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1l était un petit lutin,

toujours gai et plein d’entrain.

11 allait par les chemins,

son baluchon a la main,

trois bouts de bois pour se chauffer,
une bonne pomme & croquer,

et a lur la liberté.
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Résumé

La conception des chambres de combustion industrielles (chambres de com-
bustion aéronautiques, fours industriels, etc.) requiert une prédiction fine
des phénomeénes physiques dominants. En particulier, I'interaction flamme-
turbulence aux échelles résolues et non-résolues, I'impact de la composition
et du mélange des réactifs, I'impact des pertes thermiques et de la diffusion
différentielle doivent étre capturés fidélement. C’est dans ce contexte que le
modé¢le de combustion turbulente F-TACLES (Filtered TAbulated Chemistry
for Large Eddy Simulation) a été développé afin de coupler une méthode de
chimie tabulée (FPI) avec le formalisme de la simulation aux grandes échelles
(LES).

Dans cette thése, le modéle F-TACLES, initialement développé pour des écoule-
ments adiabatiques, est étendu a la prise en compte des pertes thermiques. Un
formalisme adapté & 'utilisation de bases de chimie tabulée calculées avec la
diffusion différentielle est aussi proposé. Ces développements sont validés sur
deux configurations : le brileur TSF et le brileur SWB.

La modélisation de 'interaction flamme-turbulence est ensuite étudiée. Une
étude de sensibilité du modéle de plissement de sous-maille de Charlette et
al. (2002) a ses parameétres et sous-modeéles est réalisée sur le brilleur SWB.
En particulier, une méthode d’estimation dynamique des paramétres est aussi
évaluée et montre d’excellents résultats. Une généralisation du formalisme de
la LES pour les écoulements réactifs est ensuite proposée afin de prendre en
compte explicitement les deux filtres mis en jeu dans les simulations : le filtre
associé a ’écoulement et le filtre associé a la flamme. Deux stratégies de fer-
metures sont proposées en se basant sur des modéles existants (F-TACLES et
TFLES). Le modéle obtenu, appelé modeéle F2-TACLES, est ensuite validé et
comparé avec F-TACLES sur la configuration semi-industrielle PRECCINSTA.

Pour terminer, la capacité du modéle F-TACLES a capturer 'impact des pertes
thermiques et de la composition des gaz frais sur la topologie de flammes est
évaluée. Cette étude est réalisée sur une série de flammes CHy-Ho-Air turbu-
lentes en giration et prenant des formes différentes en fonction du niveau de
pertes thermiques et de la composition des réactifs.
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Abstract

The design of industrial combustion chambers (aeronautical engines, industrial
furnaces, etc.) require a fine prediction of the different governing phenomena.
Flame-turbulence interaction at resolved and unresolved scales, impact of re-
actants composition and mixing process, impact of heat losses and differential
diffusion have to be correctly captured in such configurations. For that purpose,
the turbulent combustion model F-TACLES (Filtered Tabulated Chemistry for
Large Eddy Simulation) has been developed to couple tabulated chemistry with
large eddy simulation (LES) formalism.

In this thesis, the F-TACLES model, initially developed for unity Lewis num-
ber and adiabatic flows, is extended to account for heat losses. A formalism
allowing the use of chemical databases (1-D premixed flames) computed with
differential diffusion is also proposed. The extended model is validated on two
different configurations: the TSF burner and the SWB burner.

Modeling of flame-turbulence interaction is then studied. For unresolved flame-
turbulence interactions, a sensitivity analysis of the Charlette et al. (2002)
sub-grid scale wrinkling model to its own parameters and sub-models is per-
formed on the SWB burner. A dynamic estimation of the model parameter is
also assessed and showed very promising results. For resolved flame-turbulence
interactions, a generalized formalism of the LES of reactive flows is proposed in
order to account explicitly for both flame and flow filters. Two closure strategies
are proposed based on the F-TACLES and TFLES models. The F2-TACLES
model is then validated and compared to the original formulation of the F-
TACLES model. This study is performed on the lean premixed semi-industrial
PRECCINSTA burner.

The ability of the extended F-TACLES model to capture the impact of both
heat losses and fresh gas composition on the flame topology is assessed. This
study is conducted on a CH4-Ho-Air turbulent and swirling flame series. These
flames exhibit very different shapes depending on the level of heat losses and
fuel composition.
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Introduction

Cette these a été réalisée dans le cadre du projet ANR VALOGAZ (VALOrisa-
tion des GAZ a faible pouvoir calorifique dans les fours industriels). Ce pro-
jet s’inscrit dans le programme EESI (Efficacité Energétique et réduction des
émissions de COZ2 dans les Systémes Industriels) de I’Agence Nationale de la
Recherche (ANR). 1l rassemble ArcelorMittal Maizieres Research, IFP Energies
Nouwelles et le laboratoire EM2C.

Challenges for the design of industrial combustion cham-
bers

Current environmental issues motivate industries to increase the energetic effi-
ciency and decrease the pollutant emissions of their processes. The Kyoto pro-
tocol, adopted in 1997 and applied from 2005, aimed at decreasing or limiting
the greenhouse gas emissions (mainly COs3) in 83 countries including Europe.
In this context, a decrease of COs emissions by 11.4 % has been observed in
France between 1990 and 2012. European Commission fixed recently the new
challenging objective to decrease by 80% - 95% the greenhouse gas (GHG)
emissions before 2050. The main GHG such as HoO and COs are mainly is-
sued from the conversion of fossil fuels (coal, oil and natural gas) into thermal
energy through the combustion process. In 2012, this energy conversion pro-
cess achieved 92.5% of the total primary energy supply in Europe and 91.7%
in the world (International Energy Agency, 2015). Although finite and run-
ning out ressource, fossil fuel remains the main world energy supplier through
combustion-based technologies that need to be improved to reduce fuel con-
sumption and polluants emissions. To achieve this objective, efforts are there-
fore needed in all the combustion-related activities such as transport, energy
production, construction industry and industrial processes. In this context, the
design of the combustion chamber is a key point to meet the previous con-
sumption and pollution objectives. An optimized design should improve the
combustion efficiency to ensure that the injected fuel is effectively burnt within
the chamber and for the whole operating range. It should also increase the life-
time of the materials composing the chamber by decreasing as much as possible
the temperature near the walls. The safety features are also closely linked to
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the design of the injection process as well as the oxidizer-fuel mixing. Finally,
the different pollutants are all created within the combustion chamber through
complex chemical processes that should be predicted during the design phase
which appear to be crucial for all the combustion related applications. A focus
is made here on two different application domains.

The first relevant example is the aeronautical industry. Global objectives for
the decrease in polluant emission has been concretized in Europe by the Ad-
visory Concil for Aeronautics Research in Europe (ACARE, 2015). ACARE,
founded in 2001, raised quantified objectives for commercial planes in terms
of quality and affordability, noise and emissions, safety and airport efficiency.
These objectives for the year 2020 are related to the reference of the year 2000.
In particular, the challenge area "noise and emissions" proposes to decrease
the CO9 emissions by 50%, NOy emissions by 80% and external noise of the
airplanes by 50%. To meet these objectives, especially for the reduction of COq
emissions, a drastic reduction of the fuel consumption for a given payload is
required. The first challenge is here to decrease the overall mass of the air-
plane improving the structural design as well as the materials of the structure.
The other challenge lies in the design of the engine for noise emissions and its
combustion chamber for the different pollutant emissions such as NOy. The
reduction of pollutant emissions can be achieved through a fine control of the
fuel-air mixing as well as the level of temperature in the combustion chamber.
For that purpose, the design process have to include predictive tools able to
capture the unsteady mixing process between fuel and reactants, the temper-
ature field within the combustion chamber and especially near the walls and
at the outlet (in order to guaranty the lifetime of each structural component).
The design optimisation of aeronautical burners also has to preserve the oper-
ability range of the engine (ignition and extinction limits) and to prevent from
combustion instabilities. To do so, design tools also have to capture the flame
dynamics and its interactions with all the other physical phenomena holding in
the chamber (mixing of the reactants, flow turbulence, acoustics, etc.).

The second example is the metallurgy industry. The Integrated Pollution Pre-
vention and Control European directive (IPPC, 2015) aims to decrease the
emissions of the most pollutant industrial processes including metallurgy. This
directive promotes the use of the best available techniques (i.e. the less pol-
luting or the most energetically efficient). Taking here the example of the steel
production process (see Fig. 1), the recycling of the residual gases issued from
the different steel production steps is a good candidate to improve the energetic
efficiency of the steel mill. Three types of residual gases, identified Fig. 1, can
be considered: (i) the Coke Oven Gas (COG) issued from the coal transfor-
mation is a high calorific value gas (38 MJ.kg™!) which mainly contains CHy
and Ha; (i) the Blast Furnace Gas (BFG), produced during the formation of
pig iron, is mainly composed of CO, CO9 and No and has a low calorific value
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(3 MJ.kg™1); (i) the basic oxygen furnace gas (BOFG), produced during the
conversion of pig iron into steel, is also composed of CO, COs and Ny with
different proportions. Its calorific value (7 MJ.kg™!) is slightly higher than
BFG but still remains very low. A possible option consists in using these gases
(individually or mixed) as a fuel in the Steel Preheating Furnaces (SPF) of the
plant where they are produced. This option allows both to promote the resid-
ual gases without any transformation and transportation but also to decreases
the amount of natural gas burnt in SPF. The combustion of residual gases in
SPF in order to partially replace natural gas is very challenging because the
chemical composition of COG, BFG and BOFG varies depending on the coal
and iron ore compositions. Ideally, each burner should be able to stabilize the
flames independently from the fuel composition. The objective is therefore to
design new burners with an increased operating range in terms fuel composi-
tion. In this example, the main challenges for the design tools are quite similar
to the aeronautical context. An additional challenge is to capture the impact
of a variation in fuel composition on the turbulent combustion features (flame
stability and shape, pollutant emissions, flow temperature, etc.). Furthermore,
since industrial furnaces exhibit large dimensions and very slow convective time
scales, the heat exchange between the burnt gases and the chamber walls are
of great importance and can not be neglected.

Residual gas Residual gas

Residual gas

BOFG

Iron ore Sinter plant Sintered Iron

Basic HEN

oxygen l-

furnace

Hot Rolling
Cold Rolling
Finishing

Steel slabs

Steel Preheating Furnace (SPF)

Figure 1: Scheme of the steel production process including the potential recycling of
residual gases
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Predicting turbulent combustion using Large Eddy Sim-
ulation

With the recent revolution of High Performance Computing (HPC), Large Eddy
Simulation (LES) is now used to design combustion chambers, for instance, in
the aeronautical industry. Despite its very high computational cost compared
to previous techniques (functional modeling, Reynolds-Averaged Navier-Stokes
equations (RANS)), LES has the ability to resolve in time and space large tur-
bulent eddies. As these eddies generally control the composition and energy
mixing processes, LES provides a fine prediction of theses mixing phenomena
which mainly govern the combustion process. These features show that LES is
a very good candidate to help the design of the future industrial combustion
chambers. Nevertheless, the resolution of the flame front and its interaction
with the flow motion remain unaffordable, with current computational power,
due to its very low time and length scales. As an illustration, a typical kerosene-
air flame thickness at high pressure (encountered in aeronautical chambers, at
take-off conditions) is 6 = 0.1 mm while an affordable grid size for such configu-
rations would be around A, = 1 mm. Indeed, in practical applications, the LES
filter size is larger than the flame front thickness meaning that the combustion
process operates at the sub-grid scale. Therefore, the unresolved combustion
process needs to modeled. This research topic is also called turbulent combus-
tion modeling and is of major importance for the LES of combustion chambers.

The first challenge for LES turbulent combustion models is to predict the tur-
bulent flame consumption speed which controls the flame propagation, position,
stabilization process but also the local heat release. This consumption speed
can be governed by different physical phenomena depending on the nature of
the flame-turbulence interactions, also called turbulent combustion regime. A
description of the different combustion regimes is proposed in appendix A. After
a short description of each regime, an estimation of the order of magnitude of
the Karlovitz number K, is performed for an aeronautical combustion cham-
ber and a steel preheating furnace and for three given operating conditions
fixed to be representative of the industrial application. These estimations, al-
though qualitative, show that K, ~ 1 for the three considered cases despite
the large range of considered geometries and operating conditions. These cases
are located at the edge between thin flame (or flamelet) and thin reaction zone
regimes. Some authors actually locate these cases within the flamelet regime
which seems to be valid for K, higher than unity (Roberts et al., 1993; Driscoll,
2008). Of course, the situation where K, > 1 is also likely to appear in indus-
trial configurations but will not be studied in this thesis.

Within the thin flame regime, the turbulent flame consumption speed is con-
trolled by fresh gases composition and mixing, heat losses, and flame wrinkling
due to flame-turbulence interactions. Each phenomena is of importance in
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the case of industrial combustion chambers. A turbulent combustion model
adapted to the LES of industrial burners should therefore be able to predict
the unsteady temperature field, the pollutant formation, the flame stabiliza-
tion and its dynamics. Such features are impacted by the following phenomena
which have to be captured: the unsteady mixing of the reactants which may be
of complex composition, the heat losses, the flame interactions with flow and
acoustics. In an LES context, these phenomena operate at both the resolved
(large) and unresolved (small) scales. The challenge addressed in this thesis is
then to improve a modeling strategy, accounting for the impact of unresolved
mixing, of complex composition of the fresh gases, of heat losses and of resolved
and unresolved flame wrinkling.

This work is based on a modeling strategy developed since 2010 at EM2C lab-
oratory and called Filtered Tabulated Chemistry for LES (F-TACLES). The
F-TACLES model was developed by Fiorina et al. (2010) for adiabatic and fully-
premixed flames. It was extended to partially-premixed combustion (Auzillon
et al., 2012) during the thesis of Auzillon (2011). However, before the present
thesis, the F-TACLES model was not adapted to industrial configurations where
the phenomena, discussed previously, are important. This thesis aims to im-
prove the F-TACLES modeling strategy for industrial configurations. For that
purpose, the major contributions of this thesis are listed thereafter.

Contributions of this thesis

e Heat losses and differential diffusion: This thesis extends and vali-
dates the F-TACLES model, initially developed for unity Lewis number
and adiabatic flows, to account for heat losses. A formalism allowing the
use of chemical databases (1-D premixed flames) computed with differen-
tial diffusion is also proposed.

e Unresolved flame-turbulence interactions: A sensitivity analysis of
the Charlette et al. (2002a) sub-grid scale wrinkling model to its own
parameters and sub-models is performed. A dynamic estimation of the
model parameter is also assessed and appears to be a very promising ap-
proach.

¢ Resolved flame-turbulence interactions: A generalized formalism of
the LES of reactive flows is proposed in order to account explicitly for
both flame and flow filters. A new closure based on the F-TACLES model,
called F2-TACLES, is derived and validated on a turbulent burner. This

new version of the model improves the resolved flame dynamics.

e Impact of heat losses and fuel composition on flame topology:
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The ability of the extended F-TACLES model to capture the impact of
both heat losses and fresh gas composition on the flame topology is as-
sessed. The extended F-TACLES model is applied to a confined and
turbulent burner, called EM2C burner, representative of a sector of in-
dustrial furnace. This has been experimentally characterized by Guiberti
(2015) while parallel numerical investigations where performed in this
thesis.

e Models implementation: Both F-TACLES and F2-TACLES models
have been implemented in the official release of the low-Mach LES solver
YALES?2, developed at CORIA laboratory (Moureau et al., 2011a). A
look-up table generator, named Chemical Automatic Filtering for En-
gineers (CAFE), has also been developed to generate look-up tables for
three different combustion models (TFLES-FPI, F-TACLES, F2-TACLES)
and compatible with two different LES solvers (YALES2, AVBP).

Organization of this manuscript

The major part of the thesis developments will be performed using the F-
TACLES formalism in a low-Mach number context. This model will be ex-
tended to provide a finer description of turbulent combustion in industrial com-
bustors. This thesis manuscript is organized in four parts:

Part I identifies the technical challenges for the turbulent combustion model-
ing in industrial burners.

Chapter 1 draws a state of the art of the turbulent combustion modeling
strategies for Large Eddy Simulation. The physical phenomena that should
be captured by LES combustion models is first proposed. To meet these re-
quirements, different approaches to model combustion chemistry and flame-
turbulence interactions are presented. The review is restricted to the modeling
of thin flame combustion regime and focuses on the models compatible with
tabulated chemistry. The challenges faced by each models are identified to mo-
tivate the different studies performed in this thesis.

Part IT presents and validates the different modeling efforts conducted to en-
hance the prediction of the turbulent flame speed. These developments are
performed in the framework of the F-TACLES model.

Chapter 2 The impact of heat losses and differential diffusion on the flame
consumption speed and structure are accounted for in this chapter. A non-
adiabatic database is built from burner-stabilized 1-D flames to capture the
impact of a given enthalpy defect. This database is then used to correct the
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turbulent flame consumption speed and thermochemical quantities. The pro-
posed approach does not increase the overall number of coordinates in the table.

Chapter 3 The non-adiabatic F-TACLES model is validated on two academic
turbulent stratified jet flames proposed in the TNF workshop : (i) the Darm-
stadt Turbulent Stratified Flame TSF-A, (i) the Cambridge Statified Swirl
Burner SWB flame series. The impacts of heat losses and differential diffusion
on the stabilization process, the mean velocity and the temperature fields are
analyzed in this chapter.

Part III focuses on the prediction of flame-turbulence interactions at the re-
solved and unresolved scales.

Chapter 4 An analysis of the impact of SGS wrinkling model on the turbulent
flame structure is also conducted on the SWB flame series. The focus is made
on the Charlette et al. (2002a) model. The impact of the sub-models required
by the sub-grid scale wrinkling function is discussed. A more recent approach,
taking advantage of the resolved wrinkling scales is also considered. This last
approach, called dynamic SGS wrinkling function, shows a good agreement
with experiments and limits the number of user-defined parameters.

Chapter 5 The coupling between the flow and flame equations at the resolved
scales is discussed in this chapter. A new LES formalism for turbulent reacting
flows is proposed to ensure the consistency between flame and flow filter scales.
The objective is to provide a consistent mathematical framework to describe
the coupling between flame and flow equations. A new LES combustion model,
called F2-TACLES, is derived in this context. This formalism is validated on 1-
D filtered flames and on the lean premixed turbulent combustor PRECCINSTA.

Part IV The non-adiabatic F-TACLES model is applied to a confined turbu-
lent CH4-Hs-Air burner designed and measured at EM2C Laboratory. This
burner exhibits complex physical phenomena and is representative of the com-
bustion of residuals gases, issued from steel production process, in industrial
furnaces.

Chapter 6 Numerical and experimental set-ups of the EM2C burner for non-
reacting measurements and simulation are presented in this chapter. The choice
of the operating conditions and the velocity measurements are exposed. The
numerical strategy and results are presented to validate the ability of the nu-
merical strategy to capture flow dynamics.

Chapter 7 Experimental measurements on the reacting case are introduced
in this chapter. Two different flame shapes, called V and M, are observed de-
pending on the fuel composition. The non-adiabatic F-TACLES model is used
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to perform the LES of the two different operating conditions. For comparison
purpose, the adiabatic F-TACLES model is also applied to the EM2C burner.
Heat losses are found to govern the flame shape and the non-adiabatic model
correctly captures the mean flame shape for both V-shape and M-shape flames.
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The thin flame regime is the more likely to be found in the industrial
combustion chambers considered in this thesis. The present chapter
aims to answer the question: how to simulate turbulent flames evolving
in the thin flame regime ¢ To answer this question, the main simulation
techniques are introduced and the focus is made on Large Eddy Simu-
lation where large turbulent scales are resolved while smallest ones are
modeled. Therefore, modeling issues related to the unresolved turbulent
structures and to the flame front are discussed. Basic requirements to
model a turbulent flame in practical combustion chambers are proposed
and a review of a selection of turbulent combustion models is finally
performed.

1.1 Motivations

Direct Numerical Simulation of turbulent flames is affordable only for very
small computational domains and is therefore not appropriate to predict flame
behavior in practical combustion chambers. To overcome this difficulty, a first
approach consists in solving only the mean reacting flow. This can be achieved
by averaging the Navier-Stokes equations to obtain a set of equations for the
mean density, momentum and energy (Launder and Spalding, 1974). This sim-
ulation technique, called Reynolds-Averaged Navier-Stokes (RANS), has been
very popular to simulate reactive flows during the last decades. The compu-
tational cost of RANS simulations is very low because of the two following
reasons:

e The gradients of mean variables are smoother than the gradients of in-
stantaneous variables. Consequently, the minimum grid size in the mesh
is much larger than in DNS.

e RANS simulations are often used for steady computations. The compu-
tational cost is then reduced.

The main issue associated to this simulation technique is the closure of un-
known terms. Indeed, models for unresolved turbulent fluctuations as well as
for the chemical reactions are required. Building such models is very difficult
as they have to predict the impact of all the unsteady phenomena using only
resolved mean variables. Consequently, the final results are known to be very
dependent on the selected modeling approaches and the prediction capacities
of RANS simulation are known to be limited. Considerable efforts have been
spent to derive RANS turbulent combustion models with the additional diffi-
culty that chemical reactions are highly non-linear. Therefore, modeling the
mean reaction rates is a very challenging issue, handled using various concepts
reviewed in Peters (2000); Veynante and Vervisch (2002); Poinsot and Veynante
(2012) and Fiorina et al. (2015b).

Unsteady RANS formulation is also used to simulate time dependent processes.
This technique allows a resolution in time of very low frequency phenomena
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compared to the frequencies of turbulent motions. When boundary conditions
are varying in time, the URANS results may be seen as the phase-averaged
response of the flow (Sagaut, 2006).

Figure 1.1 shows that Large Eddy Simulation (LES) can be seen as an interme-
diate alternative between DNS and RANS simulation. It consists in resolving
the large scales of the flow and in modeling the small ones. A spatial filtering
formalism allows to write balance equations for filtered variables. The LES
filter size A therefore corresponds to the smallest resolved scale (i.e. the limit
between resolved and modeled scales in Fig. 1.1). In practice, the mesh size
A, implicitly controls the LES filter size A: Turbulent structures smaller than
twice the mesh size are modeled while larger structures are resolved. Histor-
ically, LES has been first used for non-reactive flow (Smagorinsky, 1963) and
later to reactive flows (Menon and Jou, 1991) because of its attractive features
for the simulation of turbulent combustion:

e First, the largest scales are usually the more energetic which means that
the majority of the flow kinetic energy is resolved in LES (Pope, 2004).
The impact of the small scales modeling is then limited from an energy
point of view. Large scale structures are mainly controlled by walls ge-
ometry and influence mean flame features such as turbulent flame sta-
bilization and position. They also play an important role in thermo-
acoustic instabilities. In the other hand, the small scales are less affected
by the combustor geometry and are more isotropic (except very near the
walls) (Biferale and Vergassola, 2001). Therefore, a more universal and
reliable modeling of small turbulent scales is possible in LES.

e Another advantage compared to the RANS approach is the possibility to
use the knowledge of resolved scales to model smaller ones. This con-
cept has been first formalized for non-reactive flow by Germano et al.
(1991) but has been recently extended to the turbulent combustion mod-
eling (Charlette et al., 2002b). This point is further discussed in Chapter 4
of this thesis. Scale similarity models are also based on an approximation
of unresolved quantities using the knowledge of the resolved ones (Bardina
et al., 1980; Knikker et al., 2002).

e Finally, as the LES filter size A is basically controlled by the grid size
A,, a mesh refinement operation is sufficient to increase the resolution of
the resolved field and decrease the contribution of sub-grid scale (SGS)
models. The resolution directly depends on the size of the mesh that can
be afforded. LES tends to DNS when the mesh is sufficiently refined to
capture all the length scales of the reactive flow.



14 CHAPTER 1 - LARGE EDDY SIMULATION OF TURBULENT COMBUSTION: STATE
OF THE ART

Physical space Spectral space
- 3 Modeled in RANS
« 'd w 3 —— —~ Resolved in DNS
[« i 1 \ T; «—Resolved in LES : Modeled in LES
) A | E '
« i B =
2 — /T / 2
<G pn
e T TV PP
1 L Tls] | g
/ \ |/ - A - "‘l g
(D g S S A R &
* ) NBES VR
-y ]
N o d - ). / ' J
LD 1 T N H
- e __,/: : ! A ke = /A A
T PN e i Wave number (log scale)
] Large structures
Small structures

Figure 1.1: Comparison of DNS, LES and RANS simulation techniques on an ide-
alized non-reacting homogeneous and isotropic turbulent flow. A stands for the LES
filter size. All turbulent structures are modeled in RANS (solid and dashed arrows).
All turbulent structures are resolved in DNS (solid and dashed arrows). Only large
turbulent structures are resolved in LES (solid line arrows) while structures smaller
than the filter size A are modeled (dashed line arrows).

1.2 Large Eddy Simulation formalism

Large Eddy Simulation is based on the resolution of spatially-filtered density,
momentum, energy and chemical species balance equations. Any filtered vari-
able @ is then defined as follows:

O(x,t) = /@(m’,t)F(:z: — a)dx' (1.1)

The filter kernel F' is commonly defined in physical space using normalized top-
hat or Gaussian functions (Poinsot and Veynante, 2012). The definition of F'
influences sub-filter scale models. When variable density flows are considered,
it is also useful to define the Favre filtering operator:

=~ p®
b=

= (1.2)

Any quantity ® is now defined as the sum of its filtered part and its sub-filter
value ¢ = ¢+ ¢’ = ¢ + ¢”. Note also that filtering operators commute with
derivative operator only when the filter size is constant in space and time.
When it is not the case, commutation errors exist but are generally neglected
or included in the sub-grid scale models.

Low Mach number flows are governed by the following set of equations (the
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derivation of these equations is detailed in Appendix B):

dp 0 ,__
9 L9 a) = 1.
ot T o, (P) 0 (1.3)
0, - o - op2 O O ,_, =
il . ) ) = — _ U — U . 1.4
Y 0 [ 0 o O (o o\
Ye) = —— (0VVia) — — (p(Vew; — Yrii; 1.
5 + B <Puz k) oz, (PY1Vi,i) oz, <P( kWi k%)) + Py (1.5)
N,
0, ~ o ,___~ 0 aT =
a(ﬂh) + %(Puih) = oz )\8:131- —p ; (Yihi Vi)
_8$i (ﬁ(huz — huz)) (1.6)
po = prT (1.7)
This system of equations exhibits several unknown terms that need to be mod-
eled. The first unclosed term is the sub-filter stress tensor ﬁj = —p (wju; — uju;)

which represents the impact of the unresolved flow motions on the resolved mo-
mentum. A common modeling methodology for this term consists in expressing

the tensor 7¢. as a simple function of the resolved rate of strain tensor S;; as:

i
NN - T

Tij = 2pv; (Sij - 35ij5kk) (1.8)
o5

where gij = % (gz + axi) is the rate of strain of the resolved flow field and

v is the subgrid (or sub-filter) scale (SGS) turbulent kinematic viscosity. v}

can been seen as a viscosity which reprensents the unresolved turbulent fluxes
as a purely diffusive process. In other words, the impact of all the turbulent
structures smaller that A is modeled through I/tA. Turbulence models, give an
expression to this sub-filter turbulent viscosity using generally algebraic expres-
sions (Smagorinsky, 1963; Nicoud et al., 2011; Ducros et al., 1998). Dynamic'
estimations of the algebraic model constants have also been proposed (Germano
et al., 1991; Lilly, 1992). These LES turbulence models have been initially de-
rived for non-reactive flows but are used for the simulation of reacting flows.

As for sub-filter turbulent scales, the flame front is generally thinner than the
LES filter size in most of practical LES computations. A typical mesh size
affordable for the LES of complex geometries is A, =~ 1 mm while a typical flame
thickness is 0; ~ 0.1 mm (example of an aeronautical combustion chamber).
The capture of the flame front propagation (speed, interaction with the flow,
etc.) and its inner structure (temperature, density, chemical species, etc.) is

'The term "dynamic" is used here to designate the use of resolved flow motions to evaluate
"on-the-fly" some unknown quantities.
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then a challenge addressed by turbulent combustion models. An LES turbulent
combustion model aims to provide a consistent closure of the unknown terms
related to the transport of chemical species and energy:

° kaVk ; 1s the filtered species laminar diffusion flux.

/Lqul qul) is the unresolved transport of the chemical species.
e wy is the filtered chemical reaction rate of the kth species.

° )\ pzk 1 [Yihi Vi) is the filtered thermal diffusive flux.

o (huZ — hil;) is the unresolved enthalpy flux.

In practice, modeling strategies consist either in providing a direct estimation
of the above listed terms (algebraic expressions) or in providing an alterna-
tive strategy (addition of transport equations, tabulation, etc.) to access the
variables of interest such as temperature, density, pollutants, etc. The differ-
ent objectives and constrains for the turbulent combustion models derivation
will be discussed in the following section. The discussion is restricted to the
modeling of premixed (or stratified) turbulent flames evolving in the thin flame
regime, commonly encountered in practical combustors.

1.3 Requirements for LES turbulent combustion mod-
els

It is proposed to break down the different situations that can be encountered
when a turbulent flame, evolving in the thin flame (or flamelet) regime, is
computed using the LES formalism. Figure 1.2 exhibits 3 different cases. For
each subfigure, the non-filtered flame front (that cannot be captured on the LES
grid) is defined by the black line. The filtering of the flame front at the LES
filter size A leads to three different cases depending on the resolution of the
flame wrinkling. The filtered flame front (that should be correctly captured
by LES combustion models) is represented by the thick red line. Sa is the
filtered flame consumption speed while S; denotes the local consumption speed
of the non-filtered flame. The three situations, listed and described below, may
coexist in a single LES computation as mesh size and turbulence levels often
vary in space and time for complex geometries:

(a) In the first case, turbulence doesn’t occur neither at the sub-filter scale nor
at the resolved scale. In this context, neither the non-filtered flame front
nor the LES flame front are wrinkled. The unfiltered and the filtered
flame have the same surface of reaction. When fresh gases are perfectly
premixed, the local flame consumption speed S; and the filtered flame
consumption speed are equal Sa = 5.

(b) In the second case, the flame front is wrinkled due to the interaction with
the different turbulent structures. However, the wrinkling scales are larger
than the LES filter size A &~ 2A,. In this situation, all lame wrinkling
scales are resolved and no sub-filter scale wrinkling occurs. As in the first
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case, the filtered flame surface is equal to the DNS flame surface and both
flame fronts should propagate at the same speed Sa = S; assuming that
S; includes the curvature and strain effects.

(c) In the last case, the flame front is wrinkled at both resolved and unresolved
scales. For a given volume of fluid, the filtered flame surface is lower than
the non-filtered flame surface because small scale wrinkling has been lost
during the filtering process. In practice, small scale wrinkling is smaller
than the LES mesh size and cannot be resolved. In this case, the local
filtered flame consumption speed is higher than the laminar flame con-
sumption speed Sa > S; as the flame surface at sub-filter scale is higher
than the resolved flame surface.

For each scenario presented in Fig. 1.2, the modeling strategies have to cor-
rectly predict different flame features such as:

Flame consumption speed : The mean position of the flame front (also
called mean flame brush) is very important as it indicates the location
where the fuel is converted in heat release and where the temperature in-
creases. Flame stabilization process and position are correctly predicted
only if the flame consumption speed Sa is accurately modeled.

Thermochemical flame structure : Environmental standards require to be
able to quantify the pollutant emissions of the industrial combustion
chambers. Thus, chemical composition of burnt gases have to be predicted
by the combustion models. A relevant estimation of the flow tempera-
ture is also needed to properly design the materials for the combustion
chamber walls or for other sub-systems such as turbine blades located
at the exit of aeronautical combustion chambers. Finally, the local heat
release plays a very important role for instance in the thermo-acoustic
instabilities.

Flame-turbulence interactions : The prediction of flame dynamics relies on
the interactions between flame front and flow structures (Peters, 2000).
Such phenomena also play an important role in combustion instabilities
as hydrodynamic and thermo-acoustic oscillations (Poinsot and Veynante,
2012).

In practical combustion chambers, the modeling of the above listed turbulent
combustion features requires to account for different physical phenomena such
as:

Mixing process : Flame properties (length, position, temperature, ...) de-
pend on the mixing between species (for instance between fuel and air or
fresh and burnt gases). Turbulent combustion simulations are therefore



18 CHAPTER 1 - LARGE EDDY SIMULATION OF TURBULENT COMBUSTION: STATE
OF THE ART

Flame front filtered at A
LES grid —~—
\
Sa = Si| |
+
S
Fresh gases ‘ Burnt gases ri

Non-filtered flame front

(a) Laminar flame front

Flame front filtered at A
LES grid
S /TN /O
1 7/ 7 )
oa )
) | ] N —
T = \ ) )
) - —
/ \ 4 4
J EnNE<ENaN
) \ D
I = } I
‘ Fresh gases Burnt gases F
Non-filtered flame front
(b) Turbulent flame front - Fully-resolved wrinkling
Flame front filtered at A
LES grid ——
- AN A TN
-+ S / /
‘v\ ) L/
) Sa > Sl 7 — N N T
L ‘\,-\\ = Y )
/ ) ] - ——
/ \ ) _ il ’
} A ~+—1T - /
) — ) \ =
= 7] AER / 7
‘ Fresh gases ‘ LA Burnt gases r

Non-filtered flame front

(¢) Turbulent flame front - Wrinkling at sub-filter scale

Figure 1.2: Schematic view of the different scenarii for the filtered flame front res-
olution when a thin flame front is simulated using LES. Fresh gases are supposed to
be fully-premized. Full black line: Non-filtered flame front. Broad red line: Filtered
flame front (to be captured in LES).



PART I - CHALLENGES FOR THE LES OF TURBULENT FLAMES IN INDUSTRIAL 19
COMBUSTION CHAMBERS

sensitive to the unsteady mixing process that can occur at both resolved
and unresolved scales.

Flame wrinkling : As shown in Fig. 1.2, the interactions between turbulence
and the flame front are partially resolved in LES. It is necessary to es-
timate the impact of unresolved wrinkling on resolved quantities and to
correctly capture the two-way coupling between the flow and the flame.
When all the flame wrinkling is resolved on the LES grid (cases (a) and
(b)), the sub-filter scale wrinkling models should correctly handle the SGS
laminar flame structure.

Non-adiabaticity of the flow : Heat exchange occurs between the combus-
tor walls and the burnt gases. This phenomenon controls burnt gases
temperature and composition and therefore impacts the pollutant emis-
sions. When the flame front develops close to the burner walls, heat
losses limit the chemical activity and then decrease the local consump-
tion speed (Poinsot and Veynante, 2012). For very high levels of heat
losses, flame may be locally extinguished.

Differential diffusion : The modeling of the diffusive transport of the chem-
ical species impacts the prediction of the flame consumption speed and
structure. For instance, the computed flame consumption speed of a sto-
ichiometric premixed CHy4-Air laminar flame, computed with a detailed
chemical scheme (Smith et al., 1999), may vary by 25% between a simu-
lation where unity Lewis number assumption (simple diffusion model) is
made and a simulation where a complex diffusion model is selected.

1.4 Chemistry modeling for LES combustion models

The structure of combustion models can generally be split into two different
parts: on one side, the modeling of the chemical reaction within the flame
front, and in the other hand, the coupling between the chemistry description
and the LES formalism to predict flame turbulence interactions. In this section,
the different possibilities to model flame chemistry in the context of LES are
briefly presented.

1.4.1 Detailed chemistry and its reduction

The first possibility is to describe the entire set of elementary reactions iden-
tified by a detailed chemical schemes. This approach, valid for a large range
of thermodynamic conditions, does not require to make assumptions on the
combustion regime. Detailed chemical schemes aim to describe the chemical
reaction paths as precisely as possible. Therefore, they involve numerous in-
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termediate species. For instance, the chemical scheme proposed by Li et al.
(2003) for Hy/Og2 combustion includes 11 species involved in 19 elementary re-
actions as shown in Fig. 1.3. When hydrocarbons are considered, the number
of species and reactions are greatly increased. The GRI3.0 mechanism (Smith
et al., 1999), designed for the combustion of natural gas® with air, counts 53
species and 325 elementary reactions. Finally, the extended version of the Da-
gaut et al. (1994) detailed mechanism for kerosene/air combustion, available
in Luche (2003), contains 225 species and 3493 irreversible elementary reac-
tions.

Each species in the chemical scheme requires solving an additional balance
equation (Eq. B.2 in DNS and Eq. 1.5 in LES) and then increases the CPU
cost. The numerical estimation of chemical reaction rates wy (one for each
species balance equation) requires the computation of an exponential function
for each reaction considered in the chemical scheme. The computation of such
functions also drastically increases the CPU cost. The direct use of detailed
chemistry is therefore not possible to simulate practical configurations.

H,/0; Chain Reactions Formation and C iption of HO,
1. H+0, = O+OH 9. H+0,+M = HO,+M*

2 O+H, = H+OH H+0,+M= HO,+M*
3. H,+OH = H,0+H

4 0+H,0 = OH + OH 10. HO,+H = H,+ 0O,

11. HO,+H = OH + OH
12. HO,+0O = OH+ 0O,

13.  HO,+OH = H,0+ 0,

H,/0, Dissociation/Recombination Reactions Formation and C
5. H,+M =H+H+M?*
H,+Ar= H+H+ Ar
H,+He= H+H+He
6. 0+0+M = 0,+M*
O+0O+Ar = O, +Ar
O+0+He = O, +He
7. O+H+M = OH+M?*
8. H+OH+M = H,0+M"

iption of H,0,

14, HO,+HO, = H,0,+0;°¢
HO, + HO, = H,0,+ 0,

15, H,0,+M = OH+OH+M'

16. H,0,+H = H,0+OH

17.  H,O,+H = H,+HO,

18.  H,0,+0 = OH+HO,

19.  H,0,+OH = H,0+HO,°
H,0,+ OH = H,O0 + HO,

Figure 1.3: Detailed Hy/Os reaction mechanism. Extracted from Li et al. (2003).

Reduction techniques are therefore required to decrease the cost of the chem-
istry modeling. Skeletal mechanisms are derived from detailed chemical scheme

2Natural gas is a combination of hydrocarbons such as CH4, CoHg, C3Hg and other species
such as CO2, N and Hs
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with the objective of keeping a correct description of a given set of thermochem-
ical features (species molar fractions and temperature profiles, ignition delay,
laminar burning velocity, etc.) with a controlled accuracy. This reduction
technique removes the species and the reactions having a small impact on the
variables listed previously. For instance, Luche (2003) proposes a skeletal mech-
anism for kerosene with 147 species and 2427 irreversible reactions (i.e. a fall
of 30% of chemical reactions compared to the detailed mechanism.).

A second level of drastic reduction is needed to produce chemical schemes af-
fordable for practical computations. Global chemical scheme are built using a
very small number of species and equations (typically from 1 to 4 steps). For
that purpose, a set of target values and features to conserve during the re-
duction process is first defined (for instance, thermochemical equilibrium state,
flame speed, auto-ignition time, etc.). Then a range of operating conditions
is also chosen (fresh gas temperature, equivalence ratio, pressure). It is then
possible to build a reduced chemical scheme which remains representative of
the selected variables for the limited range of operating conditions. For exam-
ple, Jones and Lindstedt (1988) proposed a 4-step mechanism for the combus-
tion of light hydrocarbons such as methane (CHy). Only 6 species are involved
in this mechanism (CHy, O, CO, Ha, HoO, CO3). This scheme provides a good
agreement on flame speed, flame thickness and major species profiles for lean
and moderately rich mixtures. A similar approach has been applied by Franzelli
et al. (2010) to reduce the Luche (2003) reduced mechanism resulting in a 2-
step mechanism based on 5 species.

Global chemical schemes have been used in a large series of LES of practi-
cal combustion chambers (di Mare et al., 2004; Albouze et al., 2009; Franzelli
et al, 2012; Abani and Ghoniem, 2013). However, it still needs the evalu-
ation of several reaction rates and the transport of several chemical species
which is still increasing significantly the cost of reactive simulations compared
to non-reacting ones. This methodology does not give access to the actual flame
structure and therefore cannot capture pollutant formation, flame ignition and
extinction processes. Moreover, the validity range of global schemes is also
limited compared to detailed schemes.

1.4.2 Tabulated chemistry

A presentation of chemistry tabulation methodology is proposed in this section.
Note that a more detailed review can be found in Fiorina et al. (2015b).
1.4.2.1 Principle

The trajectory accessed during a given combustion process can be described
as a sequence of points ® = ®(Y1,Ys,..., Yy, ..., Yn,,,p, h) in the space Q =
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(Y1,Y2, ..., Y, ..., YN,,, P, h) also called thermochemical space or chemical space.
A trajectory €2, € § or a series of these trajectories in this space is called man-
ifold.

In practice, the subspace €, € Q actually accessed during the combustion
process is very small compare to 2. Different works proposed to decrease the
number of coordinates describing the trajectory €, (Maas and Pope, 1992b,a;
Gicquel et al.; 1999, 2000). Such strategies generally consist in:
1. Assuming the chemical subspace 2, accessed by a given flame prior to
its effective computation.
2. Choosing a reduced set of coordinates to properly describe the identified
manifold.
3. Tabulating the value of all the thermochemical variables ® along the
chemical trajectory as a function of the chosen set of coordinates.
4. Accessing the thermochemical variables with the knowledge of the coor-
dinates variables solved during the complex computation.

The first challenge therefore consists in identifying a priori the manifold £2,,.
This manifold can be generated using elementary combustion configurations
that can be easily computed using detailed chemistry. The simplified configu-
ration is assumed to be representative of the turbulent flame and then depends
on the operating conditions of the complex burner. The most common config-
urations are:
e 0-D perfectly-stirred reactors (Fichet et al., 2010) or partially-stirred re-
actors (Enjalbert et al., 2012).
e 1-D premixed laminar flames (Gicquel et al., 2000; van Oijen and de Goey,
2000; Fiorina et al., 2003)
e 1-D non-premixed flames (Peters, 1984, 2000; Pierce and Moin, 2004)

For well defined flame regimes, a unique flame archetype is sufficient to describe
the complex flame with a high fidelity. However, when the combustors exhibit
very complex flame structures, several simple manifolds are needed to describe
the chemistry. Some examples and applications of multi-regime approaches
are given in the following. Fiorina et al. (2005a) have shown that premixed
flames may be used to generate the manifold accessed by partially-premixed
and diffusion flames when the equivalence ratio lies within the flammability lim-
its. Domingo et al. (2008) also discussed the similarities between the subspaces
accessed by auto-ignition and premixed flames. Knudsen and Pitsch (2012) have
proposed a combination of 1-D premixed and non-premixed flames and have
shown that this methodology is applicable to a wide variety of reacting flows. A
more generic approach to resolve chemical trajectories for premixed, partially-
premixed and pure diffusion regimes is proposed by Nguyen et al. (2010). The
proposed multidimensional flamelet formalism consists in solving conservation
equations directly expressed in the chemical space and prevents from the choice
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of a flame archetype. A similar approach, called Reaction—Diffusion Manifolds
(REDIM), is proposed by Bykov and Maas (2007, 2009) to identify iteratively
the chemical subspace accessed by a given flame and for a given set of co-
ordinates. All the previous reduction methods have been applied to gaseous
combustion. However, a recent study showed that a combination of gaseous
premixed, partially-premixed and non-premixed flames archetypes can also be
used to model spray flames structure (Franzelli et al., 2013).

Figure 1.4 shows a summary of the different strategies used to describe the
chemistry in the context of LES and RANS. Whereas detailed schemes are not
affordable, they are used as a reference to build reduced chemical schemes or to
generate the manifolds €2, accessed by simple flame archetypes. The identified
chemical subspaces 2, are then tabulated along a reduced set of coordinates
transported in the complex computation.

Detailed chemistry Global chemistry
dpY, a " d oY, . . . dpY, 0 a Y, .
grl + g () = Tu(szt) + Chemical scheme reduction (i;f‘ + L;—“(/m,h) = 0‘—,"(01);*,:1 4y
. o~ .
Z ‘o o x Noo Conservation of integrated " ' : : XNy
()2:‘ +[}1(m“m - %((}D%)er Hz (Ng=11) " g ‘)/;" " %(,,,V,S'A) - %(/J}%) +in | |CHy (Noyed)
T i T CHy (Ngp=35) variables such as: o O dzi 0 Kerosene (Ny=2)
s =

. Kerosene (Nsp=91) - Flame speed M »

oYy 0 "o oy, A ) ) L )

i g ) = G (D) - Flame thickness W s D i) = oD D) 1,

= LES closure strategy needed for

o, " B,

- Equilibrium temperature
- etc.

each species equation
= Unaffordable in LES (CPU cost)

v Tabulated chemistry
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Computa.ttlon of simple ﬂamc? = Solve equations only for table coordinates:
configurations (0-D or 1-D) with oY, s o,
detailed chemistr; Tabulation of the chemical a T D;(ﬂum) = 0,77-(”[) s, )+ oy [Ye]
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d
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Figure 1.4: Summary of the different strategies for the description of the chemistry
in LES.

o . Using a reduced set of coordinates "
For instance : <1>[YC]
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1.4.2.2 Flame prolongation of ILDM - FPI

In this thesis, the focus is made on premixed and stratified combustion. The
Flame Prolongation of ILDM (FPI) method is selected to describe the chemistry
of these types of turbulent flames at a reasonable CPU cost. This tabulated
chemistry method proposed by Gicquel et al. (2000), consists in generating the
manifold €, from a set of 1-D laminar premixed flames computed using de-
tailed chemistry. Such 1-D flames are also called flamelets and have been first
used for turbulent combustion modeling in a RANS context by Bradley et al.
(1988). In such flamelets, the evolution of slow thermochemical variables can
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be tracked by a very few parameters. Based on this idea, FPI has been first de-
veloped for adiabatic flows but has been extended to the more general situation
of non-adiabatic flames by Fiorina et al. (2003). A very similar methodology,
called Flamelet Generated Manifolds (FGM), has been developed independently
by van Oijen and de Goey (2000) and also extended to non-adiabatic situations.

In this section, FPI method is described in the context of adiabatic flows. Its
extension accounting for heat losses will be presented in details in Chapter 2.
Two coordinates are introduced to describe the chemical trajectories in the sub-
space {1,,,: mixture fraction and progress variable.

Mixture fraction

The first coordinate is the mixture fraction Y, which evolves monotonically with
the fresh gas equivalence ratio ¢. This scalar is not impacted by the reaction
process and characterizes fresh gases composition. A common definition of
this scalar is built from elemental mass fractions as proposed by Bilger (1976);
Williams (1985a); Barlow and Frank (1998):

Y. =Y, (1.9)

where Y, is the mass fraction of a chemical element e (for instance carbon
element C) present is fresh gases. A normalized mixture fraction z is introduced
as:

_ Yz(¢) - YVZ(QZ)min)
}/z(gﬁmax) - }/z(gﬁmin)

where ¢nin and @pax denote the minimum and maximum equivalence ratios
encountered in the configuration to simulate. When a unity Lewis number is
assumed Le = Dy, /Dy, = 1 for all species, the value of z does not depend on the
chosen element e and the transport of z is governed by the following transport
equation:

(1.10)

0pz 0 0 0z
where the diffusivity of the mixture fraction D, is equal to the thermal diffu-

sivity D, = Dy, = ﬁ.

When species differential diffusion is considered, the mixture fraction z is not
unique anymore and not sufficient to completely capture the composition vari-
ations of the mixture. In this context, one transport equation per element have
to be solved for a full description of the composition. Using some simplifica-
tions, some recent modeling approaches account for differential diffusion effects
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with a limited number (1 or 2) of equations (Regele et al., 2013; Nambully
et al., 2014a).

Progress variable

The second coordinate is the progress variable Y. which evolves monotonically
between fresh and burnt gases. Y, describes the progress of the reaction and is
often defined from a linear combination of species mass fractions Y%:

Nsp
Vo= npY (1.12)
k=1

where ny, is a weighting coefficient associated to the kth species. ng are chosen
to ensure a unique correspondence between the progress variable and ther-
mochemical quantities as species mass fractions and temperature. For lean
methane-air combustion, the non-normalized progress variable Y. can be de-
fined from the CO3 mass fraction as Y. = Yco, while Y. = Yco, + Yco + Yu,0
or Y. = Yco, + Yco are found to be more appropriate for rich combustion (Fio-
rina et al.,; 2003). For complex fresh gas compositions, the choice of these
coefficients is not straightforward and can be performed systematically by re-
solving a minimization problem as detailed in Ihme et al. (2012). A normalized
version of progress variable, denoted c, is often used to derive turbulent com-
bustion models as it is completely independent of the local mixture fraction:

Y. Y/(2)
c= Y -1l () (1.13)

where subscripts f and eq denote gas state in fresh and burnt gases, respectively.
The main advantage when Y, is defined from a linear combination of species
mass fraction is that the corresponding balance equation can be easily derived
from species glance equation (Eq. B.22) and supposing a unity Lewis number:

IpY. 0 B o dY. .
5 7 (puiYe) = oz (pDYcaa:) + pivy, (1.14)

where wy, is the progress variable reaction rate defined as wy, = Z]kvji [ngwr).
The diffusivity of the progress variable is Dy, = Dy,.

In an adiabatic context and supposing a unity Lewis number, the progress vari-
able Y, and the mixture fraction z give access to the tabulated thermochemical
quantities ®[Ye, z]. Detailed chemistry information are accessed by solving two
additional equations (instead of Ny, equations when all the species are trans-
ported):



2 CHAPTER 1 - LARGE EDDY SIMULATION OF TURBULENT COMBUSTION: STATE
OF THE ART

ngrai(mTi) =0 (119)

gt(pﬁj) + (fm(p@@ = —Z’;j + g;] - aii (Pt = T5) + pfy (1:16)

o ) = o (o) <“7>
- a‘l (P(Veus — Yem)) + piy,

a;tz * ai@- (piiz) = 8?m’ <wt"8a;> - 81 Plat=zm) - (8)

po = prT (1.19)

This system of equations is only valid for low-Mach number flows (see Ap-
pendix B for more details) and assuming unity Lewis number. Species differ-
ential diffusion within the turbulent flame is therefore neglected. This thesis
proposes, in Chapter 2, extensions of chemistry tabulation to account for dif-
ferential diffusion and non-adiabaticity effects.

1.5 Coupling tabulated chemistry with LES formal-
ism

Three different approaches are generally considered to couple chemistry mod-
els and LES formalism. The first approach, called Turbulent Mixing Ap-
proach (Menon and Kerstein, 2011; Echekki et al.; 2011) consists in describing
flame-turbulence interactions by focusing on mixing phenomena. In an LES
context, the description of progress variable ¢ or mixture fraction z mixing rate
is used to describe unresolved sub-grid scale quantities. The second approach
consists in describing the turbulent flame front using a statistical approach (Gao
and O'Brien, 1993; Cook and Riley, 1994). Each sub-grid scale variable is then
estimated in terms of probability. The last approach describes the turbulent
flame front as a propagating surface. For this last case, a large range of mathe-
matical formalisms are possible to describe the surface propagation and its as-
sociated flame structure (Kerstein, 1988b; Boger et al., 1998; Colin et al., 2000;
Duwig, 2007; Fiorina et al., 2010). Vervisch and Veynante (2000); Veynante and
Vervisch (2002) have shown that the three approaches were linked. Exhaustive
reviews are available in Veynante and Vervisch (2002); Pitsch (2006); Haworth
(2010); Poinsot and Veynante (2012) and Fiorina et al. (2015b). In this sec-
tion, the focus is made on the turbulence combustion models compatible with
tabulated chemistry in an LES context.



PART I - CHALLENGES FOR THE LES OF TURBULENT FLAMES IN INDUSTRIAL 27
COMBUSTION CHAMBERS

1.5.1 Statistical approach

This approach is based on a statistical description of sub-grid scale fluctuations
of the LES variables through probability density functions (PDF). Any filtered
variable ® is then linked to its unfiltered form ® by the following expression:

<I>:/<I>(Yl,YQ,...,Yk,...,YNSp,p,h)P(Yl,Yg,...,Yk,...,YNSp,p,h) d) (1.20)
Q

where P is called joint filtered probability function (FDF) in the context of LES.
As stated in Sec. 1.4, ® (Yl,Yg, s Yiey o, YN, D, h) is given by the chemistry
modeling strategy. The unresolved flame turbulence interactions are described

through the modeling of ?(H,YQ, s Yiy ooy YN, s h). Por P = % can be
computed through the resolution of a complex transport equation (Gao and
O’Brien, 1993; Haworth, 2010) (that also needs to be closed) but may also be
presumed as discussed in the following.

1.5.1.1 Monotonically Integrated Large Eddy Simulation — MILES

In the framework of the statistical approach, Monotonically Integrated Large
Eddy Simulation (MILES) formalism (Duwig et al., 2011; Fureby, 2007; Duwig
and Fuchs, 2008; Grinstein and Kailasanath, 1995; Goldin, 2005) proposes to
presume the joint filtered probability function P as a Dirac function §. This
methodology has been applied on isobaric flames, using reduced chemistry lead-
ing to:

é:/@(Yl,...,YNSp,T)J(m—?{,...,YNSP—ﬁ(sp,T—T) aQ  (1.21)
Q

In particular, the filtered reaction rate is estimated directly from the LES re-
solved variables using the reduced chemical scheme as:

On = (iff ﬁ@T) (1.22)

This approach is also called "no model" approach in the sense that the sub-
grid contributions to the reaction rate are neglected. As stated in Duwig et al.
(2011), the other unresolved fluxes of species and energy are generally closed
using classical gradient assumptions and Fick’s law for the diffusive flux:
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B v, 0Yy
Yiu; — Yati;, = —-L 1.23
i K Sct 8%1 ( )

T T~ 147 8};
hu; — hu; = Pri Oz, (1.24)

. oYy
Y., = —pD 1.25
PViiYe p L (1.25)

where Pr! and Sc! are turbulent Prandtl and Schmidt numbers, respectively.
Note that these closures are not specific to the MILES approach.

This methodology has the property to correctly degenerate towards DNS and is
expected to be valid for sufficiently refined flame resolutions. This approach is
also valid when local turbulent mixing is very intense. The size of the reaction
zone therefore increases and this zone is distributed in relatively large volumes.
In such situations, the smallest turbulent scales remain unresolved while the
flame thickness may be sufficiently resolved to obtain a good estimation of
(:—ZJ;. In practice, this situation is limited to very high turbulence levels and
to flames lying in the thin or distributed reaction zone regimes. Duwig et al.
(2011) proposed to introduce a resolution criteria based on a grid Damkohler
number Daa:

A A ua

Day =2 = 2/ (1.26)
For Dapn < 1, MILES approach is valid since the sub-grid scale reaction is
well stirred and homogeneous and only depends on the resolved temperature
and species fields. Regarding the requirements established in 1.3, the MILES
closure strategy allows to capture the inner flame structure using very fine grids
(compared to the flame thickness) which may not be affordable for the LES
of thin turbulent flames evolving in complex configurations. When the flame
front resolution is not sufficient (which may be the case for the applications
on industrial combustion chambers), the numerical scheme may impact the
flame propagation by adding numerical diffusion. For that purpose, MILES
approaches are often associated to flux limiters and to dedicated stabilization
strategies (Duwig et al.; 2011). The advantage of this approach is that the
impact of heat losses and differential diffusion can be directly accounted for if
a sufficiently detailed chemical scheme is used. However, a well resolved flame
front is difficult to achieve in practice and numerical issues remain important.

1.5.1.2 Combining Presumed Conditional Moments and FPI — PCM-
FPI model

A more refined description of the sub-grid scale fluctuations consists in pre-
suming the shape of the joint filtered probability function P. For instance, the
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Presumed Conditional Moments (PCM) approach has been combined with the
FPI chemistry tabulation method by Vervisch et al. (2004) and Fiorina et al.
(2005b) in a RANS context. This model has been extended to LES formalism
and used in Galpin et al. (2008); Moureau et al. (2011b).

Using tabulated chemistry with isobaric and adiabatic assumptions allows to
recast Eq. 1.20 as:

o = / / o, (¢,2) P(c,z)de dz (1.27)
z=0 Jc=0

where the variable ®q  (c,2) is read in a FPI look-up table. Assuming that
both progress variable ¢ and mixture fraction z are statistically independent,
the joint filtered probability function P expresses as P (¢,z) = P, (c) P, ().
The shapes of P, and P, are generally modeled by [-functions denoted Py
and parametrized by ¢, ¢2 for the progress variable and Z, 2’2 for the mixture
fraction. Thermochemical quantities then read:

_ 1,1 . —
o = / / Pq,, (c,2) Ps (c, C, c”2> P (z, z, z”2) de dz (1.28)
2=0 Jc=0

¢ and ¢”? are estimated from 17;, Y2 obtained from LES transport equa-
tions (Fiorina et al.,; 2005b). ® is then pre-computed and stored as a function
of Favre averaged quantities ¢, 2,7 and 2" :

® = e, 2, 7, 2] (1.29)

Unmixedness factors Sg = "2 /(®(1 — ®)) varying between 0 and 1 are intro-
duced to ease the tabulation process:

® = B[¢, S, Z, 5. (1.30)

This modeling approach presents two main issues. First, the closure of LES
transport equations for the table coordinates (i.e. €, 2, % and 2"?) is not
straightforward. Second, several studies have shown than even if the S-function
is appropriate to model RANS fluctuations, it is not fully adapted to the mod-
eling of sub-grid scale interactions in an LES context (Fiorina et al., 2010;
Olbricht et al., 2012). In particular, Fiorina et al. (2010) have shown that
PCM-FPI does not correctly degenerate to laminar flames or when the flame
wrinkling is fully resolved. As it is based on tabulated chemistry, PCM-FPI
model also gives access to the inner thermochemical flame structure. However,
it is worth noting that the description of the flame structure is built from a
collection of 1-D laminar premixed flames and is therefore relevant only for
turbulent flames evolving in laminar on thin flame regimes.
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1.5.2 Geometrical approach

This class of modeling strategies describes the turbulent flame front as a propa-
gating surface. Some of the approaches most commonly found in the literature
are presented here.

1.5.2.1 G-equation

A level-set methodology is used to track the flame front propagation. A given
flame iso-surface ¢ = ¢q is tracked by the iso-surface G = G of a smooth scalar
field G. G is defined such as the iso-surface G = Gy propagates at the speed
of the ¢ = ¢ surface, denoted S;~, relatively to the flow field characterized
by its velocity u. In DNS, G is solution of the following equation (Williams,
1985b; Kerstein, 1988b) :

9G | 9G _ ge=ey [0G OG
ot Yiog, TP Oz, Oz,

(1.31)

From a numerical point of view, the scalar G is smooth and does not reproduce
the non-linearities of the combustion process. The flame is tracked by the
iso-surface G = G which only gives the position of a ¢ iso-surface but does
not describe the inner flame structure. The LES filtering of Eq. 1.31 leads to
unclosed terms that are difficult to model. In practice, the inner filtered flame
layer position is given by Eq. 1.31 recast in a LES context:

oG _0G 110G 0G
E + UZBTCZ B ST 8952 8.%'1 (1.32)

where the flow velocity u; is the LES filtered velocity. SGS turbulence-flame
interactions are not captured by the G field. A model for Sr, the sub-grid scale
turbulent burning velocity, which includes the increase in flame speed due to
unresolved flame turbulence interactions is then required. Its estimation from
known quantities is very difficult and depends on local thermodynamical con-
ditions, equivalence ratio, strain rate but also on local sub-grid scale turbulent
structures which are not resolved in LES.

The knowledge of the instantaneous position of the flame front is not sufficient
to ensure the closure of the LES equation system. In particular, the density
field needs to be reconstructed to ensure a proper coupling between flame and
flow at the resolved scale. G-equation formalism does not natively allow this
reconstruction and needs to be coupled with additional strategies to reconstruct
the inner flame structure (Piana et al., 1997). A common approach consists in
coupling G and progress variable ¢ equation to predict both the turbulent flame
speed and the inner flamme structure given by ¢ when tabulated chemistry
is used (Moureau et al., 2009; Knudsen et al.; 2010, 2013). Following this
idea, Roux and Pitsch (2010) and Trisjono et al. (2014) introduced a correction
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of the turbulent flame speed and the chemical structure accounting for heat
losses. Note also that handling the resolution of Eq. 1.32 requires dedicated
numerical strategies, also called level-set methods.

1.5.2.2 Flame Surface Density formalism — FSD

The previous analysis of G-equation shows the difficulty to capture the turbu-
lent flame structure. An alternative is to close the filtered progress variable
balance equation since ¢ tracks the flame structure. In the context of premixed

turbulent combustion, Boger et al. (1998) recast the progress variable equation
(Eq. 1.18) as:

dpc 0 B Jc Oc
ot T o, Pue) = pS

(1.33)

This equation is very similar to the G-equation and Sy represents the displace-
ment speed of an iso-c level relative to the flow. As pointed out by Boger et al.
(1998), the progress variable ¢ gradient across the flame front cannot be directly
resolved on an LES grid as it is generally too thin compared to the mesh size
Ay > 0. The progress variable equation ¢ (Eq. 1.33) is therefore filtered at a
size A larger that the mesh size A, leading to:

dpc 0 0 N Jc Oc

ot O
Additional terms appear in the RHS of Eq. 1.34 for the more general case
where equivalence ratio stratification is considered (Domingo et al., 2002; Bray
et al., 2005; Duwig and Fureby, 2007). Boger and Veynante (2000) closed
the unresolved turbulent flux p(u;c — u;¢) using a diffusive term constructed
to degenerate towards the proper flame speed in laminar cases. Boger et al.
(1998) proposed to introduce generalized flame surface density X, representing
the sub-grid flame surface density integrated over the iso-c surfaces, to model
the filtered flame front displacement term as:

- (pS), T (1.35)

where (pSg),, the generalized sub-grid flame surface average of pSg, is related
to the laminar flame propagation speed. This formalism has been widely used
to derive turbulent combustion models during the last decades. Boger et al.
(1998); Ma et al. (2013) provide analytical expressions for ¥ depending on
the resolved progress variable ¢. Other studies propose to solve a transport
equation for ¥ (Duclos et al., 1993; Mantel and Borghi, 1994; Vervisch et al.,
1995; Choi and Huh, 1998; Hawkes and Cant, 2000; Ma et al., 2014). Another
very important quantity related to the flame surface density is the sub-grid
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scale wrinkling =:

Oc Oc _ |0¢ O¢
X = \/8.% 8.%‘ - “\/8@ al’i (1.36)

= is defined as the ratio between the sub-grid flame surface and its projection
in the direction of propagation. It may also be viewed as the ratio between the
sub-grid scale turbulent flame speed S7 and the laminar flame speed S;:

_5r
-3

(1]

(1.37)

The modeling of the unresolved flame-turbulence interactions trough = is often
separated from the modeling of the laminar quantities such as (pSg), (Duwig,
2007). Different approaches have been proposed to model =. Analytical models
were first derived by Colin et al. (2000); Charlette et al. (2002a); Hawkes et al.
(2012); Fureby (2005) while recent studies proposed to use the known resolved
wrinkling scales to model the unknown ones (Charlette et al., 2002b; Knudsen
and Pitsch, 2008; Wang et al., 2012, 2011; Schmitt et al., 2013a,b). Exhaustive
comparisons of flame surface density models (Ma et al.; 2013) and transport
equations (Ma et al., 2014) have been recently proposed. The authors assessed
the different approaches on different configurations such as a plane symmetric
combustor (ORACLES burner) and a dihedral bluff-body in a channel (Volvo
Rig) and a classification of the different formulations has been drawn.

From a general point of view, building models from a flame surface density
approach allows to control the flame propagation speed by adopting an explicit
modeling of unresolved flame turbulence interactions through ¥ or =.

1.5.2.3 Thickened flame model for LES — TFLES

An alternative to ensure a proper resolution of the flame front consists in artifi-
cially thickening the flame front to reach a sufficient flame thickness to be well
resolved on the LES mesh. Butler and O'Rourke (1977) and later O'Rourke and
Bracco (1979) proposed a simple modification of the species balance equation
to resolve a flame front geometrically thickened by a factor F but propagating
at its original speed. This method basically consists in multiplying the diffusion
term by F and dividing the reaction rate by JF. This strategy has been devel-
oped in LES context by Colin et al. (2000) who also showed that the thickening
process alters the flame-turbulence interactions. For that purpose, Colin et al.
(2000) derived a model for the sub-grid scale wrinkling = = S7/S; leading to
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the TFLES model equation:

g () = (o) - 2 a3
Solving Eq 1.38 for each species allows to propagate a flame front of thickness
F9; at the sub-grid scale turbulent burning velocity Sp = Z5;. In practice, this
model is often used with a thickening factor F varying in space and only applied
within the flame front (Légier et al.; 2000). This approach has been first coupled
with global chemistry and widely validated on complex geometries (Selle et al.,
2004; Sommerer et al., 2004; Broeckhoven et al., 2007; Schmitt et al., 2007;
Boileau et al., 2008; Staffelbach et al., 2009; De and Acharya, 2009; Franzelli
et al., 2012). Efficient and robust, this modeling approach captures the impact
of heat losses in the limit of the global scheme capabilities. More recently,
the TFLES model has been extended to tabulated chemistry by introducing a
transport equation similar to Eq. 1.38 for the filtered progress variable Y, in a
premixed context (Auzillon et al., 2011; Kuenne et al., 2011):

agfc * aii (pVeis) = aii (Ef pD [V gi;) T F (1.39)
This approach, coupling TFLES and FPI methodologies, has been successfully
extended to adiabatic stratified combustion in Kuenne et al. (2012) and to
non-adiabatic situations by Ketelheun et al. (2013). For that purpose, mixture
fraction and enthalpy coordinates have been added to the set of transported
variables. Based on the work of Fiorina et al. (2003), burner-stabilized and
preheated 1-D premixed flames have been chosen to generate the non-adiabatic
chemical trajectories.

1.5.2.4 Filtered TAbulated Chemistry for LES — F-TACLES

The Filtered Tabulated Chemistry for LES model, also called F-TACLES, has
been first proposed by Fiorina et al. (2010) for premixed and adiabatic com-
bustion and extended to adiabatic stratified flames by Auzillon et al. (2012).
F-TACLES is designed to couple chemistry tabulation (FPI) with the spatial
filtering formalism of LES. This modeling strategy uses the explicit filtering of
a set of 1-D laminar premixed flames to estimate the different LES unclosed
terms. In particular, this model ensures the flame front propagation at the
turbulent flame speed SA = Za.S5; whether the flame wrinkling is fully resolved
(Ea = 1) or not, as both situations can occur in practical simulations (Fiorina
et al., 2010).
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Fully-resolved wrinkling

In a perfectly premixed context, when flame wrinkling is fully resolved, the
filtered flame front is assumed similar to a 1-D filtered laminar premixed flame.
The F-TACLES model therefore estimates the LES filtered quantity ® as:

d = /+OO O (2)Ga(z — 2')da! (1.40)

—00

where ®2 is the value of the quantity ® extracted from the FPI database where
the trajectory ,, is mapped from a 1-D unique laminar premixed flame?. The
FPI database generation corresponds to the step 1 of the F-TACLES look-up
table generation detailed in Fig. 1.5. G denotes a 1-D Gaussian filter kernel
of size A. The 1-D filtering operator is noted (- ) and corresponds to the step 2.

When mixture fraction heterogeneities are present at the sub-grid scale, the
chemical trajectories {2, are not mapped by a unique 1-D laminar premixed
flame anymore. Auzillon et al. (2012) extended the F-TACLES formalism to
account for unresolved (i.e. sub-grid scale) mixture fraction heterogeneities as
follows:

1
o = /0<p<1>|z:z/>P(z/)dz/ (1.41)

where (®|z = 2) corresponds to the 1-D spatial filtering of ® extracted from a
1-D laminar flame computed with a fresh gases mixture fraction z = z’. P, the
FDF of mixture fraction z, accounts for the impact of sub-grid scale mixture
fraction heterogeneities on the filtered quantity ®. Pis presumed by a S func-
tion Pg(z,%,S5) as in the PCM-FPI formalism presented in Sec. 1.5.1.2. The
convolution of the spatially-filtered quantities (®|z = 2’) with Pg corresponds
to the step 4 in Fig. 1.5. The last step consists in building the F-TACLES
database where filtered thermochemical variables (temperature, species mass
fraction, heat release, chemical reaction rates, etc.) and LES equations clo-
sures are stored as ® = @[370, z,8., Al

When no wrinkling occurs at the sub-grid scale, the filtered progress variable
equation is closed following this procedure as:

pY, 9 [ _= ~ Y.,
Yo = Y.,%,S., AlpoD
ot 1 oz, (p“ ) o, (O‘Yc[ %82, Alpo 08%)

+ Oy (Yo7, S, Al + 5wy, [Ve, 7, S5, A (1.42)

3Note that @™ can be tabulated as a function of both progress variable Y. as Pm (Ye)
or space coordinates = as ®%™(z) since Y. and z are, by definition, varying monotonically
along each other within the flame front. In the context of the F-TACLES model, the FPI
database is described as ®?m (z) to ease the 1-D spatial filtering process.
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where the filtered progress variable reaction rate reads:
o 1
pwy,[Ye, 2,5z, Al :/ {piry,|z =2") Ps(#', %, S.)dz (1.43)
0

The correction factor ay, is tabulated from 1-D filtered premixed flames as:

- *D* 8Y
ay,[Ye,Z,S., A] = % (1.44)

where pg and Dy are reference values for the density and the molecular diffusion
coefficient, respectively, generally set to fresh gas values. The superscript *
denotes quantities extracted from the chemical subspace €),, built from 1-D
laminar premixed flames using the FPI methodology. The unresolved transport
term (ly, is also estimated using the FPI database as:

Oy [V, 2, 8., A] = pi(2) S} (2 )(ZY: _W%f

Under these assumptions the F-TACLES model ensures that the filtered flame
front propagate at S; when all the wrinkling is resolved. The laminar flame
speed S; accounts for unresolved mixture fraction heterogeneities and reads:

(1.45)

_ 1
051 = / po(2")Si (') Ps(, %, S.) d2’ (1.46)
0

where p, = fo po(2")Pg(2, 2, 5.)dz".

Accounting for unresolved flame wrinkling using geometrical approach

When flame wrinkling is not completely resolved on the LES grid, the impact of
unresolved flame surface on the filtered flame consumption speed Sa is modeled
through the modeling of the sub-filter scale wrinkling function Za:

Sa =EaS (%, 5.) (1.47)

To ensure that the filtered flame propagates at Sa, the RHS term of the filtered
progress variable equation is multiplied by Za following the same strategy used
in the TFLES model (Colin et al., 2000). The following system of equations is
therefore obtained for a low-Mach number and adiabatic flow:
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3/) o
ot o P = 0 (1.48)
o . 9 g A+
at(puj) O By PU) = Oz; + o +Pfj (1.49)
e | 0 (105 0 oY,
gt oL (PUZYL) = £ <\—AC¥YC[YC,Z S., AlpoDo—— O )
+ EAQYC [?Ca :ZV, Sza A]
+ Eapiy[Ye 7, Sz, A (1.50)
8pz 0 e 9 0z
ot * 0x; (puiz) = O <<thh+ S> 7 > (1.51)
B(ﬁz//?) 0 my _ 0 Lt 8272 Ut o
ot + Oz; (puz ) T Ox Sﬁct oz, +2576t]Vz|
Ht
-2 Z 1.52
C'SctpA : ( 5 )
po = prTYe.7,5: A (1.53)

where 7;;* is modeled using a turbulence model chosen independently. The un-

resolved turbulent fluxes of mixture fraction 2z and its variance 22 are closed
using classical gradient assumptions (Poinsot and Veynante, 2012). C is a
model constant taken equal to 1. Za is a sub-model that can be chosen in-
dependently among the available strategies proposed in the literature (Colin
et al., 2000; Charlette et al., 2002a,b; Schmitt et al., 2013b). The choice and
the 1mpact of this sub- model are discussed in details in the chapter 4 of this
thesis.

An exhaustive description of the derivation and justification of each terms pre-
sented here can be found in Auzillon et al. (2012). The F-TACLES model has
been used to study academic, semi-industrial and industrial configurations as
briefly summarized in the following. Auzillon et al. (2011) have compared this
filtering formalism with the thickening formalism on 2-D pulsed flames. This
study proposes a relation between the thickening factor F' and the filter size A
and shows that the filtering approach allows a better description of the flame
dynamics on a given mesh grid. The F-TACLES model has been applied to
the LES computation of a premixed turbulent combustion chamber in Fiorina
et al. (2010). Auzillon et al. (2012) used the formulation for stratified flames
to perform the LES of a partially-premixed aeronautical combustion chamber.
The model was first used with analytical description of the unresolved wrin-
kling (Colin et al., 2000; Charlette et al., 2002a). It has also been coupled with
a dynamic modeling of the sub-filter scale wrinkling Za for the LES of the
TECFLAM burner (Schmitt et al., 2013b). Finally, F-TACLES was used to
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perform the LES of a single industrial burner extracted from an helicopter com-
bustion chamber (Auzillon et al., 2013) and more recently to study the ignition
sequence of an annular combustion chamber (Philip et al.; 2014). Note that,
until this point, the model has been used assuming adiabatic configurations
and using a unity Lewis number assumption (Le = 1) to model the progress
variable diffusion term.

Accounting for unresolved flame wrinkling using statistical approach

The Filtered Laminar Flame-PDF (FLF-PDF) model, proposed by Mourcau
et al. (2011Db), consists in modeling the unresolved flame wrinkling using a
statistical formalism inspired from the PCM-FPI model. The difference is that
the presumed progress variable PDF is built from the 1-D filtering of laminar
premixed flames:

ple)Gar (@ (@) — 2(c))

~ " N
P(Ca C7A ) - ﬁA/|VC|

(1.54)

The novelty of the FLF-PDF approach is that the flame filter width A’, chosen
constant in the F-TACLES model, depends on the SGS fluctuation level as
suggested by the DNS analysis conducted by Moureau et al. (2011b). It is
shown that A’ can be recast as a function of the progress variable 176 and its

variance Y2
A= A(Y,,Y?) (1.55)

This approach better reproduce the progress variable PDF (Mourcau et al.,
2011Db) in turbulent flames and intrinsically accounts for unresolved flame wrin-
kling. The use of the sub-grid scale wrinkling factor Za is then replaced by
the modeling of the unclosed terms of the Y2 balance equation. However, this
strategy does not allow to degenerate natively towards laminar regime when the
flame wrinkling is fully resolved. For that purpose, Nambully (2013) introduced
a resolution factor F to detect when the flame wrinkling is fully resolved. In
this situation, the flame filter size is set to a constant determined by the local
mesh size as in the F-TACLES model.

FLF-PDF model has been recently extended to stratified combustion by Nam-
bully et al. (2014a,b). In this work, the authors proposed a strategy to account
for the impact of differential diffusion on the filtered mixture fraction z in
turbulent premixed and stratified flames. A validation is performed on the
Cambridge Stratifies Swirl burner.
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Step 1) Computation of a set of 1-D laminar premixed flames with detailed chemistry

Generation of the
manifold Qum:

(I)stepl (my Z) = o9 (m7 Z)

Step 2) Spatial filtering of each 1-D flame with a 1-D Gaussian filter

) —

[0} <(I)> (I)step2($7 Z, A) =

J_ ®®Ga / (B2 = o) =
- /*00 O (2,2 = 2)Ga(z — 2')da’

€T x
J

Step 3) Replacing space coordinate by progress variable

6s‘cep2($727A) YC($’Z7A)

> 5stepB(}A}ca Z, A)

Step 4) Convolution of the filtered flames with a §-PDF

(@ =)
: 6stcp4(i;cvga SZ,A> =

(B|lz =2") ® Pg 1
5 / (@2 = ') Py(<, %, 5.)d2’
0
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Step 5) Generation of the F-TACLES look-up table with thermochemical variables &
LES closure terms

S, =80
A=A
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D —

K|

Ve, Z, 8., Al

Figure 1.5: Summary of the procedure for the construction of the F-TACLES filtered
look-up table.
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1.6 Consistency between flame and flow filter scales

At this point, a first conclusion can be drawn on the different LES turbulent
combustion modeling strategies. An important issue lies in the fact that the
real flame front has a thickness that can not be resolved on the LES mesh
Or < A,. Thus, most of the combustion models aim to broaden the flame front
to ensure a sufficient resolution of the inner flame structure. This strategy is
explicitly introduced in the models based on a geometrical description of the
flame front* (see Sec. 1.5.2).

Resolved
Frish gases flame front B:ll’llt gases
}/C _= 0 55{;_/; }/C = Yceq
\
g
\
1) 1|/ —_—
AN JHA 1)
] I \\ A | —
< X ) |
- - / /1IN
) 7\‘1Z J1F 1 1)
L% — 1 /
b /—\ )
/ ! ) =

Figure 1.6: Summary of the different filter scales effectively considered in the LES
of turbulent flames.

As shown in Fig. 1.6, the filter size associated to the flow field (i.e. to the mass
and momentum equations), denoted A, is implicitly controlled by the mesh size
A,, by the numerical schemes and by the turbulence model 7t. An order of
magnitude for this quantity would be A ~ 3A,. However, the filter size as-
sociated to the flame front (i.e. to the species or progress variable equations),
denoted A, is controlled by the combustion modeling strategy and is in practice
larger than A. An order of magnitude for this quantity would be A~ 6A,.
As it will be discussed in Chapter 5, the condition A, < A < A is necessary
to ensure a proper resolution of the filtered reaction rate on a given mesh grid
and therefore make the flame front propagate at the correct turbulent flame
speed (Auzillon et al., 2011).

The width of the filtering operator = applied to the mass and momentum equa-

4When a statistical description of the sub-filter scale interactions is used, the broadening
of the flame front is not explicit anymore and is more difficult to control.



40 CHAPTER 1 - LARGE EDDY SIMULATION OF TURBULENT COMBUSTION: STATE
OF THE ART

tions is then different from the width of the filter =~ applied to the flame equa-
tions. This remark generates some mathematical inconsistencies in the coupling
of the filtered equations as soon as the flow and flame effective filter sizes are
different A # A, which is actually the case for numerous LES combustion mod-
els. To our knowledge, this point has never been discussed in the presentation
of the different turbulent models and will be studied in details in the Chap-
ter 5 of this thesis. Consistent coupling and modeling strategies regarding the
different filter sizes will be proposed.

1.7 Challenges for the LES modeling of industrial
combustion chambers

This section summarizes the different challenges to be addressed to improve the
prediction of turbulent flames in practical combustion chambers. The contribu-
tions of this thesis, restricted to the context of gaseous flows, are then reminded.

As discussed in Sec. 1.3, the design of practical configurations requires to pre-
dict the flame position, propagation speed, thermochemical structure when the
wrinkling is fully resolved in the LES computation but also in the more general
case where sub-filter scale wrinkling occurs. Moreover, industrial combustion
chambers often exhibit heat losses that should be accounted for by the turbu-
lent combustion models. Table 1.1 summaries the models abilities to meet the
different specifications drawn in Sec. 1.3.

In the framework of the LES of turbulent premixed and stratified combustion,
two modeling issues may be identified:

e The modeling strategies have to include some basic physical phenomena
to model correctly the filtered flame propagation speed and the inner fil-
tered flame structure in practical cases. For instance, most of the model-
ing approaches assume adiabatic combustion and/or unity Lewis number
diffusion which are very strong assumptions when practical configurations
are considered. Others also neglect the impact of sub-grid scale mixture
fraction heterogeneities on the filtered flame propagation and structure.
A challenge for the turbulent combustion modeling community is to in-
clude these ingredients to enhance prediction capabilities of the models.
This issue has been recently identified and very recent studies present
such model extensions. For instance, the TFLES-FPI and G-equation
models have been recently extended to non-adiabatic situations by Ketel-
heun et al. (2013); Trisjono et al. (2014). The objective of the Part II
of this manuscript is to extend and validate the F-TACLES model to ac-
count for both differential diffusion and heat losses. The extended model
will be applied to a semi-industrial combustor in the Part IV.

e The flame-turbulence interactions have to be correctly predicted whether
or not the flame wrinkling is fully resolved. When the flame wrinkling
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is fully resolved or when the flame is purely laminar (cases (a) and (b)
in Fig. 1.2), the interaction between flame and flow is fully resolved. In
this case, the only challenge is to choose an adapted strategy to capture
the two-way coupling between the resolved flow and the broadened flame
front paying a particular attention to the consistency between flame and
flow filter scales. In the more general case where the flame wrinkling
is only partially resolved (Case (c) in Fig. 1.2), another issue consists
in modeling the impact of the unresolved flame wrinkling by unresolved
turbulent scales. Both issues are studied in the Part I1I of this manuscript.
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Part 11

Heat losses and differential
diffusion effects on the turbulent
flame propagation






Chapter 2

Modeling the impact of heat
losses and differential diffusion
on turbulent flame propagation
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In this chapter, the F-TACLES model, initially developed under adia-
batic and unity Lewis number assumptions, is extended to account for
differential diffusion and heat losses effects on the flame structure and
consumption speed. This extension will be validated on different complex
turbulent flames in the next chapter.

2.1 Motivations

The F-TACLES model, presented in Sec. 1.5.2.4, has been devised to include
detailed chemistry in LES. It captures the correct flame consumption speed
when the flame wrinkling is fully or partially resolved at the LES filter scale,
since both situations are frequently encountered in practical grid meshes (Fio-
rina et al., 2010). Auzillon et al. (2012) extended this model to adiabatic strat-
ified combustion regimes by accounting for mixture fraction heterogeneities
at the subgrid scale level. The model has been validated assuming adiabatic
combustion and unity Lewis number diffusion on a swirled turbulent strati-
fied flame experimentally investigated by Janus et al. (2004, 2005, 2007). Al-
though these assumptions are made in numerous turbulent combustion models
for Large Eddy Simulation (Fiorina et al., 2010; Auzillon et al., 2011; Duwig,
2009; Kuenne et al., 2011; Marincola et al., 2013; Proch and Kempf, 2014), it
may have significant impact on the flame consumption rate.

First, accounting for differential diffusion significantly impacts the chemical
flame structure. Therefore, the molecular transport model also impacts the
prediction of the flame consumption speed. For instance, the simulation of a 1-
D laminar methane/air premixed flame using a detailed chemical scheme® and
assuming unity Lewis number underestimates the consumption speed by ap-
proximately 25% (Poinsot and Veynante, 2012). Recent experimental (Barlow
et al., 2012; Dunn and Barlow, 2013) and numerical (Aspden et al., 2011a,b;
Savre et al., 2013) studies have shown that the impact of species differential
diffusion in turbulent flames depends on both flow topology and turbulent com-
bustion regime.

Secondly, heat losses which occur in most industrial combustors also influence
the chemical flame structure. Indeed, by decreasing the flame temperature,
heat losses reduce chemical activities and decrease the overall flame consump-
tion speed. When the reaction zone develops close to cooled walls, intense heat
exchanges may cause local extinctions (Poinsot and Veynante, 2012).

!Detailed chemical schemes generally capture the proper flame consumption speed when
they are associated with complex modeling of diffusion fluxes. This is why they do not repro-
duce the correct flame speed when they are associated with unity Lewis number assumption.
However, global chemical schemes can be developed to be used together with unity Lewis
number assumption (Franzelli et al., 2010). In this last case, the use of complex diffusion
models may also lead to a misprediction of the flame speed. Transport model and reaction
scheme cannot be considered independently.
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In the context of tabulated chemistry, modeling the effect of differential diffusion
and heat losses on chemical trajectories requires dedicated chemical database
coordinates. The stabilization of a flame by heat losses is accurately captured
using the enthalpy coordinate as shown in Fiorina et al. (2003). In an LES
context, recent works have proposed to extend several models to non-adiabatic
combustion. For instance, Ketelheun et al. (2013) present a non-adiabatic ex-
tension of the TFLES-FPI model while Roux and Pitsch (2010) and Trisjono
et al. (2014) have extended the G-equation model using a non-adiabatic chem-
istry tabulation method.

Accounting for differential diffusion of all species requires the addition of several
coordinates (Gicquel et al., 2000) leading to very high-dimensional databases.
In a laminar context, Regele et al. (2013) proposed a technique to account for
fuel differential diffusion phenomena within tabulated chemistry by adding a
source term to the mixture fraction balance equation. Maragkos et al. (2013)
proposed a methodology to capture differential diffusion by transporting only
N — 1 scalars instead of Ng, — 1 (detailed chemistry) where Ng; is the num-
ber of chemical elements. Adapting these strategies to LES combustion mod-
els requires numerous physical assumptions to close the additional coordinates
balance equations. Issues are the overall model performances in terms of both
accuracy and CPU cost. By focusing on the impact of differential diffusion
on the mixture fraction variable, Nambully et al. (2014a) add a source term
to the filtered transport equation of mixture fraction. This approach showed
good results for the LES of the Cambridge stratified swirling lames SWB5 and
SWB9 (Nambully et al., 2014b). However, the retroaction of differential diffu-
sion on the flow and on other chemical species was not accounted for in this
work.

The objective of this chapter is to develop an LES combustion model based
on tabulated chemistry which accounts for fuel stratification, heat losses and
complex transport phenomena. We assume that differential diffusion and heat
losses primary impact the flame dynamics through the sub-grid scale turbulent
flame consumption speed. These phenomena can be modeled without increas-
ing the dimension of thermochemical database as shown in Sections 2.2 and 2.3.
The importance of these modeling improvements will be evaluated in Chapter 3
through the LES of different turbulent stratified flames stabilized on two dif-
ferent generic burners.
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2.2 Modeling adiabatic stratified combustion using
tabulated chemistry with differential diffusion

2.2.1 Differential diffusion modeling assumptions

From a general point of view, complex diffusive transport of the chemical species
controls several phenomena in both laminar and turbulent flames such as:

e The flame propagation is controlled by an equilibrium between chemical
reactions and species diffusion process. A proper modeling of both phe-
nomena is then essential to predict correctly flame consumption speed
and its chemical structure in both laminar and turbulent situations.

e Preferential diffusion effects may also influence the turbulent flow chemi-
cal composition. Barlow et al. (2012) and Dunn and Barlow (2013) showed
that turbulent structures in fresh gases and near the flame front may iso-
late preferentially the chemical species of the flame diffusing towards fresh
gases. In very particular cases, when flow area with high residence time
exists, this phenomenon may cause significant modifications of the lo-
cal equivalence ratio (and then thermochemical equilibrium) in the burnt
gases. These conclusions are corroborated by the numerical studies pro-
posed by Katta and Roquemore (2013) and Nambully et al. (2014a,b).

e Thermo-diffusive instabilities may create flame surface (wrinkling) as de-
tailed by Poinsot and Veynante (2012). This phenomenon appears as
soon as the Lewis number is under unity. These instabilities are of im-
portance in laminar cases and vanish in turbulent flows since the flame
wrinkling by turbulent motions becomes the governing phenomenon.

Accounting for 3-D differential diffusion effects in the LES of a turbulent flames
is a very difficult challenge. First, as stated in Sec. 2.1, only few chemistry re-
duction techniques have been proposed to account for complex transport. In
such approaches, the number of coordinates and transported variables sub-
stantially increases compared to the unity Lewis number cases. Second, this
modeling issue becomes much more complex in an LES context as molecular
species diffusion occurs partially at the sub-grid scale. The modeling of sub-
grid scale differential diffusion effects is very challenging and, to the author’s
knowledge, has never been performed without making a priori assumptions on
the turbulent flame structure.

In this thesis, it has been chosen to include differential diffusion effects within
the framework of the FPI method where the turbulent flame structure is as-
sumed similar to a 1-D laminar premixed flame. For that purpose, the FPI ther-
mochemical database used to build the F-TACLES model will be now mapped
using a set of 1-D laminar premixed flames computed with complex modeling of
species diffusive transport. This approach allows to capture the impact of dif-
ferential diffusion in the direction normal to the flame front (as it is captured
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in the detailed 1-D flame computations) but neglects the species differential
diffusion in other directions. From a phenomenological point of view, this as-
sumption means that:

e The flame consumption speed and structure are assumed similar to a 1-D
laminar flame computed with differential diffusion.

e Thermo-diffusive instabilities are neglected since the effect of differential
diffusion on chemical trajectories in the direction tangential to the flame
front is neglected.

e 3-D complex transport effects are also neglected when they result from an
interaction between the flame structure and the turbulent eddies which
cannot be captured by the 1-D laminar flame collection.

In the following sections, the impact of differential diffusion on the 1-D pre-
mixed flame characteristics is formalized and quantified. Then, under the as-
sumptions mentioned here, the F-TACLES formalism for adiabatic stratified
flames (Auzillon et al., 2012) initially developed under unity Lewis number
assumption is generahzed to account for differential diffusion in the direction
normal to the flame front.

2.2.2 Impact of differential diffusion model on premixed flamelet
structure and propagation

The F-TACLES formalism relies on the FPI tabulation method. It supposes
that the inner flame structure is not altered by turbulent eddies and is similar
to a 1-D laminar premixed freely-propagating flame. The chemical trajectories
accessed during the LES of the turbulent flame are described by the mani-
fold €2,,, mapped by a set of 1-D premixed flamelets computed under detailed
chemistry using the following equations:

m = pu (2.1)
Nep N
ar 1 d T 1
n—7— = —— PYeViCp, | — hi] (2.2
" de:(:< dx) p;pkk i dx kprkk )
dYy d
N —b = _— Y . = 1 e NS 2
R
Po= Py (2.4)

with z the spatial coordinate, m the mass flow rate per unit of time and surface.
1 = M /A where M is the mass flow rate and A the surface of reference set to
unity. u is the velocity of the fluid mixture while p is the density and 7' the
temperature. A\ denotes the thermal conductivity of the mlxture The mean
constant pressure heat capacity of the mixture reads C, = Zk Y.Cp, with
Y, the mass fraction of the k™ species, N, the total number of species and
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Cp, the constant pressure heat capacity of the k'™ species. hy, is the specific
sensible plus chemical enthalpy of the k™" species. p denotes the pressure con-
sidered constant across the flame, R is the universal gas constant and W is the
mean molecular weight of the mixture. The chemical reaction rates wy [s7!]
are estimated from Arrhenius laws where coefficients are extracted from a given
detailed chemical scheme. In addition, transport properties of the species, as
the diffusion velocity Vi, also need to be modeled.

The corrected Hirschfelder and Curtiss approximation (Hirschfelder et al., 1969)
estimates accurately the diffusion velocity Vj. This approximation introduces
an effective diffusion coefficient Dy, of each chemical species in the mixture:

W, dX
pYiVi,=p <—kak + Ych>

T Ir (2.5)

where X}, is the molar fraction of the k" species and W}, its molecular weight.
V. is a velocity correction introduced to ensure mass conservation regardless of
the modeling assumptions for Di. Two modeling assumptions are possible to
estimate the diffusion coefficient Dy, (Poinsot and Veynante, 2012):

e A realistic representation is to account for differential species diffusion.
The effective diffusivity Dy of the k'™ species is then computed from
binary diffusion coefficients (Hirschfelder et al., 1969).

e A simpler and very common strategy assumes that all species diffusivities
Dy, are equal to the mixture thermal diffusivity Dy, = A/(pCp). Under

these conditions, the Lewis number Le = Dy,/Dy, = 1 and the diffusion
velocities are recast as pYip Vi = —thh%.

The flamelet structure and consequently the chemistry tabulation strongly de-
pend on the species diffusion model. For instance Fig. 2.1 shows profiles of CO4
and Ho mass fractions as well as temperature across a stoichiometric methane-
air flame computed at constant pressure using the detailed chemical scheme
proposed by Lindstedt (1997) for CHy/Air which includes 29 species and 141
reactions. Figure 2.1 shows that the species mass fraction profiles are very sensi-
tive to the molecular diffusion modeling. To analyze global flame properties, the
flame thickness d. and the flame consumption speed SZO are respectively intro-
duced as §, = Yé’OQ /max(VYco,) and SP = 1/(pré’O2) fjozo pwCo,dxy, where
pf and Y£O2 denote respectively the fresh gases density and the CO2 mass frac-
tion in burnt gases. x, denotes the direction normal to the flame front. Both
quantities are plotted in Fig. 2.2 as a function of fresh gases equivalence ratio
¢. The CO3 mass fraction and flame thickness appear weakly sensible to the
molecular diffusion model whereas the flame consumption speed decreases by
25% when unity Lewis number is assumed compared to the complex diffusion
case (taken as a reference here).
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Figure 2.1: Comparison of thermochemical structure of stoichiometric methane-air
flames computed under both differential diffusion and unity Lewis number assumptions.
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Figure 2.2: Laminar flame speed SZO for as a function of the equivalence ratio ¢ of the

methane-air mixture. Legend: —Differential diffusion case. — — Unity Lewis number
case.
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2.2.3 Chemistry tabulation issues

Within the FPI formalism, thermochemical quantities computed from adiabatic
premixed flamelets are stored in a look-up table as a function of two coordinates:
the non-normalized progress variable Y., which evolves monotonically between
fresh and burnt gases, and the non-normalized mixture fraction Y, which evolves
monotonically between oxidizer and fuel streams. Y,, tracks the 1-D premixed
flamelets used for chemistry tabulation and varies monotonically with the fresh
gas equivalence ratio ¢. The non-normalized progress variable Y, together with
the non-normalized mixture fraction Y, uniquely describe the thermochemical
subspace accessed in the adiabatic 1-D premixed flamelets collection as:

@ = B[V, Y] (2.6)

where ® denotes any thermochemical quantity. Y, can be based either on car-
bon element mass fraction or on the non-reacting species such as Ny when NOx
chemistry is neglected. In both cases, Y, remains constant across the flamelet
when a unity Lewis number is assumed. When differential diffusion is accounted
for, both Y, and Y, vary across the flamelet elements used to tabulate the chem-
istry. This issue drastically increases the complexity of the tabulation process.

An alternative approach is proposed here. As the chemistry tabulation is based
on a collection of 1-D premixed flamelets computed independently, the impact of
differential diffusion in the direction tangential to the flame front (i.e. between
each flamelet) is not accounted for. However, the species differential diffusion
in the direction normal to the flame front is captured by the 1-D premixed
flamelet elements and allows for instance to correctly predict the laminar flame
consumption speed. Under these assumptions, the evolution of Y, across the
flame front can be described, as any other quantity varying across the flame
front, by the progress variable Y, and the fresh gas equivalence ratio ¢:

Y, =Y. (Y., ¢) (2.7)
One discrete value of Y;? =Y, (Y. =Y:9, ¢) = Y:?(¢) is then associated to
a single premixed flamelet computed at fresh gas equivalence ratio ¢(Y;?).
Equation 2.7 can then be recast as follows:

Y, =Y. (Y, Y9 (2-8)

Therefore, combining Eq. 2.6 and Eq. 2.8 leads to an equivalent tabulation of
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the thermochemical quantities under the previously detailed assumptions:

® = P[Y,, Y] (2.9)

To ease the tabulation process, the normalized mixture fraction z is then in-
troduced:

y = Y;«’eq(d)) — Y;Jeq((ﬁmin)
Y;;eq<¢max) - Yzeq((ﬁmin)

The different assumptions detailed previously allow to transport z as a passive
scalar in the LES computation:

(2.10)

8;; + V- (puz) = V- (pD,Vz) (2.11)

where D,, the diffusivity of the mixture fraction is supposed equal to the ther-
mal diffusivity leading to D, = Dy, = A/(pC)).

The non-normalized progress variable Y, and the mixture fraction z finally give
access to the tabulated thermochemical quantities ®[Y,, z]. In the present work,
the value of Ny mass fraction is chosen to define Y.

2.2.4 Accounting for differential diffusion using FPI method

Different modeling alternatives are reviewed in this section to account for dif-
ferential diffusion using the FPI method and without increasing the number of
dimensions of the chemical look-up table. This step is necessary to prepare the
use of chemical database computed with complex transport in an LES context.

2.2.4.1 Approach 1: Correcting the flame consumption speed only

The most simple approach is to assume that the major consequence of unity
Lewis number assumption is a misprediction of the flame consumption speed.
By neglecting the impact of differential diffusion on the flame structure, it is
then possible to correct directly the turbulent flame consumption speed by a
factor (PP defined as:

(DD _ S;(Complex diffusion)

S{To=T) (2.12)

where S;(Le=1) and S;(Complex diffusion) are estimated from 1-D premixed
flames computed with unity Lewis number assumption and with complex trans-
port modeling, respectively. In the context of tabulated chemistry, this flame
speed correction factor is used to correct the progress variable propagation
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speed by multiplying the RHS terms as follows:

OFVe 0 (oo _on (O (0 V) D (om s
(2.13)

This approach can be used with any turbulent combustion model presented in
Sec. 1.5. Using the F-TACLES model, the filtered progress variable equation
(Eq. 1.50) becomes:

ot o0x; ox; T

+ CDDEAQYC [}76’ 5) SZ7 A]
+ (PPEApy,|Ye, 2, S, A

pY., 9 [ _= B _ _ ov,
P + (ﬁuch) = (CDD:AQYC[YC,Z,Sz,A]pODoa )(2.14)

(2.15)
where all the tabulated terms ® = @[}70, z,S,, A] are evaluated from 1-D lam-
inar premixed flames computed under unity Lewis number assumption as de-
tailed in Sec. 1.5.2.4. When the flame flame wrinkling is fully resolved (Ea = 1),
one may verify that this approach applied to the F-TACLES model ensures that
the flame propagation speed equals S;(Complex diffusion):

1 +oo ~
Sp=— PPowy. dx, = (PP S)(Le=1) = S;(Complex diffusion)
ﬁf (Y'Ceq _ ch) —00
(2.16)

Despite its simplicity, this methodology does not account for the impact of
differential diffusion on the inner thermochemical flame structure. In the fol-
lowing, other alternatives are proposed to make a deeper use of the chemistry
tabulation with differential diffusion.

2.2.4.2 Approach 2: Generalized progress variable equation

This approach, proposed in Mercier et al. (2014) and also adopted in Nambully
et al. (2014a,b), consists in conserving a definition of the progress variable based
on chemical species as Y, = Z]kvj’l ngYy. In this context, the filtered progress
variable equation reads:
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~ Ngp
opY, 0 [ _~ B
iYe) = — Y
ot ' om (piv:) oa; | &= [ Y5V
_9 (p(yu—?ﬁ-))may (2.17)
Bxi cly clg ¢
(2.18)
This equation is closed within F-TACLES formalism as:
opYe 0 [~ 0 _ oY,
’LYC = = 3/07 ) ZvA D 2.1
ot | o (p“ ) 3:@( aay.[Ye, 2 5z, Aloo O(’?m) (2.19)
+ Eay [V 7S, A
+ Eapay,[Ye, 7 S:, A
(2.20)

In this formulation, the second 2y, and third g)yﬂ RHS terms are not modified.
The correction factor avy, is tabulated from 1-D filtered premixed flames com-
puted with differential diffusion (in fact, with any formulation of the diffusive
flux pY; V) as:

NS * *
k1 (”kP*Yk Vi )
(r0o5)

where the superscript * denotes values extracted from the 1-D laminar flame
computed with complex diffusive transport. This diffusion correction factor
captures differential diffusion effects in the direction z* normal to the flame
front.

ay,|Ve, 2,8, A = —

(2.21)

2.3 Accounting for heat-losses effects on flame con-
sumption speed and flow field

2.3.1 Generation of a non-adiabatic chemical database

van Oijen and de Goey (2000) and Fiorina et al. (2003) have extended tabulated
chemistry approaches to non-adiabatic situations by introducing the sensible
plus chemical enthalpy of the mixture h = ij; CpdT + Z,i\[;’i Athk to account
for heat losses. Ah% is the mass formation enthalpy of the k' species. The
chemical look-up table is constructed from a set of one-dimensional laminar
premixed flames stabilized on a porous isothermal burner (Kee et al., 1992) and
computed for various equivalence ratio in the flammability range and different
enthalpy levels, using detailed chemistry. Governing equations are identical to
the freely-propagating flame equations (2.1) to (2.4) while boundary conditions
differ. This set of equations is solved on a domain defined as x € [0; +-00[ where
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x = 0 is the position of the burner nozzle. Inlet boundary conditions at x = 0
are prescribed solving (Kee et al., 1992):

S = i (2.22)

vypo= v/ -2k (2.23)
m

™ = T (2.24)

where the superscript f denotes the fresh gas injected into the porous isother-
mal burner, the superscript n denotes gas state at the burner nozzle (x=0).
Mass flow rate 1 is a prescribed quantity as well as inlet flow composition ka
and temperature Ty. No reactions are considered within the porous burner and
the enthalpy defect results from heat exchanges between the stabilized flame
and isothermal burner nozzle.

Freely-propagating flame (adiabatic) Burner stabilized flame (non-adiabatic)
m = pl et = pf SN < pf St
Isothermal (T=To) Isothermal (T=To)
porous burner porous burner
Fresh gases Burnt gases  |Fresh gases Hrt Burnt gases
m= ij," = p! A"
Ah =0 Ah >0
x T
r=0 z=0
Fresh gases Burnt gases Fresh gases Burnt gases
z=2 z =z z=2 z=2z
h=h"(z) h=h""(z) h = h(z) b= h(z) — Ah

Figure 2.3: Schematic of the configuration of burner-stabilized flames computations.
(Left) When the fresh gases mass flow rate 1 corresponds to adiabatic conditions,
an adiabatic freely-propagating flame is obtained. (Right) When the mass flow rate
decreases, the flame stabilizes at the porous burner lips and heat losses occur at the
tsothermal burner nozzle.

When the flow rate 7 decreases, heat losses to the burner increase and the
flame enthalpy h decreases until extinction. This can be shown by integrating
the enthalpy balance equation, leading to:

(2.25)

he(z, 1) = b (2) — [wT} »

m 0x
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where h®? is the enthalpy of the fully burnt gases. The adiabatic limit is ob-
tained when mass flow rate satisfies m = p/ Sl“d 2. This solution corresponds
to 1-D freely-propagating premixed flame. In this situation, there is no heat
exchange between the flame and the burner and enthalpies of fresh and burnt
gases are then equal and only depend on mixture fraction z:

Wt = he1(z) = hod(z) (2.26)

For unity Lewis number flames, the enthalpy level remains constant in the
whole computational domain: h(z) = h® with = €]0;4o00[. However, when
complex transport is considered, the enthalpy varies across the reaction zone.
To facilitate the tabulation procedure, the strategy proposed in Sec. 2.2.3 for
the mixture fraction coordinate is also applied to the enthalpy coordinate: ne-
glecting the impact of differential diffusion in the direction tangential to the
flame front, equilibrium enthalpy h®? is used to track the 1-D burner-stabilized
flames. For practical issues, the enthalpy defect Ah is used as table coordinate:

Ah(z, 1) = h(z) — (2, 1) = hf (2) — h®(z, 1) (2.27)

The consumption speed S; (z, Ah) can then be computed from the consumption
rate of burner-stabilized flames by integrating Eq. 2.3, written for the progress
variable Y., along the direction normal to the flame front:

1

IS)(z,Ah) = - 2.2
p Sl(z7 h) }/;eq(z,Ah) _ }/CH(Z,A}‘L) ( 8)

“+o00
0

The superscript ** refers to a burner-stabilized non-adiabatic flamelet computed
with detailed chemistry. In this expression, x = 0 corresponds to the burner
nozzle while Y* and Y7 denote progress variable values at burner nozzle and
fully burnt gases respectively. The non-adiabatic laminar flame consumption
speed Si(z, Ah) is plotted in Fig. 2.4 as a function of the equivalence ratio
¢ for different enthalpy defects Ah. The bold line represents the adiabatic
case. Increasing the heat losses causes a decrease of the consumption rate and
consequently of the flame speed S;(z, Ah). The flame extinguishes when flame

speed S; has decreased to a minimal value supposed here equal to 5 cm.s ™.

2A flame with i > pf S#¢ would also be adiabatic but not stabilized.
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Figure 2.4: Consumption speed S)(¢, Ah) of non-adiabatic burner-stabilized 1-D
flames as a function of equivalence ratio ¢ at several enthalpy defects computed with
complex transport model for diffusion velocities. Reference enthalpy defect is taken
here as Ahy =5.2-10* J.kg~'. Fresh gas temperature Ty is set to Ty = 298.0 K.

2.3.2 Non-adiabatic F-TACLES formalism

The enthalpy defect is introduced in the original F-TACLES formalism de-
scribed in Sec. 1.5.2.4 as follows:

1 Ahmaz 2=z
vy, = 2 ‘ P(Z,AN)dAN d2’ 2.29
pWY, A/O /0 <PWYC Ah:Ah,> (2, ) < (2.29)

where Ahpar = ARz (2) is the maximal enthalpy defect. In practice Ahyqaq(2)
is estimated by cooling burnt gases at given mixture fraction z to the minimal
temperature encountered in the computational domain (Fiorina et al., 2003).
The joint Filtered Density Function (FDF) P(z, Ah') accounts for mixture
fraction and enthalpy defect subgrid scale variations. The conditional filtered

value of the reaction rate at z = 2’ and Ah = AW reads:

. z=z' oo . / / / / /
< Py, Ah:M> _ /_ (0 AN G — 1) (2.30)
P(Z', Al) is decomposed as P(z', AR') = P(2')P(AhR’) assuming that mixture
fraction and enthalpy defects are independent variables.? In a second step, the
fluctuations of enthalpy defect are assumed to be resolved at the LES scale.

3Note that this assumption would not be reasonable if local enthalpy h were considered
because the adiabatic value of h directly depends on the mixture composition.
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P(AR) therefore reduces to a Dirac § function. Then, the FDF is simplified as
follows:

P(Z,AN) ~ Py(+,%,8.) 8 <Ah’ - A%) (2.31)
where Ah is the filtered enthalpy defect.

The estimation of different F-TACLES closure terms such as ay,, {y, or the fil-
tered reaction rate Z)yc using Eq. (2.29) is actually not straightforward. Indeed,
as the spatial dimension covered by a burner-stabilized flame evolves between
0 and +o0, the filter operator Ga in Eq. 2.30 cannot be applied. Therefore, an
alternative strategy based on the correction of the flame consumption speed is
proposed to account for heat losses.

2.3.3 Filtered flame consumption speed

For planar filtered flames, integrating the filtered reaction rate modeled by
Eq. (2.29) along the direction normal to the reaction layer provides the subgrid
scale turbulent flame speed Sa (Auzillon et al., 2012):

1 ~
0S8 = Ea / pol)S1 (. AF) Py( 2 5.) a2’ (2.32)
0

5051 (z, S., A%)

where py, = fol po(2')P3(%',Z,S.)dz'. The heat loss correction factor +y is then
introduced:

S (z, s, Aii)

[z, S., Ah] = —

S (E, S.. Al = 0) (2.33)

where S (E, 272, A?L) is defined in Eq. (2.32). Figure 2.5 shows the evolution

of ~ for different values of equivalence ratio ¢ and unmixedness factor S,. Both
unity Lewis number and complex transport situations are plotted. Even if the
modeling of diffusion velocities has an impact on laminar consumption speeds
(See Fig. 2.2), the heat loss correction factor is not significantly impacted by
the transport assumption. The same conclusion can be achieved for the vari-
ance of mixture fraction. However, ~y is very sensitive to the equivalence ratio
(or mixture fraction) meaning that, for a given level of enthalpy defect, a lean
or reach flame will extinguish before a stoichiometric flame.

The correction factor [z, S, AE], pre-computed and stored in a look-up table,
will be used to enhance the F-TACLES adiabatic formalism in the following



PART II - HEAT LOSSES AND DIFFERENTIAL DIFFUSION EFFECTS ON THE 61
TURBULENT FLAME PROPAGATION

section.
1.0

<

<

o~ Le#1S,=0¢6=0.9

)L 081 / Le=18,=0¢=09 1
r Y

\

C/S: Le#1S,=0¢=0.6

= 06} Le#£1S5,=0¢=1.4 .
—

g Le#1S.=02¢=09

E Le=15.=02¢=09

g 0.4l e = ., =02¢=0.

g

(]

£

S

@ 0.2F §
2

ey

I

(<]

T

0.0\ | | | | |
0.0 2.0 4.0 6.0 8.0 10.0

Enthalpy defect A% [10°- J.kg']

Figure 2.5: Heat loss correction factor v for ¢ € {0.6;0.9;1.4} and S, = 2"2/(Z(1 —
2)) € {0.0;0.2} as a function of enthalpy defect Ah.

Legend : — Le#1S5,=0. ---Le=1S5,=0. - - - Le#1S5,=02. -
Le=18,=02.

2.3.4 F-TACLES model for non-adiabatic stratified flames

The F-TACLES model is extended to non-adiabatic flames. The mathematical
formalism includes the differential diffusion formulation introduced in Sec. 2.2.

2.3.4.1 Filtered progress variable balance equation
The filtered progress variable equation (see Sec. 1.5.2.4) is now modified as

follows:

opY. 0 o (_ s dY,
Z}/C — = ) ZaAh ¥ }/C7 ) ZaA D

ot + 81'@ (pu ) aml ( A ’Y[Z S ] aYC[ z, S, ]PO 0 8£U74>
— E2a[ES., AR QYWY 3, S, Al

+ Za A2 8., AR s [Ve 7, 82, Al (2.34)
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The integration of Eq. 2.34 in the direction normal to the flame front shows
that this formalism ensures the propagation of a planar filtered flame propagate
at the subgrid scale turbulent flame speed:

Sa = Za S (z,sz,A%)

= Ea 1[5 8., AR S, (z S, Ah = o) (2.35)

This formalism guarantees that the filtered flame propagates at the laminar
flame speed when no turbulent flame interactions occurs at the SGS level. In-
deed, when the subgrid scale flame wrinkling factor becomes unity (Ea = 1),
unresolved transport fluxes and chemical reaction rates are entirely estimated
from the filtered chemical look-up table, built from filtered one-dimensional
laminar flamelets. Note that as for the adiabatic model formalism, the loop-
up table built from adiabatic freely-propagating 1-D flames and introduced in

~ad
Sec. 1.5.2.4 is used to compute ag,‘cl, Q?fcl and d)ayc. The non-adiabatic correction
factor v is tabulated separately from burner-stabilized flames.

The proposed extension of the F-TACLES model to non-adiabatic situations
is designed to predict correctly the non-adiabatic flame consumption. Several
advantages regarding its practical implementation can be noted:

e This approach conserves the adiabatic closures of the F-TACLES model
based on a set of filtered adiabatic freely-propagating 1-D flames. There-
fore, the look-up table generator for adiabatic cases can be used directly
to generate the different terms ®%¢ appearing in the non-adiabatic for-
mulation.

e Despite the addition of a new tabulated term ~ in the filtered progress
variable equation, the total number of table coordinates is not increased
when heat losses are accounted for.

The closure of the mixture fraction table coordinates Z and 2”72 are achieved
using the same classical strategies than in the adiabatic model formulation
resulting in Egs. (5.38) and (5.39). The estimation of the enthalpy defect Ah
is detailed in the following section.

2.3.4.2 Filtered enthalpy balance equation

As the adiabatic enthalpy h®®(z) expresses linearly as a function of the mixture
fraction z, the relation ﬁad(z) = ho4(Z) is satisfied. In the present context of
Large Eddy Simulation, filtered enthalpy defect Ah = Ah can be evaluated
from transported scalars z and hé4:

Ah = h(z) — h*? = h*(Z) — h* (2.36)
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Assuming a low Mach number flow and neglecting viscous heating, volume
forces and the impact of species differential diffusion in the direction tangential
to the flame front, the passive scalar h¢? is solution of the following balance
equation:

d(ph)
ot

+ V- (puh®) = V- (pDy, VE) 4 Q (2.37)

where @ denotes volumic enthalpy production rate such as radiative heat trans-
fer and is neglected in this thesis. Applying LES formalism to this equation
and adopting a classical gradient assumption (Eq. 1.24) to close unresolved
convective flux leads to a passive scalar equation for filtered enthalpy hea:

d(phe)
ot

+ V- (puhed) = V- <<0Dth + P) Vheq> (2.38)
where Pry is the turbulent Prandtl number taken equal to Pr; = 1.0.

In practice, the boundary conditions for Eq. 2.38 depend on the temperature
and composition of the flow (progress variable and mixture fraction). Boundary
conditions are in practlce 1mplemented by a priori tabulating the enthalpy
at the boundaries hbc as hbc = hbc [Yc,z Tbc:| where Tp. is the user-defined
temperature boundary condition. This look-up table is built from the collection
of 1-D burner-stabilized flames prior to the computation. ﬁbc is then actualized

with updated values of thermochemical conditions at the boundaries at each
time step of the LES.

2.3.4.3 Filtered ideal gas law equation

Since the spatial filtering of 1-D burner-stabilized flames is not possible, the
filtered temperature T cannot be directly extracted from the non-adiabatic
database (since it is not a filtered database). T is therefore estimated from the
filtered adiabatic look-up table. A linear scaling correction is then applied to
recover the correct equilibrium temperature in both adiabatic and non-adiabatic
situations without changing the fresh gas temperature:

= _ ad Ye=Ye Ye=0 (Fad _ Fad
T=T,+ e (Te — T2 ) (2.39)
Yo=Y Y.=0

where Ti‘?i is the adiabatic temperature extracted from the filtered adiabatic

c

look-up table as Tad[ﬁ,z S., Al i}éh et is the non-adiabatic equilibrium
temperature extracted from the non- filtered non-adiabatic database:
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T 1 ! sk [y €4 7
Tg%’izeq = pA,VhA,Pq/O P T (Y; ,Z/,Ah> PB(Z,)dZ,
Y.=Y.
= T2'owl7,S., AR (2.40)

where the superscript ** refers to a burner-stabilized non-adiabatic flamelet and

pé-’h_?eq = fol P (f’;eq, 2, Aﬁ) P3(#,z,5.)d?". Equation 2.39 is devised to re-

cover the adiabatic filtered temperature T = Tv%d when the flow is adiabatic

[

(i.e. when Té’i ser = f%fii?leq). This ensures thét non-adiabatic F-TACLES

formulation degenerates é}?&étly towards adiabatic formulation when the flow
is adiabatic.

The same strategy is used to compute the filtered term rT , used to estimate
the filtered density in the ideal gas law:

—_ bo
rT

where the thermodynamic pressure pg is assumed constant in the computational
domain in the context of a low-Mach number assumption. » = R/W, where R

is the ideal gas constant and W the mean molecular weight.
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2.3.4.4 Summary of the F-TACLES model for non-adiabatic flows

Under the low-Mach number assumption, the final LES system of equations for
non-adiabatic reacting flows closed with the F-TACLES strategy reads:

op o,
L% pa) = 2.42
ot o P = 0 (2:42)
0, o opy O+t~
giPI) + 5 (Plily) = —5 0+ =5 = 45 (2.43)
OYe | 0 (N _ 0 (o 5 e = oY
8t + 8$Z (,011«1Y¢:> - 8.TZ (—‘A’.Y[Z7Sz7Ah]aYC[Y07zuSZuA}pODO 8.’1%)
+ Zaq[E 8., ARO[, 2, 8., A
+ ZAv(E ., ARJEDy Ve, 7, Ss, A (2.44)
apz 0 O ((—— ) 07
hdlded ; - D Ll 2.4
ot " or PHE) = 5 ((p th + Sct> 8xi> (245)
a(pz?) 0 S N 92" [
I
- 92 112 2.4
Cs.pnz’ (2.46)
dphea) 9 ,__ ~ 9 pe\ Ohed
Jhed) = D — 24
T P L B ((p 5, ) o (247)
o = prT (2.48)
In this system of equations:

7i;* and p is prescribed by the LES turbulence model.

EA is estimated by the sub-filter scale wrinkling model (See Chapter 4).
~ corrects the filtered flame consumption speed to account for heat losses
and is tabulated from a set of non-adiabatic 1-D burner-stabilized pre-
mixed flames, computed with complex modeling of diffusive fluxes.

oz‘{/f is the progress variable diffusion factor tabulated from a set of fil-
tered adiabatic 1-D freely-propagating premixed flames, computed with
complex modeling of diffusive fluxes.

Qg/‘j is the progress variable unresolved convective fluxes due to thermal
expansion and is tabulated from a set of filtered adiabatic 1-D freely-
propagating premixed flames, computed with complex modeling of diffu-
ii){g fluxes.

wy, is the progress variable reaction rate, tabulated from a set of fil-
tered adiabatic 1-D freely-propagating premixed flames and computed
with complex modeling of diffusive fluxes.

po and Dg are reference values, constant in time and space, chosen equal
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to their values in fresh gases.

e S, and P, are the turbulent Schmidt and Prandtl number, respectively,
assumed constant in time and space.

e (' is a model constant, taken equal to C' = 1.

e 11" is computed using the strategy described in Sec. 2.3.4.3.

The proposed extension of the F-TACLES model has been implemented in
the low-Mach number code YALES2 (Moureau et al., 2011a). 1-D simulations
of planar laminar non-adiabatic flames have been performed. The predicted
propagation speed of the non-adiabatic flame front is consistent with Eq. 2.35
which validates the methodology and the implementation procedure when the
flame is not wrinkled by the turbulence motions. A summary of the look-up
tables and their stored terms is proposed in Tab 2.1 for both adiabatic and non-
adiabatic formulations. Note that, for the YALES2 solver, the total retrieval
cost for all the tabulated terms is less than 5% of an iteration time. When
linear interpolations are used to read the tables during the LES computation, a
classical discretization is 100 linearly distributed points for the Y. coordinate,
100 points for the z coordinate with a refinement within the lammability limits,
15 points for the S, coordinate with a parabolic refinement around S, = 0. A
unique point for the A coordinate is often used when the mesh size is constant
in the flame region. The discretization of Ah and T}. depends on the operating
conditions. In this thesis, 50 points were used along both coordinates.

Formulation ‘ Look-up table ‘ Stored terms
~ ~ad ~ —~ad _ —~ad
Adiabatic | ®%9[Y,,Z, S, Al agd, Qed, Oy T T i, v,
= tod <~ —ad _ —ad
Y., %, 8., A] | agd, 052, @y, Tod, 0T, fiod, ¥, v
_ ~ ~ ~Ah
Non-adiabatic ‘I’lAh[Z, Sz, AR] 7 T%deﬁ rTy, =y,
ORNY,, Z, Ty hpe (boundary conditions)
DLRYIAY Z AR post-processing variables

Table 2.1: Summary of the look-up tables and their stored terms for both adiabatic
and non-adiabatic formulations of the F-TACLES model implemented in YALES2.

In the next chapter, the F-TACLES model is used to perform the LES compu-
tation of two different turbulent stratified flames.
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The F-TACLES model is now able to account for sub-grid scale mizture
fraction heterogeneities, heat losses and uses a thermochemical database
generated using complex diffusive transport modeling. In this chapter,
the influence of the different modeling strategies on complex turbulent
flames is investigated. Two different generic burners, designed and
measured in the framework of the TNF workshop, are considered. They
mainly differ by the flame stabilization process: the first burner involves
a central pilot flame while the second stabilizes the turbulent flame using
a central bluff-body. Both stabilization processes are influenced by heat
losses.

3.1 TNF workshop: an initiative to compare experi-
mental and numerical results on complex turbu-
lent flames

The international workshop on measurement and computation of turbulent
(non)premixed flames (TNEF Workshop, 2014) is an international collaboration
gathering experimental and computational research teams. The main objective
of this workshop, holding every two years since 1996, is to provide advanced
diagnostics results on relevant academic turbulent flames in order to test, vali-
date and improve the turbulent combustion modeling strategies.

In the context of this thesis, two different generic burners, presented during the
TNF workshop, have been selected to validate the model developments:

TSF flame series The Turbulent Stratified Flame (TSF) burner has been
designed at Technische Universitat Darmstadt (TUD). This methane-air
generic burner consists of three 5 mm-staged concentric tubes placed in
an air co-flow. Burnt gases exit from the central tube to stabilize the
flame while inlet velocity and mixture conditions of the two other tubes
can be controlled independently. This burner allows to generate turbulent
flames with or without equivalence ratio stratification but also with and
without shear between the two injected streams leading to a set of 11 dif-
ferent operating conditions. Several experimental studies characterized
the flow (Seffrin et al., 2010) and thermochemical (Bohm et al., 2011)
features of this flame series. Different turbulent combustion models have
then been used to simulate this flame in an LES framework (Roux and
Pitsch, 2010; Kuenne et al., 2012; Ketelheun et al., 2013; Mercier et al.,
2013a; Trisjono et al., 2014; Mercier et al., 2014; Marincola et al., 2013). It
is also worth noting that the LES computation results of the different re-
search teams have been quantitatively compared by Fiorina et al. (2015a)

SwB flame series The Cambridge stratified swirl burner (SwB) has been de-
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signed at Cambridge University. It consists in two concentric tubes sur-
rounding a central bluff-body. As for the TSF burner, both the equiva-
lence ratio and the velocity of the two injected streams can be controlled
independently. This burner also allows to add rotational momentum to
the outer stream thanks to a swirl injector. The different combinations of
the burner parameters lead to a set of 16 different operating conditions.
Albeit recent, the SwB flame series have been widely investigated experi-
mentally (Sweeney et al., 2011b; Barlow et al., 2012; Sweeney et al., 2013,
2012a,b; Zhou et al., 2013; Euler et al., 2014). As for the TSF burner,
some research teams involved in the TNF workshop have conducted nu-
merical investigations on this burner (Nambully et al., 2014a,b; Katta
and Roquemore, 2013; Mercier et al., 2013b, 2015b; Proch and Kempf,
2014).

In the following sections, the LES of the TSF and SwB burners are presented
taking a particular care to the analysis of the contributions of both heat losses
and differential diffusion sub-models.

(a) TSF Burner (b) SwB Burner

Figure 3.1: Schematic view of the TSF and SwB burners. Common length scales are
used to ease the comparison of burner sizes.

3.2 LES of the Darmstadt Turbulent Stratified Flame
TSF-A

The non-adiabatic F-TACLES model is now used to simulate the Turbulent
Stratified Flame A (TSF-A). This section first describes the TSF experimental
configuration and provides details on the boundary conditions and computa-
tional domain of the numerical simulation. LES results are then discussed
regarding experimental measurements.
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Figure 3.2: Longitudinal cut of the TSF Burner. The indicated inlet conditions
correspond to the case TSF-A. The white area indicates the computational domain.

3.2.1 Experimental configuration

The unconfined TSF CHy-air generic burner (Bohm et al., 2011; Seffrin et al.,
2010) consists of three 5 mm-staged concentric tubes placed in a 0.1 m.s~! air
co-flow. A schematic of the burner is shown in Fig. 3.2 and a detailed descrip-
tion of the tubes dimensions is provided in Tab. 3.1.

One TSF case is investigated in this thesis. In order to ease the results inter-
pretation, it has been chosen to first focus on a flame without shear between
both tubes. Inlet velocity and mixture conditions are indicated in Tab. 3.2 for
the considered case TSF-A. Burnt gases exit from the central tube to stabilize
the flame. Pilot, first and second tubes are denoted by subscripts p, 1 and
2 respectively. Equivalence ratio ¢ and Reynolds numbers Re are indicated
for both non-reacting case TSF-A-il with pilot flame burning only and react-
ing case TSF-A-r. Bulk velocities v = 1/(p/ - A***) computed from fresh gas
density pf and exit area of each tube A" are also indicated.

y Pilot tube [ Tube1 | Tube 2
Inner diameter 14.8 mm 37 mm 60 mm
Hydraulic diameter | 14.8 mm 20 mm 20 mm
Tube exit position | Z=0mm | Z =-5mm | Z = -10 mm
Tube thickness 0.75 mm 1.5 mm 2 mm
Chamfer angle 0° 15° 15°
Tube lip thickness 0.75 mm 0.5 mm 0.5 mm

Table 3.1: Geometrical characteristics of the TSF generic burner.
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Case op Up o1 V1 Re; 103 V9 Res
(m.s™1) (m.s™1) (m.s™1)
TSF-A-il1 | 0.9 1 0 10 13800 | 0O 10 13 300
TSF-A-r | 0.9 1 0.9 10 13 800 | 0.6 10 13 300

Table 3.2: TSF-A operating conditions for both reacting and pilot burning only cases.

3.2.2 Numerical set-up
3.2.2.1 LES solver and filtered database generation

The low Mach numbers encountered in the TSF-A flame (M =~ 0.03) allows us-
ing the low-Mach number code YALES2 (Moureau et al., 2011a) to perform the
computation. A tetrahedral mesh of 5.4 million nodes has been designed. The
mean cell size in the flame region is about 1.1 mm, corresponding to 4 times
the laminar flame reaction thickness! 6, and 1.5 times the thermal thickness?
d; . A F-TACLES look-up table is generated from a collection of methane-air
laminar flames. The F-TACLES filter width is set to A = 5.8 mm. It corre-
sponds to a ratio A/J, =~ 15 and is representative of realistic industrial burners
LES where this ratio typically varies between 5 and 20 (Boileau et al., 2008).
Figure 3.3 shows the resulting computational domain and mesh size repartition
in a longitudinal plane.

A centered fourth-order finite volume scheme is used for spatial discretization.
Time integration of convective terms is performed explicitly using the TRK4
fourth-order scheme characterized by Kraushaar (2011). Closure of Reynolds
stresses is performed both using the WALE model (Nicoud and Ducros, 1999)
and the Smagorinsky (1963) approach with a dynamic estimation of the model
coefficient (Germano et al., 1991; Lilly, 1992).

As the objective of the TSF-A computations is to challenge first the new devel-
opments of F-TACLES (heat losses and differential diffusion), a single model
is retained for the sub-filter scale winkling ZA. The influence of the different
submodels for = on the mean flame brush will be extensively discussed in chap-
ter 4. In this chapter, EXG is estimated using the model proposed by Charlette
et al. (2002a) with improvements proposed by Wang et al. (2011):

A A o TR
—Y. . A A
=% = | 1+ min [ —1,Ta (, ,R€A> }) (3.1)
. ( &7 o) Sy Sy

!The flame reaction thickness 8, is estimated from the half-height width of the progress
variable reaction rate wy,.

2The thermal thickness 8, is estimated from &; = (T° — T%)/max(dT/dz*) where T* and
T® are the temperatures of unburnt and burnt gases, respectively, taken from an adiabatic
1-D premixed flame.
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Figure 3.3: Half portion of the TSF-A computational domain. A longitudinal cut
of the mesh is shown and colored by the filtered progress variable reaction rate wy,.
The mesh is refined within the injection tubes (A, ~ 0.5 mm) and the flame region
(A, = 1.0 mm). In those regions, the characteristic mesh size is A, = 0.5 mm for the

coarse grid.
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where the efficiency function I'a takes into account the net straining effect of
all relevant turbulent scales smaller than A. Rea and u/y are the subgrid scale
Reynolds number and velocity fluctuations, respectively, while 5? is the laminar
flame thickness. The empirical S parameter is set to § = 0.5 for the TSF-A
flame computations. The influence of 5 on the mean flame brush will be also
investigated in chapter 4.

Chemical look-up tables are computed with REGATH thermochemistry pack-
age developed at the EM2C laboratory (Pons et al., 2009; Candel et al., 2011)
and employing the Lindstedt (1997) detailed chemical scheme for CHy-Air with-
out accounting for the NOx chemistry leading to 29 species and 141 reactions.

As the focus is made on the impact of heat losses on the flame propagation,
their effects on the species mass fractions are neglected in this chapter. This
assumption will be justified a posteriori in Sec. 3.2.4.3. Therefore, the species
mass fractions are directly extracted from the adiabatic filtered database as
?kad [}70, z,8,,A] in both adiabatic and non-adiabatic computations.

3.2.2.2 Modeling issues for mixture fraction FDF

A specific mixture fraction FDF modeling strategy is adopted for the TU Darm-
stadt stratified flame configuration where four streams are involved. Pilot
(¢ = 0.9), stream 1 (¢ = 0.9), stream 2 (¢ = 0.6) and air (¢ = 0) loca-
tions are indicated in Fig. 3.2. As stream 1 and pilot correspond to the same
equivalence ratio, three different mixture fraction streams are injected in the
computational domain. The mixture fractions z for pilot-stream 1 (¢ = 0.9),
stream 2 (¢ = 0.6) and air co-flow (¢ = 0), are based on the richest and leanest
streams:

e = =09 W@ =0
Y, (6 =0.9) = Y, (6= 0)
Lo @ =00-Yi6=0 _ o
Y, (6= 0.9) = Y{, (6 =0)
= T@=0"Yi(6=0 _

Y (6=09) YL (6=0)

Considering the geometry of the burner, a direct mixing between air and stream
1-pilot never occurs. Then, the modeling strategy for the mixture fraction FDF
depends whether mixing occurs between stream 1-pilot and stream 2 or between
stream 2 and air. The air co-flow stream mainly dilutes the burnt gases with-
out impacting the reaction zone. Therefore the effects of sub-grid scale mixture
fraction heterogeneities on reaction zone are neglected between air co-flow and
stream 2 (when 0 < Z < z3). However, they are considered between stream
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1-pilot and stream 2 (when 2z < z < 1) using a [-function as mentioned in
Sections 1.5.2.4 and 2.3. The FDF of mixture fraction P(z’) is therefore esti-
mated as follows:

e when 0 < 2 < 29:

P() ~ 3(z - &) (32)
e when zo <z < 1:
P() 0 when 0 < 2/ < 2y 5.3
P(Z) ~ 1 (C)a_l(l—C)b_l , 3.3
1—2o fol(c*)a—l(l_c*)bfldc* when 2o < 2/ < 1
where )
Zz — Z9
- 3.4
C 1-— Z9 ( )

a = E(alja - 1) (3.5)
(//2
1
b = a (5 - 1) (3.6)

3.2.2.3 Velocity boundary conditions

The white area shown in Fig. 3.2 indicates the computational domain. Tur-
bulence generator, flame holder and premixed pilot flame are not simulated.
Reference position (Z = 0 mm) in the burner symmetry axis is set at the exit
plane of pilot tube. Flow field starts from Z = —120 mm for tubes 1 and 2
while pilot tube injection plane is located at Z = —20 mm. The flow is in-
jected through the burner into an unconfined domain modeled by a 1520 mm
long cylinder, starting at 7 = —20 mm and ending at Z = 1500 mm with a
diameter of 800 mm. The mean velocities prescribed as inlet conditions are
issued from the numerical simulation of the flow within the burner performed
by Kuenne et al. (2012). Homogeneous and isotropic turbulence (HIT), gen-
erated from a Passot and Pouquet (1987) spectrum, is injected in the three
tubes and adjusted to match fluctuating velocities profiles measured at Z =1
mm in the non-reacting case TSF-A-il. For both adiabatic and non-adiabatic
cases, injected velocity profiles are adjusted so that mean mass flow rates match
experimental data detailed in Tab. 3.2.

3.2.2.4 Thermal boundary conditions

The value of the pilot tube wall temperature has been estimated from balancing
heat exchange between the wall and the flow passing in both tube 1 and pilot.
For that purpose, a RANS 2D-axisymmetric computation of the fluid flow in-
side the burner coupled with conductive heat transfer within the burner wall
(between pilot and slot 1) has been conducted with Fluent software (ANSYS®)
Fluent, 2009). Computational domain has been defined from Z = —30 mm
(pilot flame location) to Z = 10 mm (downstream the pilot exit). It includes
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both pilot and tube 1 flows separated by the pilot tube wall. Both fluid and
solid domains are discretized with a 200 000 nodes mesh. Burnt gases are in-
jected at the inlet of pilot tube section at the adiabatic temperature of 2132 K
without turbulence. Fresh gases are injected at the inlet of tube 1 at a tem-
perature of 298 K with a turbulence intensity of 5% which is a typical value
for fully developed velocity profile. An isothermal condition of 298 K is set at
the bottom boundary of the pilot tube wall (Z = —30 mm) for which phys-
ical and thermal properties have been chosen from classical ceramic (porcelain).

Results obtained from this simulation predict heat exchange between stream 1
and pilot stream and also mean temperature distribution in both fluid and solid
parts. Figure 3.4 shows the temperature field obtained in the RANS computa-
tional domain. Due to the small thickness of the wall, its temperature is found
homogeneous and equal to 750 K. This value is found to be weakly dependent
on the prescribed temperature at the bottom boundary of the pilot tube wall.
Thermal boundary layer is thick within the pilot tube while it seems to be very
thin on fresh gas side. This is due to density and mass flow differences between
both streams and has been validated experimentally by near-wall thermocouple
temperature measurements in Seffrin et al. (2010). Therefore enthalpy rise in
the tube 1 is neglected and not considered here.

The temperature prediction obtained with the RANS computation is still above
experimental measurements. Figure 3.4 shows that temperature value at the
pilot tube exit remains mostly equal to the adiabatic temperature while mea-
surements show that axial temperature is between 1850K and 2000K. An ad-
ditional heat exchange, probably radiative heat losses, holds within the pilot
tube but is not captured by the present approach. In order to ensure relevant
comparisons with experiments, the measured temperature profile at Z = 15
mm is selected as a reference profile to be fitted by simulation. For that pur-
pose, temperature of burnt gas at the injection plate of the pilot tube is set
constant to Tzi,nlet = 2000 K and inner walls temperature is also set constant to
Tzfvau = 750 K to match the reference experimental profile.

3.2.3 Simulated cases

Two simulations are first conducted to study the results sensitivity to the nu-
merical parameters (turbulence model and mesh resolution). Five simulations
are then performed to discriminate the individual and combined effects of both
differential diffusion and heat losses modeling. All the results are compared to
the experimental data. Table 3.3 gives details about the different simulated
cases.

In the adiabatic simulations, both burner walls and pilot stream are assumed
adiabatic. Heat losses are not considered meaning that « correction factor is
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Simu. # | Characteristic | Turbulence | Pilot inner wall Pilot inlet Flamelet diffusion | 1 FTT cost
mesh size A, model temp. Ty temp. T, model [CPU hour]

1 1.1 mm WALE Adiabatic Adiabatic Hirschfelder et al. 17 800

1-m 0.6 mm WALE Adiabatic Adiabatic Hirschfelder et al. 205 000

1-t 1.1 mm Dyn. Sma. Adiabatic Adiabatic Hirschfelder et al. 16 100

2 1.1 mm WALE Adiabatic Adiabatic Le=1 19 500

3 1.1 mm WALE 750 K 2000 K Le=1 21 600

4 1.1 mm WALE 750 K 2000 K Hirschfelder et al. 19 500

5 1.1 mm WALE 550 K 2000 K Hirschfelder et al. 19 500

Table 3.3: Table of simulated cases. The flow-through-time (FTT) is estimated as
FTT = L/v = 20 ms with L = 0.2 m the height of the reaction zone and v = 10
m.s~ ! the bulk velocity of both tubes 1 and 2. All the listed simulations are performed
on the reacting case TSF-A-r with a constant flame filter size A = 5.8 mm. These
computations are conducted on an IBM Blue Gene/Q machine on 1024 cores.

set to v = 1 and that only adiabatic table is accessed during the simulation.
Simulations 1 and 2 aim to compare the influence of the diffusive transport
modeling assumption during the chemical database generation. Simulation 1
uses the Hirschfelder et al. (1969) model while simulation 2 assumes a unity
Lewis number for all the chemical species. Simulation 1-m allows a mesh sensi-
tivity analysis while the objective of the simulation 1-t is to evaluate the results
sensitivity to the SGS turbulence model.

Three non-adiabatic LES are performed. As mentioned in Sec. 3.2.2.4, a con-
stant temperature T;,nlet = 2000 K is imposed at the inlet of the pilot stream
and the inner wall of this tube is assumed to be isothermal with TI‘,’VaLll =750 K
while other walls are adiabatic. Simulations 3 and 4 are similar to simulations
1 and 2, respectively, except that heat losses are accounted for. Since no ex-
perimental measurements are available to validate the estimated temperature
Tgvall7 an extra simulation (Simu. 5) has been performed with Tgvau = 550K in
order to evaluate results sensitivity to this parameter.

Flow statistics are obtained by azimuthal and time averaging instantaneous
solutions following recommendations by Veynante and Knikker (2006) over a
physical time corresponding to 10 flow-through-times based on the pilot stream
velocity. This statistics accumulation is started after a 5 flow-through-times
period to ensure that the steady state is reached.

3.2.4 Results analysis
3.2.4.1 Sensitivity to numerical and flow modeling parameters

The objective of this section is first to identify the results sensitivity to the
mesh refinement level. For that purpose, the simulation of TSF-A-r config-
uration is performed under adiabatic assumption on two different grids. As
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detailed in Tab. 3.3, the grid spacing in the flame region are A, = 1.1 mm
for the simulation 1 and A, = 0.6 mm for the simulation 1-m. Mean velocity
field and temperature fields predicted by both simulations are compared with
experimental data in Fig. 3.5. As little differences are observed, the coarser
grid (A; = 1.1 mm) is well-suited to the present configuration and selected for
the simulation 2 to 5 listed in Tab. 3.3.

Secondly, the simulation 1-t is performed with the same parameters than simu-
lation 1 but using localized dynamic Smagorinsky’s model (Smagorinsky, 1963;
Germano et al., 1991; Lilly, 1992) instead of WALE model (Nicoud and Ducros,
1999) to close the unresolved Reynolds stresses. The results are also plotted
in Fig. 3.5 and show that the mean flow and temperature fields are weakly
dependent from the SGS turbulence modeling assumption.

To conclude, simulations results weakly depend on the mesh parameters and
SGS turbulence model. The following results analysis will then focus on the
impact of the LES turbulent combustion model.

3.2.4.2 Impact of heat losses on the burner flow field

All the large eddy simulations introduced in Sec. 3.2.3 have been performed
with identical inlet mass flow rates as detailed in 3.2.2.3. However density
fields within the pilot tube are significantly different whether heat losses are
considered or not. This is particularly visible on Fig. 3.6 where mean axial
velocity U, within the burner is plotted for both adiabatic and non-adiabatic
reacting cases (T'SF-A-r). These results are compared to experimental profiles
extracted from the non-reacting case TSF-A-il where only the pilot flame is
burning while pure air is injected into tubes 1 and 2. LES mean profiles slightly
differs at the injection plane (Z = —20 mm) because a lower inlet temperature
is prescribed in the non-adiabatic computation. This gap increases along the
burner axis because of the misprediction of thermal boundary layer in the adia-
batic case. Comparison with experiments at Z = 1 mm, for 0 mm < r < 8 mm,
clearly shows that axial velocity profiles are overestimated by around 2 m.s™*
when heat losses are neglected. This illustrates the impact of heat losses on
predicted flow field through the local modification of density within thermal
boundary layer. Figure 3.6 plots the RMS axial velocity within the burner and
shows that turbulence at the exit of tubes 1 and 2 is well developed and also
in agreement with experimental data from the case TSF-A-il.

Mean axial and radial components of the velocity field downstream the burner
for the fully reacting case TSF-A-r are shown in Figs. 3.7 and 3.8 as a function
of the radial distance at six axial positions (Z = 50, 75, 100, 125, 150 and
200 mm). Corresponding RMS of velocity are plotted in Figs. 3.9 and 3.10.
In adiabatic case, the flow field prediction fairly agrees with the experimen-
tal data except for the mean axial velocity (Fig. 3.7) at the center line of the
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Figure 3.5: Sensitivity to numerical and flow modeling parameters. Mean velocity
and temperature fields for two different mesh grids (A, = 1.1 / A, = 0.6) and two
different turbulence models (WALE / Dynamic Smagorinsky).

Legend: —A, = 1.1 mm, WALE. — — A, = 0.6 mm, WALE. - - - A, = 1.1 mm,

Dynamic Smagorinsky, e e TSF-A-r measurments.

burner. This result agrees with previous adiabatic computations conducted
by Kuenne et al. (2012); Marincola et al. (2013). This gap is around 4 m.s~*
and is attributed to both the convection downstream of the pilot tube velocity
overestimation and the misprediction of thermal expansion at the flame basis
discussed in Sec. 3.2.4.3. As expected, the non-adiabatic simulations recover
the right mean axial velocity while fluctuations profiles are not impacted by the
heat losses assumption. This is also the case of mean and RMS profiles of radial

100
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velocity where only a radial shift corresponding to a translation downstream of
the mean flame brush can be noted. This point is also discussed in Sec. 3.2.4.3.

The sensitivity to the prescribed pilot wall temperature TZ;”E"H is analyzed com-
paring simulations 4 (T3 = 750K) and 5 (7! = 550K) in Fig 3.11. Results
are found weakly sensitive to this imposed boundary condition. Only small
differences on mean temperature profiles nearby the burner exit can be noted
while mean flame brush position is not impacted.
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Figure 3.6: Mean and RMS axial velocity within the burner for both adiabatic and
non-adiabatic cases and both Le=1 and Hirschfelder et al. (1969) diffusion models.
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Figure 3.8: Mean radial velocity at six distances Z from the pilot tube exit.
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Figure 3.10: RMS of radial velocity at sixz distances Z from the pilot tube exit.
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- - Non-adiabatic, Le = 1. e o TSF-A-r measurments.
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Figure 3.12: Mean temperature at eight distances Z from the pilot tube ezit.
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3.2.4.3 Flame stabilization process

Mean and RMS of temperatures are now compared to experimental data in
Figs. 3.12 and 3.13 at eight axial distances from the pilot exit (Z = 5, 15,
25, 35, 50, 75, 100 and 200 mm). A shift of the flame front prediction com-
pared to the measurements is observed in the adiabatic simulations. This result
is consistent with adiabatic LES flame simulations previously published using
Flame Surface Density (Marincola et al., 2013) and Thickened Flame (Kuenne
et al., 2012) approaches, respectively. At the distances Z =5 mm and Z = 15
mm, the numerical simulation overestimates the measured temperature of the
jet by approximately 400 K to 600 K. This significant gap demonstrates that
the pilot stream is cooled by the burner walls and therefore injected below the
adiabatic conditions. It appears that this gap is closely linked to the effect of
heat exchange within the pilot tube presented in Sec. 3.2.4.2. Inner pilot tube
boundary layer is cooled by the wall resulting in a decrease of injected burnt
gas enthalpy. As a consequence, non-adiabatic conditions hold at the exit of
the pilot tube.

The heat loss correction factor v introduced in Eq. (2.33) illustrates the non-
adiabaticity of the flow in this area. Figure 3.14 plots a longitudinal cut of TSF
burner colored by mean value of enthalpy h®? (right side) and correction factor
v (left side). It shows that considering heat losses at the wall causes an impor-
tant decrease of the enthalpy in the near-burner region and leads to local flame
extinctions. Indeed, ¥ = 0 very near the burner walls and it increases con-
tinuously when going further downstream so that the flame propagation speed
tends continuously to the adiabatic flame speed. Figure 3.14 also shows that
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Figure 3.13: RMS of temperature at eight distances Z from the pilot tube exit.
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the flow is fully adiabatic far from the pilot stream. Neglecting the impact of
heat losses on the species mass fractions is then reasonable everywhere except
in the pilot flow near the centerline. Slight errors are therefore expected, for
instance on the chemical equilibrium state, but should be located close to the
pilot tube exit and vanish further downstream or far from the centerline.

Flame consumption speed at the pilot tube exit is then very low resulting in
a slight translation of the mean flame front position downstream as shown in
Fig. 3.15(a) where isolines of mean progress variable source term are plotted
in both adiabatic and non-adiabatic cases. This phenomenon has also been
observed in the experiment by direct visualization and its effect on instanta-
neous flame surface is shown in Fig. 3.15(b), displaying an isosurface of filtered
progress variable reaction rate colored by local mixture fraction. Three differ-

ent zones can be distinguished in this figure:

1. The near burner area is characterized by a very weak reaction (and then
thermal expansion) zone influenced by burnt gas cooled within the pilot
tube inner thermal boundary layer.

2. A turbulent premixed flame is then clearly identified between Z = 10 mm
and Z = 45 mm where fresh gases issue only from tube 1.

3. In the last zone a stratified flame front is observed where equivalence ratio
evolves essentially between ¢ = 0.9 and ¢ = 0.6, corresponding respec-
tively to z =1 and z =0.6780 filtered mixture fractions.

Figure 3.12 shows that heat losses modeling strategy significantly improves the
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Figure 3.14: 2D longitudinal cut of the TSF burner colored by mean correcting factor
v (left side) and mean filtered enthalpy h°? (right side).

prediction of mean temperature field. This result is in agreement with the con-
clusions of previous studies by Ketelheun et al. (2013); Trisjono et al. (2014).
Heat losses induce a shift towards the burner axis of the RMS profiles of tem-
perature, as shown in Fig. 3.13.

The F-TACLES model also gives an access to chemical flame structure. In this
section, the chemical species are extracted from the adiabatic filtered chemtable

as }A’;ad. Mean and RMS species mass fractions and mixture fraction are then
compared with experimental measurements. Figures 3.16 to 3.23 show mean
and RMS mass fraction of CHy, Og, HoO and CO, while the statistics of nor-
malized mixture fraction are compared to experimental values in Figs. 3.24 and
3.25. The shift noted for mean temperature profiles is confirmed by the results
obtained for chemical species. Both temperature and species mass fractions am-
plitudes of resolved RMS remain lower than measured RMS. These differences
are expected as LES RMS does not include the SGS contribution. Therefore, a
conclusion regarding the model ability to capture scalar fluctuations is difficult.
The estimation of unresolved scalar RMS remains an issue and would require
a model, for example for the SGS Filtered Density Function P(Y}) (Veynante
and Knikker, 2006), which is out of the scope of the present study.

Another physical phenomenon, neglected here, may be associated to heat losses
to control flame lift-off process. Heat diffusion from burnt gases to fresh gases
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batic and non-adiabatic simulations.

and ignition time scales at the exit of the pilot tube might not be negligible
compare to convective time scales. Therefore, transient ignition of the fresh
gases may also play a role on the weak reaction zone identified at the vicin-
ity of the pilot tube lip. Simple one-dimensional direct numerical simulations
have shown that characteristic time of ignition at fresh /burnt gas interface (i.e.
at the interface located over pilot tube lips) was associated to a lift-off height
smaller than the measurements by one order of magnitude. This analysis seems
to indicate that transient ignition phenomena are not governing the flame sta-
bilization process which is more influenced by the local enthalpy defect.

3.2.4.4 Effect of differential diffusion

Differential diffusion is accounted through the filtering and the tabulation of
flamelets computed with complex transport models. This formalism has been
derived assuming that the internal structure of the flame in the turbulent flow
is similar to the structure of a monodimensional unstretched laminar flame.
Therefore, this formalism reproduces the effect of differential diffusion of the
chemical species in the direction normal to the flame front. As stated in
Sec. 2.2.1, differential diffusion effects in other directions or in interaction with
the turbulence is not considered here.



PART II - HEAT LOSSES AND DIFFERENTIAL DIFFUSION EFFECTS ON THE ]9
TURBULENT FLAME PROPAGATION

Because of low axial velocities encountered in the TSF-A configuration, the
flame position is found to be very sensitive to the prediction of laminar flame
speed by the combustion model. As shown in Fig. 2.2, accounting for differen-
tial diffusion can significantly modify the predicted laminar flame speed. Mean
and RMS temperature profiles plotted in Fig. 3.12 and 3.13 and mean and
RMS species mass fractions plotted in Fig. 3.16 to 3.23 show that account-
ing for complex transport normal to the flame front significantly modifies the
mean flame brush angle. Radial profiles located near the burner exit (Z = 5
mm and Z = 15 mm) do not show differences because flame basis location is
not modified by the differential diffusion assumption but is more governed by
aerodynamics behind the pilot tube lip. However, further downstream profiles
show increasing gaps when distance to the burner exit increases. It can be
noted that temperature and species profiles predicted by simulations 1 and 4
between Z = 25 mm and Z = 50 mm are very close because of the counter-
action of heat losses on mean flame position and differential diffusion on mean
flame angle. This is not the case from Z = 75 mm to Z = 200 mm where sim-
ulation 1 (unity Lewis number assumption) shows an important misprediction
of mean flame brush by underestimating laminar consumption speed and then
mean flame angle.
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3.3 LES of the Cambridge SwB non-swirling flames

This section presents the LES of two different non-swirling flames experimented
at Cambridge. The first one is premixed (SwB1) while the second one is strati-
fied (SwB5). These flames differ from the TSF-A case since they are stabilized
using a central bluff-body. Moreover, a shear layer is created between both
injections tubes promoting the turbulent mixing in the stratified case. Wall
surface temperatures have been measured on the SwB burner for the different
flame configurations. This allows to perform non-adiabatic computations with
well-defined thermal boundary conditions. The experimental and numerical set-
ups are first introduced. Then, the impact of heat losses on flame stabilization
and temperature field is discussed.

3.3.1 Experimental configuration

The Cambridge stratified swirl burner (SwB), studied by Sweeney et al. (2011b),
is composed of two concentric tubes surrounding a central bluff-body. The
burner dimensions and the different injected streams are illustrated in Fig. 3.26.
The inner (i) and outer (o) methane-air streams inlets are controlled indepen-
dently in terms of bulk velocity U and equivalence ratio ¢. A surrounding air
co-flow of velocity U.; = 0.4 m.s™! isolates the flame from ambient pertur-
bations. The injected streams temperature is Tp = 298.0 K. A wide range of
operating conditions have been experimentally investigated by varying the level
of fuel/air stratification and swirl. The numerical work focuses here on three
non-swirling cases for which operating conditions are indicated in Tab. 3.4: the
non-reacting configuration SwBc, the premixed reactive configuration SwB1
and the stratified reactive configuration SwB5. Available experimental data
include velocity (Zhou et al.; 2013) and thermochemical quantities (Sweeney
et al., 2011b, 2013, 2012a,b) such as temperature, species and local equivalence
ratio profiles.

Table 3.4: Operating conditions

[ Case | ¢il[—] | do[] | ber[=] | Uil=] | U] | T[] |

SwBc 0 0 0 8.31 18.7 0.4
SwB1 | 0.75 | 0.75 0 8.31 18.7 0.4
SwB5 | 1.0 0.5 0 8.31 18.7 0.4

Recent measurements of the bluff-body wall temperature using phosphor ther-
mometry have been performed by FEuler et al. (2013, 2014). The comparison
of these measurements for each SwB flames shows that the bluff-body wall
surface cannot be assumed adiabatic. For both SwB1 and SwB5 cases, Fig-
ure 3.27 shows that the temperature varies approximatively between 650 K
and 900 K which is very far from the adiabatic temperature approximately
equal to 2000 K. The second important point is that the surface temperature
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Figure 3.26: Longitudinal cut of the SWB burner. The indicated inlet conditions
correspond to the case TSF-A. The white area indicates the computational domain.

level significantly depends on both the equivalence ratio and the swirl intensity.
Therefore, an objective of this study is to analyze the impact of heat losses on
the inner recirculation zone (IRZ) and on the flame stabilization process.

3.3.2 Numerical set-up

LES are performed using the YALES2 low-Mach number, unstructured finite
volume flow solver (Moureau et al., 2011a). Fourth-order schemes are used
for both spatial discretization and time integration. The SGS turbulence is
described by the o-model (Nicoud et al., 2011) as suggested by Proch et al.
(2013). The tabulated chemistry is coupled to the LES balance equations with
the non-adiabatic stratified F-TACLES model. As for the TSF-A flame, the
sub-filter scale winkling Za is modeled as in Wang et al. (2011) with a con-
stant 8 parameter (8 = 0.5). Chemistry is tabulated from a collection of 1-D
laminar premixed flames computed with the Lindstedt (1997) mechanism and
with the Hirschfelder et al. (1969) model for species diffusive transport terms.
In the non-adiabatic LES, the species mass fractions are estimated using the
same approach as for the TSF-A burner.

The SwB burner exhibits three injected streams with three different equivalence
ratios: tube i, tube o and the air co-flow. The sub-grid scale mixture fraction
PDF is modeled as proposed in Sec. 3.2.2.2. Mean velocity profiles are imposed
at Z = -120 mm assuming an analytical power-law profile:
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Figure 3.27: Measured bluff-body surface temperatures for SwB1 and SwB5 cases.
Ezxtracted from Euler et al. (2013).

wo o= ro—ry (3.7)
14T

dir) = r— 5 (3.8)

Ur) = Umax (1-(%”)3 (3.9)

where r1 and 79 denote respectively the radius of the inner and outer walls
of the considered injection stream. Upay is set to 10.5 m.s~! and 22.4 m.s~!
for the inner and outer tubes, respectively. These values have been chosen to
conserve the mass flow rate in both tubes ¢ and 0. Homogeneous and isotropic
turbulence (Passot and Pouquet, 1987) is superimposed to the mean velocity
profiles at Z = -120 mm and is adjusted to match velocity fluctuations profiles
measured at Z = 2 mm (Z = 0 mm being the plane located at the burner
exit). The turbulent intensity is set to 10% while the integral length scale is
L. = Dy /4 ~ 3.0 mm where D}, denotes the hydraulic diameter.

3.3.3 Simulated cases

To validate the correct resolution of the flow, LES of the non-reacting case is
performed on two tetrahedral meshes featuring 6.2 and 17.6 million nodes. The
reference mesh has a mesh size in the flame region of A, = 0.5 mm while the
refined mesh exhibits smaller cells in this region since A, = 0.25 mm. A com-
parison between both computations shows that the coarser grid is sufficient to
capture SwB flow dynamics. This reference grid, shown in Fig. 3.28, features a
characteristic mesh size in the flame region A, = (5l0 leading to a major contri-
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bution of the combustion model in the LES.

Both premixed (SwB1) and stratified (SwB5) non-swirling cases are simulated.
For each operating conditions, two LES have been conducted: a first one as-
sumes an adiabatic burner while a second one imposes the measured surface
temperatures at the burner walls to account for non-adiabaticity. The charac-
teristics of the different simulations are summarized in Tab. 3.5 and are analyzed
below.

Table 3.5: Simulated cases. The flow-through-time (FTT) is estimated as FTT =
L/U; = 10 ms with L = 0.1 m the height of the reaction zone and U; = 10 m.s~! the
bulk velocity of inner tube. The F-TACLES filtered look-up tables are generated with
a flame filter size A = 2.5 mm. These computations are conducted on an IBM Blue
Gene/Q machine on 1024 cores.

Simu. # Exp. Config  Nyodes  Thlufi-body 1 FTT cost [CPU hour|

SWB-C-FI SwBc 17.6-10° Adiabatic 72500
SWB-C-CO SwBc 6.2-10%  Adiabatic 9200
SWB-1-AD SwBl1 6.2-105 Adiabatic 16800
SWB-1-NAD SwB1 6.2-106 Expe. 16900
SWB-5-AD SwB5 6.2-105 Adiabatic 18500
SWB-5-NAD SwB5 6.2-106 Expe. 18800

As for the TSF-A simulations, flow statistics are obtained by azimuthal and
time averaging instantaneous solutions over a physical time corresponding to
10 flow-through-times based on the pilot stream velocity.

3.3.4 Results analysis
3.3.4.1 Mesh resolution analysis on the non-reacting case SwBc

The LES of the non-reacting case (SwBc) is performed on the two meshes
described in Sec. 3.3.3. Mean and RMS of the velocity field are compared
in Fig. 3.29 to Laser Doppler Anemometry (LDA) experimental data, provided
by Zhou et al. (2013), at four different distances from the burner exit (Z = 2, 10,
30 and 50 mm). This figure shows a good agreement of both mean and RMS of
axial velocity profiles between the LES and the measurements. This conclusion
also holds for the mean radial velocity which has relatively low amplitudes (of
the order of 1 m.s!). Note that the RMS of radial velocity are overestimated
by both LES. This misprediction of around 1.5 m.s~!, independent of mesh
resolution, has also been noticed in other simulations which uses the same
boundary conditions (Mercier et al., 2013b). Figure 3.29 also shows that the
reference mesh is sufficient to capture mean velocity fields.
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Figure 3.28: Half portion of the SwB computational domain. A longitudinal cut of
the coarse mesh is shown and colored by the filtered progress variable reaction rate wy,.
The mesh is refined within the injection tubes and the flame region. In those regions,

the characteristic mesh size is A, =~ 0.5 mm for the coarse grid.
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Figure 3.29: Radial profiles of the velocity for the non-reacting case SwBc at several
distances from the burner exit. — Reference mesh (SWB-C-CO). - - - Refined mesh
(SWB-C-FI). e e Ezxperiments.
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3.3.4.2 Impact of heat losses on the flame stabilization process

For both SwB1 and SwB5 cases, measured bluff-body temperature shown in
Fig. 3.27 is imposed in the non-adiabatic LES as thermal boundary conditions.
In this paragraph, all the results will be shown only for the stratified SwB5
case but also hold for the fully-premixed case. Indeed, the flame stabilization
process and its sensitivity to heat losses is found to be very similar for both
cases. Figure 3.30 compares two instantaneous views of the filtered progress
variable reaction rate iso-surface extracted from adiabatic (SWB-5-AD) and
non-adiabatic (SWB-5-NAD) simulations of the SwB5 case. The flame is an-
chored at 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 turbulent filtered flame propagation speed through the factor

v (Eq. (2.35)).

Equivalence ratio ¢
0.5 0.6 0.

I \'\7\\”\(\)\'8 0.9
[ SR
0.4 1

~mazx

Figure 3.30: Isosurface of filtered progress variable reaction rate ﬁfuyc = 0.5pwy,
colored by fresh gas equivalence ratio ¢ for the stratified (SwB5) case. Left: Adiabatic
computation (SWB5-AD). Right: Non-adiabatic computation (SWB5-NAD).

Figure 3.31 shows mean and RMS of axial and radial velocity profiles for the
stratified (SwB5) case. Adiabatic and non-adiabatic simulations differ in the
inner recirculation zone (IRZ) located at 7 < 6 mm near the burner exit. The
non-adiabatic simulation predicts a faster rotation of the recirculation zone
evidenced by a larger absolute value of the negative axial velocity as well as an
increase of the radial velocity for Z < 10 mm. The RMS of axial and radial
velocity are not significantly impacted by heat exchanges near the burner walls.

Figure 3.31 show a modification of the flow dynamics due to heat losses. This
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Figure 3.31: Radial profiles of the velocity for the stratified case (SwB5) at different
distances from the burner exit. Legend : - - - Adiabatic computation (SWB5-AD). —
Non-adiabatic computation (SWB5-NAD). e e Experiments.

trend is more visible in Fig. 3.32 which compares medium cross section of mean
axial velocity iso-surfaces in the IRZ for the SwBb5 case. Both the position and
the dynamics of the IRZ differ between SWB5-AD and SWB5-NAD as thermal
expansion is reduced near the burner wall when heat losses are considered. The
non-adiabatic iso-lines better predict the shape and height of the IRZ. The same
conclusions are drawn for the fully-premixed case SwB1.
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3.3.4.3 Cross effect of heat losses and differential diffusion on the
temperature field

Figure 3.33(a) compares mean radial profiles of temperature against experi-
mental data for both SwB1 and SwB5 cases. As expected, the adiabatic sim-
ulation of SwB5 flame overestimates the burnt gases temperature for r < 6
mm by about 150 K while the non-adiabatic simulation, accounting for the
IRZ cooling at the bluff-body wall surface, correctly captures it. However,
this tendency is not verified in the SwB1 case, where the adiabatic LES pre-
dicts surprisingly well the IRZ temperature which is now underestimated by
the non-adiabatic LES. This phenomenon is explained by comparing computed
and measured equivalence ratio in Fig. 3.33(b). As discussed in Barlow et al.
(2012); Katta and Roquemore (2013); Dunn and Barlow (2013), experiments
revealed that atom balances (atomic mass fractions) were not conserved across
the flame brush going from reactants to products. This phenomenon seems
to result from preferential diffusion of Hs and HoO toward the reactants fol-
lowed by convective transport of these species away from the local flame brush.
Equilibrium temperature is consequently affected by this elemental composition
variation. This complex phenomenon is not captured by the F-TACLES model
as detailed in Sec. 2.2.1. An approach to capture the impact of preferential
transport on the transported mixture fraction has been proposed by Nambully
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et al. (2014a) and was successfully applied in Nambully et al. (2014b). How-
ever, once the shift in mixture fraction is correctly captured, accounting for its
effects on the inner thermochemical flame structure remains a very challenging
issue not addressed in this thesis. An a priori estimation of the error induced
by such assumption in both SwB1 and SwBb5 is nevertheless proposed. Fig-
ure 3.34, plots the equilibrium temperature as a function of the equivalence
ratio, for two different enthalpy defects Ah. Ah = 0 corresponds to the adia-
batic equilibrium temperature while Ah = 1.5-10° J/kg is the mean enthalpy
defect extracted from the centerline of the IRZ in non-adiabatic computations.
The variation of equivalence ratio A¢ due to differential diffusion is estimated
from experimental data. A¢ is shown in Fig. 3.33(b) for both cases SwB1
and SwB5. The temperature variations 67a, and 0Tz due to heat losses and
differential diffusion, respectively, are identified for both SwB1 and SwB5. As
the IRZ mixture of SwB5 is almost stoichiometric, it is observed in Fig. 3.34
that 0Tap > 0Ta4, explaining why neglecting differential diffusion across iso-
equivalence ratio will not lead to significant departure between measured and
predicted temperature (Fig. 3.33(a) right). At the opposite, 6Tap = —6T a4 for
the lean fully-premixed SwB1 case. Then, the non-adiabatic simulation with-
out accounting for complex transport effect cannot capture accurately the IRZ
temperature. The SwB1 adiabatic simulation actually predicts fairly well the
burnt gases temperature (Fig. 3.33(a) left) because of two compensating errors.
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3.4 Conclusion

The objective of the present chapter was to apply the non-adiabatic F-TACLES
model derived in Chapter 2 to complex turbulent flames. For that purpose, we
have retained two target flames of the TNF workshop, experimentally charac-
terized using advanced diagnostics. The numerical study of the TSF-A flame
has shown the influences of non-adiabaticity and differential diffusion modeling
strategy on the turbulent flame structure and stabilization process. Two main
effects have been exhibited:

e Heat losses greatly decrease the turbulent flame consumption speed near
the burner lips and cause a lift-off of the flame front. The flame is then
translated downstream compared to adiabatic simulations causing a shift
of all the 1-D radial profiles.

e The modeling of differential diffusion in the 1-D flames used to generate
the F-TACLES database mainly impacts the flame consumption speed.
Therefore, the mean turbulent flame brush is mainly impacted through
the flame angle which opens wider when complex transport models are
used.

These investigations on non-adiabatic turbulent flames allowed to gain further
insight in the capabilities and limits of the non-adiabatic F-TACLES model.
The impact of heat losses and differential-diffusion on the flame propagation and
flow field seems to be well captured in practical LES computations. However,
as stated in Sec. 2.1, 3-D complex transport phenomena, such as preferential
diffusion of Hy and H50O out of the flame front are not captured by the present
approach.

The last element of the flame propagation modeling is the capture of the impact
of the flame turbulence interactions in the LES computation. This challenging
issue is investigated in the next part of this thesis manuscript.
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This part of the thesis focuses on the modeling of flame-turbulence in-
teractions. In a LES context, these interactions can be either resolved
(when wrinkling scales are larger than the LES filter size) or unre-
solved (when wrinkling scales are smaller than the LES filter size).
The present chapter presents a comparison of different approaches to
model the impact of unresolved flame wrinkling on the turbulent flame
consumption speed. In particular, a semsitivity analysis on the flame
wrinkling model parameters and their sub-models is conducted and the
different approaches are applied to the SwBS5 non-adiabatic turbulent
stratified flame. As this flame shows quasi-laminar and highly turbu-
lent reaction zones, the ability of the models to capture both regimes is
analyzed.

4.1 Motivations

The non-adiabatic F-TACLES model for stratified combustion, described in
Sec. 1.5.2.4 and 2.3.2, closes the filtered progress variable equation as:

api 9 (% — 9 =Y. 1% 71 adiv ~ ai;c
5 + B, (PquC> = o (_A’y[z,Sz,Ah]ayc[Yc,z,SZ,A]pODO D
+ EXq[3, 8., AR, 2, S, Al
+ EXC’Y[E? SZ? A%]ﬁ&ayccl[i;m gv Sza A] (41)

In this formulation, three different sub-models are present. First, the contri-
bution of each RHS term ®%[Y,,Z,S,, A] is obtained by filtering 1-D lami-
nar premixed flames (for instance, the filtered progress variable reaction rate

(:)(;/il) This term also includes the impact of unresolved mixture fraction het-
erogeneities through the convolution with a S-function proposed by Auzillon
et al. (2012). Second, the tabulated term 7 accounts for the impact of heat
losses on the turbulent flame propagation. This term has been introduced in
the Chapter 2 of this thesis. Both v and ®%¢ are built from 1-D laminar flames.
The impact of the unresolved interactions between the flame front and tur-
bulent scales on the LES filtered unclosed terms is captured by the sub-filter
scale wrinkling EXC The filtered flame front (i.e. the filtered progress variable
front) propagates at the sub-filter scale turbulent flame speed Sa obtained by

integrating Eq. 2.44 in the direction normal to the propagation direction:
— 1 —_
pfSa = EX“W/O o’ (") S04 (2') P () d?' (4.2)

where Sl“d(z) is the consumption speed of a freely-propagating adiabatic lam-
inar premixed flame within fresh gases of mixture fraction z and density pf.
From a modeling point of view, the separation of both laminar and turbulent
contribution is actually used in all the turbulent combustion models based on
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geometrical description of the flame front (see Sec. 1.5.2). A general formula-
tion of the filtered reaction rate has been recently proposed by Veynante et al.
(2013) for the level-set, the thickened flame, the flame surface density and the
F-TACLES models. In those models, a the flamelet regime is assumed and the
sub-grid scale turbulent flame speed Sa is often deposed as:

SA = Z2AS5; (4.3)

where 5 is the consumption speed of a planar flame which can be a function
of the local equivalence ratio ¢, enthalpy defect Ah, strain rate k, etc. In
the flamelet regime, assuming that the flame thickness is negligible compared
with the LES filter size 6 < A, the ratio between resolved and planar flame
consumption speed can also be recast in terms of flame surface as:

=, =9 _Aa

A= = = 4.4
AT T A, (4.4)

where A is the total flame surface in the filtering volume of size A while A,
is the projection of the total flame surface in a plane normal to the direction
of the filtered flame front propagation.

Different approaches have been proposed to estimate Za using resolved quanti-
ties. A possibility is to assume that the flame wrinkling geometrical structures
are similar over a wide range of scales. In this context, early studies by Gouldin
(1987); Gouldin et al. (1989) proposed to use the fractal mathematical frame-
work to describe the flame surface area in a given volume. If A, denotes the
flame surface area contained in a cubic volume ¢3 of side ¢, defining the min-
imum scale of wrinkling as d., it is possible to estimate A, as (Gouldin et al.,
1989):

A

g—j = 52 DyP-3 (4.5)
where D is the fractal dimension. 2 < D < 3 for a fractal surface. D = 2 cor-
responds to a planar surface without fractal structures while D = 3 correspond
to a flame surface occupying all the cube. In the context of the modeling of
LES sub-filter scale wrinkling, the size of the cubic volume may be associated
to the LES filter size £ = A. This filtering volume contains the flame surface
Ay = Aa and Eq. 4.5 may be recast as:

i@::(i)Dz (4.6)

where the area of a cubic volume face A? is an estimation of the projection
of the total flame surface A in a plane normal to the direction of the filtered
flame front propagation leading to A% ~ A,,. Therefore, an estimation of the
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sub-filter scale wrinkling = is given by the following expression:

Sa Ax [A\P7?
=== o

[1]

This expression is based on a simplified geometrical description of the flame
front which does not capture the physical phenomena occurring during flame-
turbulence interactions. Moreover, submodes are still needed for D and &,
which likely depend on the local flow and flame features. In practice, this power-
law expression has been enhanced to provide a finer representation of flame-
turbulence interaction phenomena. For instance, Charlette et al. (2002a,b)
proposed an unresolved wrinkling modeling strategy based on the power-law
formalism of Eq 4.7. The authors proposed to first quantify the impact of the
different turbulent scales individually using DNS of flame-vortex interactions.
Then, the impact of each individual turbulent scale has been integrated along a
turbulence spectrum assumed homogeneous and isotropic at the sub-filter scale.
The final formulation (Wang et al., 2011), derived to fit the results given by the
integration procedure but also capture different asymptotic behavior, reads:

_ o TA ANTIN (N A
A = <1 + max [O,mm [50 —1,TA (50, SlO,ReA> SZOH) (4.8)

where Rean = (u,A) /v and v/, are the subgrid scale Reynolds number and
turbulence intensity, respectively, while d. is the inner wrinkling cut-off scale
estimated as §. = &Y by Charlette et al. (2002a,b); Wang et al. (2011) and as
e = 260 in Schmitt et al. (2013a). B is a model parameter which can be seen
as a fractal-like dimension =~ D — 2. The efficiency function I'a estimates the
net straining effect of all turbulent scales smaller than A.

This formulation has been assessed in a priori DNS analysis by Chakraborty
and Klein (2008); Chakraborty and Cant (2009) and widely used in LES of
complex turbulent flames during the last decade (Ketelheun et al., 2013; Auzil-
lon et al., 2012; Kuenne et al., 2012; Garby et al., 2013; Auzillon et al., 2013;
Kuenne et al., 2011; Schmitt et al., 2013b,a; Wang et al., 2011, 2012; Hernandez-
Pérez et al., 2011; Di Sarli et al., 2009; Mercier et al., 2015b,a, 2014).

It is worth noting that this formulation has been derived to correctly capture
the limits:

e When the LES filter size becomes thinner than the wrinkling cut-off scale
A < 0., the model correctly degenerates towards DNS since Za =1 (i.e.
Sa = 9)).

e For large sub-filter scale turbulence intensities (uy > S?), the sub-grid
scale wrinkling factor Za reduces to the fractal-like power-law given by
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Eq. (4.7):

()

e Without SGS turbulence (u/y — 0), the flame wrinkling is fully re-

solved (see Sec. 1.3) and the model correctly degenerates as Ea — 1
(i.e. SA = 9)).

(1]

Model given by Eq. (4.8) has been designed under the assumption that turbu-
lence and flame front are in equilibrium and that the turbulence spectrum is
homogeneous and isotropic at the sub-filter scale. The parameter S and the
subgrid scale velocity fluctuations u/y are not known a priori since they depend
of the local flame and flow features. Additional submodels are then required for
these quantities. The objective of this chapter is to study the model sensitivity
to both sub-models on a complex turbulent flame which exhibits various levels
of turbulence intensity as it is often the case in practical combustion chambers.

4.2 Sub-models for the sub-filter scale turbulent in-
tensity u',

4.2.1 Prandtl-Kolmogorov approach

The Prandtl-Kolmogorov approach (Prandtl, 1946; Kolmogorov, 1942) assumes
that the turbulent eddy viscosity vy expressed linearly as a function of the length
scale A, and the square root of the sub-grid scale kinetic energy ka as:

v = CpA, kY (4.10)

where C}, is a constant. The sub-grid scale turbulent intensity “/AI is linked to
the sub-grid scale kinetic energy ka if the turbulence is assumed homogeneous
and isotropic at the sub-grid scale:

ka = % (3u,) (4.11)

Combining Eqgs. 4.10 and 4.11 gives an expression for u’Ax in terms of the
turbulent eddy viscosity v;:

1o 2 1/2 Vi
Up = (3) CrA. (4.12)

As discussed in Wang et al. (2011), the turbulent intensity should be expressed
at the flame filter scale A which differs from the cell size A,. For that purpose
it is assumed that both A and A, lie in the inertial range of the turbulence
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spectrum supposed homogeneous and isotropic. In this range, the kinetic energy
follows the scaling law ka o A2%/? which may also be recast as Uy A3,
Therefore, the sub-filter scale turbulent intensity v/, finally reads:

AN\ /3 N2y, AN\ L3
I = N _
won(2)"-(0)" 55 (3)

The value of the model constant CY, is actually the parameter of the model which
will be studied in this thesis. Two different values will be selected to conduct
a sensitivity analysis. In order to choose these values in a relevant range,
the estimation of the order of magnitude is first conducted. A methodology
to estimate Cj has been proposed by Moureau (2004). Cy is expressed as a
function of the Smagorinsky constant C assuming a local equilibrium between
production and dissipation of the sub-grid scale kinetic energy ka:

_ . 1/3 2 4/3
Cp=m 30 C; (4.14)
K

where Ck is the Kolmogorov constant Cx ~ 1.4. The Smagorinsky constant C
depends on the flow configuration. For instance, Cs = 0.18 for homogeneous
and isotropic turbulence while Cy = 0.10 is an optimal value for turbulent
channel flows exhibiting shear layers (Deardorff, 1970). For those cases, the
corresponding values of C} are Cp = 0.10 and Cy = 0.05, respectively. How-
ever, neither HI'T nor channel flows correspond exactly to practical combustions
chambers. For this reason, we will conduct a sensitivity study on this model
parameter.

Unfortunately, the Prandtl-Kolmogorov model does not guaranty v/, = 0 in
laminar flows. Indeed, the thermal expansion across the flame front accelerates
the flow. Most of the turbulence models will then predict 14 # 0 leading to
u/y # 0. As a consequence, the wrinkling factor modeled by Eq. 4.8 will not
degenerate to laminar flame regimes as required in Sec. 1.3.

4.2.2 Colin et al. (2000) approach

In order to suppress the contribution of the thermal expansion across the flame
front, Colin et al. (2000) proposed to define an operator which subtracts the
dilatational part of the resolved velocity field. The model, initially derived to
predict the turbulence intensity at the scale n, A, has been adapted by Wang
et al. (2011) to focus on the sub-filter scale turbulence intensity:

A \1/3
Up = A3 |V (V x 1) <n X > (4.15)
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where n, = 10 and ¢y = 2 are model constants. This model will also be
considered in the further parametric study.

4.3 Estimation of the fractal-like model parameter 3

4.3.1 Static formulation

Various values of 5 have been reported in the literature depending on the flame
and flow topology as well as the turbulence intensity. Charlette et al. (2002a)
reported that 8 = 0.5 produces reasonable behavior of SFS wrinkling model
over a significant range of flame and turbulence parameters. More recently,
the DNS of a lean premixed turbulent flame (Moureau et al., 2011b) has been
post-processed by Veynante et al. (2013) to compute the value of 8 for various
flame filter scales A. The value of 8 = 0.337 is found to fit correctly the DNS
data. Veynante et al. (2013) also note that this value is in good agreement with
early studies on fractal models (Gouldin, 1987; Kerstein, 1988a). In a LES con-
text, the value 8 & 0.3 is also often used in the literature (Wang et al., 2011;
Schmitt et al.; 2013b,a). Consequently, there is no unique and universal value
of 8 which vary in complex turbulent situations and certainly depends on the
local flow and flame features.

4.3.2 Dynamic formulation

An alternative is to automatically adjust S from the resolved wrinkling scales
which are accessible in LES (Wang et al., 2011, 2012; Veynante et al., 2013;
Schmitt et al., 2013a; Charlette et al., 2002b). Following the original idea of
the Germano et al. (1991) dynamic model for unresolved momentum transport,
the 8 parameter is ex/Pressed by making equal the flame surface density 3 at an

effective filter scale A estimated from two different filter sizes of the resolved
scales range. For that purpose, a test-filter operator =~ of size A is introduced
such as A > A where A is the flame filter size. An effective filter operator - is
also defined as equivalent to the successive convolution of any variable ® with
the flame filter = of size A and test filter = of size A as:

—

3= (o) (4.16)

In practice, Gaussian filters are often used as they are easy to implement! for
unstructured meshes and on massively parallel architectures. In this context,

the effective filter size A reads:

A =/A2 1 A2 (4.17)

!Gaussian filters are easily implemented by using successively the numerical diffusion
operator available in the CFD code (Moureau et al., 2011b).
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The generalized flame surface density (Boger et al., 1998) at the scale A reads:

zgzw/\d:(\v/c\y):ﬁ (4.18)

Using the FSD formalism presented in Sec. 1.5.2.2, it is possible to express
these different terms using the sub-filter scale wrinkling function = leading to:

— =~ ‘v%‘ N (4.19)

Charlette et al. (2002b) pointed out that even if the relation 4.19 is theoretically
valid at each node of the LES mesh, the very local application of the dynamic
procedure may lead to unphysical results. This issue may also be viewed from
the statistical point of view. As the dynamic procedure uses resolved scales to
estimate the model parameters for unresolved processes, this estimation should
be made using a sufficient number of "samples" (i.e. average the known quan-
tities over a volume larger than a single mesh cell). For that purpose, a "locally
averaged" formulation of Eq. 4.19 as been proposed:

(22 )VED = (2aIvel) (4.20)

where () averages over a given volume that may be chosen in a different man-
ners as discussed in Schmitt et al. (2013a,b).

At this point, it is worth noting that the original Charlette et al. (2002a) model
(Eq. 4.8) was first used by Wang et al. (2011); Schmitt et al. (2013b) to model
=Za and Eﬁ in this expression. The recent DNS analysis conducted by Veynante
et al. (2013) however showed that the model is saturated (Eq. 4.9) in practical
configurations. This results was also noticed in LES computations such as the
one performed by Schmitt et al. (2013b). Therefore, it is reasonable and more
convenient to use the saturated form of the Charlette et al. (2002a) model,
which actually corresponds to a fractal-like power law. Equation 4.20 then
reads:

~

(- (@r)-{ee) e

Assuming that ( is uniform over the averaging volume defined by (-) and

remains constant for the model at both A and A scales, the model parameter
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can be computed using the following expression:

() (5H) .

In (i/A)

Based on an infinitely thin flame front assumption, Veynante et al. (2013)
proposed to replace the unknown Reynolds-filtered progress variables ¢ by the
Favre-filtered quantities ¢ as:

i ((IV4) /(]vel))
B =~ — (4.23)
In (A /A)
The validity of this approximation was also confirmed from DNS analysis. The
normalized progress variable ¢ is estimated from the resolved progress variable

Y, as ¢ = Y, /Y where Y39 = p%q fol pYe (2 ) Ps(#, 2, S,)d.

4.4 Impact of u/y, and § sub-models on the SwB5 non-
adiabatic turbulent stratified flame

The influence of the sub-models for § and «/y on the simulation of the non-
adiabatic turbulent stratified flame SwB5 is studied in this section. The SWB5
flame is chosen because the thermochemical equilibrium in the IRZ is not im-
pacted by the preferential diffusion phenomena (See Sec. 3.3.4.3) and can be
correctly captured by the non-adiabatic F-TACLES model. The experimental
and numerical set-up have been described in the chapter 3 (See Sec. 3.3). The
non-adiabatic F-TACLES model, presented in Sec. 2.3.4, is selected for the sim-
ulation. Several LES are performed only modifying the modeling strategy for
the unresolved flame wrinkling EXC leading to a set of 7 different computations
detailed in the following section.

4.4.1 Simulated cases

A parametric study is performed through 7 numerical simulations whose char-
acteristics are summarized in Tab. 4.1. The first simulations uses the orig-
inal Charlette et al. (2002a) model with a constant value of the parameter
B = 0.5 as originally proposed by the authors. These LES only differ by the
sub-filter scale (SFS) velocity fluctuation model. The SWB5-NAD-CH1 case
uses the Prandtl-Kolmogorov approach and Eq. (4.13) to model the sub-filter
scale turbulence intensity v/, with a model constant Cj = 0.1 while the simu-
lation SWB5-NAD-CH2 uses Cy = 0.05. The Colin et al. (2000) approach (See
Sec. 4.2.2) is used in SWB5-NAD-CO to model /.
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The second part of the simulations uses the saturated form (Eq. (4.9)) of
the Charlette et al. (2002a) model to investigate the influence of the 8 pa-
rameter. Two simulations, namely SWB5-NAD-B5 and SWB5-NAD-B3, have
been performed with 8 = 0.5 and 5 = 0.3, respectively. In the computation
SWB5-NAD-BD, the 8 parameter is not kept constant anymore. The dynamic
procedure employed in Schmitt et al. (2013a) is then employed to estimate
from the resolved flame wrinkling as detailed in Sec. 4.3. Note that as the config-
uration is axysymmetric along the SwB burner axis, the 8 parameter, computed
dynamically in SWB5-NAD-BD, is supposed to evolve only in the streamwise
direction. Therefore, the volume averaging (-) operation in Eq. (4.23) is con-
ditioned over radial slices of thickness 4A.

To better estimate the influence of the unresolved sub-filter scale wrinkling,
an LES computation of the SwB5 flame is performed without accounting for
unresolved wrinkling (SWB5-NAD-BO is conducted using ZEa = 1).

Table 4.1: Simulated cases. The flow-through-time (FTT) is estimated as FTT =
L/U; = 10 ms with L = 0.1 m the height of the reaction zone and U; = 10 m.s~! the
bulk velocity of inner tube. The F-TACLES filtered look-up tables are generated with
a flame filter size A = 2.5 mm. These computations are conducted on an IBM Blue
Gene/@Q machine on 1024 cores.

Simu. # ZA model u/x model B model 1FTT cost [hCPU]|
SWB5-NAD-CH1 Eq. 4.8 Eq. 4.13 (Cr = 0.1) 0.5 18800 hCPU
SWB5-NAD-CH2 Eq. 4.8 Eq. 4.13 (C = 0.05) 0.5 18800 hCPU
SWB5-NAD-CO Eq. 4.8 Eq. 4.15 0.5 19000 hCPU
SWB5-NAD-B5  EZa = (A/6.)° - 0.5 18400 hCPU
SWB5-NAD-B3  Ea = (A/6.)° - 0.3 18400 hCPU
SWB5-NAD-BD  Za = (A/6.)" - Dynamic 22300 hCPU
SWB5-NAD-B0 Ea=1 - - 18000 hCPU

4.4.2 Results analysis
4.4.2.1 Resolved flame wrinkling

Figure 4.1 shows an instantaneous iso-surface of progress variable reaction rate
LTJYC colored by the normalized mixture fraction z. The resolved flame wrin-
kling varies with the centerline position: the flame front is weakly affected by
turbulent motions near the burner exit since the incoming flow only exhibits a
low level of turbulence, generated in the injection tube. When the flame front
crosses the turbulent shear layer holding between tubes ¢ and o, the reactive
layer is more wrinkled. The level of wrinkling still increases further downstream
where turbulent structures are created at the shear layer between the injected
streams and the air co-flow. Assuming similarity between resolved and unre-
solved wrinkling scales, the same complex behavior is expected for =a as it
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directly represents the flame wrinkling at the sub-filter scale. This distribu-
tion of the flame wrinkling is confirmed by LES computations performed by
other groups on finer grids (Proch and Kempf, 2014; Nambully et al.; 2014a,b).
This flame exhibits then different levels of flame-turbulence interactions, from
quasi-laminar to strongly wrinkled flame fronts.

Intense resolved

wrinkling 13 Z
/ |
0.9
L0.8
Transition to éo-7
intense resolved wrinkling ;0 P
(flame front crosses the shear layer) E ’
0.5

Low resolved wrinkling
(flame basis)

Figure 4.1: Instantaneous iso-surface of the filtered progress variable reaction rate (EYC
colored by the resolved mizture fraction z for the non-adiabatic stratified computation
of the SwB5 flame (SWB5-NAD-BD).

4.4.2.2 Sensitivity to the v/, sub-model

Radial profiles of mean and RMS of temperature are compared to experimen-
tal data in Fig. 4.2. In this paragraph, the focus is made on the influence
of u/y sub-model (SWB5-NAD-CH1, SWB5-NAD-CH2 and SWB5-NAD-CO).
SWB5-NAD-CH2 mispredicts the mean flame brush position for axial distances
Z > 20 mm. However, SWB5-NAD-CHI1 predicts a flame brush closer to ex-
perimental measurements, showing that the results are very sensitive to the
Prandtl-Kolmogorov model constant Cj in Eq. (4.13). The simulation SWB5-
NAD-CO also gives a good prediction of the mean flame brush but the same
sensitivity to the u/y model constant is expected. The first conclusion is that
the prediction of the turbulent flame position is then strongly correlated to the
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u’A sub-model uncertainties.

Figure 4.3 shows the resolved mixture fraction for the different LES considered
here. The mean mixing profiles are not strongly impacted by u/y, model and
more generally by the ZaA modeling strategy. The mixing process, mainly con-
trolled by the flow field, is not sensitive to a slight modification of the mean
flame brush prediction. The same conclusion holds for the RMS of mixture frac-
tion even if a slight translation of the profiles is observed far from the burner
exit.

4.4.2.3 Sensitivity to the 5 parameter

The influence of the § parameter is then studied by focusing on the computa-
tions where the saturated formulation of Za is used (SWB5-NAD-B5, SWB5-
NAD-B3, SWB5-NAD-B0 and SWB5-NAD-BD). The SWB5-NAD-B3 leads to
fair agreement with experimental data downstream whereas SWB5-NAD-B5
and SWB5-NAD-BO completely mispredict the mean flame position. The sat-
urated formulation of =a is however not relevant to predict flame wrinkling
observed in quasi-laminar flame regimes. This is why neither SWB5-NAD-B5
nor SWB5-NAD-B3 methods predict the flame brush position at the first axial
locations, near the flame basis. Therefore, a constant g parameter fails in pre-
dicting the different wrinkling regimes observed at both the flame basis and in
the intense wrinkling zone (Fig. 4.1).

As shown by plots of SWB5-NAD-BD simulation, dynamic estimation of
brings then enough flexibility to Eq. (4.9) for capturing both quasi-laminar and
turbulent flame regimes. Figure 4.4 shows a schematic view of the procedure
used to estimate dynamically the fractal-like model parameter 3. In the present
study, 8 only varies along the burner axis and is computed using a sliding
volume averaging operation shown in Fig. 4.4. This strategy provides a very
good prediction of the mean properties of the flame both at the quasi-laminar
flame basis? (3 = 0.15 at Z = 10 mm) and further downstream where the flame
is fully turbulent (8 ~ 1.0 at Z = 40 mm). The dynamic estimation of the
B3 parameter only induces a 20 % increase in computational costs as shown in
Tab. 4.1.

2The dynamic estimation of the 3 parameter goes theoretically to zero in laminar cases
or when the wrinkling is fully resolved as shown by Veynante et al. (2013)
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Figure 4.2: Radial profiles of mean and RMS of temperature T [K] for the stratified
case (SwB5). Legend: - - - SWB5-NAD-CHI1; — SWB5-NAD-CH2; — SWB5-NAD-
CO; — SWB5-NAD-BS5; - - - SWB5-NAD-B3; — SWB5-NAD-BD; — SWB5-NAD-
B0; e e Experiments.
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Figure 4.3: Radial profiles of mean and RMS of normalized mizture fraction Z [-] for
the stratified case (SwB5). Legend: - - - SWB5-NAD-CH1; — SWB5-NAD-CH2; —
SWB5-NAD-CO; — SWB5-NAD-B5; - - - SWB5-NAD-B3; — SWB5-NAD-BD; —
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Figure 4.4: Instantaneous iso-surfaces of the filtered progress variable reaction rate
Wy,. (Left) Schematic view of the volume averaging operation needed for the dynamic
estimation of the § parameter. (Right) The iso-surface is colored by the B parameter
computed at a given instant using the dynamic procedure.
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4.4.3 Influence of the unresolved wrinkling model on the flow
dynamics

Figures 4.5 and 4.6 show the radial profiles of axial and radial velocity statis-
tics at several distances from the burnet exit. As for the temperature field, the
prediction of unresolved wrinkling greatly impact the flow field. The main dif-
ferences between each cases are observed near the centerline (r < 15 mm). The
mean flame brush is in direct correlation with the level of mean axial and ra-
dial velocities: the axial velocity increases with the opening of the flame brush.
The dynamic estimation of the 8 parameter applied to the saturated form of
the Charlette et al. (2002a) model captures both the flow field at the flame
basis and further downstream.

The impact of the unresolved wrinkling model on the flow dynamics is also
illustrated by analyzing the inner recirculation zone. Figure 4.7 compares cross
section of mean axial velocity iso-surfaces at the IRZ location for the SwB5
case. The adiabatic computations performed in Chapter 3 is also added for
comparison purpose. First, both the position and the dynamics of the IRZ differ
between SWB5-AD-CH1 and SWB5-NAD-CHI1 as thermal expansion is reduced
near the burner wall when heat losses are considered. A direct correlation
between the height of the IRZ (Fig. 4.7) and the mean flame brush position
near the burner exit (Fig. 4.2) is observed: the highest opening angles of the
mean flame brush induce to the smallest recirculation zones. It is worth noting
that SWB5-NAD-BD provides a very good prediction of the mean flame brush
position, the flow and the IRZ aerodynamic.
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Figure 4.5: Radial profiles of mean and RMS of axial velocity ﬁz [m.s71] for the
stratified case (SwB5). Legend: - - - SWB5-NAD-CH1; — SWB5-NAD-CH2; —
SWB5-NAD-CO; — SWB5-NAD-B5; - - - SWB5-NAD-B3; — SWB5-NAD-BD; —
SWBS5-NAD-BO; e e Experiments.
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Figure 4.6: Radial profiles of mean and RMS of radial velocity U, [m.s~t] for the
stratified case (SwB5). Legend: - - - SWB5-NAD-CH1; — SWB5-NAD-CH2; —
SWB5-NAD-CO; — SWB5-NAD-B5; - - - SWB5-NAD-B3; — SWB5-NAD-BD; —
SWB5-NAD-B0; e e Experiments.
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4.5 Towards a parameter-free modeling approach

It has been shown that complex turbulent flames exhibits different levels of
wrinkling depending of the flow fields and stabilization process. Static subgrid
scale wrinkling models are very sensitive to u/y sub-model uncertainties. To
limit this phenomenon, we retain a fractal-like formulation (Ea = (A/d.)")
and estimate the unique parameter 8 from resolved scales through a dynamic
procedure. This method, described in Sec. 4.1, capture both quasi-laminar and
turbulent regimes found in the SwB5 flame. Indeed, the dynamic formulation
is sufficiently flexible to capture the flame brush position over the whole com-
putational domain. Similar conclusions will be observed with other modeling
approaches based on flame surface considerations where =a model is involved.

From a practical point of view, the dynamic modeling approach combined to
the non-adiabatic F-TACLES model present different advantages:

e This non-adiabatic turbulent combustion model is almost parameter-free.
The last quantity that could be considered as a parameter of the model
is the inner cut-off scale J.. In the literature, this variable is either set
to 0, = (5? or 0, = 26? and would necessitate deeper studies such as DNS
analysis.

e It captures correctly laminar (no wrinkling) and turbulent (highly wrin-
kled) flames.

e It captures correctly adiabatic and non-adiabatic turbulent flames.

e The extra computational cost of the dynamic procedure is limited (=
+20% for the cases studied in this thesis).
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A recurrent issue in LES of turbulent combustion is that the flame thick-
ness is smaller than the grid size. Broadening of the reactive layer is
then mandatory to ensure a proper propagation of the filtered flame
front. Once the flame front has been broadened by the LES combustion
model, two main issues arise. First, as discussed in the previous chap-
ter, the flame wrinkling lost during the broadening process has to be
modeled using known LES quantities. Second, to avoid under-resolved
reactive layers, the filter size associated to the flame broadening is much
larger than the filter size associated to the flow. The reactive flow gov-
erning equations exhibit then two filter operators of different sizes ded-
icated to the flow field and the flame front, respectively. The mathe-
matical issues between flame and flow filter sizes in LES of turbulent
premized flames are discussed in the present chapter. A general formal-
ism consistent with the two different filter sizes is proposed. Then, new
closures of the resulting LES balance equations system are derived using
F-TACLES modeling approach. The new model, called F2-TACLES, is
first validated by computing 1-D premized filtered flames. LES of a lean
turbulent premized burner is finally performed to validate the feasibility
of the proposed approach.

5.1 Two filter scales in LES of turbulent combustion

In the general context of the LES of turbulent combustion, the reactive flow may
be decomposed as two different interacting phenomena illustrated by Fig. 5.1
showing the propagation of a filtered flame front in a turbulent flow. The first
one is the turbulent flow field filtered at size A. The turbulent structures larger
than A are resolved on the LES grid while smaller ones are modeled by the
LES turbulence model. The main role of this model is to predict correctly
the dissipation of the unresolved structures at the sub-filter scale. The turbu-
lence model is designed to provide the turbulent viscosity representative of the
dissipation of turbulent scales smaller than A (which is then a parameter of
the model). In practice, the flow filter size A also depends on the local mesh
size and the numerics of the LES solver because turbulent structures larger
than A has to be numerically resolved on the LES grid. The smallest resolved
scales will then be captured only if they are resolved on a sufficient number of
grid points directly depending on the selected numerical strategy. According
to Pope (2000), the velocity field u, Favre-filtered by a Gaussian function of
width A, is well resolved on the LES grid of size A, when the resolution criteria
A > 2/, is satisfied. As for the smallest turbulent scales in general, the flame
thickness, defined as dy, = Y.*//max(|VY,|), is thinner than the mesh size A,.
The basic LES formalism depicted in Sec. 1.2 is therefore applied to the species
equations (or progress variable equation). Filtering the progress variable field
at the width A introduces a resolved flame front of thickness 5176 ~ A. As
further illustrated in Sec. 5.2.1, the chemical reaction layer (for instance, the
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variable (;yc) is then under-resolved on the LES grid inducing a misprediction
of the flame propagation speed. This issue is well-known and different alterna-
tives have been proposed in the literature to ensure a proper flame propagation
speed (Fiorina et al., 2015b). Most of them, based on the geometrical descrip-
tion of the turbulent flame front, are described in Sec. 1.5.2.

Resolved
Frish gases flame front Blll'nt gases
Y, =0 O Y, =Y
/TN dD
/ ] ud
=]l AN
AN F ]
LA
/V

Figure 5.1: Filter size issues in premized turbulent combustion LES.

A possible approach consists in applying a filter of size A > A to the flame
front. Initially developed for infinitely thin flame front and for single-step chem-
istry (Boger et al., 1998; Duwig, 2007, 2009), the filtering strategy has been
extended to tabulated chemistry leading to the F-TACLES model presented in
this thesis. For this model, simulations of propagating filtered premixed planar
flames show that the flame resolution criterion A/A, depends on the numerical

scheme. For instance, the criterion A/A, > 8 is required by the third order
TTGC numerical scheme (Colin and Rudgyard, 2000) to predict the proper
propagation speed of a laminar premixed filtered flame (Fiorina et al., 2010).
The same criterion is obtained for the TFV4A scheme (Kraushaar, 2011) in
section 5.4.1.

LES of turbulent combustion therefore involves two filter operators of size A
and A. The influence of these two different filter operators on the mathematical
formalism of both LES equations and combustion models has never been studied
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and is investigated here. This chapter is organized as follows. In the first part,
the two filter size are included in the LES formalism and consistency issues
are discussed. In the second part, in new closure strategy is proposed in the
framework of the F-TACLES model. A new model, called F2-TACLES, is then
implemented and validated on both laminar and turbulent flames. A similar
closure for the thickened flame model TFLES is also proposed in Appendix C.

5.2 Coupling flame and flow filtered equations

5.2.1 Problem formalism

Table 5.1: Definitions of the filtering operators

Filter size Reynolds Favre
A B ¢ = pd/p
A 3 b= /7

Filtering operators used in this chapter are indicated in Tab. 5.1. ® and ®
denote the Reynolds and Favre filtering of a variable ® at size A while ® and
® are defined as the values of @ filtered at size A. Note that the filter size
A is not used anymore because of its ambiguous definition: depending of the
context, A is associated either to the flow filter size A or to the flame filter size
A. In the context of non-reacting flows, continuity and momentum equations
are filtered at the scale A leading to the following system:

op IS
875+V'(pu) =0
dpu e
—g:+v-(puu) = —Vp+V- (T+7)

where p and u are the filtered density and velocity vector, respectively. 7 is the
filtered viscous tensor and 7 = —p (uu — uu) the Reynolds stresses. In a low-
Mach number context, po denotes the hydrodynamic pressure (See Sec. B.6).

Considering reactive flows, the propagation of a flame front is governed by the
chemical species balance equation:

8/)Yk
ot

+ V- (puYy) = =V (pY Vi) + pwy, (5.1)

where Y, wy, and V}, are the mass fraction, the chemical reaction rate and
the molecular diffusion velocity of the k-th species, respectively. Note that
in the context of tabulated chemistry, Eq. (5.1) is replaced by the progress
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variable equation. Assuming steady state in the flame coordinate system, the
integration of Eq. (5.1) in the direction z, normal to the flame front gives the
flame consumption speed Sj:

1 oo
S = / pwy, Ay, (5.2)
pu(ka - qu) —00 g

where superscripts u and b refer to fresh and burnt gases states, respectively.
Equation (5.2) shows that a reliable computation of the flame surface prop-
agation requires a fine numerical resolution of the chemical reaction rate wy,
involved in the integral of the RHS. This issue is illustrated in Fig. 5.2 show-
ing the temperature and COs chemical reaction rate PYY oo, normalized by
its maximum value and extracted from a 1-D laminar premixed CHy-air flame
computed using a detailed chemical scheme (Lindstedt, 1997). This numeri-
cal flame solution, resolved on a very fine grid, serves as a reference. Squares
symbols, separated by a constant distance A, = 0.5 mm, are superimposed to
each filtered variable profile. It illustrates the position of a virtual grid of size
A, = dy, representative of the typical mesh grids found in LES of complex
combustion chambers. The unfiltered temperature profile in Fig. 5.2(a) is first
filtered at the flow filter size A. The chemical reaction rate in Fig. 5.2(b) is then

filtered at two different sizes (A = 3A, and A = 10A,), chosen for illustration
purpose, and normalized by the maximum filtered values. The reference chemi-
cal reaction rate profiles are shown by the solid lines whereas chemical reaction
rate profiles, which would be resolved on the LES grid (assuming first order
reconstruction), are shown by dashed lines. The reconstruction of the temper-
ature filtered at size A is satisfying and does not imply a filtering with a larger
filter size. The same conclusion also holds for the density profile. However, the
chemical reaction rate PV, filtered at the size A, is under-resolved on the
LES grid, which would lead to numerical errors in the RHS integral estimation

of Eq. (5.2). At the opposite, filtering the flame front at a size A > A correctly

describes the profile of POY o, - Therefore, a sufficient resolution of the flame

front is ensured by filtering chemical species balance equation (5.1) at a size A
larger than the flow filter size A leading to the following equation system:

95 U
§+V~ (pu) = 0 (5.3)
opu .
75: +V-(pun) = -Vp+V- (F+7) (5.4)
8:5//: e —_— = = N
% v <pqu> - V. (kavk) V. <pqu —pqu> + oy, (5.5)

LES of turbulent combustion therefore implies to solve the system of Egs. (5.3),
(5.4) and (5.5), involving simultaneously the two filter scales A and A. In this
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Figure 5.2: Comparison of unfiltered and filtered quantities. Solid lines: exact unfil-
tered and filtered variables. Dashed lines: reconstruction of the filtered quantities on a
virtual mesh (squares) of size A, = 0.5 mm. Filter sizes are A = 3A, = 1.5 mm and
A =10A, =5 mm.
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system, the equations are not coupled through the density and velocity variable
since U # u and p # p. Several strategies to treat different flow and flame filter
scales are presented below.

5.2.2 Classical approach: ad hoc coupling of flame and flow
filtered equations

The first strategy is to implicitly substitute the filtered velocity fields u and u
by a unique variable . In this context, LES of reacting flow is then governed
by the following set of equations:

9p

7E+V' (pa) = 0 (5.6)

(‘)(f;l +V- (pat) = —-Vp+V- (T+7) (5.7)
(ﬁﬁ _ = —_ e T

N +V.(puY,| = —-V- (kaVk) — V- (puY, —paYy | + pwy, (5.8)

po = prT (5.9)

where the thermodynamic pressure pg is assumed constant in space for low-
Mach number flows. 7 = R/W where R is the ideal gas constant and W the
mean molecular weight. The system of Egs. (5.6)-(5.10), widely used in the
literature!, remains however ad hoc and mathematically inconsistent because

it can not be derived from the Navier-Stokes equations. The density P, the term

rT and the chemical species i’;, are filtered at the scale A to ensure a suffi-
cient numerical resolution of the flame front. However, hydrodynamic pressure
P2, viscous tensor 7 and Reynolds stresses 7 are filtered at A, adapted to re-
solved flow field variables. The variable G satisfies the two following asymptotic
behaviors:

1. Far from the reaction zone, the filtered velocity field 11, solution of Equa-
tion (5.7), is not influenced by the flame. In the context of premixed
combustion, as p is constant in fresh and burnt gases, the filter size as-
sociated to the velocity field is A and @ = u. The LES equation system
(5.6)-(5.10) then reduces to the exact equations (5.3) and (5.4). Using
the present formalism therefore allows to efficiently resolve the flow field
out of the flame front since it is only filtered at the optimal size A.

2. Across the reactive layer, flame thermochemical variables and density are
filtered at the width A. The heat expansion affects the velocity i. When
no turbulence occurs within the flame front, the filter size associated to

In the literature, even if the LES turbulent combustion models are built to broaden the
flame front at a size larger than the flow filter size, flame and flow filter sizes are never
explicitly distinguished. The resolved LES equation system is then written with a unique
filter size A which is actually equivalent to the introduction of the notation @ proposed here.
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the velocity G is then A and @ = u. The conservation equations (5.6)-
(5.10) written in the flame referential correctly degenerates towards exact
filtered 1-D premixed laminar flame equations as:

7u = cte
v <pﬁ%> = -V (Vi) - V- (pﬁﬁ—pﬁ%>+pwyk
po = prT

However, considering the general case of a wrinkled premixed or stratified flame,
the filter size A implicitly associated to 1 is not clearly identified. Indeed, the
impact of the flow patterns resolved at the scale A on the flame front filtered
at A may bias the description of flame/turbulence interactions (Peters, 2000;
Pitsch, 2005). The velocity & within the flame front is affected by two different
phenomena: (i) the turbulent SGS fluxes, which are modeled by an implicit
filter of size A (Duwig, 2007, 2009; Fiorina et al., 2010; Pope, 2000); (4) thermal
expansion, induced by the density filtered at A. This modeling issue is intrinsic
to most turbulent combustion models designed to capture the filtered flame
thickness. For instance, it is the case for both thickening (Colin et al., 2000)
and filtering (Boger and Veynante, 2000) approaches developed to properly
resolved the flame front. A dedicated approach is mandatory to ensure the
consistency between SGS turbulence model and turbulent combustion model
within the flame front.

5.2.2.1 Description of the studied configuration

The different modeling alternatives considered in the following will be tested
on the PRECCINSTA burner, a lean atmospheric turbulent burner character-
ized using advanced diagnostics by (Meier et al.; 2007). The computational
domain comprises a plenum, an industrial swirl injector integrated in a square
combustion chamber equipped with optical access as shown in Fig. 5.3. Three
different operating conditions have been investigated varying the global equiv-
alence ratio of the CHy-Air fresh gases (¢ = {0.70;0.75;0.83}). An unstable
flame is experimentally observed for ¢ < 0.75. The PRECCINSTA burner
has been widely used in the literature as a reference to assess and validate
LES turbulent models (Roux et al., 2005; Moureau et al., 2007; Galpin et al.,
2008). For instance, the thickened flame model introduced in Sec. 1.5.2.3 was
selected to study the unstable case first by Roux et al. (2005) who simulated
the ¢ = 0.75 case. Using the same combustion model, Franzelli et al. (2012)
conducted the LES of both stable (¢ = 0.83) and unstable (¢ = 0.75) cases.
They showed that the mixing process upstream the injector exit was governing
the flame instability. More recently, the REDIM tabulated chemistry method
was used by Wang et al. (2014) and coupled to a statistical formalism to model
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Figure 5.3: PRECCINSTA swirled burner geometry.

the sub-filter scale fluctuations. Two different FDF shapes were tested on both
stable and unstable cases. Finally, the F-TACLES model (Fiorina et al., 2010)
was also validated on the stable case, also selected for the present study.

5.2.3 A first alternative: increasing the flow filter size to A = A

A solution is to filter the entire flow field at the filter size A. A similar filter
size for both flame and flow equation is retrieved, ensuring the mathematical
consistency of the resolved LES equations and of the corresponding model clo-
sures. For that purpose, two different approaches are possible. The first one
consist in adjusting the LES turbulence model to increase the dissipation of
the small eddies and therefore to increase the flow filter size A. This approach
will be called "Implicit filtering of the flow field" in the following. The second
approach consists in conserving the resolved flow field filtered at the optimal
size A and to apply an explicit filtering operation to access the flow filed filtered
at A. This approach will be called "Explicit filtering of the flow field" in the
following. Both approaches are briefly tested and discussed in this section.

5.2.3.1 Implicit filtering the flow field

Filtering both flow and flame balance equations at size A leads to the following
system:
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Py (7)) = o (5.10)
88”:‘+v. (i) = -VEB+V- (7+7) (5.11)
8272 LV <pﬁi77§> = -V (Vi) - V- (pﬁ—pﬁa + py,, (5.12)
v = 7T (5.13)

In this formalism, both the flow and the flame are filtered at a size A suffi-
ciently large to resolve correctly the filtered flame front. Moreover, equations
are correctly coupled, through p and u, and fully consistent in term of filter
size. In practice the filtering at size A of the velocity field is achieved by the
closure of the SGS momentum fluxes %jt :

_ _=/= 1. =
ﬁjt = 251/,5A <S”LJ — 352]Skk> (5.14)

where gij = % <gg; + g{) quantifies the rate of strain of the flow field re-

solved at size A and l/tK is the sub-filter scale eddy viscosity associated to A.

For a given grid of size A,, A > A. Therefore, in comparison with the initial
formalism developed in Sec. 5.2.2, this modeling approach will impact the flow
field by increasing the LES cut-off scale. The size of the smallest resolved
turbulent scale is increased. Consequently, the LES turbulence model will have
a greater impact. A tetrahedral mesh, composed of 3 million nodes is used
for two computations which only differ by the filter size parameter A in the
turbulent eddy viscosity v; model (Smagorinsky, 1963):

I/tA == CgAQ\/ 2§ij§ij (515)

In the first simulation A = A is used (classical approach) while A = A is used
in the second simulation (present approach). Figure 5.4 shows 2-D views of

the instantaneous filtered progress variable 170 for the two different LES of the
PRECCINSTA burner. Even if the same mesh is used in both computations,
very few resolved wrinkling is noted in the second case compare to the first
simulation. This figure actually illustrates the fact that increasing the turbulent
eddy viscosity, from vy = VtA to vy = I/tA, do not take full benefit of the mesh

grid resolution since turbulent structures of size A < § < A are at the sub-filter
scale while they could be resolved.
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Figure 5.4: LES of the PRECCINSTA burner using both formulations of the F-
TACLES model. 2-D views of the instantaneous filtered progress variable Y..

5.2.3.2 Explicit filtering the flow field

To maintain the resolution of the turbulent structures at scale A, it is possible
to use explicit filtering of the flow field to ensure the consistent transport of

chemical species (or also progress variable). This alternative, discussed in the
o~ _ =
present section, involves an intermediate filter © - * defined such as: (<I>) = o.

Assuming Gaussian filtering for ~ and =, the filter ~ - corresponds to a Gaus-
, A~ —2
sian filter of size A = (A) — (A) .

The proposed methodology consists in first solving mass and momentum equa-
tions filtered at size A:

dp ~

SV () = 0 (5.16)

%u +V-(pun) = -Vp+V: (7+7) (5.17)
po = prT (5.18)

Then, the transported momentum pu = pu is explicitly filtered using the in-
~ =
A

termediate Gaussian filter of size

= _~
(pu) = pu = pu (5.19)

The same procedure is applied to obtain the density filtered at size A as p=
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e _ _~
(p) . The knowledge of both p and pu enable to close the filtered species mass
fractions (or progress variable) balance equation:

Y},
ot

+V- <pﬁ?;> - V. (kaVk> v <puNYk —pﬁ?,;> + ooy, (5.20)

This methodology should decrease the impact of the LES turbulence model
on the transport of the filtered species when it is compared to the implicit
filtering approach (See Sec. 5.2.3.1). In other words, the flow scales of sizes

A < 6 < A are resolved and filtered instead of being directly modeled by the
SGS turbulence model. Nevertheless, the filtered mass fractions (or progress

variable) are still transported using the velocity filtered at size A which means

that the transport of the flame variables by the small structures of size § < A
is not resolved. As in the previous section, a lower flame wrinkling is therefore
expected compared to the classical approach where the flame scalars are trans-
ported using the turbulent flow field resolved at size A.

This approach has been implemented in the low-Mach number LES solver
YALES2. The F-TACLES model has been used to close the filtered progress
variable equation. The explicit filtering by a Gaussian filter is performed at
each time step. The approach was also tested on the PRECCINSTA burner.
The same mesh and numerical set-up as in Sec. 5.2.3.1 have been selected.
Figure 5.5(a) shows instantaneous view of the transported velocity amplitude
|la||. This velocity field is then explicitly filtered to compute ||1le, shown in
Fig. 5.5(b). This filtered velocity is then used to transport the filtered progress

variable Y,. Instantaneous views of |||, HﬁH, Y, and T are shown in Fig. 5.5(c).
In this simulation, burnt gas pockets penetrates the incoming flux of fresh gases.
This behavior which differs from the other LES performed on finer grids (Roux
et al., 2005; Fiorina et al., 2010; Franzelli et al., 2012) but also from quasi-DNS
computation (Moureau et al.; 2011b) seems unphysical. Indeed, these patterns
probably result from numerical issues caused by the explicit Gaussian filtering
near the injector walls. Figure 5.5(a) also shows very localized velocity over-
shoots induced by these burnt gases pockets.

Both implicit and explicit filtering of the flow field can therefore not be retained
to ensure the consistency between flame and flow filter scales. The application
of implicit filtering is straightforward and does not modify the CPU cost but
this strategy do not take full benefits of the grid. The implementation of the
procedure based on explicit filtering is complex. In the context of low-Mach
number flows, since the conservation of mass and momentum have to be ensured
at both A and A scales, the algorithm of the solver has been modified leading
to the resolution of two Poisson-like equations at each time step. The addition
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Figure 5.5: LES of the PRECCINSTA burner using F-TACLES CMS2 model with
explicit filtering of velocity field. 2-D views of the instantaneous variables.

of a second call of the Poisson solver as well as the explicit filtering of the three
coordinates of the velocity makes the explicit filtering approach very expensive.
This explicit filtering operation also generates numerical problems near the
walls and lead to unphysical behaviors. The details of this implementation
are not provided here since the approach is not retained in the following. An
alternative to ensure the consistency between the two filter scales is proposed
in the following.

5.2.4 New approach: a consistent and efficient coupling of
flame and flow filtered equations

Whereas the transport of /l};; by ﬁﬁ is not an efficient approach, an alternative
is to transport /}};; directly with the resolved turbulent flow field, filtered at A.

For that purpose, the transport equation of 17; by pu is first derived in a non-

conservative form. Using the total mass conservation at scale A (Eq. (5.3)),
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the following relation is first obtained:

OV SN TR
ot +V. (pqu> = pﬁ +pu- VY, (5.21)

Gif;/ Ot is substituted by the non-conservative form of Eq. (5.5) leading to:

67% ~z ) ) e 7::
gt’“ +V- <pqu> - Ly. <kavk) _Ly. (pqu —pqu>
P P

5 (ﬁ - ﬁ) VYr + oy, (5.22)

Equation (5.22) RHS exhibits four terms: V - (kaVk.> and V - <p1/11\7k. - pﬁ%)

are the laminar diffusion and convective fluxes occurring at subscale A, both

being weighted by the ratio p/p. ﬁfu;k is the chemical reaction rate associated

to the k-th species filtered at size A. Finally, p (1:1 — ﬁ) . V?k is the inter-scale

convection term associated to the scales between A and A. This term, which
vanishes when flame and flow fields are filtered at the same size A, can be either
computed directly from the explicit filtering of resolved quantities or modeled
as further suggested in Sec. 5.3.

The reactive flow is then described by the chemical species balance equation
(Eq. (5.22)), completed with the flow governing equations given by Egs. (5.3)
and (5.4) and with the ideal gas law filtered at size A:

gfnuv- (pi) = 0 (5.23)
ULV () = VR4V (747 (5.24)
82?’“ + V- (mﬁ) - Ly (PViW%) - Ly. (plﬁ —pﬁﬁ)
p p
5 (ﬁ . a) VY; + Py, (5.25)
po = T (5.26)

Both the density p and the term 7T are filtered at a size A. The closure of this
system of equations is now discussed.
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5.3 Closure of the two-scale filtered progress variable
balance equation: F2-TACLES model

In this section, a closure strategy based on the F-TACLES model, derived in
the framework of FPI tabulated chemistry (see Sec. 1.4.2.2), is proposed. Note
that a similar procedure is proposed for the thickened flame model TFLES-FPI

in Appendix C. The transport of filtered species mass fractions i};; is replaced

by the filtered progress variable Y, = Zgi’i nk% where ny is the coefficient

associated to the k-th species and Ny, the number of species in the chemical
scheme leading to:

~ N,

Y- - P “’ Po (-5 =3
Peave(pav.) = —LvV- | Sl | - LV (pul. - v,
ot P k=1 P

5 (fi . ﬁ) VY, + poy. (5.27)

As a first approach, closures for RHD terms are derived assuming adiabatic and
fully-premixed combustion to enhance the clarity of the section. Note that the
following developments can be extended to non-adiabatic and stratified flames.

Applying the F-TACLES formalism to Egs. (5.23) to (5.26) leads to:

op -
opu e
% +V-(pun) = -Vp+V: (7+7) (5.29)
*i = = =
ag StV <puYC> - =V (pODOVYC) Cronie [Y} (5.30)

Py = prT™ F] (5.31)

where the notation ® |Y,.| denotes that ® is tabulated as a function of 370

po and Dg are reference values for the density and the molecular diffusion
coefficient, respectively. EX is the subgrid scale wrinkling model associated to

the resolved filtered flame front at scale A. The term 21F,62T [YC} is tabulated as

a function of the resolved filtered progress variable }70 for a given pair (K, Z)
and may be decomposed as follows:

ST IT| = DT R g R (52)
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The laminar diffusion correction term D%QT, which accounts for differential
diffusion in the direction normal to the flame front, reads:

il oY+

E a in Ll VA _|_i D c
2 kO YV e o Oax*

ﬁ or*

F2T __
DT —

where the superscript * stands for variables extracted from a 1-D laminar pre-
mixed flame. The laminar SGS convective fluxes, modeled by Ty,, are also es-
timated from the chemical structure of a 1-D filtered laminar premixed flame:

FoT pF[ovy  ovy
— .S -
TYc pf l ? 8$* 856*

(5.33)

where p; denotes the density in the fresh gases. This method is also applied to
model the intercale convection term:

7\ v
52T — 6 (11— 2 c 5.34
Y. Prol > Oz ( )

Finally, the filtered progress variable reaction rate is estimated as REET =

Ew;c. In practice, the term Z%T is pre-computed and stored in a look-up table

as a function of 17; This model, which combines tabulated variables filtered

at two filter length scales A and A is called F2-TACLES. These terms have
been computed across a 1-D premixed laminar CHy-air flame of equivalence
ratio 0.83. They are plotted in Fig. 5.6 as a function of space coordinate x

for A = 1.75 mm and A = 7 mm. In particular, it is shown that EEET
is well resolved on a grid of size A, = 0.5 mm(~x dy, = 0.46 mm). Other
thermochemical variables, such as chemical species mass fractions Y}, can also

be filtered at A and tabulated as a function of the resolved progress variable Y,
as 17; = }7,3‘ 170} . The choice of the pair (Z, Z) used to generate the filtered

chemical database is now discussed in section 5.4.1.
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Figure 5.6: F2-TACLES model terms computed from a CHy-air 1-D premized flame

computed with detailed chemistry (Lindstedt, 1997) and for A = 1.75 mm and A =T
mm. A virtual LES mesh (squares) of size Ay = 0.5 mm is added to the global source
term 3L profile.

5.4 Numerical applications

5.4.1 1-D filtered flame simulations

During the pre-processing step, F2-TACLES terms are computed explicitly
prior to the LES. At this stage, both flow A and flame A filter sizes has to
be carefully prescribed. A is the filter size associated to the thermochemical
variables T and p. A too small value of A would cause numerical problems for
strong gradients of density. The filter associated to the flame front, A, is set to

ensure a sufficient resolution of the filtered progress variable Ye. As discussed
previously, the value retained for A also depends on the numerical schemes.

1-D premixed flames computations are performed to assess the model proper-
ties and determine both minimum flow A and flame A filter sizes for a given
mesh. The YALES2 low-Mach number LES solver (Moureau et al., 2011a), re-
tained here, uses a centered fourth-order scheme for spatial discretization while
time integration of convective terms is performed with a fourth-order tempo-
ral scheme. Chemistry is tabulated from a 0.83 equivalence ratio 1-D laminar
premixed CHy-air flame computed with the Lindstedt (1997) chemical scheme,
involving 29 species and 141 reactions. A parametric study on the ratio A/A,
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Figure 5.7: Left: Sa/S? in terms of A/A, with A = 1.75 mm and A =7 mm.
Right: Sa/SY in terms of AJA, with A = 1.75 mm and A, = 0.5 mm. Inside
the grey surface, simulation where unstable and the predicted flame speed value was
meaningless.

is first conducted varying the mesh size A, for a constant filter size A = 1.75
mm. The width A = 7 mm is also set constant and sufficiently large so that
® quantities are always well resolved ( == 4.3 mm). For each computation,
the ratio of the effective flame propagation speed SA and the laminar flame
speed Slo is plotted as a function of A/A, in Fig. 5.7 and shows that the lim-
iting criteria associated to the YALES2 code is A/A, > 3.5. Below this limit,
the numerical scheme diverges and solutions are meaningless. A second para-
metric study on the ratio A/A,, varying the flame filter size A for constant
flow filter A = 1.75 mm and mesh A, = 0.5 mm sizes (respecting the criteria
A/A, > 3.5), shows that the flame filter size should verify A/A, > 8.0 for
the YALES2 code. This criterion may be recast as (55/ A, > 5.0 matching the
limiting criterion of the original F-TACLES model (Fiorina et al., 2010).

5.4.2 LES of a turbulent swirl combustor

The F2-TACLES model (Sec. 5.3) is now compared to the original F-TACLES
model (Fiorina et al., 2010) by performing LES of the PRECCINSTA swirl
burner.

5.4.2.1 Numerical set-up

The YALES2 low-Mach number LES solver (Mourcau et al., 2011a) is chosen
here. The computational domain is defined as in Fig. 5.3. A coarse and a
fine unstructured tetrahedral meshes of 2.5 and 22 million nodes, respectively,
are used for both F-TACLES and F2-TACLES simulations. The characteristic
mesh size in the flame zone is A, ~ 0.5 mm and A, =~ 0.25 mm for the
coarse and fine grids, respectively. The coarser mesh, shown in Fig. 5.8, is
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representative of an industrial LES grid and is able to capture correctly the
mean flow features. For the F2-TACLES model on the coarse mesh, the flow

and flame filter sizes are A = 2 mm and A = 5 mm, respectively, leading to
5$/Ax = 7. For the original F-TACLES model on the coarse mesh, the flame

filter size is set to A = 5 mm as for F2-TACLES. A summary of the simulated
cases including the filter sizes used for the finer mesh is shown in Tab. 5.2.

Table 5.2: Details of the simulations performed on the PRECCINSTA burner

LES # Mesh size A, Model Flame filter A Flow filter A Plot legend

1 0.5 mm F-TACLES 5.0 mm - -- -
2 0.5 mm F2-TACLES 5.0 mm 2.0 mm —
3 0.25 mm F-TACLES 2.5 mm - -
4 0.25 mm F2-TACLES 2.5 mm 1.0 mm —

Since the burner is fed by a ¢ = 0.83 equivalence ratio CHy-air mixture, both
F-TACLES and F2-TACLES filtered databases have been built from the same
1-D laminar premixed flame introduced in Sec. 5.4.1. The total injected mass
flow rate is 7 = 12.9 g.s~!. The burner is supposed fully adiabatic and mixture
heterogeneities are neglected.

5.4.2.2 Results analysis

Figure 5.9 shows 2-D views of the instantaneous resolved progress variable,
temperature and density for both F-TACLES and F2-TACLES computations.

The Y, fields (Fig 5.9(a)) does not exhibit notable differences as both are solved
at the filter size A. However, significant differences are observed in Figs. 5.9(b)
and 5.9(c) since the filter sizes associated to both T and p differ between com-
putations. In the original F-TACLES model, all the thermochemical values are

filtered at A while only the resolved progress variable Y. is filtered at this size
in the F2-TACLES model. Other thermochemical variables as p, T and the
chemical species Y}, are filtered at A, leading to a finer description of the flame
front on a given mesh. Figure 5.10 shows the comparison of two instantaneous
iso-surfaces of temperatures (T = 1000 K) extracted from both F-TACLES
and F2-TACLES computations using the coarse grid. More resolved wrinkling
is observed with F2-TACLES, in particular at the downstream location of the
flame brush. These conclusions are actually confirmed when 1-D profiles are
quantitatively analyzed.

Mean and RMS temperature radial profiles are plotted in Figs. 5.11(a) and
5.11(b), respectively. The black lines correspond to the coarser mesh (A, =~ 0.5
mm). Mean predictions are very close for all computations near the burner exit
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(b) Near flame region

Figure 5.8: Half portion of the PRECCINSTA burner computational domain. A
longitudinal cut of the coarse mesh is shown and colored by the filtered progress variable
reaction rate wy,. The mesh is refined within the injector and the flame region with a
characteristic size of A, = 0.5 mm for the coarse mesh shown here.
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(a) Left: Y. (F-TACLES); Right: Y. (F2-TACLES).

~—
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(c) Left: p (F-TACLES); Right: p (F2-TACLES)

Figure 5.9: 2-D color mapping of instantaneous thermochemical variables extracted

from LES of the PRECCINSTA burner using F-TACLES (left) and F2-TACLES
(right) models.
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Figure 5.10: Instantaneous iso-surface of temperature (T = 1000 K) for two LES of
the PRECCINSTA burner computed using F-TACLES and F2-TACLES models. 3-D
surfaces are colored by the magnitude of the resolved velocity.

(located at Z = 0 mm) while F2-TACLES provides a slightly better prediction
of the mean flame brush thickness and temperature fluctuations further down-
stream. In particular, F2-TACLES predicts higher resolved RMS compared
to F-TACLES. Indeed, as the thermal thickness of the resolved flame front is
thinner, more interactions occur with the resolved turbulent motions. Finer
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mesh (A, ~ 0.5 mm) solutions are added in Fig. 5.11 (red lines). F2-TACLES
and F-TACLES solutions are closer when A, decreases since subfilter wrinkling
models become less influent. The main differences remain located at the end of
the flame (Z > 20 mm) where the interactions with the turbulence is more in-
tense. As expected, the RMS levels increase for the fine grid as more turbulent
fluctuations are resolved.

Statistics of species mass fraction are shown in Figs. 5.12 to 5.17. A very
good agreement is also noted for both models near the burner exit while the
predictions from F2-TACLES model better agrees with experiments further
downstream. The conclusions of the mesh sensitivity analysis drawn for the
temperature profiles are also valid for the species mass fractions.
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Figure 5.11: Radial profiles of temperature extracted from the LES of the PREC-
CINSTA burner using coarse (black lines) and fine (red lines) meshes. Legend:

F-TACLES model (T: - - -) ; F-TACLES (T: —) ; Ezperiments (e o ).
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Figure 5.12: Radial profiles of CHy extracted from the LES of the PRECCINSTA
burner using coarse (black lines) and fine (red lines) meshes. Legend:

F-TACLES model (Y cp,: - - -) ; F&-TACLES (Yopu,: —) ; Experiments (o o ).
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Figure 5.13: Radial profiles of HoO extracted from the LES of the PRECCINSTA
burner using coarse (black lines) and fine (red lines) meshes. Legend:

F-TACLES model (Y p,0: - - -) ; F&-TACLES ( Yy,0: —) ; Experiments (o e ).
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Figure 5.14: Radial profiles of COy extracted from the LES of the PRECCINSTA
burner using coarse (black lines) and fine (red lines) meshes. Legend:

F-TACLES model (Y¢o,: - - -) ; F2-TACLES ( Yoo,: —) ; Experiments (e e ).
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Figure 5.15: Radial profiles of Oo extracted from the LES of the PRECCINSTA
burner using coarse (black lines) and fine (red lines) meshes. Legend:

F-TACLES model (Y o,: - - -) ; F2-TACLES ( Yo,: —) ; Ezperiments (e e ).
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Figure 5.16: Radial profiles of CO extracted from the LES of the PRECCINSTA

burner using coarse (black lines) and fine (red lines) meshes. Legend:

F-TACLES model (Y¢co: - - =) ; F&-TACLES ( Yeo: —) ; Experiments (e o ).
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Figure 5.17: Radial profiles of Hy extracted from the LES of the PRECCINSTA
burner using coarse (black lines) and fine (red lines) meshes. Legend:

F-TACLES model (Yy,: - - -) ; F2-TACLES ( Yu,: —) ; Experiments (e e ).
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5.5 Generalization of the F2-TACLES model to non-
adiabatic stratified combustion

F2-TACLES model has first been derived assuming adiabatic and fully-premixed
combustion. In this section, the formalism proposed by Auzillon et al. (2012)
is used to account for the effect of unresolved mixture fraction heterogeneities.
Non-adiabaticity of the flow and its impact on the turbulent flame consumption
speed is also accounted for by applying the strategy detailed in Chapter 2. The
F2-TACLES governing equations for turbulent non-adiabatic stratified flames
read :

op B
o TV () = 0 (5.35)
ap w
%+v (pidl) = -V@+V- (F+7) (5.36)
oo - = =~
g + V- <pch> = 1ExV- (pODOVYC> 7::2F2T (5.37)
%% L v. un) = v <(thh+“t> vz) (5.38)
8t Sct
a(ﬁZNQ) 12 lut //2 /"Lt ~12
. pu— 2
5t +V <puz ) V- SCtVz + ]V \
_ Mt T
20 SoAT” (5.39)
—hed . .
P )+V~(puheq) = V. ((#Dy+ £ ) vhea (5.40)
ot P,
Py = prT (5.41)

where the F2-TACLES global source term EF2T is now estimated from a series
of adiabatic freely-propagating 1-D filtered ﬂames as:

Syt [? Z, SZ,A] = DT+ TET 4+ T 4+ RYT (5.42)

The computation of the four RHS terms is very similar to the fully-premixed
version of the model except that the definition of the 1-D filtering operation is
extended to include the impact of unresolved mixture fraction heterogeneities:
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where Pg is the mixture fraction filtered density function modeled here by
a S-function. ((®*|z = 2’)) and (®*|z = 2’) are the conditional value of the
variable ®*, extracted from an adiabatic freely-propagating 1-D flame computed
at z = 2/, filtered at size A and A respectively. The four RHS term read:

_ N, =
9 il 0 oY *
pET — [ 2 sy |+ -2 | poDy e 5.45
e o Ox* ;nkp k| T g | P00 (5.45)
L N ) v L)
7;/C - = ﬁ pf(z)Sl (Z) or* o pf(z)sl (Z) ox* (546)
— :a{/ﬁ
9T = (1 - = ) Py (2)Sf(2) 5 2 (5.47)
Ry = PRy (5.48)

where the superscript * again denotes that the variables are extracted from
an adiabatic freely-propagating 1-D flame. The practical estimation of the
terms DF,?T, ’7}}22T and IEET implies to develop the derivation operators because
the spatial derivation of a variable convoluted with a density-weighted FDF is
not straightforward. The strategy proposed here consists in computing all the
derivatives in space before applying the convolution with both the Gaussian
filter and the mixture fraction FDF. For that purpose, the following terms are
developed:

Y * 1 (0pYF =0p
c - c _yx 4
ox* Ve ( ox* ¢ 83:*) (5.49)
P oy \ (@py: =02 Dy ov
D = D — N 4 — £ .
az | P00 g Po0 o Ox*2 ¢ ox*2  Ox* Ox* (5.50)
1 Op* [ Op*Yr == Op*
— € _Yy* bl
5% Ox* ( ox* ¢ Oz* (5.51)

The temperature T and the ideal gas law term rT are estimated as proposed
in Sec. 2.3.4.3. The impact of heat losses on the filtered flame consumption
speed is accounted for by the correction factor v defined exactly as detailed in
Sec. 2.3.3:

o B(5s.00)
’7[2’ SZ, Ah] = = P
S, (z, S, Ah = 0)

(5.52)
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This formulation accounts for both heat losses and unresolved mixture fraction
heterogeneities and is fully consistent in terms of filter scales.

5.6 Conclusion

Consistency issues between flame and flow filter sizes in LES of turbulent pre-
mixed flames have been discussed leading to a general mathematical formalism
considering two different filter sizes. Filtered progress variable balance equation
was recast accordingly. A new closure of the resulting LES balance equation
system has been proposed in line with the F-TACLES formalism. This new
model, called F2-TACLES, does not induce additional computational cost and
its implementation within an LES code remains similar to F-TACLES. Only
the tabulation process differs by the computation of the new closure terms. In

particular, the inter-scale convection term —p (1:1 — ﬁ) - VY, has been modeled

from 1-D filtered flames in this thesis. It is worth noting that this term could
actually be computed directly from the resolved variables as it does not im-
ply sub-filter scales quantities. The impact of the modeling strategy for this
term is left for further studies. F2-TACLES has been first validated analyz-
ing 1-D premixed filtered flames and through LES of the complex PRECCIN-
STA swirl burner. Comparisons of mean profiles show that the F2-TACLES
model better predict the flame brush downstream of the burner exit where the
flame-turbulence interactions are more developed. Mesh sensitivity analysis
has shown that both F-TACLES and F2-TACLES models tend to the same
solution when A, decreases. However, the analysis of mean and RMS profiles
on a stable turbulent flame is probably not sufficient to fully assess the impact
of the new modeling approach on the resolved flame dynamics. This last point
would necessitate further investigations on unstable or pulsed turbulent flames.






Part IV

Application of the non-adiabatic
F-TACLES model to a confined
swirled non-adiabatic combustor






Chapter 6

Application to the EM2C
burner: non-reacting case

Contents
6.1 Introduction .. ... .. ... ..., 168
6.2 Description of the EM2C burner . ... ....... 169

6.3 Selection of the studied operating conditions . . . . 172

6.4 Experimental and numerical characterization of the

non-reacting flow . . . . ... ... o 000 175
6.4.1 Operating conditions . . . . . . ... ... ... ... 175
6.4.2 Velocity measurements . . . . . .. ... ... ... 176
6.4.3 Numerical strategy . . . . . .. .. ... .. ... .. 176
6.4.4 Resultsanalysis. . . . ... ... ... .. ...... 177

6.5 Conclusion . . . . . . . i v i it ittt e 180




168 CHAPTER 6 - APPLICATION TO THE EM2C BURNER: NON-REACTING CASE

The first chapter of this part presents the configuration used to assess
the F-TACLES model. This burner has been designed and experimen-
tally characterized during the Ph.D. thesis of Guiberti (2015). The
experimental setup is first described as well as the operating conditions
representative of practical combustion within steel preheating furnaces.
A numerical strategy is described and the non-reacting case is then se-
lected to wvalidate its ability to capture the flow dynamics. Numerical
results and experimental data are compared in the last section of this
chapter.

6.1 Introduction

Large amounts of gaseous by-products are generated during the steel production
process. These gas mixtures may include combustible gases such as methane
(CHy), hydrogen (Hz) or carbon monoxide (CO). The Coke Oven Gas (COG)
is one of the main gaseous by-products and is mainly composed of CH4 and
H,. In practice, chemical species molar fractions vary with coal composition.
In a context of energetic stress, valorization of this by-product is an efficient
way to reduce the overall consumption of fuel in the steel production process.
An advantageous method consists in recycling COG as a fuel in the preheating
furnaces of the steel plant. Such industrial furnaces exhibit very large length
scales (few meter to few tens of meters) and are often operated at atmospheric
pressure. Because of very slow convective time scales, the heat exchange be-
tween the burnt gases and the combustor walls are important.

Coke Oven Gas (COG)

LHV 17 MJ.m ™3 40 MJ kg~!
Composition | molar fractions X, | mass fractions Y}
Ny 0.04 0.125
COq 0.02 0.098
CcO 0.06 0.188
Ho 0.63 0.141
CHy 0.25 0.448

Table 6.1: Coke Oven Gas (COG) composition and lower heating value

The design of these furnaces requires numerical tools able to predict the flame
stabilization and dynamics. In particular, this strategy has to capture correctly
the impact of the variations in fuel mixture composition as well as the impact
of heat exchange between the combustion chamber walls and both the flame
front and the burnt gases. The objective of this part IV of the manuscript is to
assess the ability of the F-TACLES model to capture these different physical
phenomena. For that purpose, a joint experimental and numerical analysis is
conducted. A burner has been designed at EM2C laboratory (Guiberti, 2015)
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to stabilize premixed turbulent flames using a swirling fresh gas injection. The
geometry is representative of steel preheating furnaces burner. Advanced diag-
nostics have been used to characterize both the flow field and the flame front
position (Guiberti et al., 2014b,a; Guiberti, 2015). For safety issues and as COG
features a moderate amount of CO, CO5 and Ns, a simplified CHy4-Ho-Air mix-
ture is selected to represent the COG-Air combustion. The determination of
the exact composition of the CH4-Ha-Air mixture is described in the following
sections as well as the design of the EM2C burner used for this study.

6.2 Description of the EM2C burner

The experimental setup presented in Fig. 6.2 features an axisymmetric burner
similar to the one used by Palies et al. (2010, 2011) for the investigation of
linear and nonlinear dynamics of swirling flames. The burner, fed by pre-
mixed methane, hydrogen and air, includes a cylindrical injection tube with
an exit diameter of 14 mm. The flow is put in rotation by a radial swirling
vane located upstream of the injection tube. A central rod of 6 mm diameter
crossing the swirler is installed on the burner axis to help flame stabilization
at the injection tube outlet located 2 mm above the injection plane. To ensure
a nearly uniform velocity profile at the entrance of the swirler, the mixture
enters the burner through a plenum and subsequently passes through a set
of grid/honeycomb/grid arrangement before entering a water-cooled conver-
gent nozzle. The flame is confined by a transparent square chamber featuring
four 250 mm (height) x 92 mm (width) x 12 mm (thickness) quartz windows.
Direct visualizations of the flame and laser diagnostics are then eased since
cylindrical quartz confinements would have increased the complexity of laser
based measurements due to beam deviation and reflection. Moreover, a square
geometry for the combustion chamber is closer to those usually found in in-
dustrial furnaces. To prevent ambient air intrusion at the combustor outlet, a
convergent exhaust is added on the top of the chamber to accelerate the out-
going flow. The outlet section contraction ratio of the nozzle is 0.45.

Figure 6.3 shows a 3D model of the radial swirling vane. The swirl number
S was determined by Guiberti (2015) from the radial vane geometry using the
expression from J. Beer (1983); Galley et al. (2011). The swirl number was
also measured by particle imaging velocimetry (PIV) in vertical and horizontal
planes at the injection tube outlet under non-reactive conditions and without
confinement. The measured value S = 0.40, lower than the theoretical estima-
tions S = 0.59 at the swirler outlet, is assumed constant when the combustion
chamber is placed on the top of the burner. This is a reasonable approximation
since the section expansion ratio at the burner outlet is quite large S1 /Sy = 62.9
where Sy and S7 denote the sections of the injection tube and the combustion
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Figure 6.1: Schematic of the EM2C burner
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Figure 6.2: Direct visualization of the EM2C burner. Convergent exhaust is not
included in the displayed device but was added for experimental campaigns.



172 CHAPTER 6 - APPLICATION TO THE EM2C BURNER: NON-REACTING CASE

Figure 6.3: 3D model of the radial swirling vane. The transverse cut on the right
shows the main dimensions and the swirl angle 6 = 35°.

chamber, respectively. Note that S/Sp is representative of an existing test
furnace operated by Arcelor Mittal (private communication).

The flow rates of methane (CHy), hydrogen (Hg) and air are regulated using
thermal mass flow controllers and the mixture composition and bulk flow ve-
locity at the injection tube outlet is known with a relative accuracy better than

5%.

6.3 Selection of the studied operating conditions

The objective of this section is to determine the Ho and CH4 molar fractions in
a surrogate fuel allowing to mimic the properties of a COG-Air flame for a given
equivalence ratio. The laminar burning velocity St and adiabatic flame tem-
perature 1,4 are calculated by computing 1D freely-propagating flames using
the REGATH thermochemistry package (Pons et al., 2009; Candel et al., 2011)
developed at the EM2C laboratory. For that purpose, the Lindstedt (1997)
detailed chemical scheme is used without accounting for the NOx chemistry
leading to 29 species and 141 reactions. Different fresh gas combustible com-
positions were explored by varying both the equivalence ratio ¢ and the fuel
composition. The fuel, composed of Hy and CHy is characterized by the pair
(XIf{uQel ; Xglﬁi =1- XIf{“;l). Figures 6.4 and 6.5 respectively show the laminar
burning velocity Sy and the adiabatic flame temperature T,5 of CHy-Hs-Air
mixtures as a function of X%l;’l. This concentration goes from 0 (pure methane
case) to 1.0 (pure hydrogen case). Calculations are performed for equivalence
ratios ¢ ranging from 0.7< ¢ <1. Data obtained from COG-Air flame compu-
tations are superimposed in these graphs. The composition of COG selected
for this study is provided in Fig.1.

Figure 6.4 indicates that a molar fraction of hydrogen X%l;'l ~ 0.70 in the surro-
gate fuel is needed to reach the same laminar burning velocity as combustion of
COG. This remains true for equivalence ratios ranging from ¢ = 0.7 to 1. Re-
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Figure 6.4: Laminar burning velocity Sp, of He/CHy/Air miztures in terms of Ho
molar fractions in the fuel Xg‘:l for different equivalence ratios (® = 0.7, 0.8, 0.9,
1.0). Values are superimposed to the laminar burning velocity of COG /Air mixtures
for a given equivalence ratio. Red crosses show the Hy molar fraction in the fuel of the
Hy /CHy/Air miztures having the same laminar burning velocities as the COG/Air
mixture. The detailed chemistry mechanism from Lindstedt (1997) is used for these

computations. The pressure is set to 101325 Pa and the fresh gas temperature is
T, =298 K.
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Figure 6.5: Adiabatic flame temperature T,q of Hs/CHy/Air miztures in terms of
Hy molar fractions in the fuel Xg‘:l for different equivalence ratios (® = 0.7, 0.8,
0.9, 1.0). Values are superimposed to the adiabatic flame temperature of COG/Air
maxtures for a given equivalence ratio. Red crosses show the Ho molar fraction in the
fuel of the Hy /CH, /Air miztures having the same adiabatic flame temperature as the
COG/Air mizture. The detailed chemistry mechanism from Lindstedt (1997) is used
for these computations. The pressure is set to 101325 Pa and the fresh gas temperature
s T, =298 K.
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Table 6.2: Reference operating conditions

Xgl;fltl ngl ¢ | P&W) | Sp(ems™) | Tha(K)
0.4 06 |07 4 33.7 1882

sults slightly differ for the adiabatic flame temperatures presented in Fig. 6.5.
The representative value for X%fl in the combustible mixture to reproduce the
adiabatic temperature of COG /air flame changes with the equivalence ratio.
An equivalence ratio of ® = 0.7 is retained for the CH4-Hs-Air reference com-
position to mimic the combustion of COG/air flame at the same equivalence
ratio. To comply with the optimal range of the experimental setup, the corre-
sponding thermal power P is fixed to P = 4 kW for an injected mass flow rate
m =1.86-1073 kg.s~L.

The selected operating conditions P = 4 kW, ¢ = 0.7 and X%fl = 0.70 has
been experimentally explored and showed an unstable behavior of the flame
shape. To ensure a stable reference case, the operating conditions have been
slightly modified to P =4 kW, ¢ = 0.7 and X%{jl = 0.60 with a minor impact
on T,q and Sy, as shown in Figs. 6.4 and 6.5. Table 6.2 summarizes the final
characteristics of the reference mixture.

6.4 Experimental and numerical characterization of
the non-reacting flow

This section develops and validates against measurements the numerical strat-
egy (computational domain, mesh, boundary conditions) retained to describe
the non-reacting flow field.

6.4.1 Operating conditions

For safety reasons only air is injected for the non-reactive experiments. The
inlet flow conditions are determined to conserve the same volume flow rate at
the burner outlet than in the reacting case.

QBy, =81-107% m3.s™! = 4.8619 L.mn™!
QF =122.10%m?s~! = 7.32 L.mn~!
R —1522.107% m3.s~! = 91.32 L.mn !

air
QYR =1725-107% m3s7! = 103.5 L.mn ™!
where QYR = Qgr + Q%m + ng is the air volume flow rate that is needed
in the non-reacting (NR) case and Q® represents the volume flow rate of the

reacting case.
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Figure 6.6: Schematics of the selected measurement planes using PIV for the non
reacting case.

6.4.2 Velocity measurements

A 3D characterization of the flow has been carried out using Particle Imaging
Velocimetry (PIV). Figure 6.6 shows the axial and transverse measured planes
with the corresponding velocity components. A total of 31 planes (18 axial and
13 transverse) were examined using PIV. The spatial resolution used for planes
selection is increased near the injector location, the main region of interest.
Due to symmetry, only one half of the combustion chamber was explored with
axial laser sheets. Due to the proximity of the planes in both directions, it is
possible to evaluate the three velocity components in the measured region by
linear interpolation of the data between measured points.

6.4.3 Numerical strategy

Considering the low Mach numbers encountered in the EM2C configuration
(M =~ 0.03), the low-Mach LES solver YALES2 (Moureau et al., 2011a) is re-
tained to perform the computations on an unstructured tetrahedral mesh. A
centered fourth-order finite volume scheme is used for spatial discretization. A
TRK temporal scheme, characterized in Kraushaar (2011), is used to perform
time integration of convective terms. Closure of unresolved fluxes is performed
using SIGMA model (Nicoud et al., 2011) for Reynolds stresses. Two comple-
mentary computational domains and meshes have been designed.
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6.4.3.1 Full domain - Refined mesh

The first domain, denoted as the full domain and shown in Fig.6.7(a), starts
upstream the swirler and includes the swirler geometry. This domain has been
discretized with a very fine mesh to ensure a sufficient resolution of the turbulent
structures within both the swirler and the injection tube. The characteristic
mesh size within the swirler is 0.1 mm ensuring a 40 nodes discretization be-
tween two consecutive swirler blades. The mesh size grows linearly within the
tubes to reach 0.25 mm at the injection tube exit. In the reaction zone, the
mesh size also evolutes linearly from 0.25 mm to 0.5 mm. The characteristic
mesh sizes are summarized in the Fig.6.7(b). This mesh has been mainly refined
within the injection system as the main objective is here to compute correctly
the mean and RMS velocity profiles within the injection tube. The full mesh
results in 50 million tetrahedral elements.

A first non-reacting computation is performed using this refined mesh. Con-
sidering the honeycomb placed upstream the swirler and not included in the
computational domain, a constant and laminar velocity profile is injected up-
stream the swirler. The CPU cost of this computation is very high (2.10°
hCPU for 10 flow characteristic time) because the high number of mesh cells
within the swirler and the injection system. Moreover, the minimal mesh size
(A; ~ 0.1 mm) imposed by the swirler geometry imposes very small time steps
which increases the total CPU cost.

6.4.3.2 Reduced domain - Final mesh

A reduced computational domain which excludes the injection system is shown
in Fig.6.8. Z is the spatial coordinate along the burner axis and Z = 0 mm
corresponds to the bluff-body wall surface position. The characteristic mesh
size is kept similar to the one presented for the Full domain - Refined mesh but
the full reduced mesh results in 33 million tetrahedral elements as the swirler
device is not included and the minimum cell size is increased to A, ~ 0.2 mm.

Mean velocity profiles computed on the full domain are used to prescribe the
reduced domain boundary conditions at Z = -20 mm. A Homogeneous and
Isotropic Turbulence (HIT), generated from a Passot and Pouquet (1987) spec-
trum, is prescribed to be representative of the velocity fluctuations level ex-
tracted from the Full domain - Refined mesh simulation.

6.4.4 Results analysis

Figures 6.9 (a-f) and 6.10 (a-f) show 2-D experimental and numerical colormaps
of mean velocities U, and U, in three different longitudinal planes (Y = 0 ; 4
; 7 mm). The numerical results have been obtained on the reduced domain
introduced previously. Figures 6.9 (a-b) show a correct prediction of the mean
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(a) Full domain
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(b) Injection system

Figure 6.7: Full domain - Refined mesh. 2-D longitudinal cut of the full computa-
tional domain and the refined mesh, including the swirler geometry.
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Figure 6.8: Reduced domain - Final mesh. 2-D longitudinal cut of the reduced com-
putational domain and the final mesh, starting downstream the swirler device.

longitudinal component of the flow velocity in the central plane. Both the size
of the inner recirculation zone (IRZ) (in the wake of the bluff-body) and the
expansion of the flow due to swirl are captured in the simulations. The good
agreement between the experimental and numerical results remains valid for
off-axis longitudinal planes (see Fig. 6.9 (c-f)). Figure 6.10 presents similar
results for the horizontal component of the flow velocity.

Figures 6.11 to 6.15 presents 1-D mean and RMS velocity profiles along X di-
rection for the three velocity components U, U, and U,. Figure 6.11 confirms
that the LES well represents the size and intensity of the IRZ. However, the
calculations underestimates the radial expansion of the flow for Z > 20 mm.
A strong indicator for the quality of the calculations is that the RMS velocity
along the Z axis (see Fig. 6.12) are very well represented in terms of position
and amplitude. Maximums of RMS intensity are obtained in the shear layers
between the jet and the IRZ (Inner Shear Layer - ISL) and between the jet and
the ORZ (Outer Shear Layer - OSL). These similarities remain true for Z < 35
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The swirl intensity is directly related to the horizontal component U, shown in
Fig. 6.13. Experiments and computations agree for Z < 15 mm. Above that
value, experiments feature lower value of rotational velocity.

Figures 6.14 and 6.15 presents mean and RMS of U, velocity component. In this
case, calculations present a good agreement in terms of mean values for Z < 6
mm and of RMS values for all the measurement locations. Slight differences
are observed for Z > 15 mm.

6.5 Conclusion

The EM2C burner presented in this chapter is representative of the geometry
of industrial furnaces. Operating conditions representative of the combustion
of COG /air mixtures have been determined using a simplified CH4-Ho-Air pre-
mixing. A dedicated injection strategy (mean and RMS input velocity fields)
has been developed and validated by exhaustive comparisons with velocity mea-
surements (PIV) in longitudinal and transverse planes under non-reactive con-
ditions. These comparisons validate the ability of the selected numerical strat-
egy (computational domain, mesh grid, boundary conditions, LES solver) to
capture the non-reacting flow properties.
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Figure 6.9: 2-D cut of mean azial velocity U, in different longitudinal planes. Inner
recirculation zone (IRZ), Inner shear layer (ISL) and Outer shear layer (OSL) are
indicated in figure (b).
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Figure 6.10: 2-D cut of mean velocity U, in different longitudinal planes
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Figure 6.12: 1-D radial RMS profiles of U, axial velocity component at different axial
positions Z in the logitudinal plane Y = 0 mm. Red lines and black symbols correspond
to LES calculations and PIV measurements, respectively.
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Figure 6.13: 1-D radial mean profiles of U, orthoradial velocity component at differ-
ent azial positions Z in the logitudinal plane Y = 0 mm. Red lines and black symbols
correspond to LES calculations and PIV measurements, respectively.
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correspond to LES calculations and PIV measurements, respectively.
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The numerical strateqy detailed previously is employed in this chapter to
study the ability of the F-TACLES model to capture the different flame
shapes observed experimentally by Guiberti (2015) when the fuel com-
position is varied. The results from the adiabatic and the non-adiabatic
computations are compared to identify the impact of heat losses.

7.1 Objectives of the study

The objectives of this chapter is to analyse the sensitivity of the flame topology
to different physical parameters and to validate the ability of the F-TACLES
model to capture these different governing phenomena. An experimental study
conducted by Guiberti et al. (2014a) on the configuration presented in chapter 6
have shown that the turbulent flame shape was mainly governed by heat losses
and fuel composition. Both factors are investigated numerically in this chapter.

First, the impact of heat losses on the flame shape will be analyzed on the case
ngl = 0.6 detailed in Tab. 6.2 for which the flame stabilizes with a V shape.
As the flame is confined, it is expected that heat exchange at the chamber walls
will play an important role on turbulent combustion processes. As shown in
Tab. 7.1, two different LES of this case will be performed using the F-TACLES
model. The first one will assume an adiabatic burner while the second one will
account for heat losses at the wall.

The second part of the study aims to understand the impact of a variation
in COG chemical composition on the flame shape and stabilization process.
In particular, the sensitivity analysis will focus on the impact of hydrogen
enrichment on the flame shape. For that purpose, the fuel composition is
increased from Xf}fl = 0.6 to X}};l = 0.9 while other operating conditions are
kept constant. For this case, it is shown that flame shape bifurcates from V
to an M shape. As shown in Tab. 7.1, a third LES will be performed on this
new operating conditions to validate the ability of the numerical and modeling
strategy to capture the effect of hydrogen enrichment on the flame topology.

Table 7.1: Simulated cases

Fuel composition | Flame shape | Large Eddy Simulation | Simu. #

Adiabatic 1
fuel __
XH2 =0.6 v Non-adiabatic 2

XH=0.9 M Non-adiabatic 3
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7.2 Available diagnostics

7.2.1 Velocity measurements

Particle Imaging Velocimetry is used under reacting conditions to measure mean
and RMS axial (U,) and radial (U,) velocity profiles. This diagnostic has been
applied to the case ngl = 0.6 in a longitudinal plane. Note that orthoradial
component (Uy) of the velocity is not available here. Velocity measurements
for the case X%‘;I = 0.9 are not available.

7.2.2 Flame position measurments

Longitudinal planar Laser Induced Fluorescence of the hydroxyl radial (OH-
PLIF) measurements are carried out to identify the flame front position As the
intensity of the laser sheet may vary between each laser pulse, we have access
only to qualitative OH molar fraction. To be able to compare experimental data
with simulation, the "binarized" variable Xgiﬁ is introduced and computed for
each OH-PLIF images as follows:

. 0if —Xon _ (.20
bin —_ max(Xon)
Xo { 1if —Xon _>0.90 (7.1)

max(Xon) —
The time averaging of Xgiﬁ gives the probability of being in the burnt gases.
This methodology is used to post process both experimental and LES results.
This diagnostic has been applied to both X%‘f = 0.6 and Xg};l = 0.9 cases.

OH* chemiluminescence has been performed to identify the heat release layer
position. For that purpose, Abel transform has been applied to the OH* Chemi-
luminescence snapshots. Signals are normalized in both experiments and sim-
ulation assuming that OH* chemiluminescence intensity scales with the heat
release (Katsuki et al., 1988):

wr I(OH™)

W = max(wr) ~ max(I(OH")) (7.2)

where I(OH") represents the intensity of the OH* chemiluminescence signal.

wr represents the heat release and wp™™ its normalized value.

7.2.3 Thermal boundary conditions

To prescribe the thermal boundary conditions in the non-adiabatic simulation,
the burner walls temperature has been characterized experimentally. As in-
dicated in Fig. 7.1, Laser Induced Phosphorescence (LIP) measurements have
been performed to determine the temperature at one quartz wall (LIP2), at the
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Figure 7.1: FExperimental set-up. Regions where LIP and thermocouple tempera-
ture measurements were performed are indicated using blue line (LIP) and red dots
(thermocouple).

dump plate and at bluff-body wall surfaces (LIP1). Thermocouple measure-
ments have been also performed along one combustion chamber corner (vertical
steel bars holding the quartz walls). Figure 7.2 displays the temperature mea-
surements along a quartz window (LIP2). Figure 7.3 (left) plots thermocouple
measurements performed at the surface of the vertical steel bars. The temper-
ature slightly increases along with the distance from the dump plate. Fig. 7.3
(right) shows LIP measurements on area LIP1.In all the measured location,
the temperature at the wall (400K < Ty < 800K) is much lower than the
adiabatic flame temperature (72! ~ 1900K) which demonstrates that intense
heat exchange occurs between recirculated burnt gases and the burner walls.
As the wall temperature measurements only partially cover the combustor sur-
face, a reconstruction using linear interpolations and extrapolations has been
performed to provide complete temperature boundary conditions to the differ-
ent LES computations.
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Figure 7.2: LIP measurements on the quartz windows of the combustion chamber
(LIP2 area). At the left, the raw data are display as well as the location of each mea-
surements points. At the right, the temperature of the quartz windows is reconstructed
using linear interpolations.
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Figure 7.3: FExperimental set-up. Regions where LIP and thermocouple tempera-
ture measurements were performed are indicated using blue line (LIP) and red dots
(thermocouple).
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Figure 7.4: Half portion of the VLG computational domain. A longitudinal cut of
the mesh is shown and colored by the filtered volumic heat release wr.

7.3 Numerical strategy

7.3.1 Numerical set-up

The YALES2 code (Mourcau et al., 2011a) is used with the same parametriza-
tion as for the non-reacting case computation. The mesh realized on the reduced
computational domain is selected. The mean cell size at the flame location
varies between 0.25 mm and 0.5 mm. It corresponds to 2 - 4 times the laminar
flame reaction thickness and 0.5 - 1 times the thermal thickness, respectively.
The F-TACLES database is computed with A/ 6? = 9. Figure 7.4 shows the
computational domain and mesh size repartition in a longitudinal plane.

A centered fourth-order finite volume scheme is used for spatial discretization.
Time integration of convective terms is performed explicitly using the TRK4
fourth-order scheme characterized by Kraushaar (2011). Closure of Reynolds
stresses is performed using the SIGMA model (Nicoud et al., 2011). In this
chapter, the sub-filter scale winkling Za is estimated using the model proposed
by Charlette et al. (2002a) discussed in Sec. 4.1 and described by Eq. 4.8. The
parameter [ has been here set to § = 0.5 and the unresolved velocity fluc-
tuations u/, are modeled using the approach detailed in Sec. 4.2.2. Chemical
look-up tables are computed with REGATH thermochemistry package devel-
oped at the EM2C laboratory (Pons et al., 2009; Candel et al., 2011) and using
the Lindstedt (1997) detailed chemical scheme composed of 29 species and 141
reactions.
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7.3.2 Estimation of the non-adiabatic thermochemical variables

Some additional post-processing variables, such as chemical mass and mole
fractions, may be needed to analyze the results of the non-adiabatic computa-
tion. For instance, the molar fraction of OH, noted Xop, is used to compare
numerical results with OH laser induced fluorescence measurements. As shown
in Sec. 2.3.2, the non-adiabatic database does not give access to filtered vari-
ables. An alternative approach is proposed here to account for the impact of
heat losses on post-processing quantities neglecting the impact of sub-grid scale
fluctuations (S, = 0) and the impact of subgrid scale flame wrinkling (£ = 1).

The unfiltered progress variable Y., also denoted Y*V in this paragraph to
ensure clarity, is first tabulated as a function of the filtered progress variable
Y. in the adiabatic database as:

yrew — Ycraw[?c’ %8, =0,A] = YcraW[?c, z, A] (7.3)

where Y *V is extracted from a 1-D adiabatic freely-propagating flame, com-
puted at the mixture fraction z = Z, before being filtered at size A.

The knowledge of the deconvolution relation Y = f(Y,) allows also the recon-
struction of the unfiltered non-adiabatic variables using the following relation:

AR — A (YC — YRV =3 Ah = A%) — Ak [YgaW, z, Aﬂ (7.4)

This strategy is used in this chapter to capture the impact of heat losses on the
value of Xop and enable a detailed comparison of LES results with measured

OH fields.

7.3.3 Initialization of the non-adiabatic computation

Experimental and numerical results of the EM2C burner under non-reacting
conditions presented in Sec. 6.4.4 have shown very slow velocities in the ORZ
(see Figs. 6.9 and 6.11). The high residence times in the ORZ induce a very
long time to reach steady-state thermal regime. Therefore, it is proposed to
perform a first non-reacting RANS simulation using the same computational
domain as for the LES. The Fluent commercial solver (ANSYS®) Fluent, 2009)
is selected for that purpose. Adiabatic burnt gases are injected at the tube
inlet and measured wall temperatures are imposed at the wall surfaces of the
combustion chamber.

Results obtained from this simulation give a first approximation of the temper-
ature field within the combustion chamber. Figure 7.5 compares the tempera-
ture obtained by RANS simulation in the outer recirculation zone (ORZ) with
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Figure 7.5: Comparison of the mean temperature [K] obtained by both RANS simu-
lation (right) and thermocouple measurements (raw data) (left).

thermocouple measurements performed at the same plane location. A good
agreement is found between the RANS simulation and the experiments.

The mean temperature field obtained by the steady RANS simulation is used to
initialize the reacting LES computation under non-adiabatic conditions. This
non-adiabatic simulation is compared to the adiabatic one in the following
section.

7.4 Results analysis

7.4.1 Impact of heat losses on flame topology

Results obtained for the cases 1 and 2 (X%‘;l = 0.6) are first analyzed. Fig-
ure 7.6 compares the mean flame position predicted by both simulations against
the experimental measurements. The normalized mean heat release (left plots)
and the binarized OH molar fraction (right plots) are presented. The adiabatic
computation (Fig. 7.6(b)) predicts a M shape flame where both inner and outer
flame fronts are observed. The inner flame front is located between the fresh
stream and the inner recirculation zone (IRZ). The outer flame flame front de-
lineates the fresh gas stream and the burnt gases in the outer recirculation zone
(ORZ). This prediction is not in agreement with the measurements (Fig. 7.6(a))
where a V shape flame is identified. At the opposite, the non-adiabatic simu-
lation (Fig. 7.6(c)) predicts a V flame shape and shows a good agreement with
the measurements in terms of flame length and mean opening angle.
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(a) Experimental measurments. (left) Normalized Abel deconvoluted OH* chemilumines-
cence. (right) Mean binarized OH-PLIF
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(b) Adiabatic simulation. (left) Normalized mean volumic heat release. (right) Mean bina-
rized OH molar fraction Xon
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(¢) Non-adiabatic simulation. (left) Normalized mean volumic heat release. (right) Mean
binarized OH molar fraction Xon

Figure 7.6: Comparisons of the mean flame position for the case X{;’:l = 0.6. Ez-
periments, adiabatic and non-adiabatic simulations results are shown.
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Figure 7.7: 1-D radial profiles of temperature at different distances Z from the bluff-
body wall surface for the case Xﬁfl = 0.6. (top) Mean profiles. (bottom) RMS profiles.
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Figure 7.7 plots mean and RMS temperature profiles are shown at different
distances from the bluff-body wall surface. Note that no azimuthal averag-
ing has been applied to obtain these 1-D radial profiles since the combustion
chamber has a square section. Important differences are observed between
mean temperature profiles predicted by both adiabatic and non-adiabatic LES.
In particular, a difference of approximately 1000K is observed in the very slow
ORZ, for which an estimation of the characteristic time is Torz ~ 40 ms (Guib-
erti et al., 2014a). During this recirculation time, hot gases exchange heat with
cool walls (Tyan = 800 K). A very small reaction zone in the OSL regions pre-
dicted by the non-adiabatic simulation (Fig. 7.6(c)) is also identified in mean
temperature profiles (Fig. 7.7) for Z > 15 mm : a slight temperature increase is
observed in the layer between fresh gases temperature and cooled burnt gases
for r ~ 10 mm. It can also be noted that for the non-adiabatic computation,
turbulent structures are mixing cold and hot burnt gases in the ORZ which
implies important RMS of temperature while no fluctuations of temperature
are found in the adiabatic computation. In both computations, no fluctuations
are found in the IRZ. This may be explained by the stability of the large recir-
culation zone and by the smaller gap between the temperature of burnt gases
for both computations at the IRZ because of the limited surface area of the
central rod. Flame fronts stabilized in the OSL are more subject to extinction
due to heat losses in comparison to those lying in the ISL as shown in Guib-
erti et al. (2014a). This recirculation of cold burnt gases has a low enthalpy
region which induces a heat loss correction factor v = 0 and causes the flame
extinction. The reaction process is then inhibited in the OSL leading to the
extinction of the outer flame front. This conclusion is corroborated by the re-
sults obtained by Chong et al. (2009) on a similar configuration using a RANS
simulation strategy. More recently, Nogenmyr et al. (2013) used a MILES (see
Chapter 1) approach to capture the flame shape on a swirl burner with and
without confinement. Heat losses were also identified as governing the flame
shape.

The mean and RMS of the radial and axial velocity components are shown
in Figs. 7.8 and 7.9, respectively. Radial velocity is a very good indicator of
heat expansion. Therefore, the impact of the misprediction of the flame shape
on the velocity field can be clearly identified in Fig. 7.8. The presence of
the outer flame front in the adiabatic simulation induces an over prediction of
the heat expansion from Z = 5 mm to Z = 20 mm while a better agreement
with experiments is obtained with the non-adiabatic simulation. The difference
can also be seen on RMS profiles because the misprediction of an outer flame
fronts damps the flow dynamics (in fully burnt gases). At the opposite, more
fluctuation is observed when heat expansion is inhibited in the non-adiabatic
simulation. This flow dynamics is due to shear layer instabilities developing
in the OSL between the injected stream and the slow ORZ. The very low and
negative mean axial velocities in Fig. 7.9 at the highest radius confirms the
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Figure 7.8: 1-D radial profiles of radial velocity at different distances Z from the
bluff-body wall surface for the case leq“;l = 0.6. (top) Mean profiles. (bottom) RMS

profiles.
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bluff-body wall surface for the case Xﬁ:l = 0.6. (top) Mean profiles. (bottom) RMS
profiles.
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presence of the ORZ for all the distances Z where the measurements have been
performed.

7.4.2 Impact of fuel composition on flame topology

The case Xﬁ}fl = 0.6 considered in simulations 1 and 2 exhibits a V shape flame
only anchored on the central rod tip. The flame front lies in the inner shear
layer (ISL) formed by the fresh combustible mixture jet and the IRZ filled with
burnt gases. Guiberti et al. (2014a) have shown experimentally that increasing
the molar fraction of Hs in the fuel X ;}fl continuously increases the probability
p to find a flame front in the OSL. The range of Xg‘éel explorers in the original
publication goes from p = 0.55 to 0.78. The experimental probability to find
a flame front is around 1 % for the case ngl = 0.6 and increases to 41 % for
X}}fl = (0.78. The present study is performed with X%‘;I = 0.90 leading to a
very high probability to find a M shape flame (p ~ 90%). Figure 7.10(a) shows
mean flame position for XE‘;I = 0.90 using two different diagnostics. The left
plot shows mean Abel inverted OH* chemiluminescence while the right plot
shows mean binarized OH-PLIF results. The outer flame front appears clearly
leading to an M shape flame. As suggested by Kim et al. (2010), the increase
in laminar burning velocity Slo due to the increase of X%fl helps the reacting
zone to propagate upstream through the OSL. Guiberti et al. (2014a,b) showed
that this explanation was only partial and that the presence of the outer flame
front was also depending on the stretch limit which is strongly extended when
the Lewis number of the premixing decreases as it is the case when the fuel is

enriched in hydrogen (Hawkes and Chen, 2004; Lipatnikov and Chomiak, 2005).

The main challenge is to capture correctly the M shape flame obtained when
X}_‘};l = 0.90. Figure 7.10(b) show the mean flame position predicted by the
simulation 3. Both mean Xop and wr show a good agreement with the exper-
iments. The non-adiabatic extension of the model correctly capture both the
effect of heat losses and hydrogen enrichments on the mean flame position and
topology.
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(a) Experimental measurments. (left) Normalized Abel deconvoluted OH* chemilumines-
cence. (right) Mean binarized OH-PLIF
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(b) Non-adiabatic simulation. (left) Normalized mean volumic heat release. (right) Mean
binarized OH molar fraction Xon

Figure 7.10: Comparisons of the mean flame position for the case Xﬁfl = 0.9.
Ezperiments and non-adiabatic simulation results are shown.
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7.5 Capturing flame topology bifurcations : a chal-
lenge for LES turbulent combustion models

In the previous section, two different cases were considered. These cases exhibit
different flame shapes (V shape for Xf&[‘fl = 0.6 and M shape for Xﬁ}fl =0.9).
The results of the numerical investigations indicate that heat losses and fuel
composition both influence the mean flame shape. Two remarks are made:

e when intermediate cases such as 0.6 < X%‘;’l < 0.9 are considered, the
existence of the outer flame front is intermittent. For these more general
cases, the physical processes leading to intermittent M to V and V to M
shape bifurcations are not well understood and need to be further inves-
tigated.

e cven if a very good agreement has been obtained between simulation and
experiments for both cases leﬁfzel = 0.6 and X g‘;l = 0.9, the non-adiabatic
simulation of the case X%lfl = 0.6 still predicts a low probability of hav-
ing a flame front in the OSL which is not the case in the experiments
(see Fig. 7.6). This slight misprediction may indicate that other physical
phenomena, not accounted for in the non-adiabatic F-TACLES model,
may be part of the V or M shape stabilization process.

In order to propose an answer to these questions, Guiberti et al. (2014b) per-
formed an experimental analysis to gain further insight in the physical phenom-
ena governing the intermittent flame bifurcations. For that purpose, simulta-
neous OH-PLIF and PIV measurements have been used to estimate the strain
rate in the OSL conditioned by presence of the flame front. In the other hand, a
series of 1-D non-adiabatic counterflow premixed flames has been computed for
different levels of heat losses and different strain rates. The measured level of
heat losses and the global strain rate estimated from measured radial velocity
are located very near the extinction limits found in the numerical simulations.
It is shown that the maximum strain rate greatly decreases when the enthalpy
defect of the counterflowing burnt gases increases. The flame front present in
the OSL is therefore rapidly quenched due to the cross effects of heat losses
(in the recirculating burnt gases) and the strain rate in the OSL (which fluc-
tuates with turbulent motions). The impact of hydrogen enrichments on the
extinction limit was also determined numerically. When the value of X%‘;l in-
creases, the flame can support higher strain rates and higher enthalpy defects
which explains that increasing experimentally Xft‘lfl leads to higher probability
for the M shape topology. In other words, increasing X}}‘;l seems to decrease
the probability of having a M to V shape bifurcation.
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The V to M shape bifurcation process has also been investigated in Guiberti
et al. (2014b). Two different scenarios have been discussed to explain this tran-
sition. First, the auto-ignition of the injected fresh gases at the OSL thanks to
the heating by the recalculating burnt gases located at the ORZ was investi-
gated. For that purpose, a 0-D simulation series of homogeneous mixture auto-
ignition has been performed. It is found that no auto-ignition of the mixture
can occur in the OSL region for these conditions. Consequently, auto-ignition
does not seem to be the appropriate candidate to explain the apparition of
the outer flame front leading to the V to M shape transition. Turbulent flame
front propagation through the OSL then remains a possible explanation for the
considered transition mechanism. Further investigations are needed to better
analyse the later V to M shape bifurcation process.

From the LES modeling point of view, Guiberti et al. (2014b) results suggest
that the slight mean reaction zone predicted by the simulation 2 is due to
the fact that the F-TACLES model does not explicitly account for the impact
of local strain rate on turbulent consumption speed. Therefore, the modeling
strategy should include the cross effects of strain rate and heat losses on the
flame consumption speed. This drawback is a challenging issue for the chemistry
tabulation techniques applied in an LES context. The main challenge would
be to account for the impact of unresolved turbulence on the unresolved strain
rate which will have a major impact on the estimation of the total (resolved +
unresolved) strain rate.






Conclusion

The general objective of this thesis was to improve the modeling of turbulent
stratified flames in industrial combustion chambers. Two difficulties were iden-
tified. The first one consist in adopting a proper strategy to describe the inner
thermochemical flame structure. Most of the combustion models are based on
assumptions (for instance adiabatic flow or unity Lewis number) that make
difficult their application to practical situations. The second difficulty is to
capture the flame-turbulence interactions (wrinkling) at the resolved scale and
to properly model it at the unresolved scale. This thesis addressed these two
axis taking a particular care to the validation of each development using LES
of academic or quasi-industrial combustors. The different points developed in
this thesis led us to the following achievements.

Major achievements

Extension of the F-TACLES model for an applicability to prac-
tical combustion chambers

The F-TACLES model has been developed in the thesis of Vicquelin (2010)
and Auzillon (2011) assuming adiabatic flows and unity Lewis number for the
chemical species. This model was initially derived to correctly capture the tur-
bulent flame speed as well as the inner thermochemical flame structure. During
this thesis, F-TACLES has been extended to non-adiabatic combustion. This
extension focuses on the proper prediction of the non-adiabatic turbulent flame
speed as well as the thermochemical quantities at the equilibrium state. For
that purpose, an additional non-adiabatic database is generated from a collec-
tion of 1-D burner-stabilized flames. The turbulent flame speed is corrected
based non-adiabatic laminar flame speeds.

The F-TACLES formalism has also been generalized to use any model for the
chemical species diffusion fluxes of the 1-D flame database. This accounts for
the effects of differential diffusion in the laminar flame front in the direction of
its propagation. The impact of differential diffusion on the laminar flame speed
is now well captured.
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These developments have been first validated on two academic turbulent partially-
premixed flames. Then, the extended F-TACLES model has been used to
analyse a semi-industrial combustion chamber designed at EM2C laboratory.
Numerical studies have been conducted, jointly with the experimental analysis
of Guiberti (2015), to better understand the impact of hydrogen enrichment,
strain and heat losses on flame stabilization process and topology bifurcations.
In this context, LES was used both for validation and physical analysis pur-
poses.

Modeling of flame-turbulence interactions in LES

The LES formalism separates the description of the reacting flow in a resolved
and an unresolved parts. Flame-turbulence interactions generally appear at
both levels.

The flame-turbulence interactions at the resolved scale is not properly described
by the turbulent combustion models based on a broadening of the flame front.
This misprediction is due to inconsistencies between flame and flow filter scales
formulations. A general and consistent formalism has been proposed and ap-
plied to the F-TACLES model which is fully compatible with the filtering for-
malism. The corrected model, called F2-TACLES, has been validated on a lean
turbulent combustion chamber showing promising results.

The estimation of the flame-turbulence interactions at the unresolved scale is
also very challenging issue. Different subfilter scale wrinkling models have been
assessed on an academic turbulent flame. Most of them fail when the intensity
of unresolved flame-turbulence interactions varies along the flame front. In such
situations, the tuning of model parameters seems to be necessary and difficult to
perform a priori. A dynamic procedure for the estimation of the sub-filter scale
wrinkling has been implemented and tested on a turbulent partially-premixed
flame. A good agreement for both mean flame position and flow field has been
obtained. At this stage, the non-adiabatic F-TACLES model combined with
dynamic subfitler scale wrinkling model can be considered as a parameter-free
combustion model for the LES of premixed and stratified flames.

Future perspectives

The different points developed in this thesis open the way to further develop-
ments and analysis:

e The impact of the subfilter scale wrinkling model on unsteady flames
should be further investigated. For that purpose, advanced experimental
characterization of pulsed or naturally unstable flame should be encour-
aged in the coming years. The EM2C burner developed and studied
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during this thesis is an ideal candidate for this investigations and the
TNF workshop may also be a good opportunity to develop such measure-
ments. The LES of highly unsteady configurations should allow a deeper
assessment of the models for the unresolved flame wrinkling. Dynamic
formulation of this model seems to be a very promising approaches which
should be tested on a larger range of situations.

Results from the F2-TACLES model applied to the PRECCINSTA pre-
mixed turbulent combustor have shown that this new formalism impact
the flame dynamics. Further investigations are needed and should also be
conducted on pulsed or naturally unstable configurations. The impact of
this new model on phase averaged flame response or also turbulent Flame
Transfer Function (FTF) should be further investigated. The inter-scale
convection term, modeled from the 1-D flame structure in this thesis,
should be estimated directly from the 3-D LES resolved scales.

Impact of radiative heat exchange within combustion chambers has been
neglected in this thesis. The estimation of the energy source term due to
radiation at a reasonable CPU cost is a very challenging numerical issue.
The coupling between radiation solvers and the LES simulations with the
non-adiabatic F-TACLES model will be necessary to correctly capture
the combustion process and the wall heat fluxes in industrial combustors
such as steel preheating furnaces.

The F-TACLES model should be extended to operate in pure diffusion
regimes. Recent developments by Coussement et al. (2015) show promis-
ing results. A comparison between both models (based on premixed
flames and on diffusion flames) on industrial burners having high levels
of mixture fraction stratification would be very interesting.

The present work focused on gaseous combustion. Practical combustion
chambers are mainly operated with liquid fuels. The impact of two phase
flow on mixing and combustion process remain very challenging issues.
These challenges lie in both numerical methods to track atomization of
the liquid and the spray characteristics and modeling of the impact of
liquid droplets on the turbulent flame structures.






Appendix A

Estimation of turbulent
combustion regime in industrial
combustion chambers

This appendix first proposes a short presentation of the different types
of flame-turbulence interactions in the context of fully-premized flames.
Karlovitz number K, is introduced as a global indicator to determine
the turbulent combustion regime and is therefore estimated for different
practical applications.

A.1 Laminar flame regime

The most simple case is when the flame front propagates in a laminar flow.
The whole flame structure then results from a reaction-diffusion equilibrium.
In this case, the inner thermochemical flame structure is not impacted by any
turbulent structure. Figure A.1 shows a stoichiometric CHy-Air laminar pre-
mixed flame stabilized above an isothermal burner as well as a schematic of its
inner thermochemical flame structure. Two main parts can be distinguished in
such premixed flames:
e Preheating (or diffusion) layer where heat diffuses towards fresh gases
increasing their temperature until chemical reactions start.
e Reaction layer where the major part of chemical reactions occurs to con-
vert the reactants into products thanks to mostly exothermic reactions.
The conversion of chemical energy into sensible energy is performed within
this zone.
The laminar flame front propagates towards fresh gases at a speed S; which also
represents, for planar flame fronts, the fresh gases consumption speed (Poinsot
and Veynante, 2012): S = 1/(p"(Y — Y¥)) [*5° pivy, dz, where the super-
scripts w and eq denote the state in fresh and burnt gases, respectively. Y} is
here the mass fraction of any chemical species present in fresh or burnt gases.
The flame consumption speed is a key quantity that needs to be correctly cap-
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Figure A.1: Schematic of the laminar flame structure. (Left) Direct Numerical Simu-
lation (DNS) of a 2-D premized laminar CHy-Air flame stabilized above an isothermal
burner performed by Fiorina et al. (2003). Fresh gases are injected at stoichiome-
try. (Right) Schematic of the thermochemical structure of a stoichiometric CHy-Air
laminar premized flame. Source: Fiorina et al. (2003).

tured by the combustion modeling strategies as it is directly or indirectly linked
to several other important flame properties (position, response to heat losses,
response to strain, quenching).

Another key quantity describing a flame front is the flame thickness §. § can
vary depending on the definition adopted. In order to ease the phenomenolog-
ical description of a flame front, two definitions are selected in this thesis. The
thermal flame thickness §; = (71 — T")/max (|0T/0xy|) is representative of
the characteristic size of the temperature front. The thickness of the reactive
layer ¢, is defined here as the half-heigh thickness of the reaction rate of major
species such as CO2, CO and H5O.

A.2 Thin flame (or flamelet) regime

The most energetic turbulent eddies are characterized by their size and velocity,
also called integral length scale I; and integral characteristic speed ugt, respec-
tively. Assuming an homogeneous and isotropic turbulence (HIT) at a given

turbulent Reynolds number Re; = ugtlt /v, it is possible to compute the size

of the smallest turbulent eddies, also called Kolmogorov scale g ~ [;/ Re?/ .

When the flame front thickness d remains thiner than the Kolmogorov scale
Nk, the inner flame structure is not altered by turbulence. Flame-turbulence



APPENDIX A - ESTIMATION OF TURBULENT COMBUSTION REGIME IN INDUSTRIAL213
COMBUSTION CHAMBERS

interactions then only result in a geometrical wrinkling of the flame front. In
this regime, called flamelet regime, the thermochemical flame structure can be
approximated by the laminar flame structure. In the literature, this regime is
often identified using the Karlovitz number K, which compares the times scale
associated to the flame propagation 7. with the time scale of the Kolmogorov
scale 7. This number may also be seen as the comparison of the corresponding
length scales:

Ka—TC—((s)Z (A1)

Tk Nk
Therefore, the flamelet (or thin flame) regime is reached when K, < 1. Note
that the limit K, = 1 is only qualitative since only order of magnitudes are
compared here. This limit may also be different when the turbulent field dif-
fers from HIT as it is the case in most of the practical combustion chambers.
Roberts et al. (1993); Driscoll (2008) showed that the criterion K, = 1 was in
fact too restrictive and that the deviations from flamelet structure were experi-

mentally measured only with eddies larger and more energetic than Kolmogorov
ones (K, ~ 10).
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Figure A.2: Scalar measurements performed on a premized CHy-Air turbulent flame
at K, = 0.6 by Sweeney et al. (2011a). (Left) Instantaneous OH-PLIF image of
the turbulent flame front. (Right) Scatterplot of the measured COy molar fraction
conditioned to the local temperature at two different distances from the burner exit.
The red line represents the structure of a unstretched laminar premized flame computed
using detailed chemical scheme. Source: Sweeney et al. (2011a).

Figure A.2 illustrates the behavior of turbulent flame evolving in the flamelet
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regime. It shows an instantaneous OH-PLIF (Planar Laser Iduces Fluorescence
of OH) image of a CHy-Air premixed flame front (and burnt gases) performed
by Sweeney et al. (2011a) on the Cambridge stratified slot burner. First, the
flame front thickness is not altered by turbulence and a large scale wrinkling
is observed. Second, inner thermochemical structure remains very close to the
laminar flame structure as shown by the scatterplot of the measured CO5 molar
fraction conditioned to the local temperature plotted in Fig A.2. Sweeney et al.
(2011a) have measured the same laminar behavior for Og, CO, CHy, HoO and
Hs.

A.3 Thin reaction zone regime

When the smallest turbulent scales become smaller than the flame thickness
d (i.e. K, > 1), some turbulent structures may be able to penetrate the pre-
heating zone. In this situation, the flame thickness generally increases and its
thermochemical structure progressively deviates from the laminar flame when
K, increases (Aspden et al.; 2011b). The thickness of the reactive layer ¢, is
smaller than the overall flame thickness ¢;. Thus, when the Karlovitz number
K, is lower than a critical value K, < K, the smallest turbulent eddies are
not able to enter the reactive layer which remains unaffected (Poinsot et al.,
1991; Roberts et al., 1993; Peters, 2000). This turbulent combustion regime is
called thin reaction zone regime.

Figure A.3 displays 2-D cuts of the temperature field extracted from a 3-D
Direct Numerical Simulation (DNS) of a turbulent premixed Ha-Air turbulent
flame at ¢ = 0.4 performed by Aspden et al. (2011b). From this DNS are
extracted conditional mean of Hy molar fractions as a function of local temper-
ature (seen here as a reaction progress variable). The geometrical wrinkling is
the dominating flame-turbulence interaction at K, = 10 while the flame front
is more thickened and less wrinkled when K, increases. The plots also confirm
that for K, = 10 the chemical flame structure slightly deviates from the un-
stretched laminar flame even if the fuel molar fraction stays very close to the
laminar trajectory. This is not the case for high K, where chemical trajectories
of the fuel mole fraction is completely different from the laminar one. Hawkes
et al. (2012) have shown recently that the local fuel consumption speed of a
turbulent flame lying in the thin reaction zone regime (K, ~ 20 and K, ~ 90)
notably differs from the laminar burning rate because of the impact of turbulent
scales on the inner flame structure.

A.4 Distributed reaction zone regime

For very high Karlovitz numbers, the small turbulent eddies become able to
penetrate both the preheating and reactive layers. In this situation, the whole
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Figure A.3: 3-D DNS of a premized Hy-Air turbulent flame at ¢ = 0.4 interacting
with a HIT performed by Aspden et al. (20110). Karlovitz number K, is varied from
10 to 1562. (Left) 2-D cuts of instantaneous temperature field. (Right) Conditional

mean of hydrogen molar fraction as a function of local temperature. Source: Aspden
et al. (2011b).

flame structure is disrupted and can not be assumed similar to laminar flame
structure as turbulent mixing dominates laminar diffusion. The characteri-
zation of this combustion regime is very difficult as it is mainly governed by
unsteady and local phenomena such as flame stretch and turbulent mixing.
Asymptotic analysis are therefore more difficult to derive and DNS become
very costly because they require to reach high turbulence intensities levels and
account for 3-D effects as well as complex chemistry. Thus, only few and recent
numerical studies have been conducted to gain further insight in the transition
mechanism between thin reaction zone and distributed reaction zone regimes.

The definition of flame and flow conditions to obtain the distributed reaction
zone regime is also difficult. The critical Karlovitz number K¢ defining the tran-
sition between regimes is not clearly identified. Peters (1999) estimated that
K¢ = 100 using theoretical considerations. Recent numerical investigations
proposed by Poludnenko and Oran (2010) using one step chemical scheme to
describe Ho-Air combustion have shown that the reactive layer thickness were
not affected for K, ~ 100. Savre et al. (2013) studied CHy-Air premixed
flames submitted to very high Karlovitz numbers K, = {600;2000; 9500} using
2-D DNS with detailed chemistry. Figure A.4 shows the results obtained for
K, =600 and K, = 9500. They noticed that the transition to distributed reac-
tion zone regime takes place near K¢ ~ 2000 and results in a stretched, curved
and broadened reaction zone. Other DNS studies (Aspden et al., 2011a,b) con-
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Figure A.4: 2-D DNS of a premized CHy-Air turbulent flame at ¢ = 0.7 interac-
tion with a HIT performed by Savre et al. (2013). Karlovitz numbers K, are 600
and 9500. (Left) Progress variable and heat release colormaps for both thin and dis-
tributed reaction zone regimes. (Right) Conditional mean of hydrogen mass fraction
and temperature as a function of progress variable. Source: Savre et al. (2013).

firmed that the effective critical Karlovitz number is globally higher than 100
and that it depends for instance on the Lewis number, the fuel composition
and the isotropy of the turbulent field. Concluding, Karlovitz number remains
a global criteria which does not account for all the phenomena likely to influence
the transition to distributed reaction zone.

A.5 Some estimations of the global Karlovitz number
in industrial combustors

An a priori estimation of the turbulent combustion regime is obtained from
orders of magnitude of the turbulent Reynolds number Re; and the Karlovitz
number K,. Three configurations of interest for this thesis are now considered
and the corresponding Re; and K, are estimated. Note that only orders of
magnitudes are given for the characteristic length scales and velocities.

Case 1: Steel preheating furnace operated at atmospheric pressure
with natural gas or coke oven gas

Considering a steel preheating furnace, of type "lateral long flame burner", op-
erating at atmospheric pressure with natural gas, the size of the largest eddy
I = 1 m is mainly controlled by the size of the device while its character-
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istic speed u;t = 10 m.s™! is controlled by the bulk velocity of injected fresh

gases (Ferrand, 2003). The kinematic viscosity of the burnt gases is taken equal
to v = 37-107° m%.s7! leading to Re; = ugtlt/y ~ 27000. An estimation of
the Karlovitz number is deduced from Eq. A.1 by considering the combustion
of natural gas or COG with a typical flame thickness of § = 0.5 mm:

5\ 2
Kfurnace-COG — <> ~1
a nk
Case 2: Steel preheating furnace operated at atmospheric pressure
with blast furnace gas

A furnace similar to the previous case is considered here. The only modifica-
tion lies in the fuel composition which is mainly composed by low calorific value
gases BFG extracted for blast furnaces. The combustion at atmospheric pres-
sure of BFG-Air mixture is very difficult to stabilize and exhibits large flame
thicknesses such as § = 1.0 mm. Assuming that the Reynolds number remains
similar to the case 1, Karlovitz number now reads:

f BFG o ?
Kaurnace- — (nk> ~ 4

Case 3: Aeronautical combustion chamber operated at 40 bars

Considering an aeronautical combustion chamber, of type CFM56, operating
at take-off conditions (P =& 40 bars), the size of the largest eddy I; = 0.10
m is also controlled by the geometry of the combustion chamber. In such
combustion devices, characteristic speeds, estimated here at ugt = 100 m.s7!,
are generally much higher than in furnaces. The same kinematic viscosity of the
burnt gases is adopted v = 37-107° m?.s~! leading to Re; = ugtlt/y ~ 27000.
In the present case, as the operating pressure is increased, the kerosene-Air
flame thickness § is lower than at atmospheric pressure and is taken equal to

6 = 0.1 mm. Karlovitz number then reads:

2
ngro. ch. — <5) ~ 4
Nk

These estimations, although qualitative, show that K, ~ 1 despite the large
range of considered geometries and operating conditions. The three different
cases are located at the edge between flamelet and thin reaction zone regimes.
Some authors actually locate these cases within the flamelet regime which seems
to be valid for K, higher than unity (Roberts et al., 1993; Driscoll, 2008). This
is actually the case for a large range of practical applications which justifies
the experimental, numerical and modeling efforts of the turbulent combustion
community to model the thin flame regime.






Appendix B

(Governing equations for
reacting flows

This appendiz presents the governing equations for reacting flows.
Solving directly these equations is very costly but remains very useful
to understand the physics controlling turbulent combustion processes.
Sitmplification of these equations using the low-Mach number assump-
tion is also introduced.

Approximating a fluid as a continuum, it is possible to define everywhere a
set of variables characterizing the thermodynamical and kinetic state of a given
flow. The evolution of such variables can be locally described by a set of partial
differential equations (PDE). The PDE associated to the conserved variable ®
then expresses the conservation law controlling the local evolution of ®. A
brief description of the conservation laws considered in this manuscript is given
in the following section. More details about the basic conservation equations
for reacting flows and how they can be obtained can be found in Poinsot and
Veynante (2012).

B.1 Mass and chemical species conservation

The Reynolds’ transport theorem (Reynolds, 1903) applied to a material ele-
ment (where the variation of mass is null by definition) allows to write the mass
conservation law:

dp

9
9p ) = B.1
o0 " g P =0 (B.1)

where p stands for the fluid density while u(uq,us,us3) is the velocity vector
associated to the material element. Following a similar strategy, it is also
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possible to derive the species mass fraction conservation law:

opYs 0 9
ot T ag PV =5

T

(PYka,i) + pwp Vk € [1; Nsp] (B.2)

where Y, is the kth species mass fraction, Ny, is the total number of chemical
species composing the fluid and Vi (Vj1; Vi 2; Vi 3) is the diffusion velocity of
the kth species. The kth S}\)fecies reaction rate ¢, has the dimension of s~!. By
definition, the relations ), ™ Y3V}, ; = 0 and Z,ivfi Wy = 0 are verified (Poinsot
and Veynante, 2012).

B.2 Momentum conservation

Momentum balance equation is derived by applying both Reynolds’ transport
theorem and Newton’s second law (Newton, 1687) to a material element:

ap 6717

ot Y 8%1 puitly) = 8.73j axl

+pf; Vi€ {l;2;3} (B.3)

where p is the thermodynamical pressure and f(f1; fo; f3) is the volume force
applied to the material element. In this thesis manuscript, fluids are supposed
to be Newtonian and the 2"¢ order shear stress tensor 7 then expresses:

. 8ul Guj 2 8uk N .. L.
Tij = K <ax] + 8mz> - 3M8xk51] VZ,] € {1a273} (B4)

B.3 Energy conservation

Energy transport equation is derived from both Reynolds’ transport theorem
and first law of thermodynamics (Clausius, 1851). Multiple forms of this equa-
tion are available depending on the energy definition (Poinsot and Veynante,
2012). In this thesis, mixture sensible plus chemical enthalpy h = Zgi’i Yihi
is considered and species enthalpy hj reads:

T
he= [ CppdT + Ah$;  Vk € [1;Ng) (B.5)
To N——"
~——~—" chemical
sensible

where T is the mixture temperature and Ty is the reference temperature. Ah% i
and Cp;, are the kth species mass formation enthalpy at Ty and heat capacity
at constant pressure, respectively. Sensible plus chemical enthalpy is conserved
across a isobaric laminar and adiabatic lame. The value of h is then the same in
both fresh and burnt gases which may be useful for the derivation of combustion
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modeling strategies. The mixture enthalpy h balance equation reads:

Nsp

dp _ 94 +Q—|—pz (Yifr,iVii) (B.6)

P
O, (push) = 37 = o, T ”a

0
T = (ph) +

where Q is the volume energy (for instance radiation) source term, q(q1; g2; ¢3)
is the energy diffusion flux modeled here as ¢; = —\ 5~ BT -+p ZNSP (YihiVi,i) and
A is the thermal conductivity. In the following, the radlatlon source term () and
the power produced by volume forces due to species diffusion p Z,ivji (Yi fre,iViei)
are neglected. In this context, Eq. B.6 is recast as follows:

Nsp
0 dp ou; 0 oT
. (puih) = “”67]- 3 Aaxi — pkzl (YiheVii) | (B.7)

)
oy —; (ph) +

The last Right Hand Side (RHS) term of Eq. B.7 represents the heat diffusion
term modeled here by Fourrier’s law (Fourier, 1822) and the heat transport
associated to species diffusion.

B.4 Gas state equation

In this thesis the gases are assumed ideal and are modeled using the ideal gas
law:

P=pT (B.8)
where r = % R = 8.3143 J.mol~' . K~ is the universal gas constant and W is

the mixture molecular weight. Note also that 1 Zk °t L’Z where Wy, is the

kth species molecular weight.
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B.5 Low-Mach number flow assumption

The balance equation system describing the behavior of reacting flows is formed
by Egs (B.1), (B.2), (B.3), (B.7) and (B.8) and leads to the following system:

op 0 B
at oz, (pui) = 0 (B.9)
Ot oy = 9P 0T
0pYy 0 B 0 ' )
o + 2, (pYru;) = _87331' (kaV;m) + pwg (B.11)
Nep
0 0 _dp Ou, 0 oT ‘
5 (Ph) + 9 (puih) = +T,Ja—% Sl B p;(Ykthkﬂ)( 12)
p = prT (B.13)

Explicit resolution in time of this equation system requires the capture of
both flow convective scales propagating at the speed v and acoustic (pres-
sure) waves propagating at v &+ ¢ where ¢ is the speed of sound. In a general
case, the maximum absolute propagation speed u of an information is given by
Ucompressible = |V| + |¢|. However, when the Mach number M = v/c is lower
than 0.3 (i.e. v < ¢), acoustic waves propagate much faster than the convective
scales. In this particular situation, the impact of acoustics waves on the velocity
field through density fluctuations can be neglected!'. In other words, acoustic
information propagates at a speed c that can be assumed infinite compare to
convective velocity:

%:%—>O<:>c—>oo (B.14)

c dp
The low-Mach number assumption therefore implies an infinite speed of sound.
As the propagation of acoustic waves does not need to be resolved anymore,
the maximum absolute propagation speed u of an information is given by
Ulow—Mach = |'U‘

The Courant-Friedrichs-Lewy (CFL) number compares the mesh cell size Az
and the distance crossed by any information propagating at u during a simu-
lated time step At:

uAt
CFL = —+— (B.15)

For a given spatial discretization and a given value of the CFL number (imposed
by the numerical scheme) the simulation time step At for both compressible

! Considering air flow at standard conditions of pressure and temperature, if M < 0.3 the
density variation p/po is lower that 5% where po is the density at M = 0.
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and low-Mach situations may be compared:

Atcompressible _ ’U| (B 16)
AtlowaaCh ‘U’ + |C|

Equation B.16 shows that when the low-Mach number flow assumption is
valid (v < ¢), the required time step for a fully compressible simulation
Al compressible 1 much smaller than the time step required by the low-Mach
simulation Atjow_Mach- Consequently, when compressibility effects can be ne-
glected, the low-Mach assumption allows to simulate a given physical time using
less iterations than in a fully compressible simulation. This assumption may be
made for the simulation of large scales industrial furnaces operated at atmo-
spheric pressure where convection velocities are small compare to ¢ and of the
order of 10 m.s~! (Ferrand, 2003). However, compressible effects may not be
negligible in aeronautical combustion chambers since the maximum flow veloci-
ties reach 100 m.s~! (Boileau et al., 2008; Janus et al., 2007). In practice, both
the balance equation system and the numerical strategy greatly differ between
low-Mach number and fully compressible solvers (Kraushaar, 2011).

B.6 Governing equations for low-Mach number re-
acting flows

The balance equation system assuming a low-Mach number flow is briefly de-
scribed in this section. The derivation procedure selected in this thesis has
been proposed by Majda and Sethian (1985) and is also recalled in more recent
studies (Day and Bell, 2000). First, Eqs (B.9) to (B.13) are recast in a dimen-
sionless form. A Taylor series expansion of all dimensionless thermochemical
variables ®@* is then performed around the Mach number M = 0:

O* = O + MO} + M} + O(M?) (B.17)

Expanded variables are then injected within dimensionless equations leading to
polynomial equations functions of M =2, M1, M M"' and M?. Identifying
the polynomial coefficients for each orders of M leads to (only relations of
interest are shown):
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FLOWS
8po 0 N
ot om (pouio) = 0 (B.18)
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a(POUjO) + %(pouiouw) = _87]‘ ax]i + pofio (B.21)
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The full derivation procedure is presented in details by Benteboula (2006) who
also highlights some differences between the low-Mach number equations (Egs.
(B.18) to (B.24)) and the fully compressible formulation (Egs. (B.9) to (B.13)):
e Each variable &y corresponds to the Oth-order Taylor expansion around
Mach number M = 0 (See Eq. B.17). In the following, subscripts ¢ will
not be included in the notations except when ambiguity exists as it is the
case for the pressure term.
e po corresponds to the thermodynamic pressure and represents the abso-
lute pressure which is constant in space.
e p; is also constant in space and steady acoustic waves are then neglected.
e py is the hydrodynamic (or perturbational) pressure and now appears in
the momentum equation. All thermodynamic quantities are assumed to
be independent of po which may vary in time and space.
e Both the pressure and viscous heating terms in the energy equation are
neglected as the pressure is constant and the viscous heating is of high
order in M.

As no assumptions are made on 3—51, this approach captures density variations
across a flame front (and then thermal expansion) as this density variation is
associated to the temperature increase.



Appendix C

Closure of the two-scale filtered
progress variable balance

equation using the thickened
flame approach: TFLES-FPI

This appendiz is complementary to chapter 5 and proposes a new

formulation of the TFLES-FPI model considering both flame and
flow filter sizes explicitly. Note that this is valid only in a tabulated
chemistry context. Similar developments for reduced chemistry would
be more complicated as the flame structure is not known a priori.

As detailed in Sec. 1.5.2.3, the thickened flame model has been coupled with
tabulated chemistry by Kuenne et al. (2011). Considering fully-premixed com-

bustion, the progress variable equation filtered at the flame size A reads:

9pYe
ot

+V- <pﬁs7c> —v. <EA}"APD*V17C> + ooy, (C.1)
]:A

where g* denotes that the variable g is extracted from the laminar FPI database

o* (Y.) as:

o ()w (1(5)

where 2* denote the space coordinate normal to the flame front. Equation (C.2)
actually corresponds to a dilatation of the spatial coordinate x* resulting in a

thickening of ®* by a factor FA noted g* Therefore, g* is modeled by the

laminar quantity ®* thickened by a factor FA in the direction normal to the

flame front. In this context, the thickening factor FA is chosen to ensure a
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proper resolution of the filtered progress variable 570 =Y. (x*/ ]:E) front and
verifies:

b= =ni, = FA6y. (C.3)

[

where n, which depends on the numerics of the LES code, is typically of the
order of n = 5. A second thickening factor corresponding to the flow filter is
introduced to close the two-scale progress variable equation (5.27):

A =mA, = F26y, (C.4)

where m also depends on numerics of the LES code and is typically of the order
of m = 3 as previously discussed in Sec. 5.1. As a first approximation, one
can use this additional thickening factor F2 to estimate the thermochemical
variables filtered at size A from the same laminar FPI database ®* (Y,) as:

3" = ¢* (57) - <Yc <;A>> (C.5)

Equation (C.1) can be recast following the procedure described in Sec. 5.2.4 so

that the progress variable filtered at size A is transported by the momentum
filtered at size A:

oY, = =% = = e
gtc+v- <pch> =V <EA}‘ApD*VYC> +EX}‘AD1T/CF+EXITCF+}_—%R3T/E

(C.6)

where the RHS terms D;l;CF , I;;CF and R;%F are computed prior to the computa-

tion and are tabulated as a function of the resolved progress variable 570 ==

o A
account for the unresolved wrinkling at the filter scales located under A. In the
following, the tabulation procedure is denoted by [-]. The diffusion correction

term DXT,CF reads:
DyF M = ( b — 1) v (pD*v?c ) (C.7)
D

The inter-scale convection term Z%F reads:

7" M s (1 -z >v?c (©8)

The chemical reaction term R}T/CF is slightly modified compared to its original
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formulation:

RIF M - L (€9)

Finally, the final equation system to solve is written as follows:

dp .

TV () =0 (C.10)
8aptu +V-(pun) = -Vp+ V- (T+7) (C.11)

6?12 = _ e— _ = ~

5tV <pch> = V. (:A]-"APD vn) + ExFADEF [y}
+25Ty. [?] + 2RYF [ﬂ (C.12)

FA

po = ol [ﬂ (C.13)

This model has neither been implemented nor tested during this thesis since
the focus has been made on the filtered flame model F-TACLES, more suitable
to handle spatial filtering formalism.
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