic schemes and the results are compared in terms of C O mass fractions. The
second case presents LES of the Cambridge stratified swirl burner (SwB) [178, 179]. The
results shows the influence of heat losses and SGS flame wrinkling models in the context of
the Filtered TAbulated Chemistry for LES (F-TACLES). The last case is devoted to MILD
(or “flameless”) combustion regime where reactants are mixed with burnt gases to reduce
flame temperature and the overall nitric oxide emissions.

4.1 Lean partially premixed swirled flame combining reduced/global chemistry and
artificially thickened flame model

An interesting configuration for model validation in practical combustion system is the
PRECCINSTA swirled burner experimentally investigated in [177]. The geometry is rep-
resentative to a certain extent of an actual aeronautical combustion device. It comprises a
plenum, a swirl-injector and a combustion chamber. Figure 7 shows the combustion cham-
ber geometry and the axial positions where detailed measurements are available (velocity,
temperature and major species mass fractions) [177]. This well-characterized configuration
is a target test case for modeling strategies adapted to practical combustors. Roux et al. [3]
first performed simulations combining the thickened flame model with a two-step chemi-
cal mechanism. Moureau et al. [180] validated a new level-set algorithm to track the flame
front position in this configuration. Galpin et al. [82] coupled a thermo-chemical look-up
table with the filtered flow equations through a presumed B-FDF. This configuration was
also retained to validate the F-TACLES model described previously [93, 181].

Franzelli et al. [182] present simulations of stable operating conditions with a global
equivalence ratio ¢ = 0.83. It provides a nice illustration of the importance of the chemi-
cal modeling on the mean turbulent flame structure. The turbulence / chemistry interaction
is represented by the thickened flame model, TFLES (Section 3.1.2 ). Six chemical mech-
anisms for methane/air flames, with increasing complexity, are tested: the two-step fitted
schemes 2S CH4 BFER and 2S CH4 BFER* (adjusted to account for strain rate effects)
developed by Franzelli et al. [23], the four-step schemes developed by Jones and Lindstedt
[183] (referred here as JONES), Peters [184], Seshadri [185] and the detailed mechanism
proposed by Lu [186]. Principal chemical scheme characteristics are summarized in Table 2.
Figure 8 compares the experimental and the numerical temperature fields obtained using
the six chemical schemes. Although the overall agreement is acceptable, non-negligible dif-
ferences are observed between chemical models. The consumption speed is overestimated
by 2S CH4 BFER and JONES mechanisms, leading to shorter flames than in the experi-
ment. The modified 2S CH4 BFER* scheme, capturing the impact of strain rates, predicts
a longer flame than the 2S CH4 BFER mechanism while the analytical schemes (PETERS,
SESHADRI) correctly retrieve the flame length.
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Fig.7 PRECCINSTA injection system. Dashed lines shows the axial positions where detailed measurements
are available

Figure 9 compare predicted mean CO mass fraction profiles to experimental data (note
that experimental uncertainties on C O was estimated to be of the order of 50 %). For the
sake of clarity, 2S CH4 BFER, 2S CH4 BFER* and JONES results are displayed at the top
in black while the analytical schemes (PETERS and SESHADRI) are shown at the bottom
in grey. The simplest 2S CH4 BFER and 2S CH4 BFER* schemes notably underestimate
CO mass fractions in the reaction zone but recover the correct level at equilibrium (4 = 60
mm). In contrast, the JONES mechanism overestimates maximum values of mean CO mass
fractions in the reaction zone as expected from the laminar analysis. Only the analytical
schemes (PETERS, SESHADRI) provide fair predictions of CO mass fractions.

4.2 Simulation of a turbulent flame stabilized by heat losses combining premixed flamelet
tabulated chemistry and flame filtering.

The Cambridge stratified swirl burner (SwB) geometry, consists of two concentric tubes
surrounding a central bluff-body [178, 179]. The inner and outer methane-air streams inlets

Table 2 Chemical scheme characteristics

Name Number Number

of species of reactions

2S CH4 BFER [23]
2S CH4 BFER* [23]
JONES [183]
PETERS [184]
SESHADRI [185]
LU [186] 13 73
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Fig. 8 Mean temperature field in the vertical mid-plane. Comparison between experiments and the kinetic
schemes indicated in Table 2. Numerical data are from [182]

are controlled independently in terms of bulk velocity and equivalence ratio. A surround-
ing air co-flow isolates the flame from ambient perturbations. A wide range of operating
conditions have been experimentally investigated by varying the degree of stratification
and swirl. Experimental data available include velocity, temperature and local equivalence
ratio [178, 179]. Recent measurements of the bluff-body wall temperature using phosphor
thermometry [187] evidences the importance of heat transfer from burnt gases to the system
boundaries. Experimental campaigns reveal that the flame structure is influenced by fuel
stratification, turbulence and heat losses.

Mercier et al. [188] have recently performed numerical simulations of the Cambridge
burner using the F-TACLES formalism. The turbulent combustion model, which combines
premixed flamelet tabulation and flame filtering, propagates the resolved flame front at the
sub-grid scale turbulent burning velocity S7 A [36, 110]:

1
poST.a = Eay f P08 (2) P(Z) dZ, (58)
0

where S;%¢(Z) is the consumption speed of a freely propagating adiabatic laminar premixed
flame within fresh gases of mixture fraction Z, E A the sub grid scale flame front wrinkling
factor, measuring the sub-grid scale flame surface and y a coefficient accounting for heat
losses [36]. P (Z) is the mixture fraction Filtered Density Function (FDF). Sub-models for
quantities y (heat losses), P(Z) (SGS fuel stratification) and E (SGS flame wrinkling) are
required to close Eq. 58. The sensitivity to these sub-models is investigated in [188] through
the simulations of the non-swirling premixed (SwB1) and stratified (SwBS5) flames. In this
study y is modeled from the consumption speed of burner-stabilized flame [36], P (Z2) is
presumed by a B-function [110] and the subgrid scale flame wrinkling is described by an
analytical expression [115].

Simulations first indicated that heat losses drastically decrease the flame consump-
tion speed at the flame basis. Figure 10 compares two instantaneous views of the filtered
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Fig. 9 Mean C O mass fraction
profiles at five axial position
shown in Fig. 7. The
experimental (o) and LU (H)
results are compared to numerical
results Top: 2S CH4 BFER
(solid), 2S CH4 BFER*(dashed)
and JONES (dotted); bottom:
PETERS (line) and SESHADRI
(dashed). Data from [182]
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Fig. 10 Iso-surface of filtered progress variable reaction rate ﬁz)y(_ colored by fresh gas equivalence ratio ¢
for the stratified (SWBS) case. Left: Adiabatic computation. Right: Non-adiabatic computation

progress variable reaction rate iso-surface extracted from adiabatic and non-adiabatic sim-
ulations of the SwWB5 case. The flame is anchored on the burner bluff-body for adiabatic
conditions while the non-adiabatic simulation predicts a lifted flame. Indeed, heat losses
affect the flow enthalpy and influence the filtered flame propagation speed through the
factor y (58).

A second finding is that constants involved in SGS wrinkling models have a great
impact on the mean flame brush position. The EA models sensitivity analysis shows that
the saturated formulation of the Charlette et al. [115] model with a static estimation of
the B parameter is too rough to capture different flame wrinkling regimes observed in the

0.1F

0.05

LFM FPV DFPV

Fig. 11 Temperature fields in a median plan for the three models. The view focus on the injection system.
Spatial dimensions are given in meters. left: LFM model; middle: FPV model; right: DFPV model. From [39]
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SwB configuration. The Charlette et al. [115] and Colin et al. [114] models are theoreti-
cally attractive since they are designed to degenerate correctly towards the laminar burning
regime but they are also sensitive to model parameters such as the SGS velocity fluctuations
u', . Finally, the dynamic formulation [127, 128] is sufficiently flexible to capture the flame
brush position over the whole computational domain.

4.3 Simulation of a MILD combustor combining chemistry tabulated from non-premixed
flamelets and presumed FDF

The thermal efficiency of combustion systems can be increased by transferring heat from
exhaust products to fresh gases by means of regenerative heating. Unfortunately, the
increase of the reactant temperature tends to promote the nitric oxide (NO,) formation. A
solution to control and reduce peak flame temperature is to operate the burner in the MILD
(Moderate or Intense Low-oxygen Dilution) combustion regime [37]. A major issue to
model MILD combustion is the pronounced sensitivity of the flame structure to the reaction
chemistry.

These issues are illustrated by examining the configuration designed and experimented
by Castela et al. [189]. A reversed flow combustion chamber, where inlet and exhaust ports
are located on the same side, ensures sufficiently large residence times to complete com-
bustion and promote intense mixing of burned gases with reactants. The injection system
combines a central natural gas injection (4 mm diameter) and a surrounding annular jet for
preheated (600 K) air.

Assuming a priori a non premixed flame structure, Lamouroux et al. [39] tabulated
the chemistry from diffusion flamelet trajectories. Three chemistry tabulation techniques
presented in Section 2.3.3 are considered: Steady Strained Flamelet Model (S-SFM),
Steady-Flamelet Progress Variable (S-FPV) and Diluted Flamelet Progress Variable (D-
FPV). A statistical description is retained for combustion / turbulence interaction. A 8-FDF
models mixture fraction statistics while Dirac §-functions are chosen to represent the other
chemical look-up table coordinate distributions. The three modeling strategies have been
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implemented in the finite-volume low Mach number code YALES?2 [9]. Details on models
and numerical simulations are given in [39].

Instantaneous temperature fields are compared in Fig. 11. S-LFM predicts considerably
higher temperatures than the other two models. As S-LFM excludes flame extinction, the
maximum temperature is close to the adiabatic temperature of 2150 K. The FPV approach
allows the existence of unburned mixtures as solutions of the flamelet equations. It therefore
predicts a lower maximum temperature (Fig. 11, middle). The D-FPV model (Fig. 11, right),
exhibits qualitative similarities with the temperature field predicted by the FPV-model.
However a detachment of the reaction zone from the region between air and fuel inlets
as well as a lower temperature field, compared to the two other simulations, is observed.
Because of the effect of dilution on the combustion process, the penetration length of the
reactants is lower in the D-FPV model than in the FPV model.

Time-averaged temperature profiles along the burner centerline are compared in Fig. 12
(top). The LFM model overestimated temperatures until 170 mm. The FPV model predicts a
lower heat-release rate in the nozzle near-field, and good agreement with experimental data
is obtained for x > 150 mm, corresponding to ~ 44 % of the total length of the combustion
chamber. A noticeable improvement is obtained with the DFPV model which reproduces
the temperature homogeneity in a better way. Figure 12 (bottom) compares averaged carbon
monoxide mole fractions along the centerline. Large differences are observed between the
three model predictions. The LFM model predicts a fast chemistry for all equivalence ratios,
which leads to a rapid increase of CO in the nozzle-near region, followed by a rapid con-
sumption of CO due to the relaxation towards equilibrium. The delayed combustion process
predicted by the FPV model leads to an over-prediction of CO, since the chemistry does not
include specificities in chemical reactions due to the mixing with hot burned gases. In con-
trast, when the dilution of reactants is taken into account, the prediction of experimentally
reported CO-profiles is improved. Despite the high number of dimensions in the look-up
table (five for D-FPV), significant differences between the simulation and the measurements
are still observed.

5 Conclusions

The problem of turbulent combustion has posed an essential challenge to scientists working
in this field but substantial progress has been accomplished with the development of numer-
ical simulations. Much progress results from a better understanding of the fundamental
processes in combination with improved models and advanced numerical simulation tools.
Advances in computational performance and the availability of large scale computer power
have allowed a rapid development of large eddy simulation of combustion. Large eddy sim-
ulation constitutes a considerable improvement with respect to the more standard Reynolds
Averaged Navier-Stokes (RANS) equations which has prevailed for many years and is still
widely used in engineering applications. LES is specifically useful in combustion because
it yields a realistic description of the flame on a large scale, offers a better description of the
flame / turbulence interactions (often described through a single turbulent time in RANS),
provides the spatial location of fresh and burnt gases and naturally contains the history of
the flow from the injector to the exhaust. These features are extremely useful to analyze
dynamical phenomena like ignition, propagation, lean blow out or instabilities. One cen-
tral issue which constitutes the focal point of this review is that of the interaction between
the detailed chemistry and the turbulent flow field. It is not possible to use a full kinetic
scheme in such large scale calculations because this would require to solve an excessively
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large number of equations describing the intermediate species involved. The direct integra-
tion of these equations would also not provide a suitable account of the interactions with
turbulence. There are better ways to deal with this problem as explained in this article. One
method which has been found to be practical and suitable relies on chemistry tabulation.In
this formulation it is assumed that a turbulent flame is composed of an ensemble of generic
laminar flame elements. Many problems can be treated in this manner, but this assumption
inudces two major limitations. First, the identification of the combustion elements repre-
sentative of the overall turbulent chemical flame structure is not always obvious. The use of
single flamelet archetypes allows to capture the chemical structure of well-identified flames
(such as purely premixed flames or diffusion flames) but introduces biases in the prediction
of the chemical structure of more complex situations. More coordinates have to be added to
the look-up table to capture the complex flame structures developing in reactive flows. The
introduction of these coordinates requires additional modeling assumptions that increase
the complexity of the methodology and raise questions with regard to its relevance for the
simulations of industrial devices. The second limitation comes from the assumption that the
inner structure of the turbulent flame front is close to that of a laminar flame. This assump-
tion, valid for some conventional combustors, becomes questionable for example for low
temperature flames.

Alternatively, one might try to incorporate complex chemistry in LES by taking full
advantage of recent progress in super computing and represent reactive paths by skeletal
mechanisms. This could provide enough flexibility to capture the variety of chemical struc-
tures arising in industrial combustion systems but would also require novel modeling routes
for closing the filtered species balance equations.
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