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Abstract

Combustion of fossil fuels has been used for decades for all kinds of purposes,
from generating electricity to make air planes fly but they are also the main source
of pollution leading to climate change. New sustainable, less polluting fuels must be
studied in order to diminish as much as possible the human impact on the planet.
Combustion is a very complex process combining fluid dynamics, thermodynamics
and chemistry with hundreds of species involved. In order to be able to use all
the tools the numerical simulation has to offer with increasing complexity, from
canonical cases to 3D Large Eddy Simulations (LES) with two-phase flows, analysing
the relevant chemical pathways and reducing the reaction mechanisms describing this
chemistry is necessary. Analytically Reduced Chemistry (ARC) is a way of reducing
the size and the complexity of chemical mechanisms where only the species and
reactions relevant to given conditions are kept while keeping a physically coherent
mechanism. ARC lies among several methodologies for the reduction of kinetics but
with the increasing complexity of the fuels and configurations that need to be studied
in the future years, it is now more and more interesting. The first objective of this
work is to develop a fully automatic procedure for developing ARC mechanisms that
do not require and expert knowledge on kinetics and can be adapted to any kind
of conditions to be as versatile as possible. This objective has been fulfilled by the
creation of the code ARCANE and the second objective was to assess its performances
in two different configurations. The first configuration consists in the combustion of
premixed hydrogen-enriched methane/air in a swirled combustor with 2 levels of
enrichment in the solver AVBP. The ARC mechanism has been derived with the
prediction of NO, and the addition of the chemiluminescent species OH*. The fully
automatic reduction of this mechanism is proven to capture well the experimental
results and the effect of the enrichment level on the flame structure. The presence
of OH* in the mechanism allows for more direct comparison with experiments and
is the start of a discussion about the actual identification of the flame structure.
Numerical simulation is also used in this case for the prediction of the NO, emissions
and how it is affected by the hydrogen enrichment. The second configuration consists
in the reduction of 3 aviation fuels (conventional kerosene, sustainable aviation fuel
(SAF) and high-aromatic content kerosene) described by 3-components surrogates.
The reduction of each fuel is then used in canonical configurations of liquid droplets
combustion. The discrete evaporation model implemented in AVBP allows to observe
the effects of the preferential evaporation on the flame structure. Finally, the different
fuels are compared to one another to identify their particularities and assess the
benefits of the multi-component approach.
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Résumé

La combustion de carburants fossiles est utilisée depuis des décennies pour nombre
d’applications, de la génération d’électricité au fonctionnement des moteurs d’avions,
mais c’est également une des raisons principales du déreglement climatique. De nou-
veaux carburants, durables et moins polluants, doivent étre étudiés afin de diminuer
I'impact humain sur notre planete. La combustion est un procédé complexe alliant
mécanique des fluides, thermodynamique et chimie avec des centaines d’especes im-
pliquées dans celle-ci. Afin de pouvoir utiliser les outils de la simulation numérique
pour représenter des phénomenes de plus en plus complexes, des cas canoniques
jusqu’a des Simulations aux Grandes Echelles (SGE), 'analyse des chemins chimiques
prépondérants et la réduction des mécanismes réactifs est nécessaire. La Chimie An-
alytiquement Réduite (CAR) est une méthode pour réduire la taille et la complexité
des mécanismes chimiques dans laquelle seules les espéces et les réactions cohérentes
avec les conditions opératoires sont gardées. La CAR n’est qu'une méthode parmi les
nombreuses méthodologies pour la réduction de la cinétique chimique mais avec la
complexité grandissante des carburants qui devront étre étudiés dans les prochaines
années, elle se distingue plus que jamais. Le premier objectif de ce travail est de
développer une procédure entierement automatique pour le développement de CAR
sans demander a 'utilisateur une expertise poussée de la réduction et d’'une maniere
adaptable au plus de conditions possibles dans un but de versatilité. Ce premier
objectif a été rempli par la création du code ARCANE dont les performances sont
démontrées sur 2 configurations. La premiere configuration consiste en une flamme
swirlé de méthane/air prémélangée avec 2 niveaux d’enrichissement a 1’hydrogene
calculée avec le solveur AVBP. Le mécanisme CAR a été réduit en incluant les NO,,
et l'espece chimiluminescente OH*. La réduction capture correctement les résul-
tats expérimentaux et les effets de I'enrichissement sur la structure de flamme. La
présence d’OH* dans le mécanisme permet une comparaison plus directe entre la sim-
ulation numérique et les expériences. La simulation numérique est aussi utilisée de
maniere prédictive pour identifier 'effet de I’enrichissement sur les émissions de NO,,.
La seconde configuration comporte la réduction de 3 carburants pour l'aviation (du
kérosene conventionnel, un kérosene de synthese renouvelable et un kérosene riche en
aromatiques) décrits par des modeles a 3 composants. Les schémas réduits obtenus
ont ensuite été utilisés dans des cas canoniques de combustion diphasique. Le modeéle
d’évaporation multi-composants discret implémenté dans AVBP permet d’observer
les effets de I’évaporation préférentielle sur la structure de flamme. Enfin, les dif-
férents carburants sont comparés pour identifier leurs particularités et déterminer les
avantages de ’approche multi-composants.
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Chapter 1
Introduction and Context

Contents

1.1 Energetic turnover to reduce global emissions . .. . .. 2

1.2 Detailed chemistry expanding the range of possible fu-
els in combustion ... ... ... ... 00000000,

1.3 Numerical simulation to tackle the energy crisis . . . . .

1.4 Objectives and structure of the manuscript . . . . .. ..

The fight against global warming is undeniably the most ambitious and critical
challenge of the next few years. The emissions of greenhouse gases by human activity
creates atmospheric forcing resulting in a rise of the average temperature. Already
observed in the last decades, it considerably modifies our planet ecosystem. The
consequences of the climate change are various and all the more worrying.

o The most obvious consequence from a strictly semantic aspect is an increase
of the global median temperature causing a disruption of the world’s climate.
An increase in the intensity and frequency of heat waves around the globe has
been observed [Perkins-Kirkpatrick and Lewis, 2020][Vogel et al., 2020] that
can threaten human survival [Ahima, 2020]. This is also believed to be more
generally the cause of the recent increase of extreme weather conditions in the
northern hemisphere in the last few years [Risser and Wehner, 2017].

o The Arctic is a visible indicator of the global change as it is warming at double



2 CHAPTER 1. INTRODUCTION AND CONTEXT

the rate of other regions in the world [Jorgenson and Jorgenson, 2021]. At this
location, the ice faces an important decline, specifically in Greenland [Yadav
et al., 2020][Kumar et al., 2020] and will certainly rise the sea level leading to
increasing coastal floods [Taherkhani et al., 2020] and ultimately to population
migration [Hauer et al., 2020]. The melting, having an effect on the planet
albedo, might also contribute to a positive feedback on the atmosphere me-
dian temperature worsening its warming on an intermediate to long timescale
[Wunderling et al., 2020].

o Without even considering the destruction of wild animals and plants habi-
tat, the global change induces modifications in life forms behaviours and may
even lead to the extinction of some species [Root et al., 2003][Kubisch et al.,
2015][Garcia-Robledo et al., 2016].

Because the earth population is still increasing hence an increasing demand in
energetic resources, the economical concept of degrowth, which implies less energy
demand by less consuming, seems utopian. Other solutions must be found in order to
decrease the global emissions and avoid catastrophic consequences in the future years,
as highlighted in the special report of the International Panel on Climate Change
(IPCC) on the global warming of 1.5°C compared to preindustrial era [Masson-
Delmotte et al., |.

The Paris agreement ', signed by almost all countries recognised by the United
Nations 2, has fixed several objectives in an attempt to fall below the 2 degrees rise
in global temperature projected for 2030. In order to reach these objectives, the
energy sector must operate a radical change to turn away from fossil fuels towards
renewable and decarbonated sources.

1.1 Energetic turnover to reduce global emissions

A complete shift in the energy production from combustion to electricity does not
seem a viable strategy in the short to medium term as it would require an energy

1Official website:  https://unfccc.int/process-and-meetings/the-paris-agreement/
the-paris-agreement/key-aspects-of-the-paris-agreement

20nly the Vatican City stands in the non-signatories because of the incapacity to do so as it is
not yet a member of the United Nations Framework Convention on Climate Change.
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production that is not yet reachable with renewable energy only given the current
state of the worldwide production ®. Because combustion represents an important
part of the world energy production, the smoothest, most affordable and most rea-
sonable energetic transition path to decrease human impact on the planet is to adapt
or replace the fossil fuels presently used in combustion processes by more sustainable
fuels.

Energy production from combustion processes is mainly composed of ground-
based gas turbines burning either natural gas or coal. Despite attempts to control
the pollution of the latter [You and Xu, 2010], its decarbonation is difficult by nature.
Natural gas is composed primarily of methane with a percentage between 85 and 95
percents in volume [Faramawy et al., 2016]. Less polluting than coal, natural gas
is however a fossil fuel, with a risk of shortage. In the past few years, a growing
interest has appeared for blends of natural gas with hydrogen, which can be produced
by sustainable processes, in order to both lower the carbon content of the fuel and
increase the performances of the combustion process. This subject will be discussed
more in Chapter 6.

Besides power generation, transportation is also a key element of the energetic
transition. Electrical engines sound like a good choice for personal vehicles [Buek-
ers et al., 2014][Requia et al., 2018] depending on the local electricity production
source. But in the case of heavier transportation vehicles, it is way more compli-
cated. For cargo ships, this transition seems very difficult [Koumentakos, 2019] and
despite several projects of electrically powered planes * it seems also unlikely for the
aeronautical sector that electricity will be a viable solution. Hydrogen as a fuel is
more realistic, in particular for land transportation but also for commercial planes as
promoted in recent projects °. However hydrogen raises many yet unsolved technical
questions and requires intensive research and development. Note that in the case of
planes, any technical change takes about 25 years to be implemented in the whole
fleet around the world .

Because of the advantages in terms of power and storing, in particular in the case
of aviation, alternative kerosene fuels originating from sustainable sources seem to be

3IEA, Electricity generation by fuel and scenario, 2018-2040, IEA, Paris https://www.iea.org/
data-and-statistics/charts/electricity-generation-by-fuel-and-scenario-2018-2040

4Airbus electrical flight project https://www.airbus.com/innovation/zero-emission/
electric-flight.html

5Airbus hydrogen plane https://www.airbus.com/innovation/zero-emission/hydrogen.
html


https://www.iea.org/data-and-statistics/charts/electricity-generation-by-fuel-and-scenario-2018-2040
https://www.iea.org/data-and-statistics/charts/electricity-generation-by-fuel-and-scenario-2018-2040
https://www.airbus.com/innovation/zero-emission/electric-flight.html
https://www.airbus.com/innovation/zero-emission/electric-flight.html
https://www.airbus.com/innovation/zero-emission/hydrogen.html
https://www.airbus.com/innovation/zero-emission/hydrogen.html
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the most reasonable road toward a cleaner aviation in the short-run. Indeed, even if
their properties are close to the current standard kerosene (with all the detrimental
emissions it implies), alternative fuels have two main advantages :

 as they do not differ much in terms of combustion, they can be directly used in
the existing aircrafts and engines. This explains why they are named drop-in
fuels.

e as part of their composition does not come from the soils but from organic
matter, the overall life cycle of the fuels lead to lower overall detrimental emis-
sions.

Several European collaborations such as the JETSCREEN project (further de-
tailed in Chapter 10) have worked on the capabilities of alternative jet fuels to replace
existing fossil fuels in aeronautical engines. Very recently, Airbus, DLR and Rolls-
Royce launched the Emission and Climate Impact of Alternative Fuels (ECLIF3) ©
program which will directly assess the impact on pollutants and performances of an
aircraft flying with 100% of sustainable aviation fuels (SAF).

1.2 Detailed chemistry expanding the range of
possible fuels in combustion

From the previous depiction of what the future will need from the scientific commu-
nity, it is clear that combustion processes will rise in complexity and with it, their
chemical description.

The detailed description of combustion chemical kinetics has been an important
focus of the combustion community for almost 30 years and is now, more than
ever, a necessary foundation in the construction of accurate and reliable studies for
combustion.

An extensive review of all the work associated with the construction of these
chemical kinetics mechanisms has been made by [Curran, 2019] and because chemical

Shttps://www.airbus.com/newsroom/press-releases/en/2021/03/
aviation-leaders-launch-first-inflight-100-sustainable-aviation-fuel-emissions-study-on-commerc
html
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processes are being developed regularly, the possibilities offered by these models are
constantly increasing.

These detailed models of combustion chemistry providing important information
about the microscopic interactions between the molecules, need to be coupled to
the description of transport phenomena with Computational Fluid Dynamics (CFD)
solvers in order to study the behaviour of real burners and combustion chambers.

1.3 Numerical simulation to tackle the energy cri-

S1S

Numerical simulation is a powerful tool allowing to consider phenomena which would
be too hard to measure in experiments, especially when dealing with complex chem-
istry. It needs to work as a complement of experiments in order to assess its accuracy
and predictive capacities.

From the number of abstracts in the last International Conference on Numerical
Combustion in Aachen, Germany ’, it is clear that numerical simulation of com-
bustion is a flourishing domain which will play an important role in the scientific
challenges ahead.

The Large Eddy Simulation (LES) approach especially ® has allowed to better
understand combustion and helped the industry in their design of more efficient
and less polluting engines [Franzelli et al., 2012a, Bulat et al., 2014, Jaravel et al.,
2017a, Collin, 2019a, Gallen et al., 2019].

1.4 Objectives and structure of the manuscript

CERFACS has developed over the past 30 years a strong expertise in Computational
Fluid Dynamics (CFD), based on Large Eddy Simulation (LES) implemented in

"List of abstracts of the 17" International Conference on Numerical Combustion https://www.
ncl9.itv.rwth-aachen.de/bookOfAbstracts.pdf

8 A non-exhaustive list of Large Eddy Simulations between 2000 and 2017 can be found in the
PhD of [Felden, 2017]


https://www.nc19.itv.rwth-aachen.de/bookOfAbstracts.pdf
https://www.nc19.itv.rwth-aachen.de/bookOfAbstracts.pdf
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its in-house solver AVBP. It has led to a vast amount of studies in the context of
reactive flows REFS. The present work closely follows [Felden, 2017] and [Jaravel,
2016] theses which demonstrated the feasibility of using realistic chemistry in CFD
and in particular implemented first Analytically Reduced Chemistry (ARC, described
in Chapter 3) mechanisms in AVBP.

Considering everything said earlier, the complexity of the cases which must be
studied in order to go forward both from an industrial and an academic point of view
requires increasingly complex chemistry description and thus affordable methods
to compute them. The first objective of this PhD thesis is therefore to extend
the available tools for the reduction of detailed chemical kinetics mechanisms into
Analytically Reduced Chemistries (ARC) to make their derivation fully automatic
and accessible to non-experts. Part I describes in length the ARC methodology and
the ARCANE code which is a major achievement of this work. The code provides a
user-friendly environment for researchers interested in reducing a detailed mechanism
to an ARC for almost every kind of mixture and in any operating conditions. The
code is detailed in Chapters 4 and 5.

The following parts present the application of the reduction process based on
academic configurations with non-standard conditions. They aim to demonstrate the
robustness and usefulness of the current methodology for the study of cases where
the chemical description are critical and where analytical reduction was previously
difficult to attain.

Part II presents the specificity of the reduction for hydrogen-enriched methane
gaseous premixed flames and its performances on the VALOGAZ academic combus-
tor in the prediction of the flame structure and NO, emissions.

Part 111 focuses on the description of kerosene surrogate and 2 alternative jet fuels
in conditions of forced ignition of liquid droplets. The fuel is represented by multi-
component surrogates exhibiting preferential evaporation. This effect is assessed
on zero- and one-dimensional configurations, also comparing the effects of the fuel
composition on combustion behaviour.
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1.1 Introduction

As said by [Curran, 2019], "combustion is the ultimate interdisciplinary field; it
requires knowledge of chemistry, physics, fluid dynamics, thermodynamics, mathe-
matics and computer science'. Even for the simplest combustion system being the
oxy-combustion of hydrogen that can be described by the global reaction Hy + 0.5
Oy — H50, several chemical species are involved and this process must be decom-
posed into smaller reaction steps, called elementary reactions, in order to accurately
describe the evolution of the chemical system both in term of chemical composition
and thermodynamic state.

A thorough presentation of the combustion chemistry can be found in the book
of [Gardiner, 2012], among others, and its basic principles will be recalled here.

The combustion of any type fuel is driven by the presence of radicals that are
compounds with unfilled outer electron configuration. This electron craving makes
those species highly reactive and will often react shortly after they are produced. OH,
O and H are radicals that are of great importance in most combustion systems and
the reaction H + Oy — OH + O is often considered as the most important reaction
of combustion at high temperatures, as it gives the pace to the whole system.

The characteristic of combustion among other chemical processes is that com-
bustion mechanism is composed of chain reactions. The radicals mentioned earlier,
or free radicals, will serve as indicators of the evolution of the chain reaction and
elementary reactions will be classified according to the number of radicals in the
reactants and the products (that will be noted Ny qgicais reactants a0 Nyadicals products):

o Chain initiation reactions are reactions that will produce free radicals start-
ing from stable species. They can be summarised as Nyagicais reactants = 0,

Nradicals,products > 0.

The mechanisms leading to chain initiation are:

— Homolysis, which is a dissociation process where a stable molecule breaks
to give fragments, each retaining the one electron of the broken bond. At
high temperatures, homolysis is called pyrolysis because it needs a higher
activation energy that is typically given by a flame or an energy source.
This mechanism constitutes a unimolecular initiation step.
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— Hydrogen atom abstraction or H abstraction, in which an Oy molecules re-
moves and hydrogen atom from a molecule. This constitutes a bimolecular
initiation step.

o Chain propagation reactions are reactions where a free radical interacts
with a stable species to form another radical. They can be summarised as

Nradicals,reactants = Nradicals,products-

Chain propagation reactions include:

— Metathesis or H abstraction, in which a free radical removes and hydrogen
atom from a molecule creating another free radical.

— Dissociation, where a molecular bond is broken to produce smaller radi-
cals. A special dissociation is [3-scission that produces a free radical and
an unsaturated molecule.

— Addition where two molecules combine to form one.

— Izomerisation where the atoms inside a molecule rearrange to form an
isomer. The isomer possesses the same chemical formula as the initial
molecule but due to its different geometry, its thermodynamic behaviour
is changed.

— Dissociation where similarly to homolysis, a bond breaking result in
the production of smaller species. The difference being that the initial
molecule is often an intermediate species or a radical.

o Chain branching reactions are reactions where a free radical with interact
with a stable species to form more radicals. This type of reaction, to which
H + Oy — OH + O belongs to, is critical to predict the correct combustion
behaviour as a succession of them will rapidly amplify the radical concentration.
They can be summarised as Nradicals,reactants < Nradicals,productS'

The mechanisms of branching are the same as the propagation with a different
number of radicals as products. Chain branching reactions that go through a
stable molecule are called degenerated branching.

e Chain termination reactions, also called recombination reactions, are reac-
tions that will terminate the chain reaction by forming stable species from free
radicals. They can be summarised as Nyqgicais,reactants > 05 Nradicais products = 0.

Termination is reached through two mechanisms.

— Combination, where radicals react together to only form stable molecules
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— Disproportionation, also called dismutation, consisting in an exchange of
hydrogen atom between radicals to make them stable.

All those different reactions and the path between them the system will take
will be highly dependent on the temperature conditions and the flow features. It
is therefore critical to initially study canonical cases as the one presented in the
following (Section 2) to fully understand the chemistry before applying it to realistic
case.

Accurately capturing all the complexity of a combustion system requires a precise
chemistry description given by the detailed chemical kinetics mechanisms and all the
necessary equations for the computation of compressible reactive flows of gaseous
mixtures that are detailed in the following.

1.2 Species quantity

The simpler way of quantifying a species in a mixture is to simply express it as the
number of molecules there is in the whole mixture. The number of moles of species
k is written ny.

It can also be convenient to express the mass of species k written my, being :

where W), the molecular weight of species k.

A usual way of quantifying species is to express it relatively to the other species
quantities.

The mole fraction X} of species k, which is a dimensionless quantity, represent
how much species k there is in 1 mole of the total mixture.

X, . (1.2)

Zkzl,NSTLk
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It is a normalised value so 37,1 y, Xi = 1.

The mass equivalent of that quantity is the mass fraction Y, of species £ which
represent the mass of species k there is in 1 kg.

My
Y= ——— 1.3
Ek:l,Nsmk ( )
Wlth ZkZI,NS Yk = 1
It can be express from the mole fraction as:
Wi
Y} :XkW’ k=1,N, (1.4)

where W is the mean molecular weight of the mixture expressed as
W =31 n XeWi

The important quantity for kinetics computation is the molar concentration of
species k noted ¢, which represent the number of mole of species k in a cubic meter
and is not dependent from the other species values. It is expressed as

k= P = P, k=1, Ny (1.5)

Where p is the mixture density (in kg.m™3).

When the species is explicitly referenced, for example the concentration of C'Os,
the molar concentration is written as [C'Oy].

The concentration can also be expressed in term of mass and will represent the
mass of species k inside a cubic meter. This quantity c mess can also be understood
as the species density pg, written:

Ck,mass = Pk = ka7 k= 17 NS (16)

Once all the species quantifying quantities are defined, the reaction between them
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can be studied through the chemical kinetics equations described in the following
sections.

1.3 Reaction rates

For a given reaction j in the general form R — P, called in the following elementary
reaction, the reaction rate ¢; represents the speed at which the reactants R are
transformed into the products P.

This reaction rate of reaction j (in mol.m=3.s71) is expressed as:

N
&=k [[ ™™, j=1,N, (1.7)
k=1

with k; the rate constant of the reaction and order; ; the reaction order of species
k in reaction j.

According to fundamental chemistry, the reaction order can be any positive value
and is determined via experiment or by studying the role of the species in a reaction.
In bio-chemistry, some reactions such as CoHsOH — CH3CHO (producing liver
enzymes) actually have a zero overall order meaning that the reaction rate does not
depend on the reactants concentration [Tinoco and Jaworski, 2014].

For combustion, complex chemical kinetics schemes are constructed with the
mass action law [Waage and Gulberg, 1986] formulated in 1864, stating that for
ideal conditions the reaction order of a species depends only on its concentration
with no consideration about its size or functionality hence the reaction order of a
species equals its stoichiometric coefficient, changing the above equation into:

N ,
éj = ]{Zj H Ckk’j, j = 1,Nr (18)
k=1

with v ; the stoichiometric coefficient of species k in reaction j. The overall
. . ]\7S /
reaction order order; is then 7.2, v ;.
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In order to consistently keep the same unit for the reaction rate, the rate constant
unit is dependent on the overall reaction rate and is moll=07ders) =31 -order;) g1,

However, in some mechanisms (CRECK 2003_TOT HT LT SOOT L for
example [Ranzi et al., 2014] [Ranzi et al., 2015] [Pejpichestakul et al., 2019]), zero
order can be applied to hydrogen atoms in soot formation because of their negligible
size compared to soot particles making their impact negligible.

As mass is the variable that is conserved when the reaction takes place, it can be
interesting to express the reaction rate in term of mass as:

Gy =é;xWy,  j=1,N, (1.9)

The rate constant previously introduced is generally written as temperature de-
pendant equation known as Arrhenius equation:

_Ea,j
ki(T) = A;TPe®r™,  j=1,N, (1.10)

with 7T the temperature, A the pre-exponential exponent, [ the tempera-
ture exponent, F, the activation energy and R the universal gas constant
(=8.31446 J. K t.mol™).

The activation energy E, (in Jomol™!) is the kinetic energy of colliding molecules
required for the reaction to happen and divided by the perfect gas constant R, can
be seen as an activation temperature 7.

The pre-exponential factor A can be seen as a quantification of the reaction
reactivity compared to other reactions. To be consistent with the rate constant, its
unit is mol(l—orderj)m—S(l—orderj)S—lK—l.

As explained in [Laidler, 1984], the temperature exponent [ is a correction of
the pre-exponential coefficient allowing to cover a wider range of temperature (which
is particularly important when dealing with combustion).

'http://creckmodeling.chem.polimi.it/menu-kinetics/menu-kinetics-detailed-mechanisms/
107-category-kinetic-mechanisms/407-mechanisms-1911-tot-ht-1t-soot
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(a) (b)

Reactants Products

Energy
Energy
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Figure 1.3.1: Energy profile of an exothermic (a) and an endothermic (b) reaction

1.3.1 Reversible reactions

A majority of reactions does not go only one way and depending on the local con-
ditions, the products of the equation can become reactants. This type of reaction
called reversible (as opposed to irreversible) are written R <> P. The reaction rate
c; for such reactions, called the net reaction rate, is then the contribution of both
the left to right and the right to left reactions:

NS ’ NS i
. v vl .
C; = kforward,j H c]gkﬂ + kbackward,j H Ckk’]v J = 1, N; (]-1]-)
k=1 k=1
C.net,j = C.forward,j + ébackwardja j = 17 NT (112)

The subscripts forward and backward indicating the direction of the reaction,
respectively R — P and P — R. The forward and backward rate constants are
related through the equilibrium constant Kequitibrium,; which writes :

k orward,j .
kequilibrium,j - kf : ; J = 17 NT (113)
backward,j
P\ 2o Vs
k=1 »J Ns
kequilibrium,j = ( g?) QZKZI kaj%a j = 17 NT (114>
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where P, is the atmospheric pressure and py the Gibbs free energy of species k
defined as pp = Hy— ST, Hk being species k standard enthalpy and S the standard
entropy at the given temperature and pressure.

Unless clearly specified, all reactions of a specified kinetic system will be expressed
as elementary reactions in the following equations, meaning that all reversible reac-
tions will be split into two irreversible reactions linked through the relation of their
rate coeflicients given by Eq. 1.13.

1.3.2 Third body reactions

For specific reactions to happen, a collision partner is sometimes necessary, meaning
an inert species in the reaction that will carry some of the reaction energy to make the
reaction stable. Such reactions, called third body reaction, are written as R + M —
P + M with M symbolizing collision partners. The reaction rates then becomes:

N,
¢ =kiM; [[ e,  j=1,N, (1.15)
k=1
with M, the concentration of the collision partner defined as M; = ZkN;1 2k, jCr With
z1.j, called the catalytic efficiency, a coefficient weighting the effectiveness of each
species being a collision for the reaction j.

1.3.3 Pressure dependent reactions

As explained in [Peters, 1992], some reaction exhibit a three body reaction behaviour
at low pressures (R + M — P + M) and a elementary reaction behaviour at high
pressures (R — P).

This change in behaviour is explained by the differences in collision partners
concentrations order of magnitude when the pressure changes. At high pressures,
concentrations are higher meaning that more species are available for taking away
the reaction energy. The reaction rate then does not depend on other species concen-
trations because the concentration will always be high enough. For low pressures, the
concentrations are also lower so the collision partners concentration becomes critical
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to the reaction rate. Between those high and low pressures limits yields the fall-off
regime which gives its name to this type of reactions, fall-off reactions.

For this type of reactions, two sets of Arrhenius equation parameters are defined
resulting in two rate constants ko and k;, s respectively for the low pressure and the
high pressure limit.

The final rate constant for the reaction is defined as :

P,
ki =kins | ——— ), =1, N, 1.16
7 / (Pr + 1) J (1.16)
with P, called the reduced pressure expressed as %

Most formulations introduce a broadening factor F' (also called fall-off function)
in order to describe more accurately the transition regime, the previous equation
becomes:

P, ,
ki = Kiny (P+1> F(P,T), j=1N, (1.17)

F(P.,T) can be described for example with the Troe formulation [Gilbert et al.,
1983] or the SRI formulation [Stewart et al., 1989].

1.4 Production rates

The first quantity of interest when looking at the evolution of a chemical system
is the behaviour of species concentrations as it will tell from a macroscopic point
of view which chemical processes are happening. From the previous equations, the
temporal evolution of species k£ concentrations dd%k ( in mol.m™3.s71), written for

simplicity as ¢, is expressed as:

Ngr
Ch =Y Ukjcj, k=1, N, (1.18)
j=1
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As the total mass should be conserved, this equation ensures that ZkNi1 ¢, = 0.

This production rate (sometimes called the net production rate to avoid confu-
sion) can be split into a destruction part and a creation part written as:

Ng
Destructiony = —»_ v}, ¢, k=1, N (1.19)
j=1
Ngr
Creation, =Y _ v} ;¢;, k=1, N (1.20)
7j=1

As mass is the quantity conserved throughout the combustion, the chemical source
term is often written W (in kg.m=3.s71), expressed as:

Ngr
Gy =D Va0 =Gk Wi, k=1,N, (1.21)

j=1

This term will be used as a source term in the species transport equation that
will be detailed in 1.7.

1.5 Thermochemistry

Chemical species carry chemical energy within their electronic bond, it means that
any transformation from a set of molecules to another will lead into the release
or absorption of energy. Equations describing the thermodynamic evolution of the
system are crucial especially in combustion.

1.5.1 Chemical equilibrium

Any given thermodynamic system possesses an equilibrium state at which the Gibbs
free energy of the system pu = Y py is minimum.
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Starting from a standard state and solving this minimization problem, one can
define the equilibrium state of the mixture given that two thermodynamic variables
are fixed. This equilibrium state depends only on the initial thermodynamic state
and not on the kinetics. It can be seen as the state of the mixture if a infinite time
passes.

For an adiabatic process, the equilibrium temperature of the mixture is called
the adiabatic flame temperature written T,4; and the equilibrium species quantities
are written with an eq superscript.

1.5.2 Heat release

Combustion process is characterised among other chemical processes by its speed
and an important production of heat. The amount of heat produced by the combus-
tion rely on the difference of enthalpy between the reactants and the product. The
chemical systems aims to achieve chemical equilibrium by rearranging the molecular
bonds to create a less energetic mixture. The reactions of chemical system describe
that change in molecule structure and dictate the heat that is released (or absorbed)
as shown in Fig. 1.3.1.

The total amount of heat AQ released during a reaction j (in J.mol™!) is defined
as the difference between the reactants and the products enthalpy:

Ns N,
AQ]' = Z V]I€7jhk - Z V]’{/",jhk (122)
k=1 k=1
With hy the total enthalpy of species k for a specific temperature, written:

T

hi(T) = ho o (T) + AR, (T) = /T cpi dT + ARY,, (1.23)

With Tj the reference temperature taken here as 298K and C), the isobaric
molar heat capacity, h,j the sensible enthalpy of species k and Ah%k the enthalpy
of formation of species k.

The enthalpy of formation of a species is defined as the heat released from the
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creation of one mole of molecule from its constituting elements at that same temper-
ature. From that definition, it is deduced that atomic species have a null enthalpy
of formation as well as stable’ mono-atomic molecules (O and N, for example).
The reference temperature as been widely chosen to be 298K in order to determine
experimentally thermodynamic quantities more easily.

As said earlier, the specificity of combustion among other chemical processes is
that this total amount of heat is released instantaneously for the human perception
of time. The heat release rate @ (in Jm™3.s7!) is the quantity of interest for the
characterisation of combustion.

The heat release rate of the reaction 7 is simply the total amount of heat produced
by the reaction multiplied by its reaction rate:

Q; = —¢; x AQ; (1.24)

Also a heat release rate can be defined on a per species base, written as:

Qr = —Ci % hy, (1.25)

The overall heat release rate (sometimes written wr) then writes:
. N'r . N‘S .
Q= 0Q;=> Q (1.26)
j=1 k=1

The partial heat release forms (per reaction or per species) are particularly useful
for detailed mechanisms where endothermic and exothermic processes are competing
in order to identify the dominant reaction pathways.

2This criterion is important as ozone (O3) for example, despite being constituted of only oxygen
atoms, has a non-zero enthalpy of formation (Ah(}}k = 142,12kJ/mol)
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1.6 Conservation equations of reacting flows

When applying chemical kinetics to dimensional cases, the temporal evolution is not
sufficient to describe the behaviour of the chemical system and one must introduce
an advection-diffusion equation to represent the spatial displacement of chemical
species.

In that case, compressible reactive Navier-Stokes equation are applied and writes
as 5 + N equations for the conservation of mass, momentum (one per dimension of
the problem Ny, ), energy and one for each species [Poinsot and Veynante, 2012].

The mass conservation equation writes:

dp  Opu;

=0  i=1, Nam (1.27)

Where t is the time, u; the i-th velocity and z; the i-th spatial coordinate.

The momentum conservation equation writes:

Opu; — Opu;u, daij S
P P T 4 0 S Yifiy i =1, Nam (1.28)
k=1

Where fj, ; is the volumetric forces applied on species k in the direction j and the
stress tensor o;; written for a Newtonian fluid as:

0ij = =P +7;  4.J =1, Naim (1.29)

with

1 Naim aUk
Dij = —3 (Z &pk) 0ij (1.31)
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1 8UZ an
55 =5 <axj * 8%) (1:32)

Where P is the pressure, 7;; the Reynolds stress tensor with D;; and S;; the
volumetric stress tensor and the deviator tensor respectively, p the dynamic viscosity

and 0;; the Kronecker symbol (9;; = 1 if ¢ = j, 0 otherwise).

The species k mass conservation equation writes:

OpYy, n Op(u; + Vi) Ys

=&, i,j=1 Nymk=1N, (1.33)

Where V},; is species k diffusion velocity in the direction ¢ which will be detailed
in 1.7.1.

The energy conservation equation writes:

OE | 0

o .
(pEul) = —g (ujaz-j + ql) + Q Z,j = 1, Ndirm k= 1, NS (134)

Where FE is the energy and ¢; the energy flux. The energy flux can be decomposed
into conductive term and a term due to the energy transported by species diffusion,
the energy flux the writes:

or & e
G = A+ pViiYehsr +0 > ki Vi i,j =1, Ngim, k=1, N, (1.35)
i k=1 k=1

ox;

where ) is the heat conduction coefficient and «} the thermal diffusion ratio. The
first term of the right hand side (RHS) of this equation is the heat conduction term,
the second represent the heat flux coming from the species diffusion and the last
one, called the Dufour effect, represent the temperature rise due to species diffusion.
Comparatively to the other heat flux terms, Dufour effect has been found to have a
weak influence on the total heat flux [Garcia-Ybarra et al., 1984] and is therefore
neglected in the present study, finally writing the energy flux as
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or Y .
qi = _)\837. + Z PViiYihs i 1,7 = 1, Ngim, k = 1, N, (1.36)
i k=1

Finally, this system is closed considering the equation of state for an ideal gas:

P = prT, r=R/W (1.37)

with r the specific gas constant depending on the local mixture.

1.7 Transport modelling

From previous equations, several quantities must be specified. The quantities than
will be detailed in the following are subject to modelling as their exact expression is
either not known or too complex to be actually used.

1.7.1 Diffusion velocity

The species diffusion velocities Vj; which determines the velocity at which species
will move relatively from one another under the local thermodynamic conditions.
This velocity is expressed as follow:

1 Yow, J kE 10T
Xk =1 W - kaTaiL'l

Vii = t =1, Ngim, k, 1 =1, Ny (1.38)

Where Dy, is the diffusion coefficient of species k£ into species | and dy; is the
diffusion driving force of species k in the direction 7. The second term on the RHS
is called the Soret effect (written SE in the following equations) and represents the
diffusion of species due to thermal gradients, is is the reciprocal of the Dufour effect
introduced in 1.36. The diffusion driving force term is a complex term written as:
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0Xy, 1or p & ‘
= X —Y e - YY i i :1,Nim,l€,l:1,Ns
oz, + (X k)Paa:i+P; WYi(fri— fra) i d
(1.39)

dp ;

From this equation, the different diffusion driving mechanisms are the local com-
position gradients (first term of the RHS), the pressure gradients (second term of
the RHS) and the volumetric forces (third term of the RHS).

The pressure forces are only relevant for compressibility effects dominated flows
which is not the case for the applications in this work. Also volumetric forces are
negligible as gravity does not have a significant effect considering the mass of the
particles and no electro-magnetic forces (relevant for ionised gases for example) are
considered in this work.

Thus Eq. 1.38 becomes:

~SE  i=1,Ngnkl=1N, (1.40)

1.7.2 Mixture-averaged transport model

This previous formulation (referred as multi-component transport) is still expensive
to compute for CFD codes.

A simplification of that expression is the Hirshfelder and Curtis approximation
[Hirshfelder and Curtiss, 1954] giving a mixture-averaged expression of the diffusion
velocity written as:

Vi, =——D —SE  i=1,Ngm k=1,N, 1.41

k X, k oz ? d ( )

Where D;, = 1\]1_7}/1@)9 is the diffusion coefficient of species k into the mixture.
1=1,l#k Dy},

To ensure mass balance, one needs to ensure that ZZN:S1 Y;:Vi; = 0 which is not
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the case with the previous formulation. A correction velocity V¢ is then introduced
as

N,
ve=Y ='D = 1, Niom 1.42
e S (1-42)

The diffusion velocity finally writes

1 0X,
Vii=—-—D — Ve —SE  i=1Ngn,k=1N, 1.43

The aforementioned formulation that will be referenced as mixture-averaged trans-
port will be the one used throughout the current work when computing one dimen-
sional cases with the chemical solver Cantera [Goodwin et al., 2017].

According to [Giovangigli, 2015], the Soret effect is only relevant for combustion
of very light species, specifically H and H,, and is neglected for hydrocarbons. For
that reason, the Soret effect influence is neglected throughout this manuscript unless
specifically addressed.

Expressing the transport properties according the global mixture is also the strat-
egy used for the computation of the dynamic viscosity p through the Wilke formula
[Wilke, 1950] which writes

S X

ok (1.44)
=Y Xy

ILL:

where

1/ Wiz
<1>k,2<1+k)

1 172
pr\ 2 Wi\®
() )y s
8 Wi (Ml) Wi ] (1.45)

The thermal conductivity for the mixture, introduced in 1.36 can also be ex-
pressed as mixture-averaged [Mathur and Saxena, 1967]:
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1 (& 1
A== §:XkAk+_> (1.46
2 <k:1 Sy XAyt )

1.7.3 Simplified transport in AVBP

The computation of those transport coefficients are still expensive for an LES solver
as it involves complex formulas for the species individual coefficients relying on the
species Lennard-Jones potentials.

Because combustion takes place in an environment with a large amount of air,
viscosity is considered independent from the mixture composition and close to air,
which allows to express it either as a Sutherland law

T3 Trep+ az
=

=1 T+ (oD Trse/f2

(1.47)

or as a simpler power law

b
T
— 1.48
A (%) (1.48)

with T,.; a reference temperature typically taken as 300K and «;, o and b
parameters obtain from fitting the mixture averaged value of u on a temperature
range.

For the determination of the heat conductivity A and the species diffusion coeffi-
cients Dy, several non-dimensional numbers must be introduced.

The Schmidt number of a species k is the ratio between the momentum diffusivity
of the mixture and the molecular mass diffusivity of this species inside the mixture.
It is expressed as

Sep = —H_ (1.49)
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The Prandtl number of the mixture is defined as the ratio between momentum
diffusivity of the mixture and the the thermal diffusivity. It is expressed as

v ﬂCp maixture
Pr = = ’ 1.50
Dy A ( )
with Dy, = —2—— the mixture thermal diffusivity.
pCp,mzxture

Finally, the Lewis number represents the ratio between thermal diffusivity and
molecular mass diffusivity and writes

A Sc k
Le, = = = 1.51
o pcp,mixture Dk: Pr ( )

Considering the Lewis number of each species constant in the domain is a reason-
able assumption considering the very low variation of the Lewis number value across
a flame shown in Fig. 1.7.1. The assumption will be referred to as the constant Lewis
assumption in the following.

From this assumption, the thermal conductivity A can be computed as

NO mixture
A= —"""+ 1.52
Pr ( )
and the diffusion coefficients Dy can be computed with
D=1 (1.53)

B pSc,k

The values of Schmidt numbers and Prandtl number are selected from gaseous
states that are representative of the chosen CFD calculations, the selection strategy
will be detailed in 5.4.
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Figure 1.7.1: Lewis number across a laminar freely propagating premixed flame for
several import species. This flame corresponds to the stoichiometric combustion of

methane/air at 300 K and 1 bar.

1.8 Definition of stoichiometry

The basic definition of combustion is the exothermic transformation of a fuel and an
oxidiser into burnt products. The relative proportion of fuel and oxidiser species is
a crucial parameter in the characterisation of the combustion process. This process
can be simplified into a global reaction used to assess the mass balance, written

Fuel + Oxidiser = Products

(1.54)

For a vast majority of combustion processes, this equation can be detailed as:

CoH, + 5x(05 + ny Ny) = 2005 + %HQO
O2

(1.55)

Where x,y and z are respectively the number of carbon, hydrogen and oxygen
atoms in the fuel, sy, called the molar stoichiometric ratio, is the number of mole
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required for a complete consumption of both fuel and oxidiser, nx~, is the molar
O2

ratio between nitrogen and oxygen species (nn,3.76 for air and 0 for pure oxygen).
@

2
Combustion with other species as oxidiser and diluent are not considered in this
work.

From this atomic balance equation, the molar stoichiometric ratio sy is defined
as

RS

(1.56)

Sx =T +

The equivalence ratio ¢ is introduced to represent if the initial proportions of
fuel and oxidiser present an excess of fuel (rich regime) or an excess of oxidiser (lean
regime). This variable is expressed as

¢ = (1.57)

Xo:vidiser

) <fuel ;iomidiser ;ifuel
=Sx
Axo:m‘diser st

Xfuel

The equivalence ratio can be introduced in the element balance equation as follow

¢CoHy + 5x(0y 4+ nxy Ny) = 2CO5 + %HQO (1.58)
O2

It can also be expressed in mass with

gb _ quel (nzidiser> — sy quel — sy M fuel (159)
Y;)xidiser quel st Y;Jm'diser Mogidiser

Where sy is the mass stoichiometric ratio which can be expressed as:

SXx Womidiser
Sy = —— 1.60
Y quel ( )
With Wozidgiser = Wo, + nzv2 Wi, (= 137.28 kg/mol for air with a classical com-

position of 21% of di-oxygen and 79% of di-nitrogen).
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stoichiometric ratio Sx Sy 5Y,09
Dihydrogen (Ha) 0.5 | 34328

Methane (C'Hy) 2 17.16 | 4

Ethanol (CoHs0) |3 | 8.95 | 2.00
Propane (C3Hg) 5 15.6 | 3.64
n-heptane (CoHyg) | 11| 15.12 | 3.52
n-dodecane (C1oHqg) | 18.5 | 14.92 | 3.48

Table 1.8.1: Table of molar, mass and oxygen-mass stoichiometric ratios (respectively
sx, sy and sy,) for a series of fuels with air.

The ratio # is referenced as the Fuel-Air ratio (FAR) for air combustion

and is commonly used in aeronautic engineering because it is simpler to compute
from fuel and air mass flow rates.

An in-between definition [Poinsot and Veynante, 2012] that can lead to confusion
with the previous one, considers the oxidiser to be only the di-oxygen, making the
mass stoichiometric ratio the same regardless of the di-nitrogen content. This leads
to the formula

sxWo, _ sy — M (1.61)
quel quel

Sy,0, =
Table 1.8.1 present the different values of molar and mass stoichiometric ratios
for several fuel.

An important aspect of combustion description is the mixing and can be described
with a mixture fraction Z that will take a value of 0 when being in pure fuel and 1
in pure oxidiser

7 — B - 501’idise7‘

= Brot — v (1.62)

where [ is defined via mass fractions of atomic elements
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N Netements N WY,
/BZZVE}/E: Z 7@2a7kw i
/=1 k

e=1 k=1

(1.63)

where the subscript e stands for the atomic elements C, H and O, a. j the number
of atom e in species k and ~, a weighting parameter.

From Bilger definition [Bilger et al., 1991]

Yo 1Yy Yo

- — 1.64
We * 2Wyg  Wo (1.64)

B=2

yielding the weighting parameters vo = 2/We, vy = 1/2Wy and 7o = —1/Wo.

Those weighting coefficients are found by ensuring that for a stoichiometric mix-
ture, By = 0.

If we verbose the atomic balance of Eq. 1.55, it means that, at stoichiometry, the
number of oxygen atoms in the mixture is two times the number of carbon atoms
plus the number of hydrogen atoms divide by four, which writes mathematically:

1

no = 2(nc + ZnH) (1.65)
which gives
2nc+;nH —no=0 (1.66)
The number of atom can be expressed as:
- o

Injecting this last expression into Eq. 1.66, we obtain:
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Yo 1Yy Y
(20 i O):o (1.68)

We T2Wy  Wo
Finally retrieving the Bilger weighting parameters.

From Eq. 1.66, it can easily be seen that for rich conditions, 8 will be positive
whereas being negative in lean conditions.

Finally, the equivalence ratio can be retrieved from the mixture fraction as

Z 1—=Zg

¢ = 17 7, (1.69)

The expression of the equivalence ratio using the mixture fraction has the ad-
vantage of being usable outside of premixed fresh gases because it does not need the
fuel and oxidiser species to stay intact to be computed.

An other local equivalence ratio can be derived from Eq. 1.55 and 1.58. If X
is the number of mole of oxidiser in any case such as X = %‘ in Eq. 1.58 and we
consider only one mole of fuel in Eq. 1.55 as it is presently written, then trivially
the equivalence ratio writes:

6= (1.70)

From its definition, sx is expressed via the number of carbon and hydrogen atoms
in the fuel as sx = n¢, fuer + %n H,fuel- Because of the atomic conservation, it can be
expressed in any resulting mixture as sx = n¢g + inH. Because there is 2 atoms of
oxygen in the Oy species, no = 2X which gives X = =2

Injecting these 2 expressions in Eq. 1.70, one obtains:

ne + l’TLH 2nc+lnH
2 no

Giving the local equivalence ratio based on an atomic budget. This expression
will be the one used throughout the manuscript as in is the most generic one because
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it does not involve the a-priori knowledge of the fuel composition which is not possible
to assess in mixtures with strong fuel composition inhomogeneities.
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Previously established equations for multi-species reactive flows (Section 1.6) are
often too complex to solve analytically or require an excessive computational power.
Fortunately, canonical combustion regimes can be identified and studied in order
to better understand complex combustion phenomena and further simplify those
equations. The canonical cases represent a dissociation of the temporal and spatial
evolution of the combustion process. The temporal evolution is represented as zero-
dimensional reactors where the problem is contained in a single point in which the
mixture will evolve in time. This configuration allows to study where the time
evolution of a isotropic mixture is of interest such as auto-ignition. The spatial
evolution is modelled as one-dimensional steady flames on which the mixture will
vary spatially. This is useful to study configurations where the transport needs to
be accounted for and spatial profiles are of interest. Both configurations and the
canonical cases within them will be detailed in the following. For each case, the

37
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underlying theory will be detailed before explaining how it is actually computed in
the chemical solver Cantera [Goodwin et al., 2017]. Cantera is a chemical solver
capable of handling a large variety of 0D and 1D canonical cases. This solver will
be used throughout the entire manuscript to compute chemical processes in the
canonical cases detailed in the following.

2.1 Zero-dimensional cases

This type of case can be visualised as a domain that is homogeneous and isotropic
at each time thus removing all spatial components of the equations described in
1.6. This type of case being only time dependant, the species transport is irrelevant
allowing very fast computations even with hundreds of species.

2.1.1 Isochoric reactor

For isochoric reactors, the volume of the domain V' is set to an arbitrary value as
it is represented by the mixture density rho in the state equation 1.37. Taking into
account the zero-dimensional assumption, the energy conservation equation can be
written in the temperature form as:

dT S
k=1

with C', the constant volume heat capacity and U} species k internal energy.

In Cantera, this equation is solved using a stiff ODE solver. The time step of the
computation is internally computed in order to satisfy predefined tolerances.

This type of reactor is used to assess an auto-ignition delay time 7;, of a specific
mixture that is measured experimentally in tubular flow reactors [Sabia et al., 2013]
or shock tube experiments [Herzler and Naumann, 2009].

In this work, the auto-ignition delay time is taken as the time where the heat
release rate reaches its maximum.
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2.1.2 Reactor networks

In Cantera, reactor networks can be created allowing to model a large variety of
setups. The different reactors can be modeled with constant volume, constant pres-
sure or with a moving wall to reproduce, for example, apparatus with pistons. They
are particularly useful for non-adiabatic computations as heat fluxes can be imposed
(this reactor type will be used in 4.5.3 to model a steam cracking process).

2.2 One-dimensional cases

The other interesting simplification of the combustion process is to study the spacial
profiles of steady flames. In that case the temporal evolution is not considered and
the species transport will play an important role. A complex flame can be described
as the combination of two phenomenon: premixed flames and non-premixed flames.

2.2.1 Premixed flames

The premixed flame is the combustion regime where the fuel and the oxidizer are
mixed together before burning. The equivalence ratio ¢ (or alternatively the Fuel-Air
Ratio in engineering) is the variable describing this premixing.

The premixed flame exhibits three different layers within its structure:
e The preheat zone where no heat is released and the fresh gases are heated via
thermal diffusion by the high temperatures of the reactive zone.

o The layer where the exothermic reactions occur is called the inner reaction
zone. It is characterised by a thermal thickness §; defined as :

T, — Ty
maz (| %)

where Tj, is the burnt gases temperature and 7 the fresh gases temperature.

5 = (2.2)

Fig. 2.2.1d shows that the vast majority of the species in the chemical scheme
are only present in this zone with a peak value of 105 species out of 118 in total.
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Looking at the order of magnitude of the characteristic chemical timescale (Fig.
2.2.1e) called 0T pem computed with Eq. 2.4 (Tepem = le — 10 gives oTwpem =
10), the lowest timescales are observed in that zone and immediately after it
meaning that the stiffness of the chemical kinetics scheme is concentrated in
that zone. For those reasons, this zone is the most critical from a numerical
point of view and is the one that needs to be carefully resolved in simulations.

oCy,
Tchem,k = a?
k

(2.3)

OTchem — max — — 10g10 (Tchem,k) (24)
all species k

o Finally, the post-flame is where the final products are produced from interme-
diate species and where the mixture will ultimately reach equilibrium. It is
the layer were final reaction products like CO and C'Oy will equilibrate and
pollutant such as NO will form as seen in Fig. 2.2.1c .

Another key quantifier of the premixed flame is the laminar flame speed 5;. It
corresponds to the speed at which the flame propagates in a free stream normal to
the flame front towards the fresh gases. For the canonical simulations performed in
this work, the laminar flame speed is taken as the inlet velocity of the fresh gases ug
because the flame is solved in a steady state in the flame front referential.

In Cantera, the premixed flame is solved via a damped Newton solver using the
equations described in the solver documentation '.

2.2.2 Non-premixed flames

The non-premixed flames correspond to a case where the fuel and oxidiser are in-
jected separately and will only mix within the reactive zone. In one dimension,
this phenomenon is represented by the fuel and oxidiser inlet facing each other in a
configuration called a counter-flow flame.

The fundamental difference with premixed flames lies in the fact that diffusion
flames will live only on a stoechiometric line and will not propagate, therefore the
thickness of a diffusion flame is only driven by the thermal and molecular diffusion.

lhttps://cantera.org/science/flames.html
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Because an equivalence ratio has no meaning in this case and the flame is mainly
affected by the flow conditions, the strain rate a is used to characterise diffusion
flames. It corresponds to the local velocity gradient that will directly influence the
mixing of the reactants; if the strain rate is too low, no mixing will occur thus no
reactions, if the strain rate is too high the flame will be quenched. The strain rate
of importance for the characterisation is the stoechiometric strain rate a, corre-
sponding to the strain rate at the stoechiometric position within the flame and can
be roughly estimated from the global strain rate agopa = W%‘“s” where Uy
and Ugigiser TeSpectively the fuel injection velocity and the oxidiser injection velocity

(both positive) and L the distance between the two injectors.

Because the diffusion flames are driven by mixing they are generally represented
in a mixture fraction space based on the mixture fraction Z defined in 1.62. In the
mixture fraction space and under the unity Lewis assumption (giving Dy = D), all
the information about the flow features are contained within the scalar dissipation
rate y expressed as:

(2.5)

X:2D<8Z8Z>

with an important quantity being the stoechiometric scalar dissipation rate xg
evaluated on the stoechiometric line.

In complex flames, the distinction between a premixed flame or a diffusion flame
and the tendency of a partially premixed flame toward one or the other can be
characterised by the Takeno flame index T [Yamashita et al., 1996] which writes:

T — vyfuel-v%midiser
]Vquez . v}/oa:idiser |

(2.6)

where V is the gradient operator.

This index takes the value —1 when the fuel burns in diffusion flame regime (the
fuel and the oxidiser gradients face each other) and 1 when a premixed flame regime
is present (local fuel and oxidiser gradients are i the same direction). This index
is often conditioned by the heat release rate so that its value is 0 where there is
no combustion happening. Also as discussed in [Felden, 2017], the fuel species may
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not always be the best candidate to represent the actual species reacting with the
oxidiser especially in hot temperature conditions where the fuel undergo pyrolysis
before actually burning. Because of that, the species specified as fuel in Eq. 2.6
must be carefully selected and might need to be a combination of several pyrolysis
products.
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Figure 2.2.1: (a) Normalised temperature, (b) heat release rate and (c) representative
mass fraction profiles with (d) number of species and (e) order of magnitude of the
timescales involved in the combustion of a premixed stoechiometric methane/air
flame at atmospheric conditions.
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For reactive flows, the description of the chemistry is pivotal as it should be able
to capture all the complexity of the flow/flame interactions and all the reactions that
can happen in the multitude of thermodynamic states that are living in a reactive
case. This chapter will present the modelling approaches that can be found in the

literature.
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3.1 Detailed chemistry

The development of detailed chemistry derives from a whole different community
and scientific field than the one this manuscript belongs to. They come from the
association of laboratory experiments and very complex quantum mechanics com-
putations. From a CFD point of view they yield as a reference and are considered
as the most accurate we can ever be. In reality, those mechanisms (as every scien-
tific productions) always have room for improvement and face discrepancies between
the different research groups depending on which experimental database is used to
calibrate the mechanism [Konnov et al., 2018].

Several research groups specialise in the generation of such mechanism, this is the
case of the CRECK modelling group from Politecnico di Milano (POLIMI)" [Ranzi
et al., 2012aj[Ranzi et al., 2015][Ranzi et al., 2014][Frassoldati et al., 2010], the
Laboratoire Réactions et Génie des Procédés (LRGP)[Battin-Leclerc et al., 2011] or
the Lawrence Livermore National Laboratory (LLNL) ?[Mehl et al., 2011][Herbinet
et al., 2010] to only cite a few. Mechanisms from POLIMI will be extensively used in
this work because of their library structure where a core mechanism will be extended
according to the needs of the targeted applications. This methodology is comforting
in the philosophy that discarding a part of the mechanism will not affect the global
coherence of the mechanism.

Because including detailed kinetic mechanisms directly into CFD solvers is often
too expensive, several methods have been developed in order to model the chemical
behaviour at a reduced cost.

3.2 Tabulated chemistry

The first method introduced by Peters [Peters, 1984] is based on the flamelet hy-
pothesis stating that because the chemical timescales are shorter than the flow
timescale, the reaction zone locally behaves as a laminar flame. Thus, an a priori
correspondence with a canonical laminar flame (such as the ones presented in 2.2.1

and 2.2.2) can be made.

'http://creckmodeling.chem.polimi.it/
2https://combustion.1lnl.gov/mechanisms
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The mixture fraction Z introduced in 1.62 is used to describe the initial mixing
state of the gas and the spatial evolution of the flame is described by a progress
variable c¢. The progress variable ¢ is a control variable quantifying the progress from
fresh gases (¢ = 0) to burnt gases (¢ = 1), it can either be expressed in term of
temperature

T-T
¢ = fresh (3.1)
Tburnt - Tfresh

or it can be expressed using major products mass fraction

Y.
€=y (3.2)

where Y, is a sum of major products mass fraction, typically Y. = Yoo + Yoo, +
Yr,0 and Y7 its equilibrium value as defined in 1.5.1.

This method is employed in the FPI (Flame Propagation of Intrinsic Low-
Dimensional Manifold) model proposed by [Gicquel and Darabiha, 2000], the FGM
(Flame Generated Manifold) model proposed by [van Oijen et al., 2001] and more
recently the F-TACLES (Filtered Tabulated Chemistry for Large Eddy Simulation)
model proposed by [Fiorina et al., 2010] which have been intensively used for the
simulation of complex systems [Fiorina et al., 2015a][Fiorina et al., 2015b]. Despite
their capability to reproduce detailed chemistry at a reasonable cost due to the
small number of transport scalars, those methods suffer some limitations in practical
combustion systems:

o Most combustion systems promote mixing with swirled highly turbulent flows
resulting in strain and curvature effects as well as dilution by burnt gases. When
building a lookup table those conditions are generally out of reach because it
would require additional dimensions to the table.

e More generally, the multiplicity of combustion regimes such as partial-
premixing, local in-homogeneity due to liquid fuel evaporation or multi-fuel
configurations may be difficult, unpractical or simply impossible to represent
with canonical cases.
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o The tabulation methods are based on the assumption that a complex combus-
tion regime will be a linear interpolation of simpler combustion regimes driven
by highly non-linear systems which seems unrealistic.

o Furthermore, accounting for additional effects like heat losses, radiations or pol-
lutant emissions [Proch and Kempf, 2015][Ihme and Pitsch, 0008] require more
progress variables and more table data, increasing the cost and the complexity
of the interpolation process along the number of scalars to transport.

3.3 Global chemistry

The most commonly used chemistry modelling and one of the cheapest method to
use is the Globally Reduced Chemistry (GRC) introduced by [Westbrook and Dryer,
1981] which will only consist in a few species and reactions.

In the most common form, a global mechanism consists in two reactions:

Fuel + sxOy — aCO + bH,0O (3.3)

where a and b are respectively the number of CO and H,O produced according
to stoechiometry.

The first reaction driving the consumption rate of the fuel has its reaction rate
built in order to fit an existing laminar flame speed curve as a function of the equiv-
alence ratio. The first reactions rate writes

Ea,l
¢ = fl (gb)CTIZ?'u,elCWOﬁLQ"41,1—'616ﬁ (35)

where Ay, 1 and E, ; are adjusted to match the laminar flame speed and n and m
are adjusted to retrieve the correct pressure dependency of the laminar flame speed.
In addition, a Pre-Exponential Adjustment (PEA) function fi(¢) is added in order
to correct the laminar flame speed in the rich mixtures part.
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The second reaction aims at representing the CO/COs equilibrium need to obtain
a correct prediction of the flame temperature.

This strategy often referred as two-step chemistry has been widely used in in-
dustrial applications and is still a valuable method to perform costly computations
where the details of the chemistry are not an critical matter []. [Franzelli et al.,
2010b] demonstrated for a kerosene surrogate a systematic approach to develop such
mechanisms that stay accurate from lean to rich conditions. The methodology was
also applied on methane combustion [Franzelli et al., 2012b].

Because of their construction simplicity, the global mechanisms have very narrow
ranges of validity and are to guaranteed to work outside of their derivation range
because every parameter is optimised and does not yields any physical meaning.

They are also only valid for global quantities such as laminar flame speeds and
flame temperature as they do not consider intermediate species. The C'O species in
this scheme for example does not represent correctly the real species behaviour and
is just a buffer species to reach the correct overall behaviour.

3.4 Virtual chemistry

An in between methodology called Virtual Chemistry has been developed by [Cailler
et al., 2017] and aims at incorporating the database that could be developed in a
Tabulation method into a chemical scheme similar to a Globally Reduced Chemistry.

In that method, virtual species that are not representative of real species, except
for the fuel and oxidiser, are created and their thermodynamic characteristics are
optimised via genetic algorithm in order to better fit the targeted properties in the
database (typically, heat release rate and temperature profiles). This methodology
has been successfully used for both simple and complex hydrocarbons [Cailler, 2020]
with good results and can be extended with sub-blocks to correctly predict CO, NO
and PAH emissions.

This methodology also has limitations because despite its complexity and precise
optimisation, it suffers from the intrinsic problem of optimisation methods being
their non-generality when exiting the scope in which they have been derived. Also,
similarly to the other methods discussed previously, the details about the kinetics
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and the path the system is taking are completely lost in the derivation process and
do not allow a fine chemical analysis of the processes involved.

This last argument is a good reason to go towards Analytically Reduced Chem-
istry because the over cost in term of computational resources is balanced by the
possibility to understand more precisely the chemical processes involved in practical
combustion systems.

3.5 Analytically Reduced Chemistry (ARC)

The detailed mechanisms described earlier are too exhaustive for numerical simula-
tions in which the thermodynamic conditions are often bounded by the operating
conditions of the studied system. In that sense, only a sub-part of a detailed mech-
anism is often needed in order to correctly reproduce a practical system and a lot
of superfluous species and reactions can be simply discarded as they do not have a
significant impact in the chosen operating conditions.

In that sense, the philosophy of ARC is not to reproduce the consequences of the
chemical kinetic system but to identify what are their cause and discard everything
that is irrelevant.

3.5.1 Skeletal mechanism

The concept of skeletal mechanism regroups the mechanisms that have been obtained
via elimination and compacting of species and reactions without modelling assump-
tion i.e. a skeletal mechanism is only a detailed mechanism trimmed to specialise in
a smaller operating range.

Regardless of the methods employed to identify the species and/or reactions to
discard from the detailed mechanism that will be discussed in the following, the
reduction is only driven by the quantities that are chosen to constrain the reduction.
For combustion cases, it is commonly the laminar flame speed and the adiabatic flame
temperature as it is the minimal properties needed for a chemical modelling scheme.
However, as discussed earlier, this type of modelling should focus on the kinetics
elements that are producing those properties, thus one must be able to analyse the
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kinetics scheme in depth in order to identify all the chemical paths resulting in the
expected global behaviour.

3.5.2 Sensitivity based methods

Several methods exists in the literature aiming at identifying the effect of an en-
tity ® on a global quantity, the most direct being the sensitivity analysis [Turanyi,
1990]. Because a proper sensitivity analysis requiring an estimation of the sensitivity
coefficients using a Taylor series expansion of the solution in the parameter space
would require solving complex differential equations, a brute-force approach is often
preferred where the chosen case is computed once with the reference detailed mech-
anism and once with modified parameters. For example, if one is interested in the
sensitivity of the laminar flame speed to the reactions of a chemical mechanism, a
reference case will be computed with the detailed mechanism as is and one flame
will be computed for each reaction with a small modification of its pre-exponential
factor. Extracting the targeted laminar flame speed for each case an comparing it
to the reference value gives a ranking of the reactions relative importance to this
parameter.

This base principle has been adapted into more accurate methods such as Princi-
pal Component Analysis (PCA) [Vajda et al., 1985|[Turanyi, 1990], Species-Targeted
Sensitivity Analysis (STSA) [Stagni et al., 2016] or incorporated into an error-
controlled non-linear optimisation [Jaravel et al., 2019].

The main drawback of those methods are mainly their extremely high costs as
they demand to perform a lot of slightly different simulations in order to extract the
sensitivity coefficients of the entities. Also through a complete reduction process, this
analysis must be performed several times because of the rearrangements of the non-
linear interactions between the species inside the mechanism, making its application
very costly for for big mechanisms.

3term that will be used in the following to signify indifferently a species or a reaction
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Figure 3.5.1: Kinetic graph for a methane/air global chemistry with red edges rep-
resenting the oxidation reaction 3.3 and blue edges representing the CO/COy equi-
librium reaction 3.4. Full lines represent the forwards reactions while dashed lines
represent the backward reactions.

3.5.3 Graph based methods

An other family of methods, called graph based methods looks more precisely at the
graph that can be constructed with species as nodes and reactions as links (or edges)
between them. The edges have a direction from the reactant to the product. For a
global mechanism in the form described in 3.3 with methane (CHy) as fuel, Figure
3.5.1 represents the associated kinetic graph.

From such representations that becomes more and more complex with the number
of species and reactions increasing, a quantification of the edges between the species
must be found in order to identify the less significant pathways that can be safely
removed from the detailed mechanism.

Path flux analysis

A first method to quantify the importance of graph links is the Path Flux Analysis
(PFA).

The basic principle of this method is to follow the atoms present in the reactants
through the reactive graph in order to identify the contribution of each path to the
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global atomic exchange.

The atomic flux of an element e going from a species k to a species i through
reaction j is given by [Frouzakis and Boulouchos, 2000] as:

Cnet,jne,kne,i

flux(k — i) = N,

(3.6)

with N, ; the total number of element e in reaction j.

A (N;)? matrix can be constructed at a given point in space and time in the
chemical system to give a snapshot of the preferential pathways for the kinetics.

Through integration and normalization of the several path flux matrices that
constitute the whole chemical system, a graph representing the whole system can be
created. Specifying thresholds values for the total outgoing fluxes for each species,
elimination of unimortant species can be performed.

This method has been successfully used for the reduction of methane [Frouzakis
and Boulouchos, 2000], kerosene surrogates [Luche et al., 2004] and other liquid fuels
[Sun et al., 2010].

One downside of this method is mainly the necessity to impose a threshold on
analysed fluxes which can be an arbitrary process. Also, the correct normalization
depending on the elements chosen is not trivial and leads again to a priori choices
required from the user.

Direct Relation Graph

A more general way of quantifying the interaction between species is given by the
Direct Relation Graph (DRG) method proposed by [Lu and Law, 2005]. Here the
links between species (arrows in Fig. 3.5.1) represent the contribution of a species
B to the production of species A. Similarly to the PFA method, a Direct Interaction
Coefficient (DIC) matrix can be constructed to give a quantification of the relation
between species A and B and a given point in space and time. Two DIC matrices
can be constructed; a species DIC matrix giving the interaction between two species
and a reaction DIC matrix giving the interaction between a reaction and a species.



o4 CHAPTER 3. CHEMISTRY MODELLING

The contribution of species B to the production of species A is given by

rap = Z Vj7A(‘3j(5% (37)

j=lng

where 533 equals 1 if species B is in reaction j and 0 otherwise.
The contribution of reaction j to the production of species A is given by

ra; = Vj,Aéj (38)

Additionally to an entity impact on a species, their impact can also be quantified
on the heat release rate with:

THrB = Z Vj,AQj(;jé (3-9)

j:1,7’LR

as the contribution of species B to the heat release rate.

THrj = Vj,AQj (310)

as the contribution of reaction j to the heat release rate.

In the following theory of DRG, the heat release rate can be considered as an
additional species hence the indices related to species in the following can go up to
N, + 1.

An important concept of DRG is the concept of targets. A set of species that
are considered important must be selected in order for paths to be drawn inside the
kinetic graph. Target species are the end of this paths and are necessary to find
entities at their beginning. Once all those paths are drawn the weakest links may
be identified and lead to their elimination. Target species should be the species that
are absolutely needed for the studied process; for combustion, species target should
be at least the heat release rate plus specific species of interest such as CO and NO
for exemple if pollutants are of importance.

An improvement of the DRG method has been proposed by [Pepiot-Desjardins
and Pitsch, 2008b] that considers the contribution of indirectly linked species called
Direct Relation Graph with Error Propagation (DGREP).
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Figure 3.5.2: Part of a directed relation graph involving four species. Although the
link between species B and C is not the weakest in the graph, removing C should
introduce the smallest error in the prediction of the target A. Adapted from [Pepiot-
Desjardins and Pitsch, 2008b]

In Fig. 3.5.2, species A is the target and considering Eq. 3.7, the weakest link is
the path from species D to A, thus it should be discarded first. However, there is an
indirect contribution of C' to A through B, written as :

TAC = TAB * T'BC (3.11)

The contribution of C' is significantly lower even though it will influence species
B having more significant impact on the target. Species C' should be the first species
discarded in that case.

The Error Propagation then writes for the general case as:

TAB,p(lth = H TSiSH_l (3]‘2)

i=1,n—1

where n is the distance between A and B in this specific path, S; being species
A and S, species B.
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Between all the different possible paths between A and B, only the one with the
greater coefficient is retained.

RAB,path = INnax T AB path (313)
all paths

All the above explanations can be easily adapted to work with reactions and heat
release rate as discussed earlier.

The DRGEP method was incorporated inside the the reduction tool YARC [Pe-
piot, 2008] leading to several publications with successfully reduced mechanisms This
method has also been implemented in the automatic reduction code ARCANE that
will be described in Chapter 4. Details about practical implementation will be given
in the dedicated part 4.2.1.

3.5.4 Chemical lumping

The other component of the skeletal mechanism after elimination is concatenation
which will reduce the number of species by assuming that a coherent group of species
can be represented by a sole species.

Isomers lumping

The first groups of species that can be modelled as one are the isomer species i.e. a
group of species sharing the same molecular formula. As the complexity of a detailed
mechanisms increases it is more and more prone to have a large number of isomer
species.

Several methods were developed in the literature categorised into two philoso-
phies; the chemical-based approach that proposes to lump species based on
their similarity in reactivity and chemical structure [Ranzi et al., 2001] and the
mathematically-based approach aiming at finding lumpable species trough the
system analysis[Stagni et al., 2014] [Fournet et al., 2000]. The last methodology has
found a greater popularity has it does not require an expert knowledge on chemistry
to develop systematic approaches to efficient lumping strategies.
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According to [Huang et al., 2005], the crucial issues in this approach are: (i) to
determine which species are to be lumped; (i) to classify how the selected species
should contribute to the lumped species, i.e., define the lumping transformation; and
(7ii) to estimate kinetic parameters for the lumped species.

The strategy employed in this work is an adaptation of the on from [Pepiot-
Desjardins and Pitsch, 2008a], that was previously implemented in the code YARC
and implemented in this work into the code ARCANE. The determination of the
species to lump (7) follows 3 different steps: first, the species with the exact same
thermodynamic and transport data are selected and lumped together, then the whole
group of isomer species is tested as a lump and finally if that last step fails, the species
are selected as couples of thermodynamically similar species. The classification (i)
is made by analysing the species contribution inside canonical cases run with the
detailed mechanism. Finally, the estimation of the kinetic parameters (7i7) is done
by applying the previously calculated contributions of each species of the lump to
the associated Arrhenius-law parameters. Further details will be given in Section
4.2.2.

Hybrid chemistry

Recently, a novel methodology of representing combustion systems has emerged in
the context of combustion. In most kinetic mechanism, a core oxidation mechanism
can be identified, it contains all the carbonated species and radicals with a number
of carbon atoms lesser than 4. The hydrocarbons in this core mechanism (namely
butane, ethylene, methane for example) are considered light fuels as opposed to heavy
fuels that contain more than 4 carbon atoms in their composition and are generally
liquid at room temperature. Those species need the entirety of the core mechanism
to be correctly described during their combustion as during oxidation, carbonated
radicals can combine and lead to molecules with up to 4 carbons in their structure.
Thus the detailed mechanism for butane and methane is the same one. That is not
the case for heavy fuel species. Because of their longer carbonated chains, heavier
hydrocarbons will undergo a high temperature decomposition step, called pyrolysis.
The pyrolysis will result in a decomposition into smaller species, called pyrolysis
products, that are contained in the core mechanism.

Based on this observation, [Wang et al., 2018]|[Xu et al., 2018] proposed to de-
couple the pyrolysis and oxidation mechanisms of heavy hydrocarbons. This method
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called HyChem (for Hybrid Chemistry) is not a proper lumping as the simplified py-
rolysis mechanism originates from experimental data. However, because of its idea
and structure it will be treated as such. The whole pyrolysis process will be described
by the following 7 irreversible reactions:

C,,H, — 2:CoHy 4+ 22C3Hg + 23C4Hg + 24,C¢Hg + 25C;Hg 4+ x6H + 27;CHj3
C,H,+H—=Hy+ %,

C,H, + CHy — CH, + %,

C,H, + OH - H,0 + %,

CouH, + 05 — HO, + 5,

CpH, + HOy — Hy05 + 5,

CoH, + O OH+ %,

where

>p = y1CoHy + y2C3Heg + y3C4Hg + y4CeHg + y5C7Hs + ysH + y7CH3 + ysCHy

The determination of the x and y coefficients depend on the fuel and their deter-
mination method is explained by the authors in [Xu et al., 2018].

The pyrolysis mechanism constructed can then be added to a core mechanism to
describe the oxidation of the pyrolysis products in order to describe the combustion
of the selected fuel. One advantage of this technique on top of drastically reducing
the number of species needed to describe the combustion of heavy fuels is that no
surrogate is needed for complex fuel composition such has kerosene as illustrated by
Fig 3.5.3. Several mechanisms for different fuels are available on Hai Wang’s group
website *. This methodology and its advantages have been described in the thesis of
[Felden, 2017] and will be further discussed in Chapter 11.

‘https://web.stanford.edu/group/haiwanglab/HyChem/pages/Home . html
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Figure 3.5.3: Schematic of the HyChem approach. Extracted from [Wang et al.,
2018]

Pyrolysis lumping

Following the principle of HyChem, [Heberle and Pepiot, 2020a] has developed an
automatic methodology to create a pyrolysis mechanism based on the detailed mech-
anism. Instead of taking experimental data in order to reproduce the chemical be-
haviour of the pyrolysis step, data extracted from canonical auto-ignition cases are
used to find the x and y coefficients previously introduced. A constrained optimiza-
tion round is also performed to complete the kinetic parameters determination. This
methodology has been assessed on both a single component n-dodecane and a mix-
ture of 50% n-dodecane 50% iso-octane and shows a good agreement between the
lumped mechanism and the detailed mechanism on auto-ignition and laminar flame
speeds predictions.

The implementation of this methodology into ARCANE is an on-going work to
extend the code capabilities.

3.5.5 Quasi-Steady State Assumption (QSSA)

The major problem with detailed chemistry, after the number of species to trans-
port, is the numerical stiffness of the chemical system. As already shown in Fig.
2.2.1e and 2.2.2e, the timescales involved in the resolution of the chemical kinetics
system are really small compared to the flow convective timescale dictated by the
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Figure 3.5.4: Order of magnitude of the flow timescale (black) and the chemical
timescale (red) along (a) a full premixed stoechiometric methane/air flame at atmo-
spheric conditions and (b) zoomed around the inner reaction zone.

Courant-Friedrichs-Lewy (CFL) number written:

uAt
FL=— 14
¢ Ax (3:.14)

where u is the flow velocity.

If we take a CFL number of 0.7 which is a classical value for the stability of explicit
LES computations, we can determine the flow timescale 7¢py, of the premixed flame
portrayed in 2.2.1 as:

0.7Azx

(3.15)

TCFL =

Similarly to Eq. 2.4 we can determine the timescale order of magnitude otopy.

From Fig. 3.5.4, it is clear that the timestep of an explicit CFD computation will
be driven by the chemistry as it is evolving in a whole different range of timescales.

For that reason, stiffness removal techniques have been developed, the more pop-
ular being the Quasi-Steady State Assumption (QSSA). Dating back to 1913 and
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introduced by one of the founding fathers of the chemical kinetics [Bodenstein, 1913],
the Quasi-Steady State Assumption, sometimes called the Bodenstein assumption,
states as reformulated by [Lu and Law, 2006] that A QSS species typically features
a fast destruction time scale such that its small or moderate creation rate is quickly
balanced by the self-depleting destruction rate, causing it to remain in low concentra-
tion after a transient period. The net production rate of the QSS species is therefore
negligible compared with both the creation and the destruction rates, resulting in an
algebraic equation for its concentration. Thus the net production rate of a QSS
species is written:

For a given system and a given set of QSS species, algebraic equations allowing
to directly compute the concentration of those species can be expressed, an example
will be given here.

The transported species of the system will be symbolized by % which can be indis-
tinguishably any given species. Considering the following kinetic system comprised

of 3 QSS species (@SS, @SSy and QS S3):

*-'-QSSg — *+QSSl

*+Q553 — *+QSSQ

The net production rate of the QSS species is written:
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d[Qdisl] = ko [QSSs)[%] — k1p[QSSs][%] + ko[ @SSa][¥] + kal#] = 0
d[QdiSz] = —ko[QSSs][#] + k3[QSSs][x] = 0
d[Qd‘iSfi] — —kljf[QSS%”*] + kl,b[QSSBH*] — kB[QSSB][*] + k5[*] -0

Factorizing those expressions by the QSS concentrations, one obtain the following
system:

(QS51] - [@55] ,fb[[]] - (@SS Zﬁ’i[[:]] - :b[]}
B ks[+]
[Q5Ss] — [Q5S5] ko [#] =0
Vi S L
(Q55] ki, p[] + ks*] 155 k[ + ks[+]

This factorisation is of course not possible if 2 QSS species or more are present in
the reactant side of the reaction equations, it is also the case if on of the species has
an exponent different of 1 in the reaction rate expression. Solving those potential
quadratic expressions of the QSS species concentrations is doable but is much more
computationally consuming than solving a linear system [Lu and Law, 2006][Pantea
et al., 2014]. For that reason, quadratic coupling of QSS species is not allowed in
this work.

The linear system is better represented in a matricial form written:

( 1 ap 0413) ([Q551]> (51)
0 1 (93 [QSSQ] = 62 (317)
az 0 1) \[QSS;] Ps
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where «; is called the coupling coefficient between QSS species ¢ and QSS species
7 and f3; are the uncoupled coefficients.

This system is finally solved with Gauss elimination to retrieve the algebraic
expression of the QSS species concentration.

In the previous system, all three species are coupled together as the concentration
of one is not independent from the others. For large skeletal mechanism with tenths of
QSS species, the resolution of the system can prove to be computationally expensive
thus, sub-groups of coupled species are identified and the linear system is reordered
to only solve smaller linear systems. This strategy is detailed in [Pepiot, 2008].

Of course, before solving the QSS concentrations, those species need to be identi-
fied within the skeletal mechanism. The definition of a QSS species given previously
is very generic and more precise identification methods are needed.

Computational Singular Perturbation (CSP)

This technique proposed by [Lam and Goussis, 1994] aims at identifying the differ-
ent evolution modes of species within the system, through an eigenvalue-eigenvector
decomposition of a modified Jacobian matrix. The timescales then computed are
ranked from smallest to largest and the species yielding a value smaller than a pre-
defined criterion are considered to have a fast evolution and can thus be chosen as

QSS candidates.

This method as been used to investigate detailed mechanisms of methanol oxida-
tion in [Goussis and Lam, 1992]. Systematic identification was also implemented in
CSP based algorithm such as S-STEP [Massias et al., 1999] for methane oxidation
or ARC-CSP [Lu et al., 2001] for hydrogen and methane oxidation.

However the implementation of such a thorough method requires considerable
CPU time and increases in complexity when going to larger detailed mechanisms.
Fortunately, other methods based on the species lifetime have been developed which
are less demanding in term of computational power.
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Level Of Importance (LOI)

[Lovs et al., 2000] proposed a criterion based on a combination of several aspects
that might make a species suitable for being put in Quasi-Steady State. The first as-
pect is the one described earlier, which is a fast timescale quantified by the chemical
timescale of each species Topem i (Written 7, for simplicity from now on), introduced
in 2.3, at each point of the reference database. From the earlier definition, the species
concentration must stay relatively low during the combustion process, the concen-
tration C} must also be taken into account. The QSSA being an approximation,
it induces an error and the quantification of this error is taken into account with
the sensitivity Spj of the parameter P to the species k. Simply combining those
quantifying parameters as the single one, the Level Of Importance (LOI) is obtained
for each species k:

LO[k = SP,k:Cka (318)

The implementation of this criterion is quite easy and it was shown to give similar
results compared to CSP [Lgvas et al., 2002]. A variation of this formula using the
DRGEP coefficients will be presented in 4.2.3 as it was integrated into the ARCANE
code.

In the context of saving CPU time, the product of the concentration ¢, and the
timescale 73, can also be replaced by the integral of the concentration which is very
easy to extract from computations.

None of the previous methods, despite their intensive mathematical and physi-
cal backgrounds, is perfect because of an immense complexity emanating from the
detailed mechanisms. Because of that, those methods must be integrated into multi-
stages reduction codes that will deal with the methods imperfections in order to
reduce the mechanisms as much as possible. This last objective is the focal point of
the next chapter introducing the development of the automatic multi-stage reduction

code ARCANE.
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for Computational Fluid Dynamics applications [Cazeres et al., 2021]. Complemen-
tary information will be given in Chapter 5.

4.1 Introduction

Prediction and control of combustion processes, be it their efficiency or resulting
pollutant emissions, have never been as critical as they are now. Reactive Computa-
tional Fluid Dynamics (CFD) has become an essential tool to advance combustion
technologies, as numerical approaches allow to investigate broadly customizable con-
figurations unburdened from practical considerations, and may provide better and
deeper insight into phenomena that can be difficult to measure and quantify on a test
rig. In order to obtain realistic results for complex problems of interest, for exam-
ple, kerosene spray flames, numerical simulations typically need to combine several
physical fields. In the case of turbulent combustion, the two major fields that need
to be brought together are fluid dynamics and chemical kinetics of non-homogeneous
mixtures. The increasing number of fuels that are considered to either replace fossil
fuels (bio-derived fuels) or enhance their performances (hydrogen addition) makes it
critical to include accurate chemical kinetics in CFD in order to properly capture
fuel effects. The complete description of chemical kinetics for combustion involves
a number of molecular species ranging from a few tens (hydrogen combustion) to
several thousands (bio-fuels combustion). Three-dimensional simulations with accu-
rate turbulence description and moderately detailed chemical kinetics would require
more computing power than is typically available and accessible today. Fortunately,
most flames features and characteristics of interest can be accurately captured with
a relatively small number of species and reactions. By carefully selecting the rel-
evant pathways within the detailed kinetics model, a smaller mechanism can be
extracted, rendering the CFD simulations feasible both in term of time and com-
putational resources. In order to make reduced chemistry accessible to the broader
CFD community, who may lack expertise in chemical kinetic modelling, the reduc-
tion methodology must be formulated in a fully automatic fashion, the sole required
input being the user’s specific needs for their CFD simulations. As this holds true
not only for combustion but also for all fields using chemical kinetics in CFD solvers,
the automatic procedure should be made as versatile and generic as possible.

In this work, the new numerical tool ARCANE for the automatic, robust, and
user-friendly reduction of chemical kinetic schemes is presented, and its performance
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is assessed. The individual reduction methods used in ARCANE are first briefly
summarised, and their efficient implementation and automation described. The code
capabilities are then demonstrated through three different applications of increasing
complexity. All computations of chemical properties and canonical cases are per-
formed with the chemistry solver Cantera [Goodwin et al., 2017].

4.2 Reduction methods

The reduction strategy used in this work follows the approach described in Lu et
al. [Lu and Law, 2009], and is referred here as the Analytically Reduced Chemistry
methodology (ARC). In contrast to other, more intrusive methodologies (e.g. [Abou-
Taouk et al., 2016, Fiorina et al., 2010, Cailler et al., 2017]), ARC’s main advantage
is to preserve as much as possible the integrity of the detailed chemical kinetic model:
all relevant chemical pathways are included, and there is no kinetic parameter optimi-
sation. Those guiding principles allow for potentially greater robustness in complex
simulations and facilitate the chemical interpretation of CFD results.

Reference canonical cases are needed and drive the accuracy of the reduced mech-
anism with error thresholds applied on specific quantities extracted from those cases.
The aforementioned preserved chemical pathways allow for the canonical cases ma-
trix to be quite sparse. Typically, when targeting the evolution of a specific quan-
tity, only a few characteristic points can be selected and not necessarily the whole
range. For example, if laminar flame speeds are of interest, only 3 laminar premixed
unstrained flames are typically needed (for a given initial temperature and initial
pressure): the stoichiometric case and the lean and rich flammability limits, as those
3 cases together will capture all relevant chemical pathways activated at intermediate
equivalence ratios.

The three methods combined into ARCANE’s multi-step strategy are the Di-
rect Relation Graph with Error Propagation [Pepiot-Desjardins and Pitsch, 2008b]
(for both species and reaction reduction), chemical lumping [Pepiot-Desjardins and
Pitsch, 2008a], and the Quasi Steady State Approximation [Lu and Law, 2006]. The
following sub-sections explain the implementation of the aforementioned methods in
ARCANE. The underlying theory is detailed only when the original methods are
adjusted for efficiency purposes.
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4.2.1 DRGEP

The goal of the first step is to identify the species and the reactions that are not
relevant for the set of canonical cases chosen as representative of the target configu-
ration, and can therefore be eliminated from the chemical model with limited loss of
accuracy. In this work, DRGEP has been chosen for its generic formulation, which
can be applied to a wide range of chemical processes, and for its execution speed
compared to other methods (Sensitivity Analysis, or SA, for example [Stagni et al.,
2016]).

According to the type of DRGEP reduction, each species or reaction is attributed
a coefficient quantifying how strongly it is linked to the targeted quantity of interest.
For species, the Direct Interaction Coefficient between a species B and a target A is
computed for every composition encountered in the canonical simulation:

V]
‘Zj:LnR Vj,ij(SB‘
rAB =
max (P, Cy)

(4.1)

For reactions, the Direct Interaction Coefficient between reaction j and target A is
expressed as: ’ ’
— Vj,AWj
A= max (PA,CA) ’ (4.2)
where ng is the number of reactions in the mechanism, v; 4 the stoichiometric
coefficient of species A in the reaction j, w; the net rate of progress of reaction j, C'y
and P4 the consumption and production rates of species A, and §% equals 1 if B is
involved in reaction j, 0 otherwise. This analysis is performed on all canonical cases
computed with the detailed kinetic mechanism under consideration. The temporal
and spatial grids used for the computations of the canonical cases are constructed
by the Cantera solver in order to sufficiently resolve the species gradients and result
in non-uniform grid refined around the high gradients zones.

To accelerate the algorithm, it is applied to a user-defined subset of composi-
tions, obtained using box-filtered values of the test case solutions [Pepiot-Desjardins
and Pitsch, 2008b]. The final DRGEP coefficient for each species or reaction is the
maximum value over all sample points of all test cases and all target quantities:

ri = max Tij (4.3)
samples, cases, targets j
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The species/reactions are sorted by their DRGEP coefficients in ascending order
and progressively removed from the kinetic mechanism, until the error on the tar-
get quantities of the canonical cases, recomputed each time, reaches a predefined
tolerance.

4.2.2 Chemical lumping

In many detailed mechanisms, especially when dealing with chemical kinetics for
heavy hydrocarbons, isomers species can coexist, that is, species with the same
molecular composition but different structure and thus thermodynamic properties.
Chemical lumping aims at representing a group of isomers using a single repre-
sentative species, thereby decreasing the number of species and reactions without
significantly changing the reactions dynamics.

Candidate species for lumping are automatically identified based on their molecu-
lar composition, and the thermodynamic data and kinetic parameters of the reactions
involving lumped species are adjusted to account for the larger concentration of the
lumped representative. To do so, the relative contribution (in moles) of each isomer
species i to the group of isomers [ is first recorded as a function of the temperature,
and the resulting dataset is fitted with an Arrhenius law:

Xi

ﬁ = Ainiexp%,i = 17 nr (44)
el <X

X1(T) =

where X7 ,(T) is the relative mole contribution of isomer ¢ in its isomer group /, and
ny is the number of isomers in the group.

Thermodynamic properties of the lumped isomer, including heat capacity, en-
thalpy and entropy, are obtained as temperature-dependent, isomer weighted average
of the NASA polynomials of each individual isomer. Reaction rates of each reaction
involving the lumped representative isomer are also modified to account for the larger
concentration of the lumped species, by incorporating the relevant relative mole con-
tributions from Eq. 4.4 directly into the Arrhenius parameters for that reaction. As
an example, consider the case of an isomer ¢ being lumped into a group of isomers
I. The Arrhenius parameters for a reaction j involving isomer 7 as the only reactant
will be modified as follows:

7Eaj

7Ea,j
w; = Aijjegij (XZ) = AijjexpW (XLz‘) X7 (4'5)
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where X7 is the mole fraction of the group of isomers I. Using Eq. 4.4, one gets:

Eaj +FEa;

u'}j = (Ain)Tbj+bi6_ RT X[, (46)

yielding the following modified reaction coefficient kNj:

Eaj+Eai

k?j = (AjAZ‘)Tbj+bi€_ RT (47)

with &; the modified reaction constant of reaction j.

4.2.3 Quasi-Steady State assumptions

From a CFD perspective, the Quasi-Steady State Assumption (QSSA) has two major
benefits: it removes species and thus leads to fewer transport equations, and it
removes numerical stiffness as Quasi-Steady State species are, by definition, species
with short characteristic timescales. To identify QSS candidates among species, a
modified Level Of Importance criterion from Lgovas et al. [Lgvas et al., 2002] is used:

with LOI; the Level Of Importance of species i, S7; the sensitivity of species i to the
temperature T, ¢; its concentration and 7; the timescale of species i. As mentioned
in 4.2.1, the sensitivity analysis has not been found to be computer effective and
thus an alternative formulation is proposed:

LO[Z = T;C;T; (49)

with r; the DRGEP coefficient computed with Eq. 4.3 and ¢;7; computed as follow:
. acs,i

CiTi = all sgillg}es s Cssi 8081 (410)

which introduces the inverse of the 4 component of the Jacobian matrix of the
chemical scheme.

4.3 Automatic procedure

The above algorithm can be fully automated to efficiently reduce any detailed chemi-
cal mechanism (in standard Arrhenius format) without the need for expert decisions.
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The procedure is decomposed into four stages: the number of species is reduced first,
followed by a reduction of the number of reactions. Isomer species are then lumped,
and Quasi-Steady State assumptions are applied. While each step can be performed
independently, the novelty of the ARCANE approach resides in its ability to decide
automatically which reduction stage to apply and in which order, thereby delivering
a fully reduced mechanism without requiring any intermediate user input.

4.3.1 Automation of each step
Species and reactions reduction

The species and reaction reduction steps are quite simple and similar as they both use
DRGEP. At each iteration, one species (or reaction) is discarded from the original, or
root, mechanism according to the sorting given by Eq. 4.3, and the target cases are
computed with the resulting reduced mechanism. Iterations are repeated as long as
the error on all target quantities stays below the specified tolerance. It may happen
that the error goes above the tolerance and then goes back below it at the next
iteration. In that case, the smallest mechanism with all errors below the tolerance is
taken as the valid reduced mechanism, but the algorithm continues until it reaches
a user-specified threshold (2 times the error tolerance for example). This allows to
go slightly further in the reduction. To go even further, and considering that the
DRGEP algorithm may misplace some species or reactions in the sorted list, those
inducing errors that are too high are kept and the reduction continues until reaching
species or reactions that cannot be removed, for example major combustion products.

Lumping species

The lumping of chemically similar species is a more complex step as a group of
isomers may not always be replaced by a single representative species. Thus, this
step is split into 3 sub-steps. First, a check is performed to identify potential species
that are strictly identical in both composition and thermodynamic properties, but
appearing under different names. Those species are lumped first, as they typically
lead to smaller errors. Then, an attempt to lump the whole isomer group is done,
now accounting for potential differences in thermodynamic properties. If this leads
to errors above the tolerance, lumping the isomers in pairs is finally attempted.
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The pairs are identified by determining thermodynamic properties (heat capacity,
enthalpy, and entropy) similarities between isomers. Two species are deemed similar
if the relative difference between each of their properties remains below 50% for all
temperatures between 300K and 5000K. Note that fuel species are never considered
suitable candidates for lumping.

Quasi Steady State assumptions

The final step of the reduction consists in identifying species that can be considered
in quasi-steady state (referred as QSS species in the following). This step is similar
to the DRGEP species reduction step. According to the modified LOI criterion of
Eq. 4.9, species are sorted in a list of QSS species. As explained in [Pepiot, 2008],
this step requires to analytically solve a Ac = b linear system with A being the nQQSS
matrix of coupling coefficients between the QSS species, ¢ the vector of concentrations
of the QSS species and b a vector depending only on the transported, non-QSS species
concentrations. The matrix A is defined as:

Uk
> j=1mr Vijki

where V;»j and V;; are respectively the reactants and products stoichiometric coeffi-

cients of species ¢ in reaction j, k; the rate constant of reaction j and d;, equals 1 if

’ " . . . . . . . -
Vi; and v;; are non-zero, i.e., if species k is consumed in reaction j to produce i, else
0.

This set of analytical relations allows to evaluate QSS species concentrations from
the non-QSS species concentrations only. The current implementation of the QSS as-
sumption in this work is an extension of the original assumption with an a-posteriori
validation. Here, species that do not fit strictly the theoretical concept may be put in
quasi-steady state provided that the targeted characteristics are properly predicted.
ARCANE generates and compiles the corresponding equations as a dynamic library
file, which can be linked to the reactor or flow solver used to integrate the chemistry.

4.3.2 Overall automation

Experience shows that the level of reduction that can be achieved for a given error
threshold can be much improved by optimising the sequence of the reduction steps,
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including potential repetitions of individual steps. To the knowledge of the authors,
the systematic and automatic reduction sequence optimisation has not been proposed
or investigated in the literature.

The first sequence in the optimisation procedure concerns the species and reac-
tions DRGEP steps. Indeed, after each iteration removing a species or a reaction, the
graph corresponding to the remaining kinetic network is greatly changed, meaning
that the DRGEP coefficients become less and less valid. Performing the DRGEP
steps several times may become useful, in order to make sure that the final result
is based on correct DRGEP coefficients which are re-computed at each step. In
ARCANE, species and reaction reduction is done as part of an iterative loop, and
repeated alternatively until no further change is observed. The DRGEP loop is
illustrated in Fig. 4.3.1.

4-{ Species Reduction |-—|

ngi) < ngi -1)
True False
| |

4-| Reactions Reduction |

[i=i+1

n® < pt=b

True False

I— |

reactions_done == True

N

True False

| True False

Figure 4.3.1: Schematic of the loop between species reduction and reactions reduction
steps with ng) and ng) respectively, the number of species and the number of reactions
in the mechanism generated at the i-th reduction iteration

species_done == True

Loop Finished

The initial DRGEP loop is followed by a lumping step. Since the lumping does
reorganise the kinetic network significantly, the DRGEP loop of Fig. 4.3.1 is repeated
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a second time. Once this second loop is done, the QSSA reduction step is finally
performed. The reduced mechanism returned by this last step is the final result of
the whole reduction process.

4.4 Encapsulating code structure

The automatic reduction algorithm has been implemented in ARCANE (for Analyt-
ically Reduced Chemistry: Automatic, Nice and Efficient) which fully exploits the
object-oriented nature of Python by revolving around two major objects that con-
tain all the necessary information. The first object, referred as the Case object, is
carrying all the operating conditions such as the type of canonical reactor to sim-
ulate, the composition of the mixture, and all other parameters necessary for the
computation, independently of the mechanism to use. The second object, referred as
the Mechanism object, is carrying the information about the mechanism. For each
step of the reduction, the reduced Mechanism object is passed to the Case objects
to be recomputed and compared to the results with the detailed mechanism. This
structure with uncoupled objects allows a great flexibility in the cases that can be
computed and the number of mechanisms that can be used. The data resulting from
the computation of a case with a given mechanism is stored in a database structured
as shown in Figure 4.4.1. The systematic storage of the generated data in a format-
ted shape allows to re-use already existing data, thereby saving time if restarting a
reduction or analysing results. The compositions sampled from the canonical sim-
ulation, mentioned in Section 4.2.1, are then used in the reduction steps with each
case treated independently with its specific targets, before concatenating the results
to obtain the final reduction result.

In principle, ARCANE may use any 0D /1D combustion solver. In its current ver-
sion, ARCANE is coupled with the open-source software Cantera [Goodwin et al.,
2017]. Cantera offers a wide range of options when dealing with chemical kinetics
computations, from reactor networks to various one-dimensional flames going from
the simplest configurations (freely propagating premixed flames, counter-flow diffu-
sion flames) to more complex ones (ionic premixed burners, or impinging jets).
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Figure 4.4.1: Structure of the database directory

4.5 Capabilities

Besides complete automation, the other innovation of the method is its versatility
resulting from the large variety of canonical computations that may be used to rep-
resent real-life processes. The present method has been designed to be able to work
with any kind of dataset provided that temperature, pressure, and species concen-
trations are available. Another flexibility that proved to be useful is the possibility
to assign different tolerances for the various quantities targeted in a single case (for
example, a 5% error threshold on laminar flame speed and 1% error on maximum
temperature can be applied in the same case).

To demonstrate the capabilities of ARCANE, three different case studies are
presented in the remainder of this paper. The first one is an unbiquitous config-
uration in the combustion community: the reduction of a methane/air mechanism
with and without NO, predictions. The purpose of this test case is to serve as a
benchmark and demonstrate the performance of the proposed automatic procedure
through comparison with literature results. The second case study is the reduction of
a three-components surrogate of kerosene, aiming to show the code performance on a
complex mechanism with a high number of species and reactions. Finally, the third
case study explores a non-combustion configuration, and considers butane steam-
cracking. This last case demonstrates the validity and adequacy of the method for
any kind of chemical process.
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4.5.1 Reduction of Methane/air combustion chemistry

Methane being the simplest hydrocarbon and the major component of natural gas,
used in ground-based gas turbines and furnaces, it has been widely studied in the
literature. Mainly using GRI-Mech [Smith et al., 1999] as the detailed reference
mechanism, numerous chemistry reductions have been proposed (e.g. [Sung et al.,
2001, Bahlouli et al., 2014, Gimeno-Escobedo et al., 2019]). Among them, the two
reduced mechanisms developed by Lu et al. [Lu and Law, 2008] with and without
NO, predictions are quite popular and as such, were used in [Jaravel et al., 2018]
as references to assess the validity of reduced mechanisms obtained with the same
techniques as those implemented in ARCANE [Pepiot, 2008]. They are therefore
also used here to benchmark the present algorithm.

Methane/air chemistry reduction without NO, chemistry

The 19 species, 11 QSS species and 184 reactions ! mechanism of [Lu and Law, 2008|
is used here as the reference and referred in the following as Lul9. This mechanism
was obtained with an error threshold of 10% in auto-ignition cases and Perfectly
Stirred Reactors (PSR). In the present study, different error thresholds are applied
depending on the case, as summarised in Table 4.5.1. On every case, the target was
chosen to be only the heat release rate.

ARCANE produced a 16 species, 129 reactions and 10 QSS species mechanism.
The complete reduction took around 30 minutes on a PC, from which 67 % was
spent on the computation of the cases by Cantera. Figure 4.5.1 represents the series
of reduction steps followed from the detailed mechanism to the final ARC scheme.
For this relatively simple chemistry, the reduction process is straightforward with
only one repetition of the species reduction step. The obtained mechanism (referred
in the following as Cazeres16) is compared to the detailed mechanism (GRI-Mech
3.0) and Lul9 for laminar flame speeds and ignition delay times over a wide range
of conditions. No significant differences can be seen between the three mechanisms,
even though the present mechanism Cazeres16 is more reduced than the Lul9.

The difference between Lul9 and Cazeresl6 in terms of species is summarised

Inot to be confused with the 15 steps presented by the authors [Chen, 1997], and representing
the number of elemental reactions that do not involve QSS species. Using the same numbering of
reactions as in the present work, the mechanism counts 368 irreversible reactions.
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Reactor type 0D Isochoric reactor | 1D premixed flame
Temperature [K] 1000, 2000 300

Pressure [bar] 1 1

Equivalence ratio 1 0.5, 1, 1.5

Error threshold on 59 /

Auto-ignition delay time

Error threshold on / 2%

Laminar flame speed

Erro? threshold on 1% 1%

Maximum temperature

7

Table 4.5.1: Definition of the two considered canonical cases and associated er-
ror thresholds applied to various quantities for the methane-air chemistry reduction

without NO, chemistry.

in Table 4.5.2. Interestingly, the present reduction seems less strict for the fastest
species, removing some (QSS species that are kept in Lul9, and treating as QSS some
species that are still transported in Lul9. Note the particular case of CH,CO, which
is transported in Lul9 but removed in Cazeresl6, without any degradation of the

results.

Species
CyHs
CH30H
CH,CO
C

C,yH3
HCCO

Status in Lul9 Status in Cazeresl6

transported QSS
transported QSS
transported

QSS

QSS

QSS

Table 4.5.2: Species differences between Lul9 and Cazeresl16.

Reduction with NO,

Adding the prediction of NO, trough the addition of the NO and NO, species as
targets, and using the test cases and thresholds of Table 4.5.3 on the GRI-Mech
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Figure 4.5.1: Graphical representation of the methane/air chemistry without NO,
reduction process: number of species (solid blue line with circles: transported species,
dashed blue line with circles: all species) and number of reactions (red line with
squares). On the abscissa axis, 'S’ stands for species reduction step, 'R’ for reactions
reduction step and 'QSS’ for Quasi-Steady State approximation step.

2.11 detailed mechanism, ARCANE led to a mechanism consisting of 22 transported
species, 140 reactions, and 14 QSS species, that is, 6 additional transported species
and 4 additional QSS species compared to Cazeresl6. This reduction was slightly
longer and took 45 minutes on a PC, from which 87 % was devoted to the compu-
tation of the flame cases. As shown in Fig. 4.5.3, for this case, several successive
repetitions of the same reduction step were necessary, especially for the reduction
of reactions which ended in an important number of discarded reactions. Note also
the additional species reduction step after the reactions reduction, which allowed a
significant further decrease of the species number because of significant changes in
the reaction paths graph. This mechanism (referred in the following as Cazeres22) is
compared to the detailed mechanism GRI-Mech 2.11. The reason why this mecha-
nism was used instead of the GRI-Mech 3.0 is because it was found to have a better
prediction of NO, emissions in previous studies [Jaravel et al., 2018]. The present
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Figure 4.5.2: Laminar flame speed as a function of the equivalence ratio at 1 bar for
(a) methane/air without NO, flames, and (b) methane/air ignition delay time as a
function of 1000/T" at stoichiometry and 1 bar. Comparison between GRI-Mech 3.0
(black line), Lul9 (blue circles) and Cazeresl6 (red crosses).

mechanism was found to be very similar to the latter study, having 4 additional QSS
species (C, HCCO, HCNO, NCO) and the same 22 transported species as Cazeres22.

Figure 4.5.5 shows that Cazeres22 recovers all the target quantities across the
range of equivalence ratios, as well as the NO, mass fraction integral except for the
very rich part of the curve. Note that the slight increase in the NO mass fraction
integral error occurs in a region where the absolute value of NO is low, and is therefore
not overly concerning.

Compared to Cazeresl6, there are 6 additional transported species namely NO,
NOs, NoO, HCN, CyH,, CH30H. Naturally, NO and NO, are kept because they are
the species of interest in this case. NyO and HCN are transported as important
species in the NO, emission process, with an influence on the chemical dynamics
too important to be put in quasi-steady state. CoHy and CH3OH were set in quasi-
steady state in Cazeresl6 but are now being transported. This indicates that they
need to be included to reproduce the correct combustion behaviour, but their correct
prediction becomes critical when NO, are involved. There are 4 more QSS species
in Cazeres22 compared to Cazeresl6, but this difference is actually an addition of 8
new QSS species with a discarding of 4 former QSS species. The species added are all
species with nitrogen atoms directly linked to the NO, emissions (N, NH, NHy, NNH,
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Reactor type 0D Isochoric reactor | 1D premixed flame
Temperature [K] 1000, 2000 300

Pressure [bar] 1 1

Equivalence ratio 1 0.6,1,1.4

Error threshold on

Auto-ignition delay time 5% /

Error threshold on

Laminar flame speed / 2%

f/{rro? threshold on 1% 1%
aximum temperature

Error threshold on 5% 5%

NO mass fraction integral

Table 4.5.3: Definition of the two canonical cases considered in the study and asso-
ciated error thresholds applied to various quantities for the methane-air reduction
with NO, chemistry.

HNO, HOCN, HNCO) except for CoHs. From the 4 discarded species, CoHs and
CH30H were moved to the transported species list and CH,OH and CH,CHO were
completely discarded from the mechanism. The addition of CoH3 can be explained by
the need for this species to be present to predict CoHs more accurately. The reactions
involving CH,OH and CH,CHO included in Cazeresl6 are reactions consuming O,
H, and O,. When NO, are involved, those species are predominantly used in NO,-
related pathways, rendering those previous consumption routes negligible and leading
to CH,OH and CH;CHO being discarded from the mechanism.

4.5.2 Reduction of kerosene combustion using a three-
component surrogate

For industrial applications in the domain of aeronautics, accurate prediction of the
combustion of kerosene (Jet-Al more particularly in that case) is required. Kerosene
consists in hundreds of hydrocarbons molecules with an exact composition varying
from batch to batch. In the literature, surrogates have been formulated in order
to represent the composition of such complex fuels. The one used in this study,
taken from Humer et al. [Humer et al., 2011], is composed (in volume) of 60% of
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Figure 4.5.3: Graphical representation of the methane/air chemistry with NO, re-
duction process: number of species (solid blue line with circles: transported species,
dashed blue line with circles: all species) and number of reactions (red line with
squares). On the abscissa axis, 'S’ stands for species reduction step, 'R’ for reactions
reduction step and 'QSS’ for Quasi-Steady State approximation step.

n-dodecane (n-Ci2Hag), 20% of methyl-cyclohexane (CH3CgHy; ), and 20% of xylene
? ((CH3)2CgHy). The detailed mechanism employed in this work is taken from Ranzi
et al. [Ranzi et al., 2014] and is available from their website [CRECK, ]. This
mechanism is labelled CRECK 2003 TOT HT in the following °.

The CRECK 2003 TOT HT mechanism has been designed to incorporate most
species involved in jet fuel combustion and is ideally suited to explore kerosene multi-
component surrogates, including the 3-component Jet A1l surrogate of interest in
this study. It is based on the concept of a palette of fuel components, individually

2There is no distinction between xylene isomers (meta-, para-, ortho-xylene) as there is none in
the detailed mechanisms

3From the detailed mechanisms’ authors naming convention, ”2003”, the mechanism’s version,
corresponds to March 2020, the latest available update at the time of this study.
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CH,OH + O «— CH,O + OH,
CH,OH + H «—s CH,O + H,,
CHQOH + H+— CH3 + OH,

CHQOH + 02 — CHQO + HOQ,
CH,CHO + O —s CHy + CO, + H,
CH,CHO + Oy — CH>0 + CO + OH,
CH,CHO + 0y —s 2 HCO + OH,
CH,CHO + H +— CH, + HCO,

Figure 4.5.4: Reactions involving CH,OH and CH,CHO

validated, allowing a variety of surrogates to be simulated. It consists of 368 species
among 14,462 reactions. This mechanism does not include low temperature chemistry
and is therefore not able to capture the Negative Temperature Coefficient ignition
behaviour found at low temperatures. For that reason, only 0D reactors with an
initial temperature above 900 K will be computed. For the reduction, heat release
rate is targeted along with each individual fuel components. The reduction cases
and their relative thresholds are summarised in Table 4.5.4.

Reactor type 0D Isochoric reactor | 1D premixed flame
Temperature [K] 1000, 2000 400

Pressure [bar] 1 1

Equivalence ratio 1 0.6,1,14

Error threshold on 5 07 /

Auto-ignition delay time 0

Error threshold on

Laminar flame speed / 5%

Error threshold on 1% 1%

Maximum temperature

Table 4.5.4: Definition of the two canonical cases considered in the study, and associ-
ated error thresholds applied to various quantities for the three-component kerosene-
air reduction.

The reduced mechanism obtained with ARCANE consists in 39 species, 276 re-
actions, and 15 QSS species (referred in the following as Cazeres39).
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Figure 4.5.5: Methane/air combustion at 1 bar: (a) laminar flame speed as function of
the equivalence ratio; (b) ignition delay time as a function of 1000/7" at stoichiometrys;
(c) total NO, and (d) total NOg mass fractions as functions of the equivalence ratio.
Comparison between GRI-Mech 2.11 (black line), Cazeres22 (red crosses).
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Figure 4.5.6: Graphical representation of the three-component kerosene-air chemistry
reduction process: number of species (solid blue line with circles: transported species,
dashed blue line with circles: all species) and number of reactions (red line with
squares). On the abscissa axis, 'S’ stands for species reduction step, 'R’ for reactions
reduction step, 'L’ for lumping step and "QSS’ for Quasi-Steady State approximation
step. Left: overall procedure. Right: zoom on the reduction after the first step.

The reduction process is illustrated in Fig. 4.5.6. After the first step, which
drastically reduces the number of species and reactions, the reduction continues to
progressively decrease the number of reactions, until the reaction graph has suffi-
ciently changed to trigger another decrease of species. This process is similar to the
methane-air with NO, reduction, only more complex. Compared to methane reduc-
tion, a lumping step is now present. Because of the higher number of carbon atoms
in the fuel, many isomer species can now be found in the chemical pathways. Not
all isomer species are lumped together as isomers can have a very different chemical
path and cannot be lumped together. In that case, 3 groups of isomers were identi-
fied and successfully lumped together, decreasing the number of transported species

by 3.

Although it has not been derived based on individual fuel component combustion,
results for flame speeds (Fig. 4.5.7) and ignition delay time (Fig. 4.5.8) are shown
for the 3-component fuel as well as for the single component fuels.

Results for the 3-component surrogate are in very good agreement with the de-
tailed mechanism, both for laminar flame speed and ignition delay time. For single
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Figure 4.5.7: Kerosene combustion at 1 bar and 400K: (a) laminar flame speed
as function of the equivalence ratio for the 3-component surrogate, (b) dode-
cane only, (¢) methyl-cyclohexane only, and (d) xylene only. Comparison between
CRECK_2003_TOT_HT (black line) and Cazeres39 (red crosses).

component fuels, the agreement between detailed and reduced mechanisms is logi-
cally related to its proportion in the surrogate blend that was used for reduction.
With a mean error of 115% (maximum of 195%) on ignition delay time, and 27%
(maximum of 42%) on laminar flame speed, xylene shows the largest error as it is
the least present species in mass in the surrogate (13.7 % in mass). Indeed, its con-
tribution to the overall heat release rate of the surrogate combustion is low and its
specific chemical pathways are marginalised during the reduction process, possibly
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Figure 4.5.8: Kerosene combustion at 1 bar and 400K: (a) ignition delay time as
a function of 1000/7" at stoichiometry for the 3-components surrogate, (b) dode-
cane only, (¢) methyl-cyclohexane only, and (d) xylene only. Comparison between
CRECK_2003_TOT_HT (black line) and Cazeres39 (red crosses).

removed ultimately. Because the reduction is only constrained by the surrogate char-
acteristics, the overall importance of each of its components will be weighted by their
relative mass in the fuel mixture. However minor components may be important, for
example in two-phase combustion where preferential evaporation may segregate the
vapour components. In such case, single component fuel burning should be added to

the target cases for the reduction.
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It is here important to highlight the significant gain in computational time
brought by reduced chemistry: compared to the detailed mechanism, the Cazeres39
scheme allows to reach a speed-up factor of 363 for the computation of the
3-component stoichiometric freely propagating flame.

4.5.3 Reduction of butane steam cracking

Aside from combustion, the present methodology is suitable for the reduction of
kinetic mechanisms applied to any kind of reacting flow process. The simulation
of butane steam-cracking, which occurs in high-Reynolds heated pipe flows [Zhu,
2015], is one example of application where the use of reduced chemistry is of high
interest. First reduction attempts were presented in [Campet, 2019]. Improved
results obtained with ARCANE are presented here.

The detailed mechanism is the same as the one used for kerosene combustion and
presented in the previous section, without molecules containing more than 4 carbon
atoms, leading to a reference detailed mechanism of 181 species and 5554 reactions.
The same steam cracking process studied in [Campet, 2019] is chosen for the present
study. It is represented by a zero-dimensional constant pressure reactor, heated via
a constant heat flux of 19.38 MW /m3. The mixture of 69% of butane and 31% of
water vapour (in mass fraction) is initially at 909K and 2.3 bar. The simulation is
stopped after 0.14s, which is representative of the residence time in butane cracking
applications. The main olefins produced by this process are CoHy, C3Hg, and C4Hg,
and are therefore the quantities on which the controlling error is imposed, with a 1%
error threshold applied on the value reached at the end of the simulation.

Based on this test case and tolerances, ARCANE allowed to reduce the mechanism
down to 24 transported species, 413 reactions, and 12 QSS species (referenced in the
following as Cazeres24).

The reduction process illustrated in Fig. 4.5.9 shows a relatively simple proce-
dure, with only one repetition of the species reduction and a lumping step. No
reaction reduction was necessary in this case meaning that all the reductions not
discarded along species are relevant for this application. Main species profiles shown
in Fig. 4.5.10 show a very good agreement between Cazeres24 and the detailed mech-
anism over the whole simulation, with a maximum deviation of 0.83 % on the peak
value of butadiene.
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4.6 Conclusions

The proposed methodology for the automated reduction of chemical kinetic mecha-
nisms has been shown to be effective on 3 different mechanisms. First, on the GRI-
Mech (3.0 and 2.11) with slightly better results than in the literature, both with and
without NO, predictions. It has then shown good performances on the reduction of a
Jet A1 3-component surrogate, generating a computationally efficient and affordable
39 species reduced mechanism, despite originating from a 368 species detailed mech-
anism. Finally, the versatility of the method has been demonstrated on a butane
steam-cracking case with perfect agreement between the 24 species reduced mecha-
nism and its 181 species parent mechanism. The implemented algorithm allows to
reduce any given chemical mechanism that can be written in elementary reactions fol-
lowing Arrhenius laws, while controlling the error on any user-defined quantity, either
directly available in the computation (concentrations, temperature, pressure etc.) or
computed with a user-defined function prescribed as an input to the case object. The
current implementation also allows for the addition of other reduction and analysis
methodologies, for example based on sensitivity coefficients. The reduced mecha-
nisms derived in this work are freely available in Cantera format in the mechanisms
database on the CERFACS website (https://chemistry.cerfacs.fr/en/home/)
with their associated fortran mechanisms for computation with QSS species. The
ARCANE code is available upon request and the procedure for accessing it is detailed
on its specific section of the webiste.
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This chapter will explain in further length what ARCANE is made of, what it is
capable of and what are the ongoing development or future applications of the code.

5.1 Code overview

Name of the code: ARCANE
Extended name: Analytically Reduced Chemistry; Automatic, Nice and Efficient
Logo:

91
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Language: Python 3

Release: 1.0

Licence: to be determined

Distribution: private repository hosted on Gitlab

Distribution conditions: access is granted against active participation on the code
development

Dependencies: Python 3, Cantera (specific branch), numpy, scipy, matplotlib,
pandas, graphviz, networkx, fastdtw

Number of lines: 21 811

Purpose: Automatic reduction of chemical kinetics mechanisms for CFD use and
analysis

Keywords: chemical kinetics, reduction, combustion

The code in its current version is not a simple tool but a complete code with
an increasing number of capabilities. Python language [Van Rossum and Drake,
2009] has been chosen because it is the easiest to work with when dealing with a
broad range of coding needs (from interface with Cantera to writing and reading
ascii solution and plotting paper-grade figures). It was designed in the objective of
being a long lasting tool with easy implementation of new features that will suit the
future researchers and industrial partners in their needs.

5.2 Versatility

Despite being developed with combustion applications in mind, the methods imbued
in the code for the reduction process are applicable to any chemical kinetic system
with no adaptations to be made as they are all completely defined by the local ther-
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modynamic state (temperature, pressure and composition) which is the sole required
input for the reduction techniques.

5.2.1 On the applications

As demonstrated in 4.5.3, all kind of applications can be targeted for the reduction
of a detailed mechanism. The huge capabilities of Cantera allow to represent a wide
variety of canonical cases and to handle the basic computations of the chemical pa-
rameters. For the computation of canonical cases, Cantera is not even required by
ARCANE as it can take a custom made canonical case as an input. Within the
code, the different applications are presented in a demo file in the sources demo/ba-
sic/interface.py available in Appendix. On top of that, the quantities selected as
threshold errors can also be custom made so it suits perfectly the needs of the user.
An example of the error handling is presented in the demo file demo/basic/error.py
available in Appendix.

The only thing required to perform a reduction is a Cantera input file (.cti
file) that can be processed in order to generate an initial state. It was already
used to derive several reduced mechanisms for methane/hydrogen diffusion flames
[Lacra et al., 2020], diluted methane flames in flame-wall interaction [Jiang et al.,
2021], furnaces applications [Nadakkal-Appukuttan et al., 2020], liquid rocket engines
[Blanchard et al., 2021], single component|Collin-Bastiani et al., 2020] [Wirtz et al.,
2020] and multi-component [Shastry et al., 2020a] spray flames, and plasma-assisted
ethylene/air ignition with a newly implemented method called P-DRGEP[Bellemans
et al., 2020].

Future work will try to go towards more complex configuration such as the cou-
pling with CFD codes in order to reduce detailed kinetics on non-canonical cases.

5.2.2 On the required knowledge

As previously said, one of the goals is to provide a reduction code for users that
are not necessarily well versed in the intricacies of the chemical kinetics reduction.
ARCANE gives great possibilities to each level of user knowledge. An engineer or a
beginner just needs to input the basic information that are needed for a reduction
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i.e. the detailed mechanism and the list of canonical cases with their associated error
thresholds. A complete reduction can be launched in a few lines with no required
knowledge about the reduction methods:

# Import statements

import ARCANE.cases as cases

import ARCANE.mechanisms as mechanisms
import ARCANE.automatic as automatic

# Create reference mechanism instance
root_mechanism = mechanisms.Mechanism("gri30.cti", name='GRI-Mech 3.0')

# Cases creation

cases_list = []

cases_list.extend(cases.create_case(reactor="0DIsochoric",
mechanism=root_mechanism,
fuel="X/CH4/1",
oxidizer="X/02/0.21/N2/0.79",
pressure=1leb,
temperature="1000-2000",
phi=1,
targets=["Heat Release"],
error_dict={"tig': 0.05, 'T max': 0.01}))

cases_list.extend(cases.create_case(reactor="1DPremixed",
mechanism=root_mechanism,
fuel="X/CH4/1",
oxidizer="X/02/0.21/N2/0.79",
pressure=le5,
temperature=300,
phi="0.5-1-1.5",
targets=["Heat Release"],
error_dict={'S1': 0.02, 'T max': 0.01}))

# Setup automatic reduction
auto = automatic.Automatic(cases_list, root_mechanism)

# Launching full automatic reduction
mechanisms_list = auto.full_reduction()

The above script is everything needed to perform the reduction presented in 4.5.1
with the last object mechanisms_list containing the final reduced mechanism along
all the intermediate mechanisms obtained at each step of the reduction.
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Of course all the reduction methods can be used independently if the user is not
satisfied with the result or if another reduction path is to be studied. The object-
oriented structure of Python allows for a multitude of ways to use the code and
special care as been put in making each structural block as independent as possible
so that an experienced user can do as he pleases with the resources available.

The generality of the chosen cases and how the code is written are strongly
linked and point towards the objective of being able to use ARCANE on an always
increasing number of applications.

5.3 Analysis and post-processing tools

Several methods discussed in 3.5.3 can be used for a-priori or a-posteriori analysis
of the kinetic mechanisms and they were integrated to work inside the ARCANE
workflow.

Form the data samples extracted from canonical cases, one can obtain a graph
similar to Fig. 3.5.1 for a detailed mechanism generated automatically using either
PFA or DRGEP as links quantification. Sensitivity analysis can also be performed
and even serve for the reduction process coupled with DRGEP with a method called
DRGEP-ASA (for DRGEP Aided by Sensitivity Analysis) [Niemeyer et al., 2010].

Different levels of post-processing methods have also been implemented from
basic ones such as parametric plots of a quantity over different cases initial values
(the laminar flame speed over the equivalence ratio for example) in an automatic
fashion with limited inputs. All the chemical kinetics graphs that are presented in
this manuscript have been automatically generated with ARCANE.

Timescale analysis can also be performed on the samples database from the cases
in order to analyse the stiffness of a given chemical kinetics mechanism in the refer-
ence database.



96 CHAPTER 5. COMPLEMENTARY INFORMATION ABOUT ARCANE

5.4 Towards CFD codes

The prime objective of reducing a chemical kinetic scheme is to implement it into
CFD computations that could not have run without reduction.

ARCANE has gathered all the knowledge generated by previous works on ARC
in CFD computations to fully automatise even the process of generating the data
required by CFD codes.

The CFD code AVBP used in this work (and further detailed in Chapter 8.3)
requires the reduction process to not only give a usable chemical kinetics mecha-
nism but also to produce the transport constant required for the Constant Lewis
assumption used in the code and described in 1.7.3. The selection process of the
Schmidt and Prandtl numbers from a database is embed in ARCANE. In order to
stay consistent and possibly compensate the error generated by the reduction, those
parameters are chosen as the set extracted from either the fresh or burnt gases of
the database flames that minimise the error between the detailed mechanism and
the reduced mechanism with simplified transport.

The CFD focused implementation also allows to use different chemical integration
techniques compared to classical ones with for example an exponential integration
of the chemical source terms that ensures the positivity of the species mass fraction
when under-resolving the chemistry in time [Blanchard et al., 2021]. Details about
the chemistry integration will be given in 8.4.
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Chapter 6

Introduction

Hydrogen is the smallest molecule as it is only composed of one atom and di-hydrogen
is then the smallest molecule than can be used as a fuel. Used for a long time in
rocket engines, hydrogen as a fuel has grown interest in the last few years, both for
the scientific community and the public !, in the context of the research for cleaner
energies.

It has been the subject of a Combustion Webinar * given by Heinz Pitch entitled
Hydrogen: A Seemingly Simple Fuel® which highlighted the difficulties of dealing
with hydrogen despite its chemical kinetics simplicity. This explains why hydrogen
and all its applications are vibrant subjects within the combustion community.

Hydrogen is especially considered as a way to store electric energy produced by
renewable sources (solar panels, wind turbines, hydroelectric power plant, etc.). This
is achieved through hydrogen production labelled green hydrogen via electrolysis of
water HyO which is broken down into Hy and O,. The hydrogen then produced can be
stored in tanks either at cryogenic conditions (below 20K) or at high pressures around
700 bar. Storing hydrogen energy has the advantage of being more sustainable than
the other forms of electrical storage as presented in Fig. 6.0.1, and allows storage
of important amounts of energy over a long period. The concept labelled Power to

!Google Trends results for "hydrogen' over the past 5 years: https://trends.google.com/
trends/explore?date=today%205-y&gprop=news&q=7%2Fm/2F02h9byz

’https://sun.ae.gatech.edu/combustion-webinar/

3https://www.youtube.com/watch?v=h9nQLbJKGFk&t=878s

99


https://trends.google.com/trends/explore?date=today%205-y&gprop=news&q=%2Fm%2F02h9byz
https://trends.google.com/trends/explore?date=today%205-y&gprop=news&q=%2Fm%2F02h9byz
https://sun.ae.gatech.edu/combustion-webinar/
https://www.youtube.com/watch?v=h9nQLbJKGFk&t=878s

100 CHAPTER 6. INTRODUCTION

Figure 6.0.1: Charge/discharge period and storage capacity of different electricity
storage systems. CAES, compressed air energy storage; PHS, pumped hydro storage;
SNG, substitute natural gas. From [Schaaf et al., 2014]

Gas (PtG) is part of several projects focusing on hydrogen with the example of the
European Research Council (ERC) project SCIROCCO which joins experiments and
numerical simulations and gathers the Institut de Mécanique des Fluides de Toulouse
(IMFT) and the CERFACS in France.

Green hydrogen may be then used as a combustible in several ways:

o Hydrogen can power fuel cells mainly used for automotive transportation
[O’hayre et al., 2016] allowing cars or trucks to only emit water vapour as an
exhaust gas.

o It is also investigated as an alternative fuel for aviation which still relies on
thermal energy without any convincing alternative in the near future. Aircraft
manufacturers like Airbus have the ambition of developing a hydrogen-powered
aircraft by 2035 *.

» Going full circle, it is also considered for gas turbines which produce today 23.1
% of the world electricity °. Depending on the technology, hydrogen can be
blended with the natural gas with varying amounts.

In this part, we focus on energy production with hydrogen enrichment of natural

‘https://www.airbus.com/innovation/zero-emission/hydrogen/zeroe.html
5Global share of electricity generation, 2018, International Energy Agency https://www.iea.
org/data-and-statistics/charts/global-share-of-electricity-generation-2018
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gas. The objective is to demonstrate how the tools for chemistry analysis and reduc-
tion developed in the previous part can be used to predict and study the impact of
introducing hydrogen in these systems.

The main motivation of using hydrogen enrichment is to lower the CO5 emissions
thanks to the lower hydrocarbon content in the fuel. In addition because hydrogen
has a much higher laminar flame speed than hydrocarbons, its blending with natural
gas increases the mixture reactivity allowing to operate at leaner conditions with an
increased stability:.

Several studies have been already published on this subject both with experimen-
tal and numerical approaches. In most cases hydrogen-enrichment is performed in
a premixed mode, i.e., adding hydrogen to the fuel before injection. However it can
be more efficient to use a separate hydrogen injection as was done experimentally
in [Oztarlik et al., 2020] and studied numerically with ARC by [Laera et al., 2020].
Direct Numerical Simulations (DNS) with detailed chemistry have been performed
on canonical configurations to assess the benefits of hydrogen enrichment in terms of
flame speed and increased reactivity [Di Sarli and Di Benedetto, 2007][Bougrine et al.,
2011]. It has also been demonstrated experimentally by [Schefer, 2003] [Boushaki
et al., 2012] that hydrogen-enrichment of a swirled methane/air flame improves its
stability in lean conditions. Besides this beneficial effect, hydrogen enrichment mod-
ifies the flame behaviour. Depending on the hydrogen content, it may modify the
flame shape, as observed in [Chterev and Boxx, 2021, Guiberti et al., 2015b]. This
effect was retrieved with numerical simulation [Mercier et al., 2016] and will be the
subject of Chapter 9. Hydrogen-enrichment was also shown to affect thermo-acoustic
instabilities, increasing their frequency range and having a variable effect on the pos-
itive feedback depending on pressure conditions [Chterev and Boxx, 2021].

This part of the manuscript focuses on the reduction of an ARC relevant for the
combustion of a methane/hydrogen blend with air in Chapter 7 and its application
to the Large Eddy Simulation (LES), which fundamentals will be recalled in Chapter
8, of a swirled hydrogen-enriched premixed methane/air flame in Chapter 9.
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Chapter 7

Chemical kinetics of
methane/hydrogen blends

Contents
7.1 Introduction: selection of the chemical description model103
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7.3 OH" prediction . . . . . . . . .. i 0 i i i v it 108

7.4 Reduction of the combustion kinetics of methane/hy-
drogen blends including NO, and OH* prediction . ... 110

7.1 Introduction: selection of the chemical de-
scription model

Available detailed mechanisms are constructed in such a way that they can be used
for any fuel. The CRECK mechanism [CRECK, ] for example is proposed in reduced
versions specific for a fuel, which are simple extractions from the same full scheme. As
a consequence, any fuel or combinations of fuels, in this case methane and hydrogen,
is accurately predicted with such full detailed mechanism. Therefore there is no need
for specific development of detailed chemistry and we will use them as reference and
starting point for our own chemistry models.
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If the detailed mechanism cannot be used in the CFD simulations for obvious
reasons, there is still a choice to be made between the various possibilities of reduced
schemes, from global to ARC or even skeletal.

Global schemes for fuel blends may be simply written as:

5—3Xu,

(1—XH2)CH4+XH2H2+( 1

) 02 —» (1—XH2)C02+<H(12_)(H2)> H,0

where Xy, is the mole fraction of hydrogen in the fuel. This considers the
fact that the fuel blend (1 — Xp,)CHy + Xg, Hy is equivalent to a fuel of formula

Ca-xpy) Ha—2xy,)-

As seen above, a supplementary parameter enters the scene when it comes to
describe fuel blends. Additionally to the equivalence ratio of the mixture, the en-
richment level is also a defining parameter. Still, with the view of an equivalent fuel
as defined above, the equivalence ratio may be used solely to characterise the flame.

However, because Hy has a much greater diffusivity than CH,4 the local compo-
sition may vary and lead to zones where initial mixture composition is no longer
valid. In such case, flames will non only depend on the global equivalence ratio but
will also change with the hydrogen content, which becomes an additional parame-
ter. This has a direct consequence for tabulation methods (described in 3.2) which
should add the enrichment level as a table parameter. Note also that the expression
of the mixture fraction as expressed in Eq. 1.62 should be revised as it does not
consider a varying H/C ratio. The coverage of the full range of equivalence ratio
and hydrogen content, from 0 to 100% is therefore complex with pre-tabulation of
laminar flame, hence the narrow range of table parameters used in the literature
[Alaya et al., 2019][Hernédndez-Pérez et al., 2014].

A major advantage of ARC is to avoid such considerations as it behaves exactly
like the detailed mechanism, i.e., it contains both hydrogen combustion and methane
combustion and it is therefore able to handle any blend of the two fuels. This was
confirmed for the LU19 scheme (introduced in Section 4.5.1) which allowed to obtain
good results on premixed hydrogen flames, even though it was not explicitly designed
by the authors for this fuel. As depicted in Fig. 7.1.1, the LU19 ARC mechanism
perfectly predicts the combustion of hydrogen and methane/hydrogen blends for the
range of operating conditions used for the scheme derivation for methane.
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Thanks to this capability, a unique reduced ARC mechanism can be used to com-
pute all operating points with different equivalence ratios and hydrogen enrichment
levels. ARC schemes also ensure to correctly capture the particular behaviours in-
duced by preferential diffusion. Such scheme has already been used by [Laera et al.,
2020] to compute a non-premixed hydrogen enrichment of a methane-air flame where
pure hydrogen is injected separately to play a similar role as a pilot flame.

A major drawback of hydrogen-enrichment is the increased NO, emissions due to
locally higher temperatures for a fixed equivalence ratio. It is therefore of primary
importance to evaluate the impact of hydrogen-enrichment on NO, emissions as it
may counterbalance the gain in efficiency and in carbon emissions. For that reason,
NO, chemistry will subsequently be added to the target ARC mechanism.

7.2 NO, emissions

NO, is the generic denomination of nitric oxide (NO) and nitric dioxide (NO).
The nitric dioxide is a harmful molecule formed from both natural phenomena (soil
microbes, volcanoes, lightning) and combustion systems. It contributes to modified
ozone concentrations [Romer et al., 2018], acid rains [Irwin and Williams, 1988] and
respiratory issues [Int Panis et al., 2017].

The NO, formation mechanisms are generally decomposed into several chemical
pathways detailed in the following.

o Thermal NO described by [Zeldovich and Frank-Kamenetskii, 1962] is the
formation of NO in the burnt gases where the temperature is sufficiently high.
It is described by the Zeldovich mechanism representing the direct oxidation
of nitrogen:

O+ Ny <+ NO+ N
N+0Oy 4+ NO+O
N+OH < NO+H

The first of these reactions features a high activation energy hence its activation
only in hot gases. This process is typically slow compared to the others.
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o The prompt NO route, initially suggested by [Fenimore, 1971], describes the
rapid production occurring in the reaction zone from the interaction between Ny
and the radicals produced by the fuel oxidation. [Miller et al., 2005] suggested
that the main reaction representing this pathway involves the NCN radical via
the reaction:

Ny+CH <+ NCN + H

The NO production through these pathway follows the evolution of laminar
flame speed with equivalence ratio, i.e., peaks at slightly rich conditions where
a large quantity of radicals is available.

e The N0 route is the major contributor to NO emissions under lean premixed
conditions [Drake et al., 1991] as N,O is produced by a reaction between Ny
and O to finally produce NO via the following reactions:

No+O+ M < NO+ M
NO+ 0O+ NO+ NO
N.O+H < NO+NH

 For low flame temperatures, the NNH pathway [Purohit et al., 2021] becomes
significant and is described by the reactions:

Ny +H < NNH
NNH+O < NO+ NH

o Fuel NO becomes relevant for fuels that contain nitrogen in their composition
such as ammonia which is also actively studied as a candidate for decarbon-
ated combustion [Kobayashi et al., 2019]. This pathway is therefore absent in
hydrocarbon and hydrogen combustion.

NO, detailed kinetics has been investigated for hydrogen flames by [Frassoldati
et al., 2006] and updates stemming from experimental comparisons have been in-
cluded inside the CRECK detailed mechanism that will be used in the following.
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7.3 OH" prediction

The species OH* represents the electronically excited state of the OH radical. Pho-
tons are issued from the de-excitation of this molecule, leading to light emission
and making the flame visible by human eyes. This phenomenon, known as OH-
chemiluminescence, has been identified as a good marker of heat release as it takes
place inside the reaction zone. This explains why it has become a common experi-
mental combustion technique. However, the quantitative relationship between OH-
chemiluminescence and the heat release is diffcult to establish. To allow quantitative
comparison with simulation, a chemical kinetics mechanism for OH* is included in
the chemical scheme.

The kinetics mechanism of OH* that was selected for this work is the one from
[Kathrotia et al., 2010][Kathrotia et al., 2012] which was specifically validated for
hydrogen combustion. [Zhao et al., 2018] confirmed that this mechanism (and more
specifically the rate constant of the reaction H + O + M +» OH* + M) is the only
one in the literature able to capture emission peaks identified in experiments. The
OH* chemistry was extracted from the C1-C4 mechanism of [Kathrotia, 2011] as
a sub-mechanism meaning that only the species and reactions relevant to the OH*
computation were kept.

The OH* species is of particular interest in the context of hydrogen combustion
as pure hydrogen flames are weakly visible with an emission spectrum between the
ultra-violet and the visible blue [Zhao et al., 2018][Schefer et al., 2009].

Comparing the maximum values of OH* and of the heat release rate in 1D pre-
mixed flames in Fig.7.3, the correlation between these two values seems straightfor-
ward for pure methane (Fig. 7.3.1a) but not so clear for pure hydrogen and blends
of both fuels.

In Fig. 7.3.1c, 7.3.1d and 7.3.1e, it is observed that the OH* mass fraction
maximum value significantly increases with the hydrogen content until a peak value
close to 90% enrichment, before rapidly decreasing in pure hydrogen. As seen in Fig.
7.3, the OH* prediction becomes particularly interesting in that case because the
simple correlation between the heat release rate and OH* emission is no longer valid.
The prediction of the OH* species provides then a non-redundant information on the
flame characteristics, and appears necessary to compare with OH-chemiluminescence
images from experiments.
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7.4 Reduction of the combustion kinetics of
methane /hydrogen blends including NO, and
OH* prediction

To be able to capture all the phenomena previously described, the reduction targets
altogether the methane/air combustion, the NO, emissions and the OH* profiles.
Indeed, as seen in Section 7.1 with the LU19 ARC scheme, it has been demonstrated
that a scheme which is derived on methane-air combustion correctly predicts the
effect of hydrogen addition.

Starting from the trimmed CRECK_2003_TOT_ HT detailed mechanism
used earlier in Section 4.5.3, further trimmed to 3 carbon-atoms molecules, the
OH* sub-mechanism described in 7.3 is added, giving a resulting mechanism of
154 species and 2363 reversible reactions. This detailed mechanism is called
POLIMI_C1C3_NOx_Chemlum in the following. The canonical cases database
is constituted from 2 stoichiometric isochoric reactors for ignition delay time
assessment at initial temperatures of 1000 and 2000 K, and 3 freely propagating
premixed flames at lean, stoichiometric and rich conditions with atmospheric fresh
gases. Both for exercise and proof, the fuel for all the canonical cases is chosen
to be methane. No hydrogen-enriched or pure hydrogen flame is present in the
database in order to confirm the ARC capability of keeping the relevant pathways
for hydrogen combustion. For the 0D cases, an error threshold of 10% was imposed
on the ignition delay time and 1% on the maximum temperature reached after
ignition. For the 1D cases, a 5% error threshold was set on the laminar flame speed
and 1% on the maximum temperature. As we are interested in the NO, emissions
and more particularly the NO which is more abundant than NO,, a 5% error was
prescribed on its integrated value. The same threshold was also set on OH*. The
canonical cases and their associated error thresholds are summarised in Table 7.4.1.

The final mechanisms that was obtained using ARCANE comprises 27 species,
855 irreversible reactions and 25 QSS species, and will be referred in the following as
Cazeres27. This reduction corresponds to dividing the number of transported species
by 5.7 and reactions by 5.5 giving an important reduction allowing to compute the
chemistry in LES at a reasonable cost. Its validity is assessed with both a variation
of the equivalence ratio and a variation of the hydrogen content in the fuel in Fig.
7.4.1 and Fig. 7.4.2.
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Reactor type 0D Isochoric reactor | 1D premixed flame
Temperature [K] 1000, 2000 300
Pressure [bar] 1 1
Equivalence ratio 1 0.6,1,1.4
Error threshold on %
Auto-ignition delay time 0 /
Error threshold on 5%
Laminar flame speed / ¢
El/{rror threshold on 19% 1%

aximum temperature
Error threshold on / 5%
NO mass fraction integral 0
Error threshold on
OH* mass fraction integral / 5%

g

Table 7.4.1: Definition of the considered canonical cases and associated error thresh-
olds applied to various quantities for methane-air reduction with NO, and OH*
prediction.

Fig. 7.4.1 shows an excellent agreement between the detailed mechanism and
the ARC (Cazeres27) which is not surprising given that the mechanism was reduced
specifically on cases in the same equivalence ratio range.

On pure hydrogen cases, the performances of the reduced mechanism in repro-
ducing the detailed chemistry are even better because of the simplicity of hydrogen
combustion as can be seen on Fig. 7.4.2

As was already seen with the simpler reduced mechanism LU19, the agreement
is also really good for blends of methane and hydrogen, shown in Fig. 7.4.3 for a
globally stoichiometric mixture with a maximum error of less than 2% (maximum
for NO mass fraction integral for 90% hydrogen enrichment). Validation for lean and
rich global equivalence ratios can be found in Appendix C.

The presently derived ARC will be used in the following to study the effect
of hydrogen-enrichment on the flame shape in a Large Eddy Simulation (LES) of
a confined swirled methane premixed flame inside an academic combustor. This
effect on NO, emissions as well as the relevance of the OH* chemistry will also be
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investigated. The fundamentals of LES as well as the modelling approaches used for
this work are described in Chapter 8 before describing the study in itself in Chapter
9.
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Chapter 8

Fundamentals of Large Eddy
Simulation of reacting turbulent
Hows
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Because of operating conditions and size, most flows encountered in practical
configurations are turbulent. In the case of combustion, turbulence is even necessary
to reach sufficient both mixing and combustion efficiency. It is therefore essential
to accurately predict not only the turbulent flow, but also the flame-turbulence

interaction which strongly impacts the heat release rate.

117



118 CHAPTER 8. FUNDAMENTALS OF LES

Turbulence in industrial flows results from the competition between inertial and
viscous forces and is therefore quantified by the Reynolds number defined as:

Re = — (8.1)

14

where U is the flow velocity, L a length characterising the system and v the
kinematic viscosity of the fluid.

When the Reynolds number exceeds the empirically peer-agreed value of 4000,
a laminar flow becomes turbulent and vortices, or eddies, of several sizes [ appear.
From a mathematical point of view, it can be expressed as random fluctuations of the
flow quantities around a statistical average value. According to the energy cascade
theory introduced by [Richardson, 1922], the largest eddies, the ones seen by the
naked eye, correspond to the integral length scale [ and transfer their energy to
the smallest size eddies which finally dissipate under the action of viscosity. In the
dissipation regime, the inertial and viscous forces balance out so that the Reynolds
number is of the order of unity. From Kolmogorov hypothesis [Kolmogorov, 1941],
statistics of the smallest eddies follow a universal law and the associated length 7y,
time 7x and velocity ug scales (called the Kolmogorov scale) have been determined
by [Pope, 2000] as functions of the kinematic viscosity 1 and the dissipation rate e
only:

k= (V/e)i (8.2)
i = (v/)e)2 (8.3)
ug = (ve)i (8.4)

In between the integral and the dissipation zones, the inertial zone is characterised
by the dissipation rate and the turbulent energy density E(k) decreases linearly in
a log-log scale with the eddies wave number & = 1/] and a slope of —5/3 in the
academic case of Homogeneous Isotropic Turbulence.

The vast world of CFD is often decomposed according to which one of these
different zones is resolved or modelled as depicted in Fig. 8.0.1. Direct Numerical
Simulation (DNS) can be considered as the most accurate as all length scales are
resolved. Considering the turbulent Reynolds number Rep = % where ur is the
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3

velocity fluctuation, it can be found that Rej = é—f{, which prescribes the number of

mesh points required by the DNS, taking n points in the Kolmogorov length scale,
3

as (nRet)3. A rapid calculation indicates that this number becomes completely out
of reach for practical 3D cases even at moderate Reynolds numbers and without
chemical reactions. On the contrary, the Reynolds-Averaged approach (RANS) is
very fast but by definition only resolves for the moments of the statistics and does
not describe the true turbulent field.

The Large Eddy Simulation (LES) approach is intermediate in computational
cost. By assuming a separation of scales, it filters out the smallest scales and only
resolves the largest eddies contained in the integral and inertial zones. The dissi-
pation zone indicated in Fig. 8.0.1 needs therefore to be modelled, but the more

universal behaviour of the flow at these scales makes the modelling more simple than
in RANS.

In this work, the simulations all use the LES approach, which is described in
detail in the next section.

8.1 Governing equations of LES

In LES the separation of scales is obtained through a spatial filter applied to all
flow variables. Although LES concepts and principle are derived with explicit filters
[Sagaut, 1998] in practice the spatial filter is simply the grid. The smallest size flow
structures are therefore the structures smaller than the grid resolution and are called
sub-grid scale (sgs). Filtering the conservation equations of Section 1.6 leads to the
equations described below with their sgs closure.

8.1.1 Filtered conservation equations

Details about the following formalism can be found in [Poinsot and Veynante, 2012].

For variable density problems a mass-weighted Favre filter is introduced as:
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/= (8.5)

S

where - represents the spatial filter. This filtering leads to a decomposition of
any quantity f in a filtered component f and a sgs component noted f** or 1T,
respectively for sub-grid scale or turbulent, such as f = f + f%9°.

When applying this filtering to the mulit-species conservation equations of Section
1.6, the following system is obtained:

x(ﬁdz) =0 (8.6)

pisl;) = —=—(P =7 = 7;") (8.7)

opYy,  Op(u;Yy) 90

(E_FESQS)_'_@ ZszlaNdlmak:]-JNs (88>

where J; ;; is the species diffusive flux expressed with the Hirschfelder and Curtis
approximation from Section 1.7.2 as Ji; = —pYVii = —p (%Dk% - YkVic)

opE 0 , - o = .
ot +8xi (pE“z) ~ T om, (wjos; + G + @) +Q i,j =1, Naim, k = 1, N5 (8.9)

Filtered fluxes

The filtered fluxes appearing in the previous equations are approximated by calcu-
lating them from the filtered variables as follows:

2 Ou . _ (0 o
Tii 3”83:1 6” + H (8:15] + 81’1) (8 0)
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with 7 ~ u(T)

Wi—0X), &
Ly et ka0>

7 D f (8.11)

Jri=—pViVii=—p (

: 7o oo \oNs Wi 7y 0Xs

and D, ~ ﬁslck in the context of simplified transport described in Section 1.7.3.

or N .
Ji,ils 8.12
8@' + k=1 k, ok ( )

TG~ -\
with \ ~ @7@ in the context of simplified transport described in Section 1.7.3.

Sub-grid scale fluxes

The sgs fluxes are unknown and require closure models describing their impact on
the resolved scales.

The sgs momentum flux is modeled following the Bousinesq approxiation, i.e.,
introducing a sgs viscosity:

os 2 .0t _ sos
Tij =g a$i5ij+PVg <

(8.13)

o, 04,
al’j 8331

The expression of the sgs kinematic viscosity v*?° (also called turbulent viscosity)
will be detailed in Section 8.1.2.

The sgs species fluxes follow the same approximation, introducing a turbulent
Schmidt number:

D

7898 _p (msgs an o Vk‘/;07895> (814)
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. N, 7 595 9X
where V%9 = y2% DD, %—ﬁf

and D, = %

The value of S¢;?” is taken the same for all species k, equal to 0.6 in this work. It
must be however noted that this value depends, in principle, on the turbulent flow
and may vary even locally in the flow.

Finally the sgs energy flux is similarly modelled with a turbulent Prandtl number

or Ny -
G~ =N — + Jk.i g Pos i (8.15)
3@- =1

where )95 — Pr2°Co(T)
Prsgs

Again Pr®9® is taken constant equal to 0.6, which is an approximation of the same
order as for the turbulent Schmidt numbers.

8.1.2 Turbulent viscosity

The turbulent viscosity v*9® present in the sub-grid scale fluxes needs a proper mod-
elling in order to account for the energy transfer from small sgs scales to the largest
scales.

The main models used in the AVBP solver are detailed below:

« The Smagorinsky model proposed in 1963 [Smagorinsky, 1963], expresses the
turbulent viscosity based on a mixing-length analogy as:

Vi = (C,A)\/25;55 (8.16)

where C is the model constant estimated from Kolmogorov spectrum, typically
equal to 0.17, A is the characteristic filter size (equal to the cube-root of the

cell volume for implicit grid filtering) and STij = % (gf? + g? )
J [




124 CHAPTER 8. FUNDAMENTALS OF LES

This model supplies the right amount of kinetic energy dissipation in homoge-
neous isotropic turbulent. It is deemed to be too dissipative and not suited for
transitional flows by [Germano et al., 1991]. It was extended into the so-called
dynamic Smagorinsky (or Germano) model by introducing a dynamic evalua-
tion of the C value of the model to no longer rely on user-input constant value.
The procedure used to select this value is described in [Lilly, 1992].

« The WALE model proposed by [Nicoud and Ducros, 1999] writes the turbulent
viscosity as:

st
(Si5i)2 + (SfSH)T

1§ <ig

V9% = (CyA)? (8.17)

; d _ 1 (0u; duy | 94 Ouy,

where Cyy = 0.4929 is the model constant. It was developed in order to recover
the correct scaling laws in near-wall regions, which implies a decay with the
distance to the solid boundary at the third power.

o The o model, developed by [Nicoud et al., 2011], is based on the velocity

gradient tensor (%) singular values o1 > g9 > 03 > 0. o values are the square
J

root of the eigenvalues of the matrix %%. For that model, the turbulent
i OTj
viscosity writes:

01— 03) (02 — 03)

ot

o
V9 = (C,A)? 3 (8.18)
where C, = 1.5 the model constant. The objective of this model is to vanish in
laminar flow conditions with non-zero velocity gradients, namely pure shear,
solid rotation, and axisymmetric or isotropic expansions. It also displays the
correct asymptotic behaviour in near-wall regions.

The characteristics of the models are summarised in Table 8.1.1. In this work, the
o model is employed as swirling flows tend to exhibit rotational structures making
the Smagorinsky and WALE models possibly too dissipative.
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’ ‘ Smagorinsky ‘ WALE ‘ SIGMA ‘

(Wall distance)?® decay No Yes Yes
Zero for solid rotation Yes No Yes
Zero for pure shear No Yes Yes
Zero for axisymmetric expansion | No No Yes
Zero for isotropic expansion No Yes Yes

Table 8.1.1: Summary of the different turbulent viscosity models properties. Adapted
from [Nicoud et al., 2011]

8.2 Turbulence-chemistry interaction

Similarly to laminar combustion introduced in Section 2.2, turbulent combustion
regimes are different in premixed and non-premixed conditions. The interaction
with turbulence is very different for these two types of flames and thus, different
models are used for the filtered chemical mass and thermal source terms, wy, and Q
respectively, appearing in Eqgs. 8.8 and 8.9.

8.2.1 Turbulent premixed flames

The characteristic timescale 7, of a premixed flame can be seen as the time required
for the flame to propagate over its own diffusive thickness d at its velocity s; with:

1)
S 1
= (8.19)

When propagating in a turbulent flow, the flame interacts with the turbulent
structures and the degree of interaction can be characterised with the ratio of charac-
teristic timescales. As turbulence introduces a range of timescales, from the integral
scale Tp = ilT to the Kolmogorov scale 7 = Z—f;, two extreme timescale ratios may
be written which are the Damkohler number Da and the Karlovitz number Ka :

TT lrs
Da=—=—
Te UT5

(8.20)
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Te _ NKSI

Ka =
“ TK ’LLK5

(8.21)

By making the assumption of unity Prandtl number (equal momentum and ther-
mal diffusivity), giving ds; ~ v, and using Eq. 8.2, the Karlovitz number can be
expressed as:

ur % lT %1
Ka=|— — 8.22
“ < S ) ( (5 ) ( )
Note that he turbulent Reynolds number can also be expressed as:

uply

855

Rep = (8.23)

From a qualitative analysis of the Damkohler and Karlovitz numbers, several
flame regimes can be identified [Poinsot and Veynante, 2012]:

e When Ka < 1 (and subsequently Da > 1 as 70 > 7x), the flame thickness
is smaller than the smallest turbulent structure. In this regime, called thin
flame or flamelet regime, the flame front has a thin structure comparable to
a laminar flame and is wrinkled by the turbulence. Depending on the ratio
between the characteristic turbulent velocity ur and the laminar flame speed
s1, two regions can be identified in this regime; if ur > s; the flame is strongly
wrinkled with local detachment of pockets of fresh or burnt gases, this regime is
called corrugated flame regime. On the contrary, if uy < s;, the weaker flame
front wrinkling does not alter the flame structure and the regime is called
wrinkled flame regime.

e When Ka > 1 and Da > 1 (1 < 7. < 7r), the small eddies penetrate into the
preheat and reaction zones of the flame which is thickened under their action.
This regime is referred to as the thickened flame regime.

e When Da < 1, the turbulence has an overall characteristic timescale smaller
than the chemistry. The largest eddies induce a fast mixing and the flame
locally behaves as a perfectly stirred reactor (Da << 1 limit)
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Figure 8.2.1: Turbulent combustion regimes in terms of length and velocity scales,
[Felden, 2018] adapted from [Borghi, 1988] [Peters, 1999]

The aforementioned regimes are displayed on the Borghi diagram [Borghi, 1988|
constructed with %T and %T as coordinates and shown in Fig. 8.2.1.

8.2.2 Turbulent diffusion flames

Diffusion flames being very sensitive to the local flow conditions, and more precisely
to the local strain rate, the Damkoéhler number Day; uses the inverse of the strain
rate as the flow timescale:

Day =L (8.24)

Cc

with 7 = i where Y4 is the scalar dissipation rate of a passive scalar calculated
at stoichiometry. Note that in the case of non-unity Lewis number, and/or different
species Schmidt numbers, the mixture fraction can not be directly used as a passive
scalar and other definitions must be used [Cuenot and Poinsot, 1994].
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[Cuenot and Poinsot, 1994] identified this Damkohler number as an indicator
of the flamelet regime, which is obtained for fast chemistry and/or small scalar
dissipation rate. As such, several regimes separated by several transitional values of
the Damkohler number were identified:

o In the high-Damkohler flamelet regime characterized by Da’/' > Da*f4 with
LFA standing for Laminar Flamelet Assumption, the flame is very thin and
fast compared to the flow scales and is not perturbed by the turbulence, which
only wrinkles the flame front.

o When the Damkohler number decreases, the flame becomes less resistant to
strain and quenching finally occurs at the limit value Da®**.

o Finally, in between the two above regimes, the flame inner structure is modified
by the strain but keeps burning.

These regimes can be represented in a diagram similar to the one for turbulent
premixed combustion using this time the Damkohler and turbulent Reynolds num-
bers as coordinates and shown in Fig. 8.2.2.

8.2.3 Turbulent combustion models

From the categorisation of premixed and non-premixed turbulent regimes, many
models have been derived considering a sufficiently high Damkéhler number in order
to fall under the flamelet assumption which is believed to be the case for most
combustion applications. An extensive review of the turbulent combustion modelling
has been done by [Veynante and Vervisch, 2002b].

models such as the Eddy Dissipation Model (EDM) of [Magnussen and Hjertager,
1977] postulates that the local state of the turbulence will induce a rate limiting
phenomenon through molecular mixing. Despite being valid for both premixed and
non-premixed conditions, its use in the LES community stays limited. Another
type of models is the level-set methods stemming from the G-equation proposed by
[Spellman and Spellman, 2020] reformulated for LES by [Pitsch and De Lageneste,
2002]. The G-equation describes the motion of an iso-scalar surface separating fresh
and burnt gases. This formulation improved by [Moureau et al., 2009] is valid over
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Figure 8.2.2: Turbulent combustion regimes in terms of Damkéhler and turbulent
Reynolds numbers, [Felden, 2018] adapted from [Cuenot and Poinsot, 1994] [Vey-
nante and Vervisch, 2002a)
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thin wrinkled flames and thickened-wrinkled flames regimes. However, probably due
to a complex formulation requiring to solve simultaneously for the flame structure,
it stays marginally used in LES.

The flame-turbulence interaction may be described with a statistical approach,
introducing a Probability Density Function (PDF) to describe the variable statistics.
A review of the use of PDF methods and the determination of probability density
functions can be found in [Haworth, 2010]. In the context of LES, PDFs are used
similarly to describe the sgs statistics.

The methodology retained in this work is based on the approach proposed by
[Butler and O’Rourke, 1977] which is to consider a flame thicker than the actual one
so that enough grid points discretise the flame front while keeping the correct laminar
flame speed. This method is supposedly valid over the whole premixed combustion
regime diagram. The sgs turbulence-chemistry interaction is modeled by estimating

the sub-grid wrinkling and by correcting the filtered quantities wy and Q accordingly.

This PhD thesis will use the Dynamically Thickened Flame model for LES (DT-
FLES) formulated by [Colin et al., 2000] [Legier et al., 2000a] for modelling turbu-
lent premixed combustion. With the sensor developed by [Rochette et al., 2020],
the model is able to deactivate when the combustion is identified as non-premixed.
Indeed it is suggested in [Cuenot and Riber, 2017] that non-premixed flames adapt to
the local mesh size and therefore do not need additional artificial thickening. How-
ever, the under-resolution of the flame thermal thickness leads to an over-estimation
of the flame consumption speed and the sgs contribution is omitted. Work is cur-
rently ongoing on this topic and it will be checked in the solutions that non-premixed
combustion is not a significant part of the flame. This approach has been successfully
employed for partially premixed configurations over the last decades and in recent
works [Jaravel, 2016][Felden, 2017][Collin, 2019b]. Details about its implementation
into the LES solver AVBP are provided hereafter.

The Thickened Flame model for LES (TFLES)

The objective of this method is to broaden the flame front to allow a sufficient
resolution on an LES mesh (typically 10 grid points in the flame front for ARCs). To
yield the correct behaviour, the thickened flame must keep the same laminar flame
speed as the original one.



8.2. TURBULENCE-CHEMISTRY INTERACTION 131

Figure 8.2.3: DNS of flame/vortex interactions. Left: non-thickened flame, right:
thickened flame. From [Angelberger et al., 1998][Colin et al., 2000]

The reaction zone is thickened by applying a thickening factor F to the net
production rates of the species as:

W
e — ?’“ (8.25)

From asymptotic analysis [Poinsot and Veynante, 2012], the laminar flame speed
s; can be expressed as:

S X Dgh (8.26)

To ensure that the thickened flame laminar flame speed remains intact, the ther-
mal and species diffusivities must be multiplied by the same thickening factor F:

D, — FD, Dy, — FDy, (827)

With these transformations, the gradients across the flame are decreased and
broadened species profiles can be safely computed on a coarse grid. Note that the
maximum values of the source terms are lowered but the integrals across the flame
remain unchanged, hence the unchanged flame speed.
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The efficiency function

From Fig. 8.2.3, it is clear that part of the flame surface area is lost by two effects
. the thickened flame front is less wrinkled by the resolved flow structures than the
thin flame, and the unresolved subgrid-scale flame wrinkling is missing. To recover
the correct flame surface area, an efficiency function e is applied so that:

S| — €5 (8.28)

In the code, this model is implemented as:

. W€
e — ?’“ (8.29)
and
D, — FeD, Dy, — FeDyy, (830)

The efficiency function € is defined as the ratio between the unthickened flame
thermal thickness 0 and the thickened flame thermal thickness Fo as:

2(9)
E(F0)

€ =

(8.31)

From [Colin et al., 2000], the efficiency function relies on the assumption of equi-
librium between the turbulence and the sub-grid flame surface and the evolution of
the velocity fluctuations at the filter scale vy, determined with a similarity assump-
tion removing the dilatational part of the velocity field.

The model for efficiency employed in this work, is the one from [Charlette et al.,
2002] (referred as the Charlette model in the following) giving a power-law wrinkling
law extending the one from [Colin et al., 2000].

The wrinkling factor = writes:
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_ AL (AL, ’
\_4(6[) = (1 + man l&r ((Sl, ?l, R6A6>‘|> (832)

where I' is a function taking into account the sub-grid scale strain rate of all
length scales smaller than A and f = 0.5 is a model constant parameter. This
value 8 can also be retrieve dynamically with the Power-Law Dynamic Model from
[Charlette et al., 2002].

The Dynamically Thickened Flame model for LES (DTFLES)

The thickened flame model was initially developed in the context of perfectly pre-
mixed flames which allows to apply the thickening factor on the entire domain.
However, in most practical configurations reactants are not premixed prior injection
and the modified species and thermal diffusivities may alter the mixing process in
non-reactive zones. To cope with this problem, [Legier et al., 2000b] developed a
dynamic version of the thickened flame model called Dynamically Thickened Flame
model for LES (DTFLES) which applies thickening only at the flame location using
a flame sensor.

The local thickening factor is defined as:

F(x) =14 (Faz — 1)S(2) (8.33)

where F,,q; is the maximum thickening factor applied to the flame, estimated as
a function of the cell size A as:

(8.34)

with N, the number of points in the thermal thickness, prescribed by the user.

S(z) is the flame sensor based on the reaction rate expressed as:

Q A
S = tanh (Clge(l_CQ)gT> (8.35)
0
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where C and C5 are model constants, {2 the modified reaction rate of a character-
istic reaction and {2 its maximum value computed from reference laminar premixed
flames.

The above formulation of the sensor is difficult to adapt to ARC mechanisms
where no single characteristic reaction can be identified. The methodology has been
adapted in the PhD of [Jaravel et al., 2017b] where the sensor is based on the fuel
consumption rate instead of a specific reaction and is expressed as:

S = max [mm <2.7:mam|wF| O)} (8.36)

ol

Despite being adapted to ARC, this formulation still requires an estimation from a
laminar flame canonical computation of wgy. Determining a representative canonical
flame may prove difficult in a context of strong mixing inhomogeneities which may
appear for example in spray flames, or when dealing with preferential evaporation or
preferential diffusion of multi-component fuels which are specifically the subject of
the current work.

Generic flame sensor

A recent formulation called the Generic flame sensor was developed by [Rochette
et al., 2020] with the objective of freeing the flame sensor from the need of user input
parameters difficult to determine. The flame is detected by a geometrical shape
analysis of any function f describing the chemical activity, taken here as the heat
release rate, making the procedure independent of both the flame conditions and
chemical kinetics modelling.

The algorithm uses che eigenvalues of the Hessian matrix of the chosen function
f, defined as H;; = %, to identify local extrema in the f field. A geometrical
10T
flame front is then detected as sketched in Fig. 8.2.4.

With this formulation, the only input parameter is the number of grid points
required in the thermal thickness N, which, based on previous works is here fixed to
a value of 6. Further details regarding the implementation of the method in the LES
solver AVBP can be found in [Rochette et al., 2020].
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Figure 8.2.4: Sketch representing the detection of the chosen function local maxi-
mum. From [Rochette et al., 2020]

8.3 The AVBP solver

The development of the LES solver AVBP has been initiated more than twenty years
ago by [Schgnfeld and Rudgyard, 1999]. This code was developed to be efficient on
unstructured grids in order to handle complex geometries and has grown to become
massively parallel, solving the fully compressible Navier-Stokes equations. The main
numerical features of AVBP have been presented in detail in the PhD thesis of
[Lamarque, 2007]. The boundary conditions are based on the NSCBC formalism
[Poinsot and Lele, 1992]. The numerical scheme for diffusive fluxes used in this work
is a 2" order scheme in space and two schemes are used for the space and time
discretization of the convective fluxes:

o The Lax-Wendroff (LW) scheme adapted from [Lax and Wendroff, 1960] to the
cell-vertex method. It consists in a 2"¢ order finite-volume centered scheme
both in time and space using an explicit time integration with a single Runge-
Kutta step.

o The Two-step Taylor Galerkin (TTGC) scheme developed by [Colin and Rudg-
yard, 2000]. It is a finite-element scheme with an explicit integration in time,
37 order accurate in space and time and specifically built for LES.
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The stability of the centred numerical schemes is ensured by an artificial viscosity
operator.

8.4 Integration of stiff chemistry

As previously emphasised, the reduced combustion chemistry stays stiff with small
chemical timescales even after the quasi-steady state assumption. The flow timescale
dictated by the CFL number for a typical LES computation with explicit time inte-
graion (even when considering the acoustic CFL number based on the sound celerity)
does not go below dt = le~® seconds. The explicit integration of chemistry leads
to a species mass variation of wy, * dt, which may be much larger than the available
amount of the species k£ and result in negative mass fractions. To avoid this, dt must
be decreased until no over-consumption is observed, which considerably increases the
computational cost.

In order to run a reactive flow simulation at the CFL timestep, [Blanchard et al.,
2021] developed a semi-implicit integration method called exponential method. It is
similar to the semi-implicit approach of ODEPIM ?7? introducing a more accurate
estimation of the species mass fraction prediction.

The chemical source term ¢, = I‘/"V—’; can be written from Eqs. 1.19 and 1.20 as:
Destruction
Cp = —kck + Creationy, (8.37)
Ck,

A, and Creationy, = By, as:

This equation is rewritten with %}ft"mk =

At iteration n, Ay and B depend on the local thermodynamic state and some
species j different from species k. It is assumed that the species k is of the order 1
in all reactions where it is consumed. This is indeed the case for most elementary
reactions of an ARC scheme.

Integrating Eq. 8.38 is then easily found to give at iteration n + 1:
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B? n B}
it = <k + ii) ettt — =% (8.39)
Ak‘ k
From there:
. Cn-{—l —cn
ép = W (8.40)

This formulation ensures the positivity of the species mass fractions for any value
of the source terms and for any time step. However it does not ensure the atom
conservation which must be enforced by a correction step. The atomic excess (or
deficit) is quantified as dn, = S5 (cf T — ¢x)nep for each element and is dispatched
over the most prominent species containing these atoms.

Advantages of using this method have been demonstrated on laminar and tur-
bulent diffusion flames for methane/oxygen combustion in rocket engine conditions
[Blanchard et al., 2021]. It must be noted that despite increasing drastically the
robustness of the chemical integration, the correct evaluation of the chemical source
term stays dependent of the time step used for the computation. For transient pro-
cesses where the stiff timescales of the chemistry play an important role, the increase
of the time step should be considered with care.
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Application to the VALOGAZ test
rig

Contents
9.1 Experimental setup andresults . . ... .......... 140
9.1.1 Experimental setup. . . . . . ... ... L. 140
9.1.2 Experimental results . . . . . .. ... ... L. 142
9.2 Numericalsetup . .. ... ... i ii i 144
9.2.1 Numerical models . . . . .. ... ... ... ... ..., 144
9.2.2 Transport model . . . ... ... ... ... ... ..... 145
9.2.3 Numerical domain . . . . .. ... ... ... ... ... 146
9.2.4 Boundary conditions . . . . ... ... Lo oo 147
9.3 Cold flow validation . . ... ... ... ........... 150
9.4 Flame structure . .. ... ... ... .. 00000, 153
9.5 Preferential diffusion effects . . ... .. ... ... .... 159
9.6 Effect of enrichment on NO, chemistry ... ... .. .. 164
9.7 Conclusions . . . . . . i it e e e 170

As stressed in the previous sections, the prediction of the impact of hydrogen
enrichment on hydrocarbon /air flames is critical for further development of this tech-
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nology. In this work, the VALOGAZ test rig built and measured at EM2C laboratory
has been selected as a test case for the assessment of the current ARC performances.

9.1 Experimental setup and results

9.1.1 Experimental setup

The VALOGAZ test rig studied at EM2C laboratory has been the subject of several
publications in the past few years [Guiberti et al., 2015a][Mercier et al., 2016]. This
burner consists of a rectangular combustion chamber with quartz windows on each
face and metal rods on each corner. This injection system takes a premixed mixture
of any blend of methane and hydrogen with air that flows inside a changeable swirler.
The premixed reactants exiting the swirler go into a tube inside which a metal rod can
be found that ends 2 mm after the combustion chambers starts. The experimental
apparatus is represented in Fig. 9.1.1.

The operating points of interest in this study are the ones described in [Mercier
et al., 2016] which are related to two levels of enrichment: 40% methane / 60% hy-
drogen corresponding to a moderate enrichment case and referred to in the following
as 60% case, and 10% methane / 90% hydrogen corresponding to a heavy enrich-
ment case and referred to in the following as 90% case. Both fuel blends are mixed
with air to obtain a premixed mixture at an equivalence ratio of 0.7.

Cold flow measurements were performed by replacing the premixed gases by only
air and the velocities were obtained via Particle Imagery Velocity (PIV) measure-
ments.

In all three cases, (Cold flow; 60% case and 90% case) the inlet mass flow rate
was prescribed to ensure the same bulk velocity at the exit of the injection tube of

U bulk = 14m.s'.

For the 60% case, temperature measurements were performed at the locations
indicated on Fig. 9.1.2. The vertical steel bars temperature on the corners of the
combustion chamber (red in Fig. 9.1.2) were measured between z = 16 mm and z =
56 mm and feature a linear increase with the distance to the dump plate from T =
593 K to T = 637 K. These temperatures were measured by thermocouples. From
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Figure 9.1.1: Schematic of the experimental VALOGAZ burner. From [Guiberti
et al., 2015b]

Laser Induced Phosphorescence (LIP) measurements (blue in Fig. 9.1.2), the central
rod has been found to have a constant temperature of 500 K. The temperature of
the disk around the injector increases linearly with the radius from T = 435 K at r
=7mm to T = 516 K at z = 25 mm. Finally, the temperature measurements on
the quartz window are presented in Fig. 9.1.3.
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Figure 9.1.2: Photograph of the VALOGAZ combustion chamber showing the loca-
tion of the temperature measurements. From [Mercier et al., 2016]

9.1.2 Experimental results

The main result emerging from this configuration, described in details in [Guiberti
et al., 2015b] and [Mercier et al., 2016], is a transition from a V-shaped flame to an
M-shaped flame when increasing the hydrogen enrichment. Figure 9.1.4 shows the
normalised Abel deconvoluted OH* chemiluminescence signal and the mean binarised
OH-Planar Laser Induced Fluorescence (PLIF) extracted from measurements for
both the 60% case and the 90% case.

At EM2C, a numerical study has been conducted within the PhD of R. Mercier
[Mercier et al., 2014] with the low-Mach LES solver YALES2 developped at CORIA
[Moureau et al., 2011] together with the F-TACLES model [Fiorina et al., 2010]
for subgrid flame-turbulence interaction adapted to account for heat losses. It was
found that the transition from a V-shaped flame to an M-flame shape is not retrieved
when assuming adiabatic walls. Indeed in this case, an M-shaped flame is found
whatever the hydrogen enrichment. Consequently, the V-shaped flame present in
the 60% case is due to the extinction of the outer flame branch because of heat
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(a) LIP measurements (b) Linearly interpolated LIP measurements

Figure 9.1.3: Measured temperature at the inner surface of the quartz window for
the 60% case. From [Mercier et al., 2016]

losses. Moreover from the experiments, it appears that the V-shape is also well
defined with a zero probability of having an outer flame branch. However, this
probability was not found to be zero in the numerical simulations performed using
YALES2. The authors imputed this prediction error to the F-TACLES model that
does not explicitly include the effect of local strain rate and the heat losses in the
wrinkling modelling.

Because those two effects are intrinsically taken into account using ARC coupled
to the DTFLES model, the present work aims to analyze more in details the effect
of hydrogen enrichment on the flame shape transition.
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(a) 60% case

(b) 90% case

Figure 9.1.4: Left: normalised Abel deconvoluted OH* chemiluminescence signal.
Right: mean binarised OH-PLIF. From [Mercier et al., 2016]

9.2 Numerical setup

9.2.1 Numerical models

The 60% case and the 90% cases previously described will be simulated using the LES
solver AVBP using the Lax-Wendroff convection scheme (8.3) with the Cazeéres29
ARC mechanism derived in Section 7.4. Moreover, LES are performed with the
exponential integration methodology (8.38) and the DTFLES using the Charlette
efficiency function 8.2.3 based on the generic sensor (8.2.3). The sgs turbulence is
modelled by the o model (8.1.2) and the simplified transport model described in
Section 1.7.3 is employed.
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Laminar flame speed [m.s™!] | Detailed mechanism | ARC | Error (%)
Without Soret effect 0.595 0.594 | 0.1
With Soret effect 0.576 0.576 | O
Error (%) 3.2 3.0
(a) 60% case
Laminar flame speed [m.s™!] | Detailed mechanism | ARC | Error (%)
Without Soret effect 0.726 0.718 | 1.1
With Soret effect 0.661 0.659 | 0.3
Error (%) 9.8 8.2
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(b) 90% case

Table 9.2.1: Laminar flame speed values for (a) the 60% case and (b) the 90% case
1D premixed laminar flames depending on the Soret effect and varying the chemical
scheme.

9.2.2 Transport model

The chemical scheme reduction has been performed using the mixture averaged as-
sumption for the diffusion coefficients of the species described in Section 1.7. As
discussed in Section 1.7, the Soret effect is by default deactivated. However, because
of the high hydrogen content of the blend in the two operating cases studied, this
effect is not negligible in the two cases studied here. As an illustration on the two
laminar 1D premixed flames representative of the present study i.e. T = 300K, P
= lbar, ¢ = 0.7, and Xy, = 0.6 and 0.9, the over-prediction of the laminar flame
speed due to the mixture averaged assumption is 3.2 and 9.8% respectively.

As expected, the reduced mechanism validity remains when changing the trans-
port modelling with marginally better results when accouting for the Soret effect as
illustrated in Tab. 9.2.1.

In order to keep an accurate description of the transport, the Schmidt numbers
and the Prandtl number required for the simplified transport description used in
AVBP are extracted from the 2 representative laminar premixed flames with the
multi-component diffusion coefficients and the Soret effect enabled. The change in
computed coefficients is displayed in Tab. 9.2.2. In order to account for the Soret
effect, the thermal diffusivity, represented by the Prandtl number, is decreased while
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Without Soret effect | With Soret effect
Prandtl 0.654 0.691
Schmidt CH4 | 0.727 0.688
Schmidt H2 0.213 0.202
Schmidt N2 0.818 0.742
Schmidt O2 0.768 0.755
Schmidt O 0.492 0.507
Schmidt OH | 0.497 0.516

Table 9.2.2: Schmidt and Prandtl numbers of the main species obtained with opti-
misation on the flames with the mixture-averaged transport model compared to the
ones obtained with the multi-component transport model with the Soret effect.

Laminar flame speed error [%] | Without Soret effect | With Soret effect
60% case 3.0 1.7
90% case 5.4 0.3

Table 9.2.3: Error on laminar flame speed between the flames computed with the
detailed mechanism and Soret effect enabled and the ones computed with ARC mech-
anism optimised without and with Soret effect enabled.

the main species diffusivity is increased resulting in a wider reaction zone. It can be
noted that the diffusivity of the radical species O and OH is slightly decreased.

For these two representative cases, the optimisation of the Schmidt and Prandtl
numbers on the cases with Soret effect enabled allows a reasonable error on the
prediction of the laminar flame speeds when using a simplified transport.

9.2.3 Numerical domain

In order to save computational time, the swirler is not computed and an inlet velocity
profile with injection of isotropic turbulence set with a 10% velocity fluctuation
compared to the inlet axial velocity is prescribed similarly as in [Mercier et al.,
2014]. The numerical domain is represented in red in Fig. 9.2.1
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Figure 9.2.1: Schematic of the experimental setup with numerical domain represented
in red.

The numerical domain is discretised with an unstructured mesh composed of
45.358.966 tetrahedrons and 7.815.406 nodes with an increasing cell size towards the
outlet. The flame zone has been specifically refined to a characteristic mesh size
of the order of 50 pum in order to sufficiently resolve the flame without requiring a
strong thickening factor. From laminar premixed 1D cases, the thermal thicknesses
of the 60% and 90% cases are respectively 442.8 and 348 pm. Thus, 9 and 7 points
respectively are used to describe the thermal thickness. The grid size is displayed in
Fig. 9.2.2.

9.2.4 Boundary conditions

The experimental volume flow rate imposed at the computational domain inlet is
retrieved from the experimental profiles available at the location z = 2mm,. This
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(a) Full domain (b) Zoom on the supposed flame location

Figure 9.2.2: Grid size 0, on the central vertical slice of the domain

volume flow rate is 1.66e2m?/s. The radial and ortho-radial velocity profiles ex-
tracted from the experiment at z = 2mm are moreover super-imposed at the inlet.
Then, the bulk velocity at the computational domain inlet is computed and equal to
13.22m.s~ . Depending on the studied case, only the composition of the inlet flow is
varied (pure air, 60% case conditions or 90% conditions) while keeping a constant vol-
umetric flow rate and the same velocity profiles. At the outlet of the computational
domain, atmospheric pressure is prescribed. Furthermore, the wall temperature mea-
surements are imposed on the computational domain walls as isothermal boundary
conditions. Because the measurements do not cover the entire chamber, the results
are extrapolated to the unmeasured areas.

On the quartz wall, the interpolating function is extended sideways and towards
the bottom while the maximum temperature on top is extended to the outlet to
avoid absurd values from interpolation. The linear evolution of the corner steel bars
is applied along its whole length. The temperature profiles from the inside of the
chamber can be visualised in Fig. 9.2.3a. On the bottom of the chamber, the linear
evolution of the temperature is simply extended to the unmeasured regions and can
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be seen on Fig. 9.2.3b.

(a) Chamber side (b) Chamber bottom

Figure 9.2.3: Thermal boundary condition on (a) one of the quartz wall and the 2
adjacent vertical steel bars as seen from the inside of the combustion chamber and
(b) the bottom of the combustion chamber as seen from the inside.

Finally, to avoid a too high gradient from the transition from 293 K to 500 K
between the central rod side and its tip, a linear transition between these values is
applied near the tip small enough to avoid preheating the inlet mixture.

The prescribed isothermal boundary conditions correspond to the 60% case as
none were available for the 90% case, and will be applied on both reactive cases.
The adiabatic temperature of the 90% enrichment mixture being higher than the
60% enrichment mixture (respectively 1890K and 1963K), one can expect higher
temperatures on the boundary conditions and this approximation must be kept in
mind while analysing the results in the 90% case.
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9.3 Cold flow validation

The non-reactive flow with air only injected is first compared to the experimental
PIV measurements.

The swirl number, representing the ratio between the axial and the ortho-radial
momentum fluxes, is computed with the formula given by [Gupta et al., 1984] which
read:

Tmaz g or?dr
frmznrmar 5 (9 1)
Tmagz Jp et u?rdr

S:

where r is the radius, u the axial velocity, v the ortho-radial velocity and 7,
and 7,4, are the integration bounds. In the VALOGAZ test rig, the injection tube is
a hollow cylinder thus 7,,;, is taken as the inner radius 3¢ 3m and r,,q, as the outer
radius 7e~*m.

The experimentalists give a swirl number based on geometrical considerations of
0.33. When computing the swirl number with the previous formula on the experi-
mental velocity profiles provided at 2mm from the dump plane, a swirl number of
0.31 was found. The same swirl number of 0.31 was also found when performing the
same computation on the profiles given by the LES.

Comparing the time-averaged axial velocity fields taken on the central plane of
the domain, the experimental and the numerical results are in reasonable agreement.
The Inner Recirculation Zone (IRZ) located at the tip of the bluff body is correctly
predicted both in size and intensity. Above this zone, the simulation features a
high velocity zone that is not visible in the experimental data, also the swirled flow
aperture is slightly lower in the numerical simulation and is linked to the lowest
decrease in the axial velocity downstream.

Despite those slight deviations, the agreement between the measurements and
the LES is good enough for the cold flow to analyse the velocity profiles along the
chamber in Fig. 9.3.2. The radial velocity features an over prediction of the velocities
towards the centre suggesting an interaction of the flow in the central axis. Also, this
velocity is shown to be decreasing less quickly in the simulation that it does in the
experiment when going downstream of the chamber. In the axial velocity profiles,
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Figure 9.3.1: Axial velocity field in the y-plane close to the injector.

the same over prediction as the centre can be observed at z = 4 and 6 mm as well
as a resulting under prediction at z = 10 mm.

This effect at the centre is linked to the lower aperture that was seen in the
velocity fields.

Overall, there is a good agreement with the experimental data and these discrep-
ancies are similar to the one observed in [Mercier et al., 2016] using the YALES2
solver.
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Figure 9.3.2: (Left) Axial and (Right) ortho-radial velocity profiles at several down-
stream locations. Blue circles stand for the experimental data whereas red solid lines
represent the numerical results.
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9.4 Flame structure

The flames for the 60% case and the 90% case have been initialised by filling the top
half of the combustor with their corresponding equilibrium mixtures (burnt gases
at ¢ = 0.7, T = T*andX = X*¥ as described in 1.5.1). The computation timestep
for both simulations was based on the CFL number and gave dt = 7e™® s. The
convective time of the flow is estimated to 1.3 ms, however the recirculation zones
take longer to be filled and the simulation were run to reach a physical time of 40
ms. After that time, the results were averaged over 1 ms with a sampling frequency
of 1us. The time-averaged heat release rate fields are presented on Fig. 9.4.1 for the
60% case and the 90% case.

(a) 60% case (b) 90% case

Figure 9.4.1: Time-averaged heat release rate fields for (a) the 60% case and (b) the
90% case.

Heat release rate is classically analysed in numerical simulations to identify the
flame shape. In Fig. 9.4.1, the shape transition experimentally observed between the
60% case and the 90% case is retrieved: when increasing the hydrogen enrichment,
the flame shortens and the outer branch of the flame intensifies to reach an intensity
equivalent to the inner branch.

From Fig. 9.4.2, the increase in heat release when enriching the flame is evidenced
with a difference of 54% of the maximum heat release rate. The proper comparison of
the flames can then only be done by a normalisation of each case in order to identify
the flame structures.
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(a) Time-averaged heat release rate fields (b) Normalised heat release rate field

Figure 9.4.2: Comparison of the time-averaged heat release rate fields with the 60%
on the left half of the figure and the 90% case on the right half. The heat release
rate is represented with (a) the values from the simulation and (b) normalised by
the maximum of each case.

If compared to the flame structures observed experimentally in Fig. 9.1.4, the
present simulation exhibits slightly longer flames in both cases. Moreover for the 60%
case, the outer flame branch should be extinguished while in the present simulation
there are still traces of heat release all the way down to the injector.

From what was discussed in Section 7.3, the correlation between the heat release
rate and the emission of OH* radical is not direct and may lead to a biased inter-
pretation of the simulation result. For that reason, the time-averaged mass fraction
fields of OH* computed in the simulation are displayed in Fig. 9.4.3.

While the 90% case stays qualitatively very similar when focusing either on heat
release rate or O H* mass fraction, the flame structure identified from the 60% case
bears some differences depending on the quantity considered. The outer branch
depicted by OH* is weaker and seems also shorter compared to what is observed
when considering the heat release rate.

An other interesting property of OH* is that for both cases, the mass fraction
values are similar in the flame (with a difference of maximum value of 19%) and a
direct comparison without normalisation can be done as depicted in Fig. 9.4.4; Fig.
9.4.4b does not bring new information compared to Fig. 9.4.4a.



9.4. FLAME STRUCTURE 155

(a) 60% case (b) 90% case

Figure 9.4.3: Time-averaged OH* mass fraction fields for (a) the 60% case and (b)
the 90% case.

The difference between these two fields can be directly seen on Fig. 9.4.5.

Using the heat release rate as an indicator of the flame, an outer branch is clearly
visible for the 60 % case. However, this branch does not appear so clearly when using
the OH* field. For direct comparison with experiment that uses OH* chemilumines-
cence, the latter is more adequate to identify the flame structure.

When plotting iso-lines of mass fraction on that field, as depicted in Fig 9.4.6,
the outer branch is only partially engulfed inside the iso-line representing 10% of the
maximum value. From that observation, it feels safe to assume that the V-shaped
flame observed in the experiments corresponds well with the present numerical sim-
ulation. In that case, the numerical simulation shows weak flame structures that
seem hardly accessible to experimental measurements.

When applying iso-lines to the heat release rate field, as displayed in Fig. 9.4.7,
it appears clearly the previous conclusion could not be drawn from that field as the
outer branch contains zones with heat release above 30% of the fields maximum and
with also small structures at 20% of the maximum value at the outer exit of the
injector.

Figure 9.4.8 finally displays time-averaged fields of temperature. The thermal
boundary condition has an important effect on the temperature of the ORZ in the
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(a) Time-averaged OH* fields (b) Normalised OH* field

Figure 9.4.4: Comparison of time-averaged OH* mass fraction fields with the 60%
case on the left half of the figure and the 90% case on the right half. The OH* mass
fraction is represented with (a) the values from the simulation and (b) normalised
by the maximum of each case.

60% case while the strong heat release of the 90% case compensates the heat losses on
the dump plate in the 90% case. It is interesting to observe that the maximum tem-
perature exceeds the theoretical adiabatic flame temperature for the inlet conditions
that is 1890 K and 1960 K respectively. This increase in the burnt gas temperature
can actually be explained by preferential diffusion effects, as analysed hereafter.
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(a) 60% case (b) 90% case

Figure 9.4.5: Mirrored fields (positive abscissa value is actually the symmetric of the
left half) of heat release rate and OH* mass fraction for (a) the 60% case and (b) the
90% case.
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Figure 9.4.6: OH* mass fraction field for the 60% case normalised by its maximum
value with iso-lines every 10% of this maximum value.
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Figure 9.4.7: Heat release rate field for the 60% case normalised by its maximum
value with iso-lines every 10% of this maximum value.

(a) 60% case (b) 90% case

Figure 9.4.8: Average temperature fields for (a) the 60% case and (b) the 90% case.
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9.5 Preferential diffusion effects

An other interesting aspect of this configuration is the effect of preferential diffusion.
It is well known that because hydrogen is a small molecule, it diffuses more inside
the mixture compared to other species such as O2 or N2.

This differential diffusion can be first observed looking at the equivalence ratio
inside the combustor that is supposed to be 0.7 as prescribed at the fully-premixed
inlet.

From atomic budget, it is possible to both retrieve the local equivalence ratio
¢, using Eq. 1.71, and the local hydrogen enrichment level noted X 1,. Because of
diffusion, the actual enrichment level will vary locally around the prescribed values
of 60% and 90% and this quantity gives an information on what was the hydrogen
enrichment of the mixture that burned at this location.

The equivalent enrichment ratio Xy, is written as:

~ 1 —4a
Xy, = 2

where « is the local ratio of carbon atoms and hydrogen atoms as a = Z—fl

Both quantities are displayed in Fig. 9.5.1 for the 60% case and in Fig. 9.5.2 for
case 90%.

For both the 60% case and the 90% case, the hydrogen from the premixed mixture
diffuses towards the burnt gases leading to overall rich conditions with a higher
enrichment ratio in the IRZ and along the flame. Towards the flame tip and its
wake, the decrease of the hydrogen enrichment leads to a lower equivalence ratio
explaining especially the decrease in heat release rate that is observed at the tip
of the 90% flame (Fig. 9.4.1b). This behaviour is confirmed when looking at the
instantaneous fields presented in Fig. 9.5.4.

For the 60% case, while the field of equivalence ratio (Fig. 9.5.1a) bears the
same characteristics, the enrichment ratio is more perturbed and shows alternate
zones of lower and higher enrichment ratios. From the instantaneous field in Fig.
9.5.3b, important segregation of higher and lower enrichment zones is observed due
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to turbulence and suggests that burnt gases from both zones are mixing back into the
IRZ to reach the base enrichment level but with an overall richer mixture. Because of
the lower amount of hydrogen in the premixed mixture, its diffusion is less important
and interacts with turbulence leading to complex structures that are richer than the
fully premixed mixture prescribed at inlet but a similar enrichment ratio.

It needs to be noted that because of the equivalence ratio expression, its deviation
tends not to be symmetric around the base value (0.7 in that case, corresponding to
white in the following figures). On the contrary, the enrichment ratio deviation is
symmetric in instantaneous fields by construction. Undershoot such as the drop in
Fig. 9.5.4b can be explained by 3D effects.

(a) Equivalence ratio field ¢ (b) Equivalent enrichment ratio field Xy,

Figure 9.5.1: Local (a) equivalence ratio ¢ and (b) equivalent enrichment ratio X,
for an averaged solution of the 60% case.

The increase in equivalence ratio is responsible for the high temperatures in the
IRZ. As seen in Fig. 9.5.5, an equivalence ratio around stoiechiometry results in
a higher adiabatic temperature for both enrichment level. However, due to heat
losses in the system, the maximum temperature of 2170 and 2200 K for the 60% and
90% cases respectively, does not correspond to the theoretical values of these new
conditions (2270 and 2335 K respectively) as represented by solid lines in the figure.
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(a) Equivalence ratio field ¢ (b) Equivalent enrichment ratio field Xy,

Figure 9.5.2: Local (a) equivalence ratio ¢ and (b) equivalent enrichment ratio X,
for the averaged solution of the 90% case.

(a) Equivalence ratio field ¢ (b) Equivalent enrichment ratio field Xy,

Figure 9.5.3: Local (a) equivalence ratio ¢ and (b) equivalent enrichment ratio X,
for an instantaneous solution of the 60% case.
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(a) Equivalence ratio field ¢ (b) Equivalent enrichment ratio field Xy,

Figure 9.5.4: Local (a) equivalence ratio ¢ and (b) equivalent hydrogen fuel mole
fraction Xy, for the instantaneous solution of the 90% case.
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Figure 9.5.5: Adiabatic flame temperature as a function of equivalence ratio and
enrichment ratio. Theoretical adiabatic temperatures are represented with iso-lines.
Blue lines correspond to the 60% case whereas black lines correspond to the 90%
case. Dashed lines are the temperatures at the initial conditions and solid lines
correspond to the maximum temperatures reached in the domain. Symbols indicate
the conditions of equivalence ratio and enrichment in the fresh gases (circles) and
the IRZ (crosses).
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9.6 Effect of enrichment on NO, chemistry

Despite not being measured in the experimental campaigns, the NO, emissions were
studied in the present work. The objective is to determine the effect of enrichment on
NO, emissions and to assess the predictive capabilities of the current methodology.

(a) 60% case (b) 90% case

Figure 9.6.1: Time-averaged NO mass fraction fields for (a) the 60% case and (b)
the 90% case.

From the time-averaged fields of NO mass fraction, it appears clearly that a
larger amount of NO mass fraction is present in the IRZ corresponding to higher
temperature in the domain for both enrichment levels (Fig. 9.4.8), suggesting a
production of NO via the thermal route.

While the maximum mass fraction level of both cases is similar (6.6e~° for 60%
and 7.3e™® for 90%), it is interesting to see that this value is higher for the 60%
case despite its maximum temperature being lower. This suggests that an additional
production pathway is present in that case increasing the NO mass fraction.

Observing the fields of the NO creation term (positive part of the mass net
production rate) in Fig. 9.6.3, an important source term is present at the flame root
with an order of magnitude higher than in the thermal zone.

Because of the higher content in carbonated species, this specific route might
correspond to the prompt one promoted by NCN. This species has been set in a
quasi-steady state in the ARC scheme and cannot be specifically identified in the
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(a) Time-averaged NO mass fraction fields (b) Normalised NO mass fraction fields

Figure 9.6.2: Comparison of the time-averaged NO mass fraction fields with the 60%
on the left half of the figure and the 90% case on the right half. The NO mass
fraction is represented with (a) the values from the simulation and (b) normalised
by the maximum of each case.

time-averaged fields, as well as CH that is the reactant of the characteristic reac-
tion. Although not being significant for this route, HCN being a transported species
is a good indicator of the presence of carbonated radicals leading to prompt NO
formation.

An import concentration of HCN is observed along the reaction zone in Fig. 9.6.5
especially at the flame root where the high production zone was observed earlier
supporting the theory of an enhanced prompt route. This species despite being
present in the 90%, is marginal in that case compared to the 60% case as seen in
Fig. 9.6.6b.

Because of its lower temperature in the ORZ, the 60% case also exhibits high
amounts of NO, as displayed in Fig. 9.6.7 and 9.6.8. This NO2 production is to be
correlated with the NO source terms that can be observed in the 60% case inside the
ORZ in the temperature gradient. Of course the presence of NO; must be added to
the NO in order to have an overall count of the NO, emissions.

The present study suggests that a moderate amount of hydrogen enrichment leads
to a more important amount of NO, because of the activation of a NO, pathway and
a stronger prompt pathway compared to an enrichment of 90%. Because the results
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(a) 60% case (b) 90% case

Figure 9.6.3: Time-averaged NO mass source term for (a) the 60% case and (b) the
90% case.

were produced late in the PhD, the combustion chamber could not be completely
filled and no precise quantification of the NO, could be done before the end of the
PhD. However, the summation of the NO and NO, concentrations on an axial cut
of the domain suggests that the total amount of NO, is 2 times more important
in the 60% case than in the 90% case with 5 times more NOy because of the low
temperature in the recirculation zones.
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(a) Time-averaged NO mass source term (b) Normalised NO mass source term field
fields

Figure 9.6.4: Comparison of the time-averaged NO mass source term fields with the
60% on the left half of the figure and the 90% case on the right half. NO mass source
term is represented with (a) the values from the simulation and (b) normalised by
the maximum of each case.

(a) 60% case (b) 90% case

Figure 9.6.5: Time-averaged HCN mass fraction fields for (a) the 60% case and (b)
the 90% case.
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(a) Time-averaged NO mass fraction fields  (b) Normalised HCN mass fraction fields

Figure 9.6.6: Comparison of the time-averaged HCN mass fraction fields with the
60% on the left half of the figure and the 90% case on the right half. The HCN mass
fraction is represented with (a) the values from the simulation and (b) normalised
by the maximum of each case.

(a) 60% case (b) 90% case

Figure 9.6.7: Time-averaged NOs mass fraction fields for (a) the 60% case and (b)
the 90% case.
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(a) Time-averaged NOy mass fraction fields  (b) Normalised NOy mass fraction fields

Figure 9.6.8: Comparison of the time-averaged NOy mass fraction fields with the
60% on the left half of the figure and the 90% case on the right half. The NO, mass
fraction is represented with (a) the values from the simulation and (b) normalised
by the maximum of each case.
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9.7 Conclusions

The methodology based on ARC coupled to TFLES has shown to be able to predict
the effect of hydrogen enrichment in methane/air turbulent flames, with a good ac-
curacy and also to provide important information about the underlying mechanisms
of such flames.

The inadequacy between heat release rate and the OH chemiluminescence as been
brought to light and further work is needed in order to improve the link between ex-
periments and numerical simulation. As their diagnostics both increase in precision,
they must be correlated accurately in order to agree on the quantities of interest and
how they can help to better compare and understand complex flames structures.

The well known diffusive behaviour of hydrogen inside a premixed mixture has
also been enhanced and is thought to be an important aspect of the anchoring mech-
anisms on the burner tip with a local variation of the actual hydrogen enrichment.
For moderate enrichment of 60%, the amount of hydrogen being lower, its diffusion
enters in competition with the turbulence leading to very inhomogeneous enrichment
ratios inside the flame.

Finally, the computation with ARC was used in order to identify the effects
of the enrichment on the NO, emissions. While a higher enrichment leads to a
higher burnt gases temperature and a higher efficiency of the NO thermal route, the
lower temperature in the recirculation zones of the 60% case seems to promote other
routes leading to an overall higher amount of NO,. In the absence of experimental
measurements and giving the long computation times needed to achieve a correct
prediction of NO,, these conclusions need to be further validated. However, this
study constitutes a proof of the ability of the methodology to reproduce complex
behaviours in such flames and is a step further toward the goal of the CFD which is
to be fully predictive.
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10.1 The JETSCREEN project

The JETSCREEN project ' is a project funded by the European Union’s Horizon
2020 research and innovation programme that started in June 2017 and ended of-
ficially in December 2020. Its goal was to develop a screening and optimisation
platform for alternative aviation fuels. From screening tools developed by the sev-
eral partners the platform aimed at:

o Streamlining the alternative aviation fuel approval process

o Assessing the compatibility of fuel composition/properties with respect to the
fuel system and the combustion system

o Quantifying the added value of alternative fuels

!Project web site: https://www.jetscreen-h2020.eu/
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e Optimising fuel formulation in order to attain the full environmental potential
of synthetic and conventional fuels

In this context, the numerical simulations performed at CERFACS stand as
macroscopic assessments of the fuel composition effects on several combustion fea-
tures which are flame structure, Lean Blow-Out (LBO), ignition and thermo-acoustic
instabilities.

This work comes in the overall project at the end of several subprocesses, namely:
the production of the fuels from manufacturers, the fuel characterisation (done by
IFPEN [Hajiw-Riberaud and Alves-Fortunato, 2020]), the kinetics modelling for high
temperature combustion (done by POLIMI [Mehl and Pelucchi, 2020]) and finally,
the reduction of these kinetics for application to canonical cases and 3D Large Eddy
Simulations.

10.2 Spray combustion

As aviation fuels are liquid at ambient temperature and pressure, the study of their
combustion into an aeronautical engine requires knowledge about the liquid phase
as well as the gaseous phase. Through various designs of injectors and combustion
chambers designs, many combustion regimes can be observed. Several parameters
determine those regimes additionally to the mass flow rates and cold flow dynamics
that can already be found for gaseous flames.

First, liquid injection leads to a spray which results from a complex atomization
process. The spatial distribution of the droplets as well as their velocity and size
statistics greatly affect the actual feeding of the flame. It was found by [Burgoyne and
Cohen, 1954] that for the case of a single droplet at rest, smaller droplets evaporate
fast enough to lead to a gaseous-like flame, while larger droplets burn individually
with their surrounding environment. In a real spray, droplets of different sizes coexist
and the resulting spray flame has a structure in between these two extreme cases.
Secondly, liquid properties play an important role in both injection, via density, and
evaporation via volatility. In case of multi-component fuels, the actual composition
greatly impacts these properties and must be taken into account. Several studies
investigated these different effects on the flame structure over the years both from
an experimental [Khalil and Whitelaw, 1977][de Oliveira and Mastorakos, 2019] and
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numerical point of view [Jones et al., 2012][Felden et al., 2018a].

In addition, and as said in the previous section, specific operating conditions
which are critical for design must be considered, introducing other types of com-
bustion regimes. Lean Blow-Out (LBO) corresponds to flame extinction due to the
depleting of the fuel mass flow rate, and is a design parameter subjected to certifi-
cation. Ignition, and more particularly high-altitude relight [Giusti et al., 2018] is
most critical for obvious reasons. This subject is a rich yet not completely mastered
research field. The study of sparked ignition has introduced the concept of Mini-
mum Ignition Energy (MIE) [Bane et al., 2013, Ballal and Lefebvre, 1975a, Ballal
and Lefebvre, 1975b], which ensures the formation of a flame kernel. However under
the effect of turbulence, ignition is a stochastic process, described with ignition prob-
ability maps [Neophytou et al., 2012, Eyssartier et al., 2013, Esclapez et al., 2021].
New ignition systems based on lasers [Moesl et al., 2009, Gebel et al., 2015] or short
plasma discharges [Shiraishi et al., 2009, Lefkowitz et al., 2015] are currently being
investigated. Fuel sprays make ignition even more complex as they lead to a very
heterogeneous fuel field. An extensive review on forced ignition of turbulent spray
flames may be found in [Mastorakos, 2017].

The modelling of the kerosene is also in question and will be further discussed in
11. The multi-component surrogate modelling of kerosene was not kept in [Felden,
2017] because the reduction of the detailed kinetic mechanism from [Narayanaswamy
et al., 2016b] with YARC did not give a sufficiently reduced mechanism with a
skeletal mechanism composed of 139 species and 1148 reactions, which is indeed far
too much for use in LES. In this work, ARCANE was able to provide sufficiently
reduced mechanisms allowing spray flames computations with a multi-component
representation of the liquid fuel.

In this part the derivation of a surrogate model for the considered fuels will
be first reviewed (Chapter 11). Chemistry reduction with ARCANE will follow in
Chapter 12 . Finally the ARC mechanisms will be used to study the effect of the
fuel composition on a spray flame propagation in Chapter 14.
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Chapter 11

Modelling of complex fuels
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11.3 Multi-component surrogate . . ... ... .. ... .. 182

11.1 Physical properties and real fuel composition

In the previous part, natural gas was represented with methane only. Despite not
being 100% accurate, it is a reasonable approximation as the other constituents are
mainly impurities whic do not impact combustion. Such simple mono-component
description is not valid for real fuels such as kerosene which is actually a blend of
a multitude of hydrocarbons with various masses and molecular properties. These
hydrocarbons can be categorised in different families according to their chemical
structure:

« Alkanes (also called paraffins) are species of general composition C,Ha, 2 and
are the most known hydrocarbons with n from 1 to typically 20. This family
contains methane (n = 1), butane (n = 4) and dodecane (n = 12) to only
mention a few . Their structure is composed of carbon atoms with only single

177
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carbon-carbon bonds. Alkanes are saturated hydrocarbons and exhibit many
interesting properties such as a low freezing point, a low density and a high
energy density [Lefebvre and Ballal, 2010].

Starting from butane, this family splits into 2 sub-families: the normal alkanes,
denoted with a suffix n- before the molecule name, and the iso-alkanes, denoted
with the suffix - before the molecule name.

The normal alkanes have a linear carbon chain meaning that each carbon
atom is bonded to only two other carbon atoms (or only one if it is at an
extremity).

N\\/\\/ P U e U Vs
(a) n-butane (C4Hip) (b) n-octane (CgHig) (c) n-dodecane (C12Hag)

Figure 11.1.1: n-alkanes

The iso-alkanes are branched molecules meaning that some carbon atoms
bear more than 2 bonds with other carbon atoms. From a purely chemical
aspect, the term iso (standing for isomer) should only be used for the isomers
with only one methyl group (CHs). However in the combustion community it
is used to refer to the most common isomer of the corresponding n-alkane.

(a)  i-butane or  2- (b) i-octane or 2,2/4- (c) i-dodecane or 2,2,4,6,6-
methylpropane trimethylpentane pentamethylheptane

Figure 11.1.2: i-alkanes

This specific branching of the iso-alkanes result in a higher reactivity compared
to its normal version for high temperature regime and much lower reactivity in
low temperature region.

o Cyclo-alkanes are species of general formula C, Hy, and can be viewed as

an n-alkane looping on itself. They are named according to their n-alkane
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constituent. In this family also falls alkanes with a ring and linear chains
attached to them. It also includes species with more than one ring (called
naphtenes, not to be confused with naphtalene) having the general formula
CnHa(nt1-r) where 7 is the number of rings. They exhibit the same level of
energy density and low soot production as paraffins.

(a) cyclobutane (C4Hg)  (b) cyclohexane (C¢Hi2) (c) methylcyclohexane
(C7Hua)

Figure 11.1.3: Cycloalkanes

The last family contains the aromatic compounds. Aromatic compounds are
defined by a ring similar to the cycloalkanes but with delocalised electrons. This
delocalisation is either represented with a ring having a double carbon-carbon
bond alternating with a single carbon-carbon bond or with carbons having 1.5
bond orders with electrons floating around the ring. The most basic aromatic
compound is benzene that has the general formula CgHg. This family contains
all species which exhibit this benzene ring. When more than two benzene
rings are present in the structure, the species are defined as di-aromatics and
polyaromatics, the simplest di-aromatic being called naphtalene. Because
they are unsaturated molecules, they contain less hydrogen and as a result,
their specific energy is lower than alkanes and cyclo-alkanes.

The composition of Jet Al (in mass), which is the reference fuel in aeronautics,
has been measured as follows in the context of the JETSCREEN project:

19.2 % of n-alkanes
30.7 % of i-alkanes

32.9 % of cycloalkanes
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(a) benzene (CgHg) (b) ortho-xylene (CsHjp)  (c) naphtalene (C;0Hg)

Figure 11.1.4: Aromatics

e 15.5 % of aromatics

e 1.7 % of di-aromatics

Inside each family, the mass is not evenly distributed among all the possible
species and the detailed composition is generally represented as in Fig. 11.1.5 which
represents the mass distribution in each family depending on the species number of
carbon atoms .

From everything discussed in this section, it is clear that including the real fuel
composition in a CFD computation is not feasible. Even the reduction of kinetics
will prove to be difficult as the number of species in the fuel will greatly limit the
reduction process. Moreover the detailed composition is usually unknown as only
global properties are given by oil companies.

From the above data, the fuel can be first approximated by its mean chemical for-
mula. In the case of Jet A1, this formula is Cyg52H;7.78 and an existing molecule with
a similar formula can be used as an approximate fuel model. This molecule is usu-
ally selected from similar liquid fuel thermodynamic and mechanical properties. In
the case of Jet Al, a possible equivalent molecule is 1,2,3,4-tetramethylcyclohexane
[Hajiw-Riberaud and Alves-Fortunato, 2020]. However this molecule is not guaran-
teed to correctly represent the reactivity of the fuel.

It is therefore necessary to develop other modelling strategies for the fuel com-
position able to correctly predict its atomization, evaporation and combustion.

!The detailed composition was obtain by comprehensive two-dimensional gas chromatography
(GCxGCO) as part of the JETSCREEN project. The author would like to thank Maira Alves-
Fortunato at IFPEN for providing the data.
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Figure 11.1.5: Mass distribution (in percentage of the total mass) according to the
number of carbon atoms in the species and its family (n-alkanes in blue, iso-alkanes

in red, cyclo-alkanes in yellow, aromatics in green and di-aromatics in purple) for
Jet Al.

11.2 Mono-component surrogate

The simplest methodology to model a fuel is to represent it as a single species.
Kerosenes are often modeled with n-decane (CyoHsz) or n-dodecane (CqoHag) as this
species represents the most abundant family (alkanes) and is close to the average
chemical formula of the fuel. Looking back at the composition of Jet A1, this choice
may be surprising as the highest percentage corresponds to iso-alkanes and cycloalka-
nes while n-alkanes come third. It is explained by the species reactivity, too high for
iso-alkanes and too low for cyclo-alkanes, while n-alkanes are intermediate. These
simple surrogates have been largely used in the literature [Dagaut and Gail, 2007]
with a skeletal kinetic mechanism [Luche, 2003]. In order to perform faster compu-
tations, [Franzelli et al., 2010a] proposed a two-step global scheme able to capture
the main combustion features, i.e., the adiabatic flame temperature, the laminar
flame speed and the auto-ignition delay time. This mechanism was constructed
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from the 3-components surrogate of [Dagaut and Gail, 2007] (74 % n-decane, 15%
n-propylbenzene and 11% n-propylcyclohexane in mole), reduced to a single species
with the formula CioHyg derived with thermodynamic properties computed as a lin-
ear combination of the constituent properties. To better describe the flame structure
at a still reasonable cost, kinetic reduction with the ARC methodology was per-
formed and used in [Jaravel, 2016][Franzelli et al., 2017]. Both the two-step and
ARC schemes are currently used in industry.

By not conserving a correct H/C ratio and being too simplistic, these single com-
ponent surrogates do not exhibit the correct pyrolysis behaviour which is a key aspect
of hydrocarbon combustion. This was partly overcome by the HyChem methodol-
ogy, discussed in Section 4.2.2, which builds a correct pyrolysis scheme for a mono-
component surrogate fuel, with kinetic parameters fitted on experimental data. This
methodology has been successfully used in LES of industrial combustion chamber by
[Felden et al., 2018a] and showed good results in terms of accuracy and computational
cost. However, this approach does not allow to describe phenomena such as prefer-
ential evaporation arising from the multi-component nature of the liquid fuel, or soot
formation which is very sensitive to the fuel formula. Therefore a multi-component
approach will be kept in this work.

11.3 Multi-component surrogate

From the detailed composition of the fuels, specific representative components are
chosen to represent accurately the fuel. The accuracy of the multi-component surro-
gate depends on the number of species chosen as representatives and varies according
to the fuel considered. For kerosene, several surrogates have been proposed in the
literature [Edwards and Maurice, 2001|[Humer et al., 2007][Dagaut et al., 2006][West-
brook et al., 2009]. The multi-component approach allows to account for more kinetic
pathways which can be useful for soot production for example, or for preferential
evaporation effects that have been shown to play a key role in auto-ignition [Stagni
et al., 2017] as well as spray flame propagation [Shastry et al., 2020b]. It also allows to
study fuel effects, as is the objective here in the context of the JETSCREEN project.
Indeed, as the studied fuels are relatively close to each other, a mono-component
surrogate approach would lead to the same surrogate, most likely n-dodecane. In
addition, the pyrolysis mechanism with Hychem is not available for all fuels and aside
from the Jet-A1, they are not assured to correspond to the exact fuels studied here.
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The multi-component surrogate modelling of kerosene was not kept in [Felden,
2017] because the reduction of the detailed kinetic mechanism from [Narayanaswamy
et al., 2016b] with YARC did not give a sufficiently reduced mechanism with a skeletal
mechanism composed of 139 species and 1148 reactions, which is indeed far too much
for use in LES.

Fortunately, as shown in Section 4.5.2, ARCANE was able to correctly reduce
the detailed mechanism from POLIMI without introducing a large error and with-
out particular difficulty. The reduction was also performed on the Narayanaswamy
mechanism for a slightly different surrogate in [Shastry et al., 2020b] without any
problems.
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Reduction of multi-component
fuels
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12.1 JETSCREEN fuels

In the context of the JETSCREEN project, 3 fuels referenced as Al, B1 and C1
are considered and described below. The fuels have been chosen for their differences
with A1l being the reference fuel, already used in all commercial aircraft engines, B1
being a sustainable synthetic fuel and C1 being an example of a "bad" replacement
for kerosene.

185
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From a palette of candidate components displayed in Fig. 12.1.1 !, the 3-
components composition was selected through an optimisation process to match the
experimental data available within the project by the CRECK modelling Team from
Politechnico Di Milano partly based on the previous work of [Narayanaswamy and
Pepiot, 2018].

The optimisation targets were in that case, the Derived Cetane Number (DCN),
the H/C ratio, the distribution of mass within the different component families, the
average molecular weight, the threshold sooting index, the liquid density, the liquid
viscosity and distillation curves (displayed in Fig. 12.1.2).

n-alkanes iso-alkanes
n-decane (C,;H,,)

P N N W 2,2,4.4,6,8 8-heptamethylnonane
(CygHaa)

n-dodecane (C,;H,;)
FPava Ve Ve Ve s
2,2,4- trimethylpentane
n-hexadecane (CygH3,) (CoHys)
PV W N P T
cyclo-alkanes W 2{-(::211 6.}5- pentamethyheptane
127 26

n-butylcyclohexane

O\N (C10Hz0) 2,6,10- trimethyldodecane
M/ka/ (CisHaa)

CO trans-decalin

(C1oH1g) aromatics
methylcyciohexane 1,2,4-trimethylbenzene

O\ (GHaa) (CsH12)
@@ 1-methylnaphthalene

naphtho-aromatic (C11H10)

n-butylbenzene

tetralin
{C1oH12) @\/\/ (CioHyy)

Figure 12.1.1: Palette of candidate components for the surrogate formulation. From
internal project reports by Marco Mehl and Matteo Pelucchi [Mehl and Pelucchi,
2020]

IThe palette represented here lacks the xylene species which is an aromatic of formula CgHig
with two methyl groups. Xylene possesses 3 isomers; ortho-, meta- and para-xylene that are respec-
tively the 1,2-dimethylbenzene, 1,3—-dimethylbenzene and 1,4-dimethylbenzene. The xylene species
used in the following is a lumped species representing these three isomers.
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Figure 12.1.2: Measured distillation curves of the three fuels considered in the model
(symbols) and calculated equilibrium distillation curves of their surrogates. From
internal project reports by Marco Mehl and Matteo Pelucchi [Mehl and Pelucchi,
2020]

12.1.1 Standard aviation fuel: Jet A1 (A1)

The A1l fuel corresponds to a standard aviation fuel, the Jet Al, defined by the
Aviation Fuel Quality Requirements for Jointly Operated Systems (AFQRJOS). This
fuel is the most used type of kerosene in civil aviation and as such, the reference fuel
for the study of alternative fuels in the JETSCREEN project and more largely in
aviation fuel studies.

The surrogate that was chosen is the one from [Humer et al., 2011] already
used in 4.5.2 consisting (in mole fraction) of 60% of n-dodecane 20% of methyl-
cyclohexane and 20% of xylene. The three components are chosen to actually rep-
resent the predominant hydrocarbon classes that are present in the real fuel com-
position (discussed in Section 11.1) and they were already used in different propor-
tions in [Narayanaswamy and Pepiot, 2018]. N-dodecane is the representative of the
straight alkanes (C,Hs, 2) and as discussed in Section 11.2 is often chosen as sin-
gle component surrogate of kerosene. Methyl-cyclohexane is a representative of the
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cyclo-alkanes here with a methyl complex attached to it. Finally, xylene represents
the aromatic components, here with 2 methyl complexes, which carry double bond
carbon liaisons and have been identified as playing a major role in soot formation.
The xylene in this mechanism is a lumped species representative of the three xylene
isomers; ortho-, meta- and para-xylene.

From the detailed analysis of the real fuel properties done by IFPEN as part
of the project [Hajiw-Riberaud and Alves-Fortunato, 2020], the A1 fuel exhibits an
H/C ratio of 1.94 and a liquid density at ambient conditions of 789.7 kg.m 3. Using
the surrogate formulation and simple mixing law, we obtained a H/C ratio of 2 and
a liquid density at ambient conditions of 775 kg.m 3.

12.1.2 Alcohol to Jet Synthetic Paraffinic Kerosene: ATJ-
SPK (B1)

This fuel is produced via the ATJ-SPK process standing for Alcohol to Jet Syn-
thetic Paraffinic Kerosene. This process is a biotechnological process to produce
bio-kerosene derived from biomass. Iso-butanol created by fermentation of biomass
is dehydrated to form the corresponding olefin which is hydrotreated to finally form
the iso-alkanes constituting this fuel [Geleynse et al., 2018]. This fuel has been certi-
fied since 2016 for a 30% blending in volume with classical jet fuels. The particularity
of B1 fuels is that it only contains iso-alkanes, so that the selection of the represen-
tative families in the palette 12.1.1 is straightforward. From the GCxGC data in
Fig. 12.1.3, it is clear that iso-dodecane is the major component of the fuel. The
surrogate was selected as 8% of iso-octane (CgHig), 84% of iso-dodecane (CioHog)
and 8% of iso-cetane (CigHgzy).

From real fuel analysis, B1 exhibits an H/C ratio of 2.16 and a liquid density
at ambient conditions of 758.5 kg.m™3. The surrogate formulation being the real
composition, the H/C ratio is the same. However because of the simple mixing law

used, the liquid density is slightly different with a value of 749 kg.m™3.
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Figure 12.1.3: Mass distribution (in percentage of the total mass) according to the
number of carbon atoms in the species and their family (n-alkanes in blue, iso-alkanes

in red, cyclo-alkanes in yellow, aromatics in green and di-aromatics in purple) for
the B1 fuel.

12.1.3 High-aromatic content Jet A1 (C1)

The last fuel of interest for this work is a high-aromatic content Jet A1l. Compared
to the classical Jet Al fuel, it contains 55% of cyclo-alkanes and 20% of aromatics
(2% mono-aromatics and 18% di-aromatics), to be compared to respectively 33% and
17% in A1. From Fig. 12.1.4, cyclo-alakanes and aromatics are clearly dominant and
a shift towards higher carbon numbers can also be observed. It should be noted that
within the project, a 10-components surrogate was originally proposed for this fuel
to maintain a level of accuracy similar to the others and a larger error was then
allowed on the surrogate properties in order to lower the number of components to
3. A 10-components surrogate was not conceivable to obtain a kinetic mechanism
suitable for LES simulations (i.e., with a number of transported species less than
40). The 3-components surrogate for C1 is composed of 60% of decalin, 20% of
methylnaphthalene and 20% of i-dodecane.
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Figure 12.1.4: Mass distribution (in percentage of the total mass) according to the
number of carbon atoms in the species and their family (n-alkanes in blue, iso-alkanes

in red, cyclo-alkanes in yellow, aromatics in green and di-aromatics in purple) for
the C1 fuel.

From real fuel analysis, C1 exhibits an H/C ratio of 1.73 and a liquid density at
ambient conditions of 860.2 kg.m 3. From the surrogate formulation, we obtained
a H/C ratio of 1.70 and a liquid density at ambient conditions of 888 kg.m ™3 using

simple mixing law. Note that the density is higher compared to the two other fuels.

In the context of alternative fuels for clean combustion, C1 can right away be
considered as a bad choice. Indeed [Olson et al., 1985] already found that a higher
amount of aromatics induces more soot formation. In addition, the liquid density of
this fuel is too high to be certified as a viable jet fuel. C1 is therefore included in
the study for comparison purposes only.

It should also be noted that while formulating the surrogate for the C1 fuel,
deviations between the experimental and modelled distillation curves were observed
because of a lack of components in the palette able to both reproduce the H/C
ratio and the distillation curve. Priority was given to the H/C ratio because of its
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critical role in combustion. However, the low volatility of this fuel is still qualitatively
recovered by the surrogate.

12.2 Reduction of chemical kinetics of surrogates

The previously presented 3-components surrogates of kerosene and alternative
kerosene can all be computed with the CRECK 1909 TOT HT mechanism ? that
includes the palette used for their generation.

Using ARCANE, the 3 surrogates, summarised in Tab. 12.2.1, were reduced with
the same targets and thresholds.

Using the CRECK 1909 TOT_ HT mechanism * as the detailed mechanism,
reduced mechanisms have been obtained based on the following cases: 2 isochoric
reactors at 1 bar, stoechiometry and initial temperature of 1500 and 2000K and
3 laminar premixed flames at 1 bar, fresh gases temperature of 400K and three
equivalence ratios of 0.6, 1 and 1.4. These conditions were chosen in accordance
with the target applications. In particular only high temperature combustion was
of interest. The error thresholds were imposed as 15% error on the ignition delay
time for the reactors and 5% error on the laminar flame speed and 1% error on the
final temperature for the premixed flames. The cases and their associated errors are
summarised in Tab. 12.2.2.

On these cases, the targets were chosen as the fuel species, the heat release rate,
CO and CO,. Even though targeting the heat release rate might have been sufficient
to estimate the reduction coefficients (DRGEP and LOI), the 3 fuel species, the
intermediate species CO and the burnt product CO4 were added to further constrain
the reduction and ensure good results.

At the skeletal step of the reduction, whereas the A1 and B1 reach respectively
52 and 54 species, the C1 does not go below 80 species which would require a large
amount of species to be approximated as quasi-steady state species to go below 40
species in the final reduced mechanism. The iso-dodecane being also in the Bl sur-
rogate, it seems that the two double ringed species (methylnaphthalene and decalin)

2September 2019 version
3September 2019 version
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Fuel | component name component class raw formula | X Y
n-dodecane n-alkane CioHog 0.6 | 0.578
Al | methyl-cyclohexane | cyclo-alkane CrHyy 0.2 ]0.198
xylene aromatic CgHyy 0.2 |0.224
iso-octane iso-alkane CsHis 0.08 | 0.0536
B1 iso-dodecane iso-alkane CioHog 0.84 | 0.84
iso-cetane iso-alkane Ci6Hsay 0.08 | 0.1064
decalin cyclo-alkane (two rings) | CioHyg 0.6 | 0.570
C1l | iso-dodecane iso-alkane Ci2Hog 0.2 ]0.234
methyl-naphthalene | di-aromatic Ci1Hyg 0.2 |0.196

Table 12.2.1: Composition of the fuels surrogates with their mole (X) and mass
fractions (Y') in the fuel.

Reactor type

0D Isochoric reactor

1D premixed flame

Temperature [K] 1500, 2000 400
Pressure [bar] 1 1
Equivalence ratio 1 0.6,1,14
Error threshold on

Auto-ignition delay time 15 % /

Error threshold on "
Laminar flame speed / 5%

Error threshold on / 19 *

Maximum temperature

Table 12.2.2: Definition of the reference canonical cases and their associated error
thresholds applied to various quantities for the 3-components surrogates reductions.
* Error thresholds multiplied by 2 in the case of C1 fuel reduction.

exhibit a more complex pyrolysis process requiring many more species. For that
reason, the thresholds on the errors for the laminar flames where multiplied by 2 to
obtain a sufficiently reduced mechanism for C1.

After applying this modification to the C1 and performing the QSS step of the
reduction, the mechanisms summarised in Tab. 12.2.3 were obtained.
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transported species | irreversible reactions | QSS species
Al | 36 543 16
B1 | 31 394 24
C1l |35 420 33

Table 12.2.3: Reduced mechanism size for each surrogate.
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Figure 12.2.1: Validation of the reduced mechanism for A1 fuel for (a) ignition delay
time at stoichiometry and 1 bar for a range of temperature and (b) laminar flames
speeds for a fresh gas temperature of 400K and 1 bar for a range of equivalence ratio.
The black solid line stands for the detailed mechanism (CRECK_1909 TOT_HT)
and red circles stand for the reduced mechanism (Al).

The ARC mechanisms that will be referenced for generality as A1, Bl and C1
are then validated on a broader range of temperatures and equivalence ratios as
displayed in Fig. 12.2.1, 12.2.2 and 12.2.3.

For Al and B1, the agreement outside of the reduction cases is good with an
error staying below a reasonable value of 20% for the ignition delay time, 6% for the
laminar flame speed and 1.5% for the maximum temperature.

For C1 fuel, while a good agreement is found for the laminar flame speed, for
the final temperature and for the ignition delay time above 1500 K, the mechanism
behaves poorly for lower temperatures with an error higher by 2 orders of magnitude
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at 1000 K. In the systems studied within the JETSCREEN project, focusing on
stabilised flames where only few cold pockets of fresh gases are likely to auto-ignite
and ignition processes majorly occur with a thermal runaway happening above 1500
K, the poor agreement at these lower temperatures should not be an issue. However
this result denotes the particularity of the mechanism for C1 which appears more
sensitive to the operating conditions than the for the two other fuels. The increase of
the error tolerances, even though they were not to the reactor cases, may have played
a role in that behaviour by discarding important pathways affecting the reactor
chemical evolution at moderate temperatures.

12.3 Comparison of the fuel burning properties

Figure 12.3.1 compares the ignition delay and laminar flame speed of the three fuels,
as obtained with detailed chemistry. A clear trend can be seen where Al is the most
reactive fuel, followed by B1 and finally C1.

An interesting result is that whereas the ignition delay time comparison is similar
in the detailed and ARC mechanisms, the laminar flame speed difference observed
between A1 and B1 with the detailed mechanism is almost absent with ARC, espe-
cially around stoichiometry.

Looking closely to the reaction zone of the three reference laminar premixed
flames obtained with the ARCs mechanisms on Fig. 12.3.3, the hierarchy of the
laminar flame speeds is retrieved with the Al fuel having a higher maximum heat
release rate than B1, which itself has a higher maximum heat release rate than
C1. However these differences tend to disappear at stoichiometry. A particular
behaviour of the Bl can be identified in the rich case, also visible but less strong
in the stoiciometric case, is an inflexion of the heat release rate profile in the early
reaction zone. This inflexion is due to the fast pyrolysis of the branched alkanes
composing the fuel through endothermic reactions as seen in Fig. 12.3.4 showing the
endothermic and exothermic parts of the net heat release rate.
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12.4 Conclusion

The detailed mechanism for the 3 fuel surrogates has been successfully reduced into
an ARC scheme for each fuel surrogate. The agreement between the ARCs and
the detailed mechanism are good and their reduction was efficient enough to ob-
tain affordable mechanisms for CFD. However, because of its complexity, the C1
mechanism, that was already deviating from the experimental data with the detailed
chemistry, required to increase the error thresholds in order to obtain a sufficiently
reduced mechanism.

The successful reduction of mechanism for these 3 fuels starting from a large
detailed mechanism constitutes an achievement compared to the previous work of
[Felden, 2017]. Further improvement in ARCANE regarding the methodology has
been done since, and future works might expect better agreement with slightly more
reduced mechanisms.

The fundamental differences between the 3 fuels in terms of burning are also
highlighted and will give hints about their behaviour in more complex flames.

The reductions were performed during the development of ARCANE and are a
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posteriori not considered optimum (compared for example to the mechanism pre-
sented in Section 4.5.2 even though it has 3 more transported species). However,
they present a fairly good agreement with the detailed mechanism and show the
capabilities of obtaining affordable ARCs for 3-component surrogates.

These mechanisms will be used in the following for spray flames.
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Chapter 13

Fundamentals of two-phase
combustion
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13.1 Euler-Lagrange formalism

For aeronautical engines where the liquid fuel is atomised into a spray before entering
the combustion chamber, there are two ways to account for the presence of this liquid
phase in LES equations:

e The Euleurian formalism, in which the liquid phase is considered continuous
and resolved on the same grid than the gaseous phase.

201
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e The Lagrangian formalism, in which the spray is considered as a collection of
discrete droplets tracked individually.

The Eulerian formalism in AVBP does not allow for the consideration of poly-
dispersed sprays where several particles of different size can coexist inside a cell.
Sectional methods allowing to recover the spray poly-dispersion imply the resolution
of additional liquid phase equations and therefore lead to an important numerical cost
[Laurent and Massot, 2001]. For this reason, the Lagrangian formalism implemented
in the AVBP code is retained [Senoner, 2010][Sierra Sanchez, 2012][Paulhiac, 2015].

13.2 Dispersed phase
In this work, a dispersed phase is assumed and several assumptions are made:

o The droplets are considered stable with high surface tension meaning that they
are considered spherical with no possibility to break-up.

« The only force applied on the droplets is drag (gravity is neglected).

o The spray is not dense enough for the droplets to interact with each other and
are considered to be independent from one another.

e The droplets have an infinite conductivity meaning that the temperature is
uniform in the droplets.

The liquid-gas interaction is two-way with exchange of mass, momentum and
energy between the two phases.

The point source approach is adopted, where the droplets are described as points
following point mechanics laws.

The droplet (or particle) is characterised by its position x,;, its mass m,,;, its
velocity u,;, its temperature 7,,.The subscript p refers to the droplet (particle) and
liq to liquid properties. Each droplet follows the evolution equations written as:
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dl‘p’i

" (13.1)
W o (13.2)

ddnz,, i, (13.3)
d<mdth> _$, (13.4)

where h; ), is the latent heat of vaporisation at the droplet temperature.

F;ft, m,, and ®, are the phase exchange source terms corresponding respectively

to momentum, mass and energy.

The expression of these source terms is explained hereafter.

13.3 Exchange terms

13.3.1 Drag force

As explained in the modelling assumptions, the only external force the particle is
subjected to is the drag force which is expressed in its general form as:

exr 1
Fevt = ipliqCDA(ui — up;)? (13.5)

where A = 7T7’£ is the projected area of the droplet and Cp the drag coefficient.

The drag coefficient has been found to be very dependent on the relative velocity
between the gas and the droplet and can be expressed as a function of the particle
Reynolds number Re, defined as:
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rela ived
Re, = —relative®p (13.6)

Viig

with Upejative = \/ Zﬁv “m(u; — u,;)? the second norm of the relative velocity be-
tween the gas and the particle.

An empirical drag correlation as a function of the particle Reynolds number for
Re, < 800 has been proposed by [Schiller and Naumann, 1935 extending the one
from [Oseen, 1927] and writes:

24
Cp = }T(l + 0.15Re)*7) (13.7)

€p

13.3.2 Evaporation model
Single component evaporation

The evaporation model is responsible for the estimation of the mass and energy
exchange term, 1, and Qp. In this work, the analytical Spalding model for the
evaporation of isolated spherical droplets [Spalding, 1953] is used. In this model, the
droplet is assumed to be at thermal equilibrium with the surrounding gas. Under
these conditions the classical d? law found by [Godsave, 1953] which states that
the squared diameter of the droplet varies linearly is retrieved. The gaseous field
is then considered in a quasi-steady state meaning that the evolution equations are
independent of time. The hypothesis upon which the droplet is homogeneous and
isotropic is recalled. From these assumptions, the mass and thermal evolution of the
droplet can be written in a spherical referential as a function of only the distance
between the droplet surface (with the subscript ¢) and the far-field (with the subscript
00) as:

s
,OUp,ﬂ’; = (up,ir;)c = Ur (13.8)
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,dYi

2 e _ d 2@V
PUpiTy = = (pD;Cr dr) (13.9)

,dC,T  d < A QdC’pT> 13.10)

PUpily™ . dr C’pr dr

where the subscript K denotes the liquid species. where the subscript K denotes
a species initially present in the liquid phase. At some point, the species I will be
both in liquid and gaseous state.

Under the quasi-steady state assumption, the gaseous mass source term is directly
related to the particle mass evolution 7, as:

re = —1i, (13.11)

A schematic of the evaporation process is represented in Fig. 13.3.1.

Far-field properties are evaluated at the nodes of the cell containing the droplet,
while gaseous properties are interpolated at the droplet location and are noted Tl
and Yyap. Because the particle temperature is uniform, the surface temperature 7¢
corresponds to the particle temperature 7,,.

The evaporated species mass fraction at the surface of the droplet Y . is evaluated
from the saturation vapour pressure Py, x as:

1%

Yice = X,C,QW’C (13.12)
¢

where X ¢ the evaporated species surface mole fraction is computed with the
Clausius-Clapeyron relation considering thermodynamic equilibrium as:

Xy = —ak (13.13)

and W is the mean molecular weight at the droplet surface written as:
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Figure 13.3.1: Evolution of the temperature and liquid species mass fraction (noted
F here) along the radial distance from a spherical droplet surface, adapted from
[Potier, 2018]



13.3. EXCHANGE TERMS 207

W= XIC,CWIC + (1 - XIC,C)Wmixture@p (1314)

As reviewed by [Miller et al., 1998], because the model assumes that the vapour
and surrounding gas properties are constant in space, one must define an average
state representing the real spatial variations. The reference temperature and the
reference vapour mass fractions are written with the "1/3 rule" as:

1
Trep = Te + 5(Tap — T¢) (13.15)
1
Yicoer = Yio + g(Y’C@p — Yic) (13.16)

The terms pDx and c% respectively from Eqs. 13.9 and 13.10 are determined
from an evaporation Schmidt number Sck cpqp and an evaporation Prandtl number
Preyap retrieved from the gaseous species, and the viscosity computed from the Wilkes
equation (Eq. 1.44) as :

(Trer)
Dy = ——7= 13.17
K SCIC,evap ( )
A p(Trey)
— =" 13.18
C, Preyap ( )

The integration of Eq. 13.9 between the droplet surface and the surrounding gas
leads to:

m, = —2rd,pDic In(By + 1) (13.19)

where B); is the mass Spalding transfer number given by:

Yic.c — Yikap
By = —>——=~7F 13.20
M 1— Yie ( )
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The integration of Eq. 13.10 gives

dChiieT, 1 A
Tl L (e, 2 (G () oy~ Co (1))

In (BT + 1)

D L (1)

(13.21)

where L, x(T,) is the latent heat of vaporisation of the liquid species K and Br
is the temperature Spalding transfer number given by:

P”‘e'uap

BT — (1 + BM) SeKC evap — 1 (1322)

Abramzon & Sirignano correction

The hypothesis upon which the gas and the droplet are at rest is not always true
in practical applications and an important relative velocity between the gas and the
droplet (of the order of Re, =~ 500) leads to an enhanced evaporation process. [Ranz,
1952] introduced a Sherwood and Nusselt number, Sh and Nu respectively in order
to model this effect:

1 1

Sh =2+ 0.55Ref ¢ vy (13.23)

These numbers were later modified by [Abramzon and Sirignano, 1989] to account
for the vapour film around the droplet allowing a more accurate estimation of the
fluxes as:

P Gl (13.25)
Fyr
Nut == 24 Ne=2) (13.26)

Fr
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where

o7 (1 + Byy)

Fy = (1+ By) (13.27)
Bu
In(1+ B
Fr=(1+ BT)O-7M (13.28)
Br
Egs. 13.19 and 13.21 are then modified to account for this effect as:
TT@
1, = —Sh*nd (Trey) In(By + 1) (13.29)

P
SCIC,evap

de liqu 1 M(Tref) IH(BT + 1)
TeliaTr — — ( Nutwdy 'S Cp(Thos) (T — Ty) e
7 m und, - Cp(Tres)(Tap — Tp) By

+ mvaJC (Tp)>
(13.30)

Multi-component evaporation model

As described in Section 11.1, the composition of a real fuel is complex and involves
a large number of species. In order to be consistent with the multi-components
surrogates chosen for the gaseous phase, the liquid phase should also consider a
multi-components formulation.

The two major families of multi-component models are the continuous and dis-
crete models. In the first family, the experimental composition of the liquid fuel in-
volving many species is modelled through a probability distribution function (PDF)
used to track the mass distribution of a family of chemical components (n-alkanes,
aromatics, etc.) [Hallett, 2000]. This method allows a very accurate representation
of the physical properties of the droplets however this model requires a lot of data
that are in practice not compatible with the ARC methodology for the gas phase as
it would produce too many vapour species for the gas phase kinetics, and possibly
introduce too complex chemistry for some species.
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For that reason, the second family of methods will be used in this work and has
been integrated in AVBP. In the discrete multi-components model [Ra and Reitz,
2009], both the liquid and gaseous fuel surrogates are the same and the evaporation
of each species is tracked individually while the droplet characteristics correspond to
mixing values. The model is based on the equations previously presented where K
represents now not only one species but any species present in the surrogate model.
The liquid molar and mass fractions are introduced as Xj;, x and Y, x respectively
with fov”q Xiigx = ff“‘q Yigx = 1 with Ny, the number of liquid species in the
droplet. Note that because of preferential evaporation, the number of liquid species
may decrease in time if one or several species completely evaporates before the others.

The liquid density p;, is found through a simple molar averaging as:

Nliq
Piiq =, PrigXiigx (13.31)
%

The liquid heat capacity C,;, is found through a mass averaging:

Nliq

Cpiiq = Z CpigxcYiigx (13.32)
k

The Clausius-Clapeyron relation giving the surface mole fraction now accounts
for the different liquid species as:

Psa
Xiee = XK,liqu (13.33)
@p
and the mean molecular weight at the droplet surface W, now writes:
Nliq
W( = Z X]C:§W]C + (1 - XIC,C)Wmixture@p (1334)
K

Eq. 13.29 no longer gives the global mass variation of the particle but the mass
variation of the species IC and writes:
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iy, = —Sh*nd,pDi In(By + 1) (13.35)

. Nig .
with Yo" 1, = 1y,

Eq. 13.29 also changes to:

dCpriTy 1
a  m,

Zmle UIC

In(Br+1) i
(Nu 7 do N (Tyer)(Tap — T)i( T+ )
T

(13.36)

Note that the approximations introduced in Eqgs. 13.17 and 13.18 for Dy, A and
i are no longer used and more precise estimations using temperature polynomials
from [Yaws, 2009][Yaws, 2015] are preferred.

13.4 (Gaseous phase coupling

The coupling between the liquid and gaseous phase is done by simply transferring
conservatively 7, F;‘ft and @, for all droplets to the gaseous phase.

o Source term of mass added to the RHS of Eq. 8.6:

1 X
Si9 = NG > W,m, (13.37)
p

» Source term of evaporating species added to the RHS of Eq. 8.7:

1 N
NG S Wi Ok k (13.38)
p

!
S =
o Source term of momentum added to the RHS of Eq. 8.8:

i;;gz - Z \Il pF;,ft + mpup,i) (1339)
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e Source term of energy added to the RHS of Eq. 8.9:

]' o exr 1 . -
S = AV % vy (—mpr Ly + S|y = <I>p> (13.40)

AV is the local control volume where the particle is located and NV, the number
of particles in that volume. W, is the inverse distance interpolation function between
the particle position and the grid nodes.



Chapter 14

One-dimensional premixed flames
fed by Lagrangian droplets

Contents

14.1 Previous work on multi-component spray flame propa-
gation . . . . . L e e e e e e e e e e e e e 214

14.2 Numerical setup for two-phase flames with the
JETSCREEN fuels .. ....... ... 0000 217
14.3 Flame structure . . . . . . .. ¢ v vt v v v v v e v 219
14.3.1 Alflame . . ... ... .. .. ... 219
14.3.2 Bl flame. . . . . . . ... ... 229
14.3.3 Clflame . . ... . ... . . 233
14.4 Summary of the fuel effect on flames. . . . . . ... ... 238
14.5 Conclusion and Perspectives . . . . . . ... ... ... 243

The effect of the fuel with a multi-component description on the spray flame
stabilised inside a combustor can be apprehended with a canonical one-dimensional
steady flame with droplet injection.
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14.1 Previous work on multi-component spray
flame propagation

Propagation of a spray flame in a canonical one-dimensional configuration was al-
ready studied by [Rochette et al., 2019]. In this study Lagrangian n-heptane droplets
were injected with different relative velocities compared to the air just in front of the
flame as depicted in Fig. 14.1.1. By avoiding pre-evaporation, this method allows
to control the composition of the reactant mixture seen by the flame. In this work
combustion was described with a 2-step chemical mechanism.

[t]

Figure 14.1.1: One-dimensional two-phase flame from [Rochette et al., 2019]

A similar study was later conducted by [Shastry et al., 2020b] for a Jet-Al 3-
components surrogate using an ARC mechanism, with an emphasis on the effects of
the multi-components description. The surrogate was made of n-dodecane, methyl-
cyclohexane and xylene in different proportions than previously stated in Section
12. This work used a surrogate composed of 30.3% of n-dodecane, 48.5% of methyl-
cyclohexane and 21% of xylene in volume from [Narayanaswamy et al., 2016a]. The
differences between the two surrogates arise from the optimisation method that was
used to produce them and the parameters weighting of the selected parameters. This
surrogate was more focused on retrieving the H/C ratio, the cetane number and
the threshold sooting index while the surrogate from Section 12 has a better overall
agreement especially on molecular weight. The ARC mechanism was derived from the
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detailed mechanism of [Narayanaswamy et al., 2016a]. As in [Rochette et al., 2019],
the two-phase flame speed and flame structure were studied for different relative
velocities between the droplet and the fresh gases as well as for different equivalence
ratio and liquid loading of the unburned mixture. The full paper is available in
Appendix D and only a short summary is reported here.

The droplet evaporation model described in Section 13.3.2 was first validated
against experiment and showed a good agreement concerning the evolution of the
Normalised Diameter (ND) and the temperature (see Figure 14.1.2). The different
volatilities of the components lead to the variation in time of the composition of
the evaporation flux, as shown in Fig. 14.1.2. The most volatile species methyl-
cyclohexane evaporates first, followed by xylene and finally n-dodecane.

(a) Evolution of ND and temperature (b) Composition of the evaporating flux

Figure 14.1.2: Single droplet of Jet-Al evaporation. d,, = 1000 pm at 300 K in
quiescent air at 773 K. From [Shastry et al., 2020b]

Flames were then obtained with a mixture of fuel and air injected at 400K and
1 bar. Three cases were computed. In Case A the gaseous equivalence ratio ¢,
was 0.8 (lean) and the liquid injection was set to a liquid equivalence ratio ¢; of
0.1, giving a total equivalence ratio ¢yor = ¢ + ¢4 = 0.9. Case B also features a
gaseous equivalence ratio ¢, of 0.8 and has a liquid equivalence ratio of 0.5, reaching
a rich total equivalence ratio of 1.3. Finally, for Case C, the total equivalence ratio
comes entirely from the liquid part with ¢, = 0 and ¢x = ¢ = 0.9. The simulated
operating conditions are summarised in Fig. 14.1.3.

Depending on the droplet size and velocity, two limiting cases were found in
Cases A and B. Firstly, for small or slow droplets, evaporation is fast enough to
make the effective equivalence ratio ¢, s, which is defined as the equivalence ratio of
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Figure 14.1.3: Operating conditions studied in [Shastry et al., 2020b]

the equivalent gaseous flame, is equal to the total equivalence ratio ¢;,;. The second
limiting case corresponds to larger or faster droplets, which do not evaporate fast
enough to feed the flame resulting in ¢.rr = ¢,.

In Case B a small secondary reaction zone is observed due to the high amount of
available fuel vapour, which reacts with the remaining oxygen from the lean primary
reaction zone. Moreover, because in this case ¢;,; = 1.3 and the effective equivalence
ratio ¢ess can reach stoichiometry, it is possible to find values of droplet size and
velocity giving a laminar flame speed higher than the purely gaseous laminar flame
speed at @z

From these observations, a correlation for the effective equivalence ratio ¢.r; was
obtained:

Wi

( oK >¢l+¢g (14.1)

SJet—Al

¢eff - Z (maﬂj(5%; 55}))

K

where 0? is the laminar flame thickness, 5% the evaporation thickness of compo-
nent K, sx the molar stoichiometric ratio of the component C and sj._ 41 the molar
stoichiometric ratio of the blend. The validity of the correlation was demonstrated
with a comparison with simulation results, presented in Fig. 14.1.4.

Case C, that was only piloted by evaporation, was found more complex and found
to fall out of the aforementioned correlation.



14.2. NUMERICAL SETUP FOR TWO-PHASE FLAMES WITH THE JETSCREEN FUELS217

1.6
— Q'D ==« W=== correlation u” = 1
o 0.35 4 ‘ . www Mle=r correlation ut =1 . | simulation 1* = 1
= " = simulation u* = 1 E P =] — = = correlation wt = 30
£ = - P, = .
i .53 4 § SO ——— - clorrelatlwon ut =30 -g 050 F \ '.'. o S[mulatlon T
o \ . o] simulation u* = 30 a AN Sra,
£ 05 S SLign e sy
m (514 » to E - -
= L a0 (] [ 8 .0
5 \ ., = K= ~ [
E ; .l.- ‘WeeaL,, 2 L ~ WL
mlll.)- 4 h..-]] R I I, E 051 N e
- B— —————— _E a & \ - -
— — —
A7 T T T T T T T T 0.47
il 1 20 11} 10 50 i) Tn il 90 - 80

0 020 30 4 W 60 T
Droplet diameter [pm]

a0
Droplet diameter [pim)]

(a) Two-phase flame speed of Jet-Al vs ini- (b) Two-phase flame speed of Jet-Al vs ini-
tial droplet diameter. Comparison between tial droplet diameter. Comparison between
simulations and correlations for Case A. simulations and correlations for Case B.

Figure 14.1.4: Single droplet of Jet-Al evaporation. d,, = 1000 pm at 300K in
quiescent air at 773 K. From [Shastry et al., 2020b]

14.2 Numerical setup for two-phase flames with
the JETSCREEN fuels

The computational domain consists in a 0.02 m long one-dimensional uniform carte-
sian grid containing 2000 elements. The cell size of Ax = 10 pm enables to sufficiently
resolve the flame front without thickening it. Indeed, as for all the studied flames the
gaseous laminar flame thickness is around 300 pm and because of the liquid phase,
the flames are always thicker. This ensures a minimum of 10 points in the thermal
flame thickness. The actual thickness of the flames will be later assessed.

For each of the fuels A1, B1 and C1, 2 droplet sizes will be considered : 20 pum
and 60 pm and no fuel vapor is injected (¢, = 0).

The droplets are injected with air at the same temperature of 300 K, ahead of
the flame at x=0.005 m. Downstream this point, the domain is initialised with air
at 2500 K to establish a flame. This initialisation ensures that a flame is created
once enough liquid fuel has evaporated. The inlet velocity is adapted jointly with
the droplet injection velocity ug = Ugropier in order to keep a null relative velocity
between the two phases. The total equivalence ratio is ¢;o; = ¢; = 1.

With the general formula of ne ppese denoting the number of moles of the element
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e in the specific phase (gas or liquid) written as :

N N,
~ Ne kM phase - Yk,phase
Ne phase = § T = Myphase § W, (142>
k k k k

where n.j is the number of element e in species k and my phese is the mass of
species k in the considered phase, one obtains :

. QTLC’gas -+ 0.5nH7gas

— 14.3

oM "0 (14.3)

& = NC liguid T U-9NH liquid (14.4)
No,gas

Because the liquid equivalence ratio ¢; depends on the gaseous density, values
higher than the targeted equivalence ratio can arise when droplets are present in a
zone where the gaseous density is lower than the fresh gas density. For that reason,
a normalised liquid equivalence ratio is preferred and is written as:

i = oL (14.5)

9,0

where p, is the gas density and pg( its inlet value.

The total equivalence ratio ¢y,; can be retrieved by:

(nC,gas + nC,liquid) + 0'5(nH,gas + nH,liquid)

No,gas

(14.6)

2
Cbtot = ¢g + Cbl =

The normalisation applied on ¢; is also applied on ¢, with ¢}, = ¢, + ¢;. For
the sake of simplicity, ¢; and ¢, will be referenced as ¢; and ¢, in the following.

For a stoichiometric mixture, the expected component mass fractions are reported
in the following table.
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Fuel | component name stoichiometric mass fraction
n-dodecane 45.54e~3

Al | methyl-cyclohexane | 8.75e~3
xylene 9.46e 3
iso-octane 3.37¢73

Bl | iso-dodecane 52.70e~3
iso-cetane 6.08¢ 3
decalin 37.38¢73

C1 iso-dodecane 12.81e73
methyl-naphthalene | 15.35¢ 73

Table 14.2.1: Mass fractions of the fuel components for blends mixed at stoichiometric
conditions with air.

14.3 Flame structure

The flames in the above conditions were found more difficult to stabilise than flames
with ¢, # 0, for which the laminar flame speed varies only slightly around the value
expected at ¢,. When ¢, = 0 evaporation may significantly modify the flame speed.

Note that because of the discretisation and the frequency of injection of the
particles, the profiles shown hereafter are not perfectly smooth.

14.3.1 A1l flame

For clarity the fuel species which are n-dodecane, methyl-cyclohexane and xylene,
are abbreviated as ncl2, mcyc and zyl respectively in the following figures, and are
represented by the same colours used in Chap. 12 for the different components classes
with n-dodecane in blue, and xylene in green.
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Case of 20 ym droplets

The spatial evolution of the gaseous and liquid equivalence ratio in Fig. 14.3.1 gives a
first indication on the droplet evaporation process. The droplets are first evaporating
slowly between their injection point at 5 mm and approximately 7.4 mm, before
rapidly reaching full evaporation at 9 mm. Note that the total equivalence ratio
does not stay constant at 1, and slightly decrease in the flame zone. This is due to
transport effects: because of droplet inertia, it does not accelerate as the gas through
the flame but with some delay. In addition, preferential diffusion effects may also
lead to variations of the equivalence ratio. These effects disappear in the burnt gas
where the equivalence ratio comes back to 1.

_— 1.0+ o=
1.0 1 == ¢
O Prot
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o 087 2
® s
8 0.6 g 06
c c
K <2
g g
504 5 0471
o o
w w
0271 0.2
001 0.0
0.000 0.005 0.010 0.015 0.020 7.0 75 8.0 85 9.0
x [m] x [m] %1073
(a) Full domain (b) Zone of interest

Figure 14.3.1: Spatial profile of the gaseous equivalence ratio ¢, (solid red line), the
liquid equivalence ratio ¢; (solid blue line) and the total equivalence ratio ¢, (black
circles) on (a) the full domain and (b) the zone of interest.

The first phase of evaporation corresponds to the cold reactant mixture feeding
the flame, where the low temperature leads to a very slow evaporation of the most
volatile species which are methyl-cyclohexane and xylene as seen in Fig. 14.3.2. In
this zone the combustion source terms are zero.

Figure 14.3.3 represents the liquid mass of each components in the domain. Before
the flame front, only a small amount of n-dodecane has evaporated whereas nearly
half of the initial methyl-cyclohexane mass has evaporated. However, this zone has
a negligible impact on the reaction zone as it only elevates the gaseous equivalence
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ratio to 0.1 which is not sufficient to allow sustainable combustion.

The reaction zone is shown in Fig. 14.3.4 with the species consumption rates
and the heat release rate. The methyl-cyclohexane which evaporates first, also burns
first, followed by xylene and finally n-dodecane, which stretches the reaction zone
toward the burnt gas side, under the effect of flow acceleration.

%1077 x10~?

Evaporation source term [kg.m™>.s—1]
N

Evaporation source term [kg.m3.s—1]
N

O L
0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200 7:0 7:5 8:0 8:5 910
x [m] x [m] %1073

(a) Full domain (b) Zone of interest

Figure 14.3.2: Spatial profile of the evaporation mass flow rate for each fuel species
n-dodecane, methyl-cyclohexane and xylene (respectively in blue, yellow and green)
on (a) the full domain and (b) the zone of interest for A1 with 20 pum droplets.

Figures 14.3.6 to 14.3.8 compare the normalised evaporation and consumption
rates for each species. For the most volatile species which are methyl-cyclohexane
and xylene, it exists a zone on the fresh mixture side where only evaporation occurs
and the fuel vapour is not consumed. This explains their peak mass fractions just
in front of the flame. Then in the flame and in the burnt gas, the vapour of the
two species is consumed as soon as it is produced and therefore keeps a negligible
mass fraction. On the contrary, n-dodecane vapour is produced slowly and is quickly
consumed. While being the major component of the fuel, n-dodecane mass fraction
in the gas stays therefore very small in comparison to the other two components.
N-dodecane is also the species feeding the trailing heat release zone located between
8 and 9 mm. Because if this slow evaporation, n-dodecane is not fully contributing
to the flame propagation.

Finally, the delay in the peaks between methyl-cyclohexane consumption rate
and heat release rate, represented by the vertical grey line in Fig. 14.3.7 is due
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Figure 14.3.3: Spatial profile of the fuel species mass fractions n-dodecane, methyl-
cyclohexane and xylene (respectively in blue, yellow and green) on (a) the full domain
and (b) the zone of interest for A1 with 20 ym droplets.
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Figure 14.3.4: Spatial profile of the fuel species consumption rates n-dodecane,
methyl-cyclohexane and xylene (respectively in blue, yellow and green) and the heat
release rate (black) on (a) the fuel domain and (b) the zone of interest for Al with
20 pm droplets.

to the endothermic pyrolysis phase of the fuel component which occurs before the
exothermic oxidation phase.
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Figure 14.3.5: Gaseous temperature (black) and mass of the liquid components; n-
dodecane, methyl-cyclohexane and xylene (respectively in blue, yellow and green) on
(a) the fuel domain and (b) the zone of interest for A1 with 20 pm droplets.
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Figure 14.3.6: Spatial profile of the normalised evaporation source term (blue) and
the normalised consumption rate (black) of n-dodecane on the zone of interest for
A1l with 20 pm droplets. The vertical grey line represents the position of the peak
heat release rate.

60 yum droplet

Overall, and according to Fig. 14.3.9, the 60 pym droplet flame appears as a widened
version of the previous flame, with an extended slow evaporation zone followed by
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Figure 14.3.7: Spatial profile of the normalised evaporation source term (yellow)
and the normalised consumption rate (black) of methyl-cyclohexane on the zone of
interest for A1 with 20 pym droplets. The vertical grey line represents the position
of the peak heat release rate.
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Figure 14.3.8: Spatial profile of the normalised evaporation source term (green) and
the normalised consumption rate (black) of xylene on the zone of interest for Al
with 20 pm droplets. The vertical grey line represents the position of the peak heat
release rate.

an also extended high evaporation and reactive zone between. The longer slow
evaporation zone is due to the difficulty of stabilising the flame at the exact same
location as the previous one. Nevertheless, the same gaseous equivalence ratio of
approximately 0.1 is reached at the end of this zone which makes the comparison of
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the downstream region valid.

The larger droplets lead to a slower evaporation and a longer evaporation zone.
Estimating this length by considering the position between 10% (to avoid considering
the slow evaporation zone) and 100% of the total mass evaporation, we obtain an
evaporation thickness of 1.73 mm for the 20 ym droplets and 4.62 pm for the 60 pm
droplets, which gives a ratio of 2.67 between the two cases.
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Figure 14.3.9: Spatial profile of the gaseous equivalence ratio ¢, (solid red line),
the liquid equivalence ratio ¢, (solid blue line) and the total equivalence ratio ¢y
(black circles) on (a) the full domain and (b) the zone of interest for A1 with 60 pm
droplets.

From Fig. 14.3.10, the staged evaporation seems slightly more pronounced but
keeps the same hierarchy than in the previous case, with methyl-cyclohexane and
xylene being responsible for the peak of heat release rate. The trailing heat release
zone is also longer due to the larger droplet size and slower evaporation of the n-
dodecane, also visible in Fig. 14.3.13. In terms of consumption rate, the methyl-
cyclohexane, in Fig. 14.3.15 behaves similarly to the 20 um droplets case with
only a slight shift of the evaporation peak toward the burnt gas side, due to slower
evaporation. Xylene and n-dodecane differ more strongly.Xylene, represented in
14.3.16 starts to be consumed sooner compared to its evaporation rate and subsists
further downstream of the flame front as the droplets survive longer beyond the flame
front.

That is also the case for n-dodecane, but here, the consumption rate represented
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Figure 14.3.10: Spatial profile of the evaporation mass flow rate for each fuel species
n-dodecane, methyl-cyclohexane and xylene (respectively in blue, yellow and green)
on (a) the full domain and (b) the zone of interest for A1 with 60 pm droplets..
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Figure 14.3.11: Spatial profile of the fuel species mass fractions n-dodecane, methyl-
cyclohexane and xylene (respectively in blue, yellow and green) on (a) the full domain
and (b) the zone of interest for A1 with 60 um droplets.

in Fig. 14.3.14 becomes locally stiff with important oscillations meaning that the
evaporated n-dodecane is consumed within one timestep via pyrolysis.

To summarize, similar conclusions can be drawn for both droplet sizes, larger
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Figure 14.3.12: Spatial profile of the fuel species consumption rates n-dodecane,
methyl-cyclohexane and xylene (respectively in blue, yellow and green) and the heat
release rate (black) on (a) the full domain and (b) the zone of interest for Al with
60 pum droplets.
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Figure 14.3.13: Gaseous temperature (black) and mass of the liquid components;
n-dodecane, methyl-cyclohexane and xylene (respectively in blue, yellow and green)
on (a) the fuel domain and (b) the zone of interest for A1 with 60 um droplets.

droplets only accentuating the effects of multi-component evaporation without mod-
ifying the qualitative behaviour of the flame. For that reason, only the 20 ym droplets
cases will be commented for the two other alternative fuels B1 and C1. The 60 pm
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Figure 14.3.14: Spatial profile of the normalised evaporation source term (blue) and
the normalised consumption rate (black) of n-dodecane on the zone of interest for
A1l with 60 pum droplets. The vertical grey line represents the position of the peak
heat release rate.
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Figure 14.3.15: Spatial profile of the normalised evaporation source term (yellow)
and the normalised consumption rate (black) of methyl-cyclohexane on the zone of
interest for A1 with 60 pum droplets. The vertical grey line represents the position
of the peak heat release rate.

droplets cases with B1 and C1 are displayed in Appendix E.



14.3. FLAME STRUCTURE 229

=
o

— Tyl

— il

< o o
S o) ®

o
[N

Normalised source term [kg.m—3.571]

o
o

0.012 0.013 0.014 0.015 0.016 0.017
x [m]

Figure 14.3.16: Spatial profile of the normalised evaporation source term (green)
and the normalised consumption rate (black) of xylene on the zone of interest for Al
with 60 pm droplets. The vertical grey line represents the position of the peak heat
release rate.

14.3.2 B1 flame

As for the previous section, the fuel species which are iso-octane, iso-dodecane and
iso-cetane, are abbreviated uc8, ic12 and icl6 respectively in the following figures.
As these species all belong to the same chemical class, iso-dodecane is represented
by the colour used in Chap. 12 for the iso-alkanes class i.e. red while

and iso-cetane in brown.

All components being iso-alkanes, the hierarchy of volatility in B1 is straight-
forward : the lighter the component, the more volatile. Iso-octane is then the first
component to evaporate but given that it only constitutes 5.36 % of the total fuel
mass, it features a low evaporation source term as represented in Fig. 14.3.17. Its
only presence does not seem to be enough to start combustion as its consumption
rate, represented on Fig. 14.3.19, peaks at the same location as the one of iso-
dodecane. Iso-dodecane being by far the major component of B1, it is obviously the
element driving the flame propagation with a consumption rate peaking right after
the peak evaporation as seen in Fig. 14.3.22.

Finally, iso-cetane evolution is quite different with a delayed evaporation. Be-
cause of this late evaporation occurring in a hot zone as seen in Fig. 14.3.20, the
evaporation rate, represented in 14.3.23 has an exponential-like evolution compared
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to the classical parabolic-like evolution with a consumption rate following the same
trend.
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Figure 14.3.17: Spatial profiles of the evaporation mass flow rate for each fuel species
iso-octane, iso-dodecane and iso-cetane (respectively in pink, red and maroon) on (a)
the full domain and (b) the zone of interest for B1 with 20 um droplets.
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Figure 14.3.18: Spatial profiles of the fuel species mass fractions iso-octane, iso-
dodecane and iso-cetane (respectively in pink, red and maroon) on (a) the full domain
and (b) the zone of interest for B1 with 20 pm droplets.

An evaporation thickness of 1.39 mm is obtained by using the same estimation
as for A1l. This flame is the shortest and this can be explained by the flame being
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Figure 14.3.19: Spatial profiles of the fuel species consumption rates iso-octane, iso-
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rate (black) on (a) the full domain and (b) the zone of interest for B1 with 20 pm

droplets.
x10~12
_25¢
¥ £2000
£ 201 : <
2 1500 5
Q. w— - Temperature T =1
£ 151 m—e 2
o S Mic12,lig aén).
g 10t ST 11000 2
s 3
; 051 kD
a 0.
= r500
0.01

0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200

x [m]

(a) Whole droplet life

Mass of liquid component [kg]

25
2000
2.0 1750
<
1
15 m—— Temperature 500 j;:
ikl 1250 §
—Mic12lig Q.
10 — Mg 11000 5
750 Com"
0.5
500
0.01:; ; 250
0.0080  0.0085  0.0090  0.0095  0.0100
x [m]

(b) Zone of interest

Figure 14.3.20: Gaseous temperature (black) and mass of the liquid components; iso-
octane, iso-dodecane and iso-cetane (respectively in pink, red and maroon) on (a)
the whole droplet lifespan and (b) the zone of interest for B1 with 20 pum droplets.

close to a mono-component surrogate considering the high amount of iso-dodecane.
[so-cetane in particular, despite not being volatile, evaporates rapidly because of the
heat generated by the iso-dodecane combustion. Iso-octane, given its low content in
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Figure 14.3.21: Spatial profiles of the normalised evaporation source term (pink) and
the normalised consumption rate (black) of iso-octane on the zone of interest for Bl
with 20 pm droplets. The vertical grey line represents the position of the peak heat
release rate.
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Figure 14.3.22: Spatial profile of the normalised evaporation source term (red) and
the normalised consumption rate (black) of iso-dodecane on the zone of interest for
B1 with 20 gm droplets. The vertical grey line represents the position of the peak
heat release rate.

the fuel, seems to have an overall small impact on the flame.
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Figure 14.3.23: Spatial profile of the normalised evaporation source term (maroon)
and the normalised consumption rate (black) of iso-cetane on the zone of interest for
B1 with 20 gm droplets. The vertical grey line represents the position of the peak
heat release rate.

14.3.3 C1 flame

Here, the fuel species which are decalin, iso-dodecane and methyl-naphthalene, are
abbreviated deca, ic12 and mnap respectively in the following figures. The species
are represented by the colour used in Chap. 12 with , iso-dodecane
in red and methyl-naphthalene in purple.

The important peak that can be observed on methyl-naphthalene around 12 mm
in Fig. 14.3.24 is actually the droplet reaching its boiling conditions leading to an
instantaneous evaporation of the remaining liquid. Again, a staged evaporation is
observed with iso-dodecane evaporating the earliest before the flame front, followed
by decalin and methyl-naphthalene after the primary reactive zone.

From Fig. 14.3.26, the decalin and iso-dodecane follow the same behaviour with
the differences between the two coming from their different mass content in the liquid
phase.

Before boiling, methyl-naphthalene behaves similarly to iso-cetane in B1 with an
exponential-like evolution of the evaporation source term due to its presence in hot
gases.
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Figure 14.3.24: Spatial profiles of the evaporation mass flow rate for each fuel species
decalin, iso-dodecane and methyl-naphthalene (respectively in yellow, red and pur-
ple) and the heat release rate (black) on (a) the full domain and (b) the zone of
interest for C1 with 20 pym droplets.

In this case, methyl-naphthalene is in high enough amount to induce a secondary
reaction zone around 15 mm differing from the previously observed trailing heat
release zone.
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Figure 14.3.25: Spatial profiles of the fuel species mass fractions decalin, iso-dodecane
and methyl-naphthalene (respectively in yellow, red and purple) on (a) the full do-
main and (b) the zone of interest for C1 with 20 pm droplets.
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Figure 14.3.26: Spatial profiles of the fuel species consumption rates decalin, iso-
dodecane and methyl-naphthalene (respectively in yellow, red and purple) and the

heat release rate (black) on (a) the full domain and (b) the zone of interest for C1
with 20 pm droplets.
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Figure 14.3.27: Gaseous temperature (black) and mass of the liquid components; de-
calin, iso-dodecane and methyl-naphthalene (respectively in yellow, red and purple)
on (a) the whole droplet lifespan and (b) the zone of interest for C1 with 20 pm
droplets.
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Figure 14.3.28: Spatial profiles of the normalised evaporation source term (yellow)
and the normalised consumption rate (black) of decalin on the zone of interest for
C1 with 20 pm droplets. The vertical grey line represents the position of the peak
heat release rate.
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Figure 14.3.29: Spatial profiles of the normalised evaporation source term (red) and
the normalised consumption rate (black) of iso-dodecane on the zone of interest for
C1 with 20 gm droplets. The vertical grey line represents the position of the peak
heat release rate.
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Figure 14.3.30: Spatial profiles of the normalised evaporation source term (purple)
and the normalised consumption rate (black) of methyl-naphthalene on the zone of
interest for C1 with 20 um droplets. The vertical grey line represents the position of
the peak heat release rate.
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14.4 Summary of the fuel effect on flames

For all cases, the evaporation process is fast enough to reach a stoichiometric equiv-
alence ratio by the end of the domain. However, it is seen that because of their
composition, the fuels do not exhibit the same flame structure, especially consider-
ing the consumption of each component.

An important advantage of ARC compared to global schemes is the presence of
a pyrolysis zone for all fuels that can be observed for example in Fig. 14.3.7, 14.3.21
and 14.3.28. The consumption peak happens before the heat release rate peak (grey
vertical line) meaning that these species are not directly responsible for the heat
release. Because this phenomenon is endothermic, it can lead to a negative heat
release rate in cases were more staging between pyrolysis and oxidation is present.

Computations are stabilised with inlet velocities, corresponding here to the actual
flame speed, as reported in Tab. 14.4.1.

From these values of flame speed, the same hierarchy as for the gaseous flames
(Section 12 Fig. 12.3.2) is found, with Al and B1 being very similar and C1 having
a lower reactivity.

To compare with, the values of laminar flame speed for fresh gases at 300K,
1 bar and stoichiometry are 0.366, 0.365 and 0.344 m.s~! for the A1, Bl and C1
respectively. Of course, these values are purely indicative as these fuels are not
gaseous at these conditions but they can serve as a good indicator of the differences
between the fuels.

The impact of droplet size differs between the fuels. More precisely, A1 and Bl
two-phase flame speed stay similar for both droplet sizes, with a 58% decrease from

20pm | 60pm
A1]0.31 |0.13
B1 031 |0.13
C1]0.28 |0.10

Table 14.4.1: Inlet velocity (in m.s™!') required to achieve a stabilised flame, giving
the actual flame speed for each fuel with either a 20 pm or 60 pum droplet.
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20pum | 60pm
Al | 0.653 | 0.470
B1 | 0.650 | 0.460
C1|0.628 | 0477

Table 14.4.2: Gaseous equivalence ratio at the peak value of heat release rate.

20 to 60 um droplets, whereas the two-phase flame speed of C1 decreases more, by
64% for the same droplet sizes. For purely gaseous flames, the difference between
A1l and C1 flame speeds is 6%; it increases to 9.7 % for 20 um droplets and finally
to 23 % in the 60 pum droplets case.

An important quantity for two-phase flames, which explains the difference in
flame speeds between gas or liquid fuel, is the "effective" equivalence ratio seen by
the flame, i.e., the true reactant mixture composition at the flame location [Rochette
et al., 2018]. Interestingly, the values of the gaseous equivalence ratio ¢, at the
peak value of heat release rate reported in Tab. 14.4.2 are consistent with the flame
speed difference between gas and liquid fuels. For the 20 um droplets for example,
C1 is observed to burn at a lower equivalence ratio than Al and Bl with a value
of 0.628, i.e., further away from stoichiometry, meaning a larger difference with the
stoichiometric gaseous flame speed. This effect is increased at 60 um droplet size,
with an even lower value of ¢, at the flame. The same happens to Al and B1 flames,
which however experience similar decreases of ¢, and therefore similar flame speeds in
all cases. Note however that at 60 pm droplet size, ¢, for C1 has less decreased than
for A1 and B1 while its flame speed has decreased more. This qualitative difference
shows that the actual composition at the flame location plays an important role.
The B1 fuel being constituted of only iso-alkanes which are very reactive, it keeps
burning fast at low equivalence ratio. The situation is more complex for A1l and
C1 combustion, driven by a competition between species with different levels of
volatility and reactivity. For example C1 is composed of decalin which is not very
reactive but volatile and iso-dodecane which is less volatile but more reactive. For
A1, this competition stands between methyl-cyclohexane and xylene on one side and
n-dodecane on the other side. This competition does not evolve the same for A1 and
C1 when increasing the droplet size leading to different evolutions of the flame speed
with the equivalence ratio at the flame front.

In terms of pollutant emissions, while again A1 and B1 present a similar behaviour
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concerning the CO and COy production, C1 exhibits a different trend.
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Figure 14.4.1: Mass fraction profiles of (a) CO and (b) CO4 for Al (blue), B1 (red)
and C1 (yellow) two-phase flames with 20 pum droplets. The x-coordinate has been
shifted for an easier comparison.
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Figure 14.4.2: Mass fraction profiles of (a) CO and (b) COs for A1 (blue), B1 (red)
and C1 (yellow) two-phase flames with 60 pum droplets. The x-coordinate has been
shifted for an easier comparison.

Fig. 14.4.1 and 14.4.2 present the evolution of CO and CO, for the 20 and 60
pm droplets respectively, and for the three fuels. The profiles are spatially shifted
to locate the peak heat release rate locations at the zero abscissa.



14.4. SUMMARY OF THE FUEL EFFECT ON FLAMES 241

The CO, profiles increase right after the flame front and tend towards a plateau
with a monotonous evolution. This increase is slower with larger droplets which tend
to thicken the reaction zone.

The CO profiles exhibit a more interesting shape with two distinct peaks. The
first peak, which is also observed in gaseous flames, happens at the flame front
location and corresponds to the production of this species by fast oxidation reactions.
Further downstream, a second peak appears for both droplet sizes before a decrease
towards equilibrium. For the 20 pm droplets, this second peak is about the magnitude
of the first one and close to the flame front. For all fuels in this case, similar peak
values are reached and differences appear in the post-flame near-equilibrium values.
In the 60 um droplets case differences are more pronounced with opposite hierarchies
in the two peaks: the first peak value for A1 is higher than for B1, itself higher than
for C1, with A1 and B1 being again closer, while the second peak value is highest for
C1. Differently from the 20 pum droplets, the second peak reaches higher values than
the first peak. From the reaction rates profiles in E, this production peaks result
from the H-abstraction from HCO happening downstream of the flame front.

Overall, the C1 fuel is expected to produce more CO and CO,y than the two
other fuels. While A1 is producing more CO5 than B1, the latter produces more CO.
This highlights the importance of fuel composition for pollutant emissions which may
differ event for two fuels having similar flame behaviours.

Concerning the sooting behaviour of the flames, a first evaluation is made here
with acetylene (CoHs) which is a major soot precursor. Although not used as a
target for the chemistry reduction, acetylene is present in all mechanisms and can
be analysed to give a first glance at the soot emissions of these fuels.

Figure 14.4.3 shows that acetylene is produced in the pyrolysis zone of the flame
ahead of the flame front and is still produced behind in lower quantities. Larger
levels are obtained for the 20 ym droplet cases compared to the 60 pm droplet cases.
In the first case, all fuels lead to similar profiles with only a difference with C1 in the
trailing, slightly higher in acethlene concentration. In the cases of 60 pum droplets,
the mass fraction profiles differ more in the peak values: the Al peak is higher than
the C1 peak, and both are higher than the B1 peak, which has a relatively low value.
In the burnt gases, acetylene stabilises at the same level for all fuels.

Integrating the mass fractions profiles over the spatial domain gives the values
reported in 14.4.3.
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20pum 60um

Al | 1.591e — 07 | 1.119e — 07
B1 | 1.298¢ — 07 | 0.584e — 07
C1 | 1.735e — 07 | 1.126e — 07

Table 14.4.3: Total mass fraction of acetylene (spatial integral of (CoHs) profiles)

For both droplet sizes, the acetylene integral of B1 is significantly lower than the
ones of Al and C1, with this difference increasing with the droplet size (from 18%
to 48% difference with Al).

C1 acetylene integral is higher than A1 despite the higher A1 peak value. How-
ever, the difference between the two values decreases with the droplet size (9% to
0.6% ), contrary to what was obtained for B1.

The present surrogate formulations transcribe well the literature correlation be-
tween the soot precursors and the aromatic content of the fuels. Indeed B1 which
does not contain any aromatic species produces the lowest amount of acetylene. Con-
versely C1 producing a larger amount of soot precursors is an expected behaviour
from its high aromatic content. The soot emissions and the correct prediction of
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their behaviour was not targeted for the present chemistry reduction. This led
several species known as soot precursors (products from the fuel pyrolysis) to be
considered in Quasi-Steady State, disabling the possibility to study their evolution.
In future work, the reduction should take into account all major soot precursors,
possibly including Poly-Aromatic Hydrocarbons (PAH), to allow a detailed study of
soot production.

14.5 Conclusion and Perspectives

The multi-component approach chosen in this work enables to capture the different
behaviours in terms of evaporation and subsequently flame structure resulting from
the composition disparities in the fuels.

While having very similar overall features, the A1l and B1 fuels exhibit differ-
ences in the staging of their combustion. While their major components n-dodecane
and iso-dodecane are chemically different in terms of reactivity with iso-dodecane
being more reactive, the early evaporation of methyl-cyclohexane and xylene leads
to reactions happening earlier thus compensating this lack of reactivity.

Similarities are also found between B1 and C1 regarding their less volatile com-
ponent, iso-cetane and methyl-naphtalene respectively, with a specific evaporation
regime due to their presence in the liquid phase far inside the burnt gases.

This work paves the way for future studies regarding the specificities of fuels in
terms of pollutant emissions. Although straightforward conclusions can already be
drawn, such as the higher soot production by C1 combustion due to its high aromatic
content, the accurate prediction of he fuel effect on pollutant emissions require an
adequate chemistry description. Specific ARCs must then be constructed with these
specific targets.

The outcome of the study presented in this chapter has allowed to initiate further
work on the stability of spray flames, carried out in 3D configurations in the PhD
projects of Jonathan Wirtz and Varun Shastry at CERFACS. [Komaraek et al.,
2020, Ruoff et al., 2020, Voivenel et al., 2020].
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Chapter 15

Conclusions and Perspectives

The main objective of this PhD thesis was to improve the generation methodology
of Analytically Reduced Chemistry (ARC). This was done with the creation of the
reduction code ARCANE tailored to minimise the required user expertise in chemical
kinetics and their reduction and to ensure a virtually unlimited range of applications.
This code has become a generic tool at CERFACS where more and more Large Eddy
Simulations (LES) use detailed chemistries with very specific conditions. Industry
has growing interest in more precise chemical kinetics description that suit their
needs and ARCANE has been able to help in several projects and collaborations.
It was used in published work for the reduction of methane/oxygen combustion in
cryogenic conditions [Blanchard et al., 2021], n-heptane spray flames [Wirtz et al.,
2020], diluted methane/air flames [Jiang et al., 2021], premixed methane/air flames
with separated hydrogen injection [Laera et al., 2020] and also in unpublished work
for various liquid fuels with either NO, emissions, soot precursors predictions or
ammonia combustion. The code also integrates several chemical analysis tools, from
chemical time scales to more thorough analyses of the reactions at each position/time
of canonical cases.

To demonstrate the added value of such semi-detailed description of combustion
chemistry, the reduction methodology was applied to two cases where it is of particu-
lar interest. The first case is the 3D LES of a confined swirled premixed combustion
chamber burning hydrogen-enriched methane with air. The reduction performed for
that case proved the robustness and strength of the ARC methodology, which allowed
to reduce to a single mechanism the combustion chemistry of both methane and hy-

245
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drogen, and of their blends while targeting methane combustion only. This was
shown to be valid for the basic combustion features, the NO, emissions and the OH*
emissions. The LES results showed a good agreement with experiment, retrieving
the transition from a V-shaped flame to an M-Shaped flame when raising the hydro-
gen content from 60% to 90% in volume. Comparing the fields of heat release rate
and OH*, questions are raised about the adequacy between OH-chemiluminescence
images and numerical quantities available from the simulations. Indeed, the correla-
tion with the numerical heat release rate is not clear and the OH* field seems more
appropriate. Predictions of NO, emissions have also been performed showing that
for a 60% content, NO is produce by three mechanisms (thermal, prompt and NO)
while only the thermal route remains with a higher enrichment level. Proper quan-
tification of this NO production should be performed in order to accurately identify
the benefits of the enrichment in that case in terms of NO,,.

The methodology was then applied on 3 aviation fuels represented by 3-
component surrogates. These fuels were the standard Jet-Al labelled Al, a
Sustainable Aviation Fuel (SAF), the ATJ-SPK, labelled B1 and a high aromatic
content fuel labelled C1. For each fuel, an ARC has been derived with a sufficient
reduction allowing a reasonable cost in the CFD code. Such reduction was not
previously accessible with previous reduction codes. The 3 ARCs were successfully
integrated within the code AVBP and their differences were assessed on one-
dimensional spray flames. For all fuels, the flame structure was found to be driven
by the most volatile species showing the importance of differential evaporation in
the behaviour of spray flames. The Al and B1 fuels were shown to be very similar
both in gaseous and spray flames despite their differences in composition. The C1 is
shown to be less reactive than the other two while producing more CO and CO, as
pollutants. A first look at soot precursors suggest that Bl is less likely to produce
soot than Al itself less likely than C1. However, a reduction targeting the relevant
soot production pathways should be done in order to properly compare the sooting
potential of each fuel and go one step further in their characterisation.

Future work will use these mechanisms in ignition conditions to identify differ-
ences in their ignition capabilities in 0D canonical configurations as well as 3D LES.

ARCANE and its framework have been written in an objective of easily incorpo-
rating more and more methods to make it a powerful tool for the study and generation
of chemical kinetics mechanisms.

The pyrolysis lumping from [Heberle and Pepiot, 2020b] is currently being inte-
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grated within ARCANE in order to be able to reduce heavy fuels kinetics in a similar
way of HyChem but using numerical data and the capabilities of the codes. This
methodology will be particularly interesting to further reduce the numerical cost of
such kinetic mechanisms and assess the limits of the underlying hypothesis.

The 1D spray flames will also be of particular interest as reference reduction
cases. Coupled with a solver reproducing these simple spray flames with detailed
chemistry, ARCANE will be able to use these flames as reference and produce a re-
duced mechanism tailored for spray flames. Such reduction could show if a reduction
on gaseous flames only is accurate enough to capture spray flames complexity.

For industrial consideration, ARC is still expensive and a automatic generation
methodology of global mechanisms has also been included in the code. The global
mechanisms are optimised to fit the detailed mechanism data with the same versa-
tility as the ARC reduction.

The present work will hopefully increase the use of ARC for the studies to come
taking away the struggle of properly reducing a mechanism that is both computer
efficient and accurate. The study of complex fuels with more than one components
being set to be more and more common, this work highlights several of their speci-
ficities and may serve as a stepping stone for future works.
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Appendix A

ARCANE demo file
basic/interface.py

# Import statements

import ARCANE.cases as cases

import ARCANE.mechanisms as mechanisms
import ARCANE.graphs as graphs

# o #
# User-defined variables
# - #

# cti file containing initial mechanism
cti = "cti/gri30.cti"

# Create ARCANE mechanism imstance
# This object is an enhanced Cantera Solution object carrying useful information
current_mechanism = mechanisms.Mechanism(cti, name='GRI-Mech30')

# Initialize folders

Where to store generated cti files (mechanism database)

Creates the mechanisms directory(default is 'mechs')

If the initialization is not written, default directory will be initialized
mechanisms. init_mechanism_database (mechdir="mechs_demo")

H OB R R

H*

Where to store all simulation results (case database)
# Creates the cases directory(default is 'cases')
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# If the initialization is not written, default directory will be initialized
# cases.init_case_database(casedir="cases_demo")

# Fuel composition
fuel = "X/CH4/1"

# Air composition
air = "X/02/1/N2/3.76"

# Definition of cases

# List in which the different cases will be stored
cases_list = []

# Case selection: "ODIsochoric", "ODIsobaric", "1DPremixzed", "1DCounterFlow",
# "1DFlamelet"”, "1DBurner", "Custom" or "all"
run_reactor = "all"
# Zero-dimenstional isochoric reactor
if run_reactor in ["ODIsochoric", "all"]:
# Thermodynamic ranges
temperature_range = "1000/1600/100" # = [1000, 1100, 1200, 1300, 1400, 1500, 1600]
pressure_range = "le5-2e5-5e5" # = [1e5, 2eb, 5e5]
phi_range = "1" # = [1]

# Creation of the cases

cases_list.extend(cases.create_case(reactor="0DIsochoric", # Type of reactor
mechanism=current_mechanism, # Mechanism object
fuel=fuel, # Fuel composition
oxidizer=air, # Oridizer compostition
pressure=pressure_range, # Initial pressure
temperature=temperature_range, # Initial temperature
phi=phi_range)) # Equivalence ratio

# Zero-dimensional tsobaric reactor
if run_reactor in ["ODIsobaric", "all"]:
# Thermodynamic Tanges

temperature_range = 1000
pressure_range = leb



275

phi_range = 1

# Here the composition is spectified in mass due to the "Y" keyword at the beginning
composition = "Y/CH4/0.5/02/2/N2/6.58"

# Creation of the cases

cases_list.extend(cases.create_case(reactor="0DIsobaric",
mechanism=current_mechanism,
fuel=fuel,
oxidizer=air,
pressure=pressure_range,
temperature=temperature_range,
composition=composition))

# One-dimensional freely propagating premixzed flame
if run_reactor in ["1DPremixed", "all"]:

# Thermodynamic ranges
temperature_range = 300
pressure_range = "leb5-2e5-5e5"
phi_range = 1

cases_list.extend(cases.create_case(reactor="1DPremixed",
mechanism=current_mechanism,
fuel=fuel,
oxidizer=air,
pressure=pressure_range,
temperature=temperature_range,
phi=phi_range))

# One-dimensional counter—flow diffusion flame
if run_reactor in ["1DCounterFlow", "all"]:

# Thermodynamic ranges
fuel_temperature_range = 1000
fuel_velocity_range = "50-100"
oxidizer_temperature_range = 1000
oxidizer_velocity_range = 50
pressure_range = 10eb

oxidizer = "X/02/1"

cases_list.extend(cases.create_case(reactor="1DCounterFlow",
mechanism=current_mechanism,
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pressure=pressure_range,

fuel=fuel,
fuel_temperature=fuel_temperature_range,
oxidizer=oxidizer,
oxidizer_temperature=oxidizer_temperature_range,
fuel_velocity=fuel_velocity_range,
oxidizer_velocity=oxidizer_velocity_range,
width=1))

# One-dimenstonal counter-flow diffusion flame in mizture fraction space (flamelet)
if run_reactor in ["1DFlamelet", "all"]:

# Thermodynamic ranges
fuel_temperature_range = 300
oxidizer_temperature_range = 300
pressure_range = leb
scalar_dissipation_rate_range = "1-10-50"

oxidizer = "X/02/1"

cases_list.extend(cases.create_case(reactor="1DFlamelet",
mechanism=current_mechanism,
fuel=fuel,
oxidizer=oxidizer,
pressure=pressure_range,
fuel_temperature=fuel_temperature_range,
oxidizer_temperature=oxidizer_temperature_range,
scalar_dissipation_rate=scalar_dissipation_rate_range))

# One-dimensional burner flame
if run_reactor in ["1DBurner", "all"]:

# Thermodynamic ranges
temperature_range = 300
pressure_range = 1.0125e5
phi_range = 1
velocity_range = "0.1-0.15"

cases_list.extend(cases.create_case(reactor="1DBurner",
mechanism=current_mechanism,
fuel=fuel,
oxidizer=air,
phi=phi_range,
pressure=pressure_range,
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temperature=temperature_range,
velocity=velocity_range)) # or mass_flow_rate

# Case computed from an outside function

if run_reactor in ["Custom", "all"]:

# Definition of your function
temperature, pressure and composition are mandatory arguments
def equilibrate(mechanism, temperature, composition, pressure, Tmax, step):

# mechanism,

import numpy as np

ctmech = mechanism.ctmech

Temps =

list(range(int (temperature), Tmax, step))

ctmech.TPX = temperature, pressure, composition

x_store
T_store
P_store

= np.
= np.

Y _store =

np

zeros(len(Temps), 'd')

.zeros(len(Temps), 'd')

zeros(len(Temps), 'd')

.zeros([len(Temps), ctmech.n_species], 'd')

for index, T in enumerate(Temps) :
ctmech.TP = T, pressure
ctmech.equilibrate('TP')
x_store[index] = index

T_store[index]

T

P_store[index] = pressure
Y_store[index, :] = ctmech.Y

B
# Thts is the data format you meed to give to ARCANE #
B e

# Corresponding data
HHARRAHRA U AR RAU R AR RAURABRRR AR AR RS
# grid, T, P, Y are mandatory

data =

[x_store, T_store, P_store]

for i in range(len(Y_store[0, :1)):
data.append(Y_storel[:, i])
HARBARBAR AR ARAABARRAR AR B AR AARARHA

# grid, T, P, Y are mandatory

data_names

['Grid', 'Temperature', 'Pressure']

for spec_name in ctmech.species_names:
data_names.append (spec_name)
HAAARRBAARBAARRRAARBAARBRARRBARRRH
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return data, data_names
B B B B e B B e

# Here create your case with all the parameters you need,

# Thetr names must match what you wrote in the function

cases_list.extend(cases.create_case(reactor="Custom",
mechanism=current_mechanism,
# This ts your actual function (mandatory)
function=equilibrate,
temperature=300,
pressure="1e5-2e5",
composition='X/CH4/50/02/50",
Tmax=3000,
step=100))

# Run simulations
cases.run_cases(cases_list, current_mechanism, overwrite=True)



Appendix B

ARCANE demo file basic/error.py

# Import statements

import ARCANE.cases as cases

import ARCANE.mechanisms as mechanisms
import ARCANE.error as error

B #
# User-defined variables
#ommmm #

# cti file containing inttial mechanism
cti_old = "cti/gri2ll.cti"

# cti file containing initial mechanism
cti_new = "cti/gri30.cti"

# Air composition
air = "X/02/0.21/N2/0.79"

# Create ARCANE mechantism instance
0ld_mechanism = mechanisms.Mechanism(cti_old, name='GRI-Mech211')

# Fuel composition
fuel = "X/CH4/1"

def rho_final(case, mechanism):
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def

APPENDIX B. ARCANE DEMO FILE BASIC/ERROR.PY

nmnn

:param case:
:param mechanism:

creturn:
mnn

data = case.extract_profile(mechanism)
names_dict = case.names_dictionary(mechanism)

value = datal[-1, names_dict['Density']]

return value

rho_min(case, mechanism):
mnnn

:param case:
:param mechanism:

creturn:
mnnn

data = case.extract_profile(mechanism)
names_dict = case.names_dictionary(mechanism)

value = min(datal:, names_dict['Density']])

return value

# Definition of cases
caselist = []
caselist.extend(cases.create_case(reactor="0DIsochoric",

mechanism=old_mechanism,
fuel=fuel,
oxidizer=air,
pressure="1e5",
temperature="1000",
phi="1",
error_dict={'tig': 1,

'hr max': 13}))

caselist.extend(cases.create_case(reactor="0DIsochoric",

mechanism=o0ld_mechanism,
fuel=fuel,
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oxidizer=air,
pressure="1e5",
temperature="1600",
phi="1" R
error_dict={'tig': 1,
'HR max': 1,
'NO end': 13}))

caselist.extend(cases.create_case(reactor="1DPremixed",
mechanism=o0ld_mechanism,
fuel=fuel,
oxidizer=air,
pressure="1e5",
temperature="300",
phi="0.6-1-1.6",
error_dict={'S1': 1,
'u end': 1,
'temperature end': 1,
'Thickness': 1,
rho_final: 1,
rho_min: 13}))

Possibilities for the error are :

Temperature

Pressure

Heat Release rate
Thickness

Velocity

Species mass fractions

with and associated method : init, end, min, maz, mean, int (for integral)
and dist (distance between the curves)

Plus scalars quantities
Auto-ignition delay time
Laminar flame speed

You can also use a function as a key;
Thts function must return a scalar value and take case and mechanism as arguments

O OB OO R R R RO OH W™ W™ ™R RR

# Run simulations
cases.run_cases(caselist, old_mechanism)

# Create reference custom mechanism instance
new_mechanism = mechanisms.Mechanism(cti_new, name='GRI-Mech30')
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# Run simulations with custom kinetics
cases.run_cases(caselist, new_mechanism)

# display errors corresponding to error_dict
for case in caselist:
error.case_error(case, old_mechanism, mechanism=new_mechanism)

# Computing a specific error
error_hr_int = error.compute_error('HR integral', caselist[2],
old_mechanism, case=caselist[4])

print ('\nRelative difference of integral heat release rate between lean and rich flame:')
print(error_hr_int[0], '(with values of the integral respectively',
error_hr_int[1], 'and', error_hr_int[2], ')")



Appendix C

Further validation of the
Cazeres27 mechanism

Validation of the Cazeéres27 reduced mechanism on a lean (0.6) (Fig.C.0.1) and rich
(1.4) mixture (Fig. C.0.1).

The mechanism can also be validated on maximum values of the species of interest
NO, NOy and OH* as well as CO, and CO.
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Figure C.0.1: Validation of the reduced mechanism for a range of hydrogen
enrichment of methane laminar premixed flames with Tj,.; = 300 K and 1
bar at ¢ = 0.6. The black solid line stand for the detailed mechanism
(POLIMI_C1C3_ NOx_Chemlum) and red circles stand for the reduced mechanism
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(POLIMI_C1C3_NOx_Chemlum) and red circles stand for the reduced mechanism
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Figure C.0.4: Validation of the reduced mechanism for a range of hydrogen enrich-
ment of methane laminar premixed flames with 7T},,;,.; = 300 K and 1 bar at ¢ = 1. The
black solid line stand for the detailed mechanism (POLIMI_C1C3_NOx_ Chemlum)
and red circles stand for the reduced mechanism (Cazéres27)



288APPENDIX C. FURTHER VALIDATION OF THE CAZERES27 MECHANISM

x10~5 x10~6
000 17570
_ o Q0o — Oogp
E 8t E 1.50
g § 125
< 6t %
4 £ 1.00
I €
o 8 075
= 41 S
£
: g 0.50
321 % 0.25
= >
. . . . . . 0001 . . . . .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Fuel composition X, [-] Fuel composition Xp, [-]
(a) Maximum NO mass fraction (b) Maximum NOy mass fraction
x10~10
8f 008
5 5
867 $ 006
i g
£ €
. 41 o 0.04
T )
2 3
R .g 0.02
5 =
: !
oL@ ; . . . ; 0.001 . . . . .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Fuel composition X [-] Fuel composition X, [-]
(¢) Maximum OH* mass fraction (d) Maximum CO mass fraction
0.08 1
=
o
5 0.061
@
P
@
E 0041
(o]
o
o
£
g 0.021
5
s
0.001 . . . . .
0.0 0.2 0.4 0.6 0.8 1.0

Fuel composition X [-]

(e) Maximum COg mass fraction
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Appendix D

Full paper: Numerical study of
multicomponent spray flame
propagation

Introduction

Spray formation and combustion have been extensively studied due to the wide rang-
ing applications in propulsion and power generation[Sirignano, 2010]. The various
mechanisms involved, occurring at different length and time scales lead to a very
complex combustion process with multiple flame structures and combustion regimes
[Sénchez et al., 2015]. Large Eddy Simulations (LES) coupled with detailed chem-
istry descriptions have been recently performed to get an insight into these highly
coupled systems. However a single component representation of the liquid fuel has
been mostly utilised [Felden et al., 2018b, Giusti and Mastorakos, 2017, Noh et al.,
2018].

Real fuels used in these combustion systems contain a large number of compo-
nents belonging to a range of hydrocarbon families. Differences in their volatilities
cause a spatio-temporal variation of the reactive gas phase mixture as the spray
evolves. Additionally, preferential evaporation significantly affects the mixture reac-
tivity specially when vaporisation and autoignition time-scales are comparable and
in the presence of turbulent structures [Stagni et al., 2017, Govindaraju et al., 2019].
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To address these, a detailed study of multicomponent spray flame structure and
propagation is thus necessary in understanding turbulent combustion of fuel blends
and developing corresponding models in addition to the existing LES studies [Eckel
et al., 2019].

To the authors knowledge, little literature exists on multicomponent laminar
spray flames and the parameters influencing it. The one dimensional laminar pre-
mixed spray flame configuration using a single component fuel has been studied to
understand the main propagation mechanisms. For lean and stoichiometric mix-
tures, [Ballal and Lefebvre, 1981] experimentally showed that compared to a gaseous
premixed laminar flame at the same overall equivalence ratio, increasing droplet di-
ameter reduces the laminar spray flame speed. This is due to the vapourisation of
smaller droplets before reaching the flamefront, which increases the equivalence ratio
seen by the flame. For rich mixtures, [Hayashi et al., 1977] observed an enhanced
flame speed over a specific range of droplet diameters. Here the partial evapora-
tion causes the mixture to burn at stoichiometric conditions enhancing the flame
speed. Based on detailed chemistry simulations, [Neophytou and Mastorakos, 2009]
marginally correlated the laminar spray flame speed trends with an effective equiv-
alence ratio ¢.ss seen by the flame. All of these studies were performed for zero
relative velocity between the liquid and the gas phases. However recently, [Rochette
et al., 2019] performed one dimensional n-heptane laminar spray flame simulations
using a two-step chemistry and showed that the relative velocity between the liquid
phase and the carrier gas phase also has significant impact on ¢.ss and hence the
propagation speed. They also derived correlations for the estimation of ¢.f¢ and the
laminar spray flame speed as a function of the spray parameters.

This work aims to analyse the effect of a multicomponent fuel on spray flames,
including evaporation and chemistry effects. It is the first attempt to include both
Analytically Reduced Chemistry (ARC) and multicomponent evaporation in one di-
mensional numerical simulations to understand the effect of various spray parameters
(diameter, liquid loading, relative velocity and equivalence ratio) on the structure
and propagation of a multicomponent spray flame.
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Numerical setup

Computations are performed using the CFD code AVBP with a Lagrangian point par-
ticle formulation to represent the spray. Source terms for transfer of mass, momentum
and energy from the liquid to gaseous phase are distributed to the closest nodes in
the Eulerian gas phase in a two-way coupling approach (http://cerfacs.fr/avbp7x/).

Chemical Mechanism

In this work, the surrogate for Jet-A proposed by [Narayanaswamy et al.,
2016a] is reduced. The three components of the surrogate are n-dodecane
(NDC), methyl-cyclohexane (MCH) and a xylene (XYL) species that represents
the three possible isomers (ortho-, para- and meta-xylene). The mole frac-
tions of each component in the fuel are Xypec = 0451, Xycng = 0.268 and
Xxyr = 0.281. The detailed mechanism with 230 species and 4868 reversible
reactions of [Ranzi et al., 2012b] has been reduced with the reduction code AR-
CANE (https://chemistry.cerfacs.fr/en/arcane/) based on YARC [Pepiot, 2008].
The resulting mechanism, JetA__3Comp_45_686_16__QC, comprising of 45
transported species, 16 Quasi-Steady State species and 686 irreversible reactions is
provided in the supplementary material. The JetA_3Comp_ 45 686_16_QC
scheme for the surrogate is in very good agreement with the detailed mechanism for
premixed flames on the whole equivalence ratio range at 400 K and 1bar as shown
in Fig. D.0.1.

Droplet Evaporation Model

The droplet evaporation is modelled using a quasi steady state assumption. It was
shown in [Rauch et al., 2012] that including the liquid phase diffusion did not lead
to significant difference of the evaporation rate in comparison with infinite liquid
diffusivity (as used here). Time scales for droplet heating (7jeq;) and mass diffusion
inside the liquid (74s) for a droplet of radius R are:

R? R?
Theat = 0] <@liq> ; Tdiff = 0) (Dliq> (Dl)
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Figure D.0.1: Laminar flame speed for gaseous mixture of Jet-A surrogate/Air at
400K and 1 bar

where oy, and Dy, are the thermal and mass diffusivity in the liquid phase. For
small droplets of diameter less than 100pm, Theat, Taiff <K Tew (evaporation timescale).
Detailed description of the evaporation model can be found in earlier studies [Ro-
chette et al., 2019, Felden et al., 2018b]. The multicomponent extension is discussed
here. The Spalding mass transfer number Bj; and the fraction of vapour € for an
individual component i are calculated as [Sirignano, 2010]:

. Zi:l surf Zi:l Yoo 7 Yoo
o k i T d_ Vi
1- i=1 * surf € surf

By (D.2)

where Y? is the mass fraction of the individual component i and the subscripts
surf and oo denote the droplet surface and far-field locations respectively. Only
the components present in the liquid phase are considered in Eq. D.2. Vapour liquid
equilibrium Eq. D.3 is used to obtain the mole fractions of the fuel components at the
droplet surface (X s,r) using the liquid mole fractions (X; ) and the vapour pres-
sure (Psqi(T)) of the different components. Calculating the surface mass fractions
Vi, to be used in Eq. D.2 is then straightforward.

sur

X’i,surfpgas = Xi,liqpsat,i (DB)

Using the above equations, the evaporation rate m; of an individual component can
be calculated using the total evaporation rate of the droplet 72, and the fraction of
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vapour €; as:

k
iy, = €', with > ¢ =1 (D.4)
i=1
The evaporation model is validated against experiments in Fig. D.0.2 showing the
evolution of Normalised Diameter (ND) and temperature for a single evaporating
droplet. After an initial heating phase, the droplet surface area reduces linearly fol-
lowing the D?, agreeing well with the experimental data of [Javed et al., 2013]. The
highly volatile MCH dominates the composition initially. As MCH and XYL com-
pletely evaporate, the liquid and vapour composition in the latter part is composed
of only NDC.

Configuration

The one-dimensional domain shown in Fig. D.0.3 is 0.02m long and is discretised
using 500 equally spaced elements. To avoid the influence of droplet residence time
and to better control of the liquid and gaseous fluxes into the reaction zone, fuel
droplets are injected just in front of the flame. Interaction of the fuel droplets and
the premixed flame causes a change in flame speed and position. The inlet velocity
(uy) must be adjusted to a new value of the two-phase laminar flame speed Sy, to
stabilize the flame. The simulated cases are summarised in Tab. D.0.1 . Cases A and
B represent overall lean and rich cases. Case C is overall lean and only liquid fuel is
provided to the flame. These cover a wide range of typical burning regimes observed
in real combustors where preferential concentration may lead to a variety of both
local liquid loadings and gaseous equivalence ratios with varying relative velocities
between the two phases. Total equivalence ratio describes the overall fuel (gaseous
and liquid)-to-oxidizer ratio, hence is represented as the sum of gaseous and liquid
equivalence ratios (Prot = Pgas + Pliq)-

Inlet gas temperature is 400K and droplets are injected at 300K. The flame
speeds and structures are computed over a range of droplet diameters ranging from
d,, = dpm to 80pum. For a given droplet diameter, the number of injected droplets is
adjusted to fulfil the targeted equivalence ratio. Under saturated conditions and in
flame regions it is possible to encounter isolated droplet combustion. The diameter
of flame (dy) around a droplet of size (d,) can be calculated as dy ~ 12d,, [Sirignano,
2010]. Droplets are injected such that the inter-droplet distance S < d; and the
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isolated burning regime is not activated. The relative velocity between the phases

is taken into account by introducing a velocity ratio u* = w;,/ugqs [Rochette et al.,
2019].

Case name ¢ Dgasliq u* dy, (m)
A 0.9 %;q _ (?f 1,30  5-80
B 1.3 ﬁ;;q _ 858 1,30 580
C 0.9 iglq _ 88 1,30  5-80

Table D.0.1: Conditions of simulated cases
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Results

Multicomponent spray flame structure

Flame structures for the cases in Tab. D.0.1 are compared for d,, = 20um, u* =1
and 30. The heat release (HR) profiles are plotted with the evaporation source terms
(I'r) and the volumetric consumption (—wg) speed of the components. Droplets
injected just before the flamefront begin to release vapour in the reacting zone and
the evaporation zone extends beyond the main flame region.

In Fig. D.0.4 for Case A and v* = 1 MCH is shown to evaporate completely in the
main flame region followed by XYL and finally NDC. The preferential evaporation
of MCH and its complete consumption within the main premixed flame zone shown
in Fig. D.0.4b causes a slight increase in ¢.;; compared to ¢4s. As the droplets
move through the main flamefront gradually they contain only XYL and NDC, and
finally only NDC, whose evaporation rate reaches a maximum in the post-flame high
temperature region. Due to the lower volatility and longer evaporation distance of
NDC, a secondary consumption zone with very low but non-zero reaction rates exists
as seen in Fig. D.0.4c.

Increasing the droplet velocity so that u* = 30 shifts the evaporation zone behind
the main flamefront as shown in Fig. D.0.5. The dominant flame structure is that
of the premixed gaseous flame at ¢4qs = 0.8 and the contribution of the liquid phase
towards ¢,y is negligible. An extended secondary combustion zone behind the main
reaction zone exists where the evaporating droplets react with the excess oxygen.
This zone for NDC is shown in Fig. D.0.5b, and similar ones for MCH and XYL are
observed (not shown).

In Case A two limiting regimes may be encountered. The first corresponds to
droplets small or slow enough to evaporate completely in the main reaction zone
leading to ¢efr = Pror While in the second limit large or fast droplets contribute very
little to the flame propagation and ¢cff = @gqs. As the flame is overall lean, this leads
to the spray flame speed limits for Case A to lie between Sp, s < Sp;p <SL oror -

The spatial profiles of HR, I'r and —wp for Case B are shown in Fig. D.0.6 and
Fig. D.0.7. The evaporation trends are very similar to Case A, however due to the
high liquid loading the amount of vapour released is significantly higher. For the
condition u* = 1 the evaporation and consumption profiles of MCH (not shown)
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are similar to that observed in Fig. D.0.4b. NDC shows a strong and prominent
secondary reaction zone behind the main premixed flamefront where the remaining
oxidiser is consumed in long droplet burning regime highlighted in Fig. D.0.6b. As
in Case A, this secondary reaction zone does not affect the propagation speed but
contributes towards the overall heat release.

For u* = 30, a distinct secondary reaction zone away from the premixed flame-
front is observed for NDC. Since the main premixed flame is lean with ¢g,s = 0.8,
the remaining oxidiser is consumed as the evaporation progresses. Multiple reaction
pathways are possible for the consumption of fuel components due to the ARC mech-
anism used. Some vapour released in this region also undergoes pyrolysis producing
new smaller fuel species which diffuse back to burn with oxygen. This complex dif-
fusion flame structure is illustrated with two components formed by NDC pyrolysis
(Hs, CyH,) having a slope of opposite sign compared to the oxygen (Os) profile,
shown in Fig. D.0.7b. Burnt gas composition contains the standard combustion
products COy, H0O, CO together with smaller components.

As in Case A, the upper and lower limits of ¢ s for Case B are ¢y, (fast evap-
oration) and ¢ges (slow evaporation). However, with ¢, = 1.3 it is possible to find
conditions for which ¢.s¢ ~ 1.0 leading to Si,, > St oo

Results for Case C where all the fuel is in the liquid phase are shown in Fig. D.0.8
and Fig. D.0.9. For u* = 1, the faster evaporation of MCH initiates the flame.
Significant amounts of XYL and NDC also vaporise before the location of peak heat
release. Energy from the reactions provides the latent heat of evaporation needed
to sustain the flame. This causes significantly lower heat release rates and flame
speeds compared to a purely gaseous flame or spray flame with lower liquid loading
as Case A. For higher droplet velocities u* = 30, the reaction zone develops later
after significant amount of liquid fuel has vaporised. For the purely liquid controlled
Case C, the HR zone extends across the entire evaporation zone of the droplets with
—wp and ['p superimposed in this region.

Laminar two-phase flame speeds for multicomponent droplets

The laminar two-phase flame speed is controlled by ¢.ss which is a function of the
gaseous equivalence ratio and the evaporation of liquid inside the flamefront of thick-
ness 4%. The distance over which the droplets evaporate, compared against 4% can
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be used to estimate the contribution of evaporation to ¢.rr. Previously laminar
flame speed correlations have been developed and validated for a single component
n-heptane case [Rochette et al., 2019]. To extend these correlations to the present
case, it is necessary to consider the varying evaporation rates (Fig. D.0.2) and con-
tributions of the liquid fuel components.

%), of the liquid components are calcu-
lated using the fraction of each component ¢; averaged over the lifetime of ¢ in the
liquid state. In Eq. D.5 the Spalding mass transfer number B, is calculated at
the mean of liquid injection and wet bulb temperatures, (T5,; + Tup) /2 ( using the
Twp of NDC in this case because it is the last remaining component) for a droplet
evaporating in flame conditions.

The different evaporation time scales (.

-1

; iqds kSc/?Rel/?
Tey = Pliapo 1+ Co7 i (D'5)
12pgasDF6iln (1+BM) 2(1+BM> ' 1H<1+BM)
By

L 1
accounts for droplet velocity

where d,,, piiq and pyqs are the initial droplet diameter, liquid and gas density respec-
tively. Dp is the diffusion coefficient of the fuel vapour, Sc is the Schmidt number
of the surrounding gas and Re, is the Reynolds number of the droplet. k is a factor
whose value is taken as 0.6. [Sirignano, 2010].

For droplets with high relative velocity, it is important to take into account drag
force acting on them. Using the droplet relaxation time 7, = pliqdzo /18t1gas (fgas 1S
the dynamic viscosity of the surrounding gas) and the flame time 7, = 6% /S?, a
flame Stokes number is identified as St; = 7,/7. A droplet injected with a velocity
up, reaches after crossing the flame thickness the velocity u,:

Up = Ugqs (1 - e_l/Stf) + up e V5t (D.6)

The evaporation length for each component i is then given by §., = u,7’,. Following
[Rochette et al., 2019] and using the above expressions, ¢ess is

Peff = Zv; (max(é%,;)) <W> Dlig + Dgas (D.7)

In Eq. D.7, s is the stoichiometric ratio. For a hydrocarbon fuel C, H,, s = x +y/4.
The term ;/$je.4 accounts for the varying contribution of each component present
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in the liquid fuel to ¢.f¢. For small droplets which evaporate fast, Eq. D.7 yields
Geff = Gror- For larger droplets having non-negligible evaporation times, Eq. D.7
gives Ggas < Pepp < Gpor- Similarly, volatile components with 67, < 49 contribute
completely to ¢.rs whereas less volatile components with large evaporation thickness
only partially contribute to the flame.

For flames controlled by evaporation (Case C), the flame speed correlations from
[Rochette et al., 2019] considering the smallest evaporation timescale of MCH (7M¢H)

is used. 5
s
“ogas (D.8)

Strp = MCH
TC’U

The correlations are compared with the simulation results for all cases in Tab. D.0.1
and overall a good agreement with the trends are observed. Comparison for Case A
is shown in Fig. D.0.10 . The laminar flame speed is less than S, = 0.56 ms~ 1
for all droplet sizes. For large droplets the contribution of evaporation to ¢.ss is
negligible. Increasing the droplet velocity reduces the residence time in the reac-
tive zone, reducing further the liquid phase contribution leading to ¢ff = ¢gqs and
Strr = Si,,,, = 0.48ms™!. For Case B (Fig. D.0.11), an optimum diameter exists
at which the two phase flame burns close to stoichiometry. For v* =1 it is found at
20 pm and for u* = 30 at 10 um. Due to the varying volatilities of the multicompo-
nent fuel, such an optimum diameter exists even when the droplets move very quickly
across the flame. For the evaporation controlled flames of Case C (Fig. D.0.13),
correlation follows the trend but with some deviation from the simulation results.
It is observed in Fig. D.0.13 that a flame can be sustained for gaseous equivalence
ratios lower than the flammability limit if droplets have low or zero relative veloc-
ities. As was observed in Fig. D.0.8 and Fig. D.0.9, significant amounts of liquid
components evaporate before a stable flame can be sustained. This leads to multiple
reaction pathways involving all components, hence 7 cannot be used alone for
the estimation of the flame speed. A detailed comparison between the evaporation
and chemical timescales is needed to obtain a better agreement with the simulated
data for Case C.
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Conclusions

Multicomponent one-dimensional spray flame simulations were performed for a Jet-A
surrogate composed of n-dodecane (NDC), methyl-cyclohexane (MCH) and xylene
(XYL). Flame structure and spray flame speed have been examined for a wide range
of equivalence ratios, droplet diameters and droplet velocities. Due to the varying
volatilities of these components, a staged evaporation behaviour was observed as the
droplets move through the reactive flamefront. MCH being the most volatile compo-
nent enhances the effective equivalence ratio and this effect is more pronounced for
low relative velocities. NDC being the least volatile component leads to an extended
secondary reaction zone following the primary flame zone. For rich cases with high
relative velocity, a separated secondary diffusion flame of NDC can even be observed.
For purely liquid fuels the heat release zone extends over the entire evaporation zone.
Correlations were proposed to estimate laminar spray flame speeds considering the
varying vapour fluxes and contributions of the different liquid components as well
as the drag effect. These correlations are in very good agreement with numerical
results, except for purely liquid flames which demand an accurate comparison of the
various evaporation and chemical timescales and will be the focus of future work.
Overall the various mechanisms controlling the laminar spray flame speed for multi-
component droplets have been identified and may be used in turbulent combustion
modelling of multicomponent sprays.
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Appendix E

Complementary data on spray
flames with 60 ym droplets

60 pm droplets cases counterparts of the Figures presented in 14 can be found here-
after with the reaction rates profiles of CO-producing reactions helping identify the
reactions taking place.

B1 with 60 ym droplets
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the normalised consumption rate (black) of iso-octane on the zone of interest for B1
with 60 pm droplets.
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Figure E.0.6: Spatial profile of the normalised evaporation source term (red) and the
normalised consumption rate (black) of iso-dodecane on the zone of interest for Bl
with 60 pm droplets.
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Figure E.0.7: Spatial profile of the normalised evaporation source term (maroon)
and the normalised consumption rate (black) of iso-cetane on the zone of interest for
B1 with 60 pm droplets.
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C1 with 60 ym droplets
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Figure E.0.8: Spatial profile of the gaseous equivalence ratio ¢, (solid red line), the
liquid equivalence ratio ¢; (solid blue line) and the total equivalence ratio ¢, (black
circles) on (a) the fuel domain and (b) the zone of interest for C1 with 60 pm droplets.
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Figure E.0.9: Spatial profile of the evaporation mass flow rate for each fuel species
decalin, iso-dodecane and methyl-naphtalene (respectively in yellow, red and purple)
and the heat release rate (black) on (a) the fuel domain and (b) the zone of interest

for C1 with 60 pum droplets.
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Figure E.0.10: Spatial profile of the fuel species mass fractions decalin, iso-dodecane
and methyl-naphtalene (respectively in yellow, red and purple) and temperature
(black) on (a) the fuel domain and (b) the zone of interest for C1 with 60 pum
droplets.
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Figure E.0.11: Spatial profile of the fuel species consumption rates decalin, iso-
dodecane and methyl-naphtalene (respectively in yellow, red and purple)) and the
heat release rate (black) on (a) the fuel domain and (b) the zone of interest for C1
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Figure E.0.12: Spatial profile of the normalised evaporation source term (yellow) and
the normalised consumption rate (black) of decalin on the zone of interest for C1
with 60 pm droplets.
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Figure E.0.13: Spatial profile of the normalised evaporation source term (red) and
the normalised consumption rate (black) of iso-dodecane on the zone of interest for
C1 with 60 pm droplets.



317

=
o

o
®

o
e

<
'S

e
[N

Normalised source term [kg.m—3.571]

o
=

0010 0011 0012 0013 0014 0015
x [m]

Figure E.0.14: Spatial profile of the normalised evaporation source term (purple)
and the normalised consumption rate (black) of methyl-naphtalene on the zone of
interest for C1 with 60 pm droplets.
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CO-producing reactions
Figures E.0.15 to E.0.22, present the reaction rates of the reactions common to the
three mechanisms that are producing CO.

The secondary peak highlighted in 14.4 is seen here to result from H-abstraction
on the HCO species with various species. For Al and B1, a smaller contribution
from the reaction HCCO + OH => 2CO + H, can also be observed (Fig E.0.21.

HCO+M <=>CO+H+M

Reaction rate [kg.m~3.s71]

2 -1 0 1 2 3 4
x [m] %1073
Figure E.0.15: Reaction rate of the reaction HCO + M <=> CO + H + M for

A1 (blue), Bl (red) and C1 (yellow) two-phase flames with 60 pm droplets. The
x-coordinate has been shifted for an easier comparison.
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HCO + 02 <=> CO+ HO2

Reaction rate [kg.m~3.s71]
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Figure E.0.16: Reaction rate of the reaction HCO 4+ Oy <=> CO + HO, for Al
(blue), Bl (red) and C1 (yellow) two-phase flames with 60 pm droplets. The x-
coordinate has been shifted for an easier comparison.

H+ HCO <=> CO+ H2
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Figure E.0.17: Reaction rate of the reaction H+ HCO <=> CO+ H2 for Al (blue),

B1 (red) and C1 (yellow) two-phase flames with 60 pm droplets. The x-coordinate
has been shifted for an easier comparison.
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HCO + OH <=> CO + H20
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Figure E.0.18: Reaction rate of the reaction HCO + OH <=> CO + H50 for
Al (blue), Bl (red) and C1 (yellow) two-phase flames with 60 pm droplets. The
x-coordinate has been shifted for an easier comparison.
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Figure E.0.19: Reaction rate of the reaction CoHsz + Oy => CH,O + CO + H for

Al (blue), Bl (red) and C1 (yellow) two-phase flames with 60 pm droplets. The
x-coordinate has been shifted for an easier comparison.
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C2H3+4+ 02 => CH20+CO+H
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Figure E.0.20: Reaction rate of the reaction CyHs + Oy => CH,0O + CO + H for

A1 (blue), Bl (red) and C1 (yellow) two-phase flames with 60 pm droplets. The
x-coordinate has been shifted for an easier comparison.

HCCO + OH => 2CO + H2
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Figure E.0.21: Reaction rate of the reaction HCCO + OH => 2CO + H, for Al

(blue), B1 (red) and C1 (yellow) two-phase flames with 60 pm droplets. The x-
coordinate has been shifted for an easier comparison.
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HCCO+02=>CO+CO2+H
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Figure E.0.22: Reaction rate of the reaction HCCO + Oy => CO + CO5 + H for

Al (blue), Bl (red) and C1 (yellow) two-phase flames with 60 pm droplets. The
x-coordinate has been shifted for an easier comparison.
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