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Abstract

The increasing need for decarbonization presents the engineering chal-
lenge to develop technical solutions with minimal greenhouse gas emissions.
In the gas turbine landscape, the use of carbon-free fuels is one of the
most e ective solutions for reducing CO, emissions in the coming years.
However, the use of fuels such as hydrogen requires the redesign of the
entire combustion system due to its totally di erent properties compared
to conventionally used fuels such as natural gas. In a transition period
that will lead to the full use of hydrogen as a fuel, it is crucial that
new-generation combustion systems provide fuel exibility. In de ning
the design of such burners, the use of high- delity numerical models that
can predict both hydrogen and methane combustion becomes paramount.

This thesis investigates modelling techniques for H,  CH4 turbulent
combustion to validate and enhance the predictive capabilities of exist-
ing models. The study sets in the species transport models framework
addressing both chemistry reduction and turbulent combustion model
extensions. At the core of the study is the Dynamic Thickened Flame
for Large Eddy Simulations (DTFLES) combustion model. This model
has been applied in di erent test cases, highlighting its limitations and
proposing dedicated enhancements for multi-regime combustion and multi
streams problems.

A rst focus of the study is the lean premixed H, CH,4 where
simulation have been carried out with the DTFLES to investigate the
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model predictivity by increasing from 0 to 100% the H» content in the
mixture. Both experiments and simulations reveal how the hydrogen
enrichment of the mixture a ects ame topology inducing an unexpected
ame shortening despite the opposite trend of the laminar ame speed.
Such a counter-intuitive turbulent ame behaviour is explained by the
role of di erential di usion and stretch in enhancing local reactivity.

In balancing the simulation accuracy with the associated computational
cost, chemistry reduction is a pivotal instrument in the framework of
species transport models. This study, introduce a rst application of the
virtual chemistry to H, CH,4 combustion modelling. This approach
allows a heavy reduction in the transported species and set of reactions
while still capturing di erential di usion e ects. An optimization method-
ology is rst presented and then applied in a stepwise derivation of various
virtual chemistry mechanisms aimed at predicting H, CH4 combustion.
Applying virtual mechanisms in two turbulent combustion cases with
dierent H; contents demonstrates virtual chemistry ability to balance
computational e ciency and accuracy.

Another challenge addressed is the reconstruction of the unburnt mix-
ture composition in multi-stream combustion problems, where traditional
mixture fraction methods are insu cient. This thesis proposes a general-
ized method leveraging elemental mass fraction conservation to estimate
unburnt composition with minimal computational overhead. The pro-
posed strategy, validated against quasi-DNS simulations, proves e ective
in reducing additional transport equation requirements and thus com-
putational cost. An a priori error estimation o ers guidance on when
supplemental scalar transport might be necessary for non-equi-di usive
cases.

Lastly, the thesis explores the DTFLES capability in predicting multi-
regime combustion. A jet in cross ow ame is identi ed as a valuable
test case to investigate the performances of DTFLES and validate them
against detailed experimental results. The e ect of grid resolution has
been investigated with the use of an Automatic Mesh Re nement (AMR),
and the role of the arti cial thickening is discussed in a context in which
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the premixed and the di usive regime are intimately mixed.

A novel thickening approach, T-DTFLES, is introduced to smooth the
modelling behaviour in the transition between the premixed and the
diusive ame regime. A triple ame numerical test case has been de ned
to deeply investigate the impact of di erent thickening strategies and
ame indexes de nitions. The numerical results obtained from these
investigations have been compared with a DNS simulation serving as
reference result.

In summary, this thesis advances the eld of H, CH4 turbulent com-
bustion modelling by addressing core challenges in computational cost,
composition reconstruction, and multi-regime combustion. By combining
the use of DTFLES applications with virtual chemistry and innovative
thickening strategies, this work establishes practical, reliable method-
ologies for the predictive modelling of hydrogen-enriched combustion
systems.
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1.1 Combustion and energy transition

Recent worrying predictions of global warming are bringing a new sen-
sitivity to environmental issues, in particular for 'man-made' greenhouse
gas emissions. As highlighted by International Energy Agency (IEA)
guidelines [1] to mitigate this worrisome trend, the global energy produc-
tion balance must switch towards Renewable Energy Sources (RES) and
carbon-free solutions in the future years [2]. Nevertheless, the availability
of RES inherently uctuates over time and is not uniformly distributed
worldwide, as highlighted in the study by Buttler et al. [ 3]. Some regions
have signi cant RES potential, while others su er from a lack of such
resources.
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The temporal uctuations of the RES raise di culties regarding the man-
agement of the load balance on the electric grid since most of the RES
are associated with electricity production. For peak load management,
strategies must be adopted to reconcile power demand with the availability
of renewable resources.

The topic of energy storage is becoming increasingly central in this con-
text. Storing excess energy from RES addresses issues related to both the
stochastic nature of these resources and their uneven global distribution.
As reported by Dreizler et al. [4], among the di erent energy storage
systems the chemical energy carriers are the ones that most combine
high storage capacity with the highest discharge duration. This can be
seen in Figure 1.1, in which the characteristics of the di erent energy
storage systems are reported. In light of this, green fuel production from
renewable sources appears to be a solution that guarantees the storage of
substantial amounts of green energy.

This scenario places combustion systems as one of the pivotal technolo-
gies for the energy transition process. In this framework, the gas turbine
is surely the most widely adopted and developed technology for electric
energy production and mechanical drive applications. The use of new fuels
requires a careful review of gas turbine combustion strategies. Depending
on the characteristics and properties of the fuel being considered, there
are di erent criticalities from the point of view of ame stabilisation and
the containment of pollutant emissions. It is therefore essential to use a
di erentiated combustion technology depending on the fuel type. The
next section will focus on an overview of the main fuels and combustion
strategies that are expected to play a key role in the energy transition
process.

1.2 Low emission combustion strategies and fuels

In the last decade, the concept of low emissions has evolved signi cantly.
Beyond addressing pollutant emissions, there is now a strong focus on
limiting CO; emissions. This shift is driving major changes in the types
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Figure 1.1: Storage technologies compared by discharge time and energy
storage capacity [5].

of fuels used and in combustion strategies. To identify and classify carbon-
free solutions for decarbonizing the gas turbine energy sector, various
approaches can be adopted, depending on when the carbon is removed
from the combustion process:

~ The use of Carbon Capture Utilisation and Storage (CCUS) systems
allows the CO, sequestration after the combustion from exhaust
gases. These systems can signi cantly reduceCO; emissions in
plumes introducing a penalty in power plant e ciency. Since the
carbon sequestration process requires external heat, the e ciency
of the carbon sequestration unit becomes pivotal for limiting the
power plant e ciency penalty. For this reason, a great part of the
research e orts is devolved into the maximisation of the carbon
sequestration process that is usually achieved by maximising the
CO; content in the plumes.
This solution is very promising in the short to mid-term as it enables



4 1. Introduction

the continued use of carbon-containing fuels, such as methane, with
only minor modi cations to the combustion system.

The CO; sequestration can be done directly from atmospheric air
before combustion. Following this carbon capture process, carbon-
based renewable fuels §] can be utilized while maintaining an overall
carbon balance that is zero or even negative. A rst option is to do
that is to use carbon-neutral hydrocarbons that can be synthesized
directly from captured CO, and carbon-neutral hydrogen [7]. Al-
ternatively, this process can be combined with biofuels, e-fuels and
bio-hybrid fuels [ 6], thus allowing the fuel production to serve as a
natural CO, capture method that compensates for the emissions
produced during combustion [7].

The carbon can be eliminated from the fuel a priori by considering

carbon-free fuels. The carbon-free fuels that are gaining the most
scienti ¢ and technological interest are hydrogen-based fuels like

hydrogen and ammonia. However, the use of these fuels introduces
several challenges from the combustion point of view, thus precluding

their use as drop-in solutions for the current combustion systems in

most cases [6, 8].

This classi cation based on the carbon balance is not suitable for
discerning the di erent design challenges that will plague the gas turbine
combustor of the future.

In the design of a burner for gas turbine applications, two primary re-
quirements drive technical decisions: ame stability and the containment
of pollutant emissions. A well-designed burner must ensure a stable ame
across a wide range of operating conditions, including various ame tem-
peratures and thermal power levels while maintaining acceptable pollutant
emission levels. Depending on the combustion strategy and the type of
fuel several challenges must be addressed to extend the burner operability.
The reactivity of the fuel mixture and the dominant pathways for pol-
lutant formation are key factors in uencing burner design choices. The
following paragraphs provide a brief overview of di erent fuels and their
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mixtures, highlighting their peculiarities and the corresponding design
solutions. This discussion focuses exclusively on fuels that are applied to
the gas turbine technology.

1.2.1 Hydrogen

Hydrogen is a carbon-free fuel that is expected to have a pivotal role
in the decarbonisation process thanks to the fact that its production can
be easily associated to the excess of renewal energy production. Although
hydrogen production via renewable energy is still very limited, the cost of
electrolysis will continue to decrease over the years, making this technol-
ogy increasingly competitive [9].

In the transitional phase toward the use of hydrogen- red gas turbine
fuels, the new combustion systems need to ensure fuel exibility overcom-
ing the discontinuous hydrogen supply [10, 11]. Since fuel exibility is a
prerequisite for the use of H», the study of H,-CH4 fuel blend combustion
becomes a fundamental step for the design of the next-generation gas
turbine hydrogen burners.

From the combustion properties standpoint, hydrogen is character-
ized by a higher ame temperature and greater reactivity compared to
methane. The higher ame temperature of hydrogen introduces a higher
propensity to NOx formation via the Zeldowich pathway. On the other
side, the high reactivity of hydrogen raises a series of di culties in ame
stabilisation. These characteristics limit the use of hydrogen as a drop-in
fuel in the natural gas combustor paving the way for the development of
new design solutions for burning hydrogen in gas turbines. In the past
years, several works have been done to study di erent solutions that could
face the challenges associated with hydrogen combustion, and the work
of Cecere et al. [L2] reports most of the design solutions tested over the
years.

In this framework, one of the most attractive solutions is still the lean
premixed technology [13, 14], which entrusts the NOx emissions abate-



6 1. Introduction

ment with the preparation of a lean premixed mixture. Thanks to the
wider ammability limits of hydrogen the primary region can be designed
to operate in leaner conditions with respect to methane allowing lower
ame temperatures with even a potential reduction in the NOx emissions.

This technology represents nowadays the state of the art for low carbon
fuel combustion in land-based gas turbines [15, 16], and its enabling to
high H, content allows the exploitation of part of the industry's know-how
acquired over years for Natural Gas (NG) combustion. Moreover, starting
the redesign process from con gurations already capable of managing the
NG combustion, would help to preserve a certain degree of retro tting
and fuel exibility.

Despite the potential for NOx emissions containment, lean premixed
burners must face several di culties related to the high reactivity of
hydrogen.

Autoignition: the high reactivity of hydrogen inherently increases the
auto-ignition risk in the premixing section. This might be particularly
challenging in some systems with very high air inlet temperatures, e.g.
in modern high-e cient gas turbines or in micro gas turbines due to the
recuperator [11].

Dynamic instabilities: mainly interest lean combustion, indeed, in
this condition, a small perturbation in equivalence ratio produces a high
variation in heat released. The coupling between the unsteady ame heat
release and the acoustic eld could degenerate in self-excited instabilities,
which could damage the combustor or induce ashback. Hydrogen exhibits
a di erent thermoacoustic behaviour with respect to methane. The higher
ame speed and heat release rate of hydrogen-containing fuel could change
the stability characteristics of the combustor [ 17] which could require
a re-design of the entire combustor. Moreover, the atmospheric testing
strategy adopted for methane has been found inappropriate to investigate
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hydrogen- red combustion systems, because hydrogen turbulent ame
speed is highly pressure dependent [11].

Flashback: it refers to the ame propagation upstream its designed
anchor location towards the premixing zone. This occurs where nominally
the ame speed is higher than the incoming fresh mixture velocity. The
ashback risk is increased in the hydrogen-rich fuel by the higher ame
speeds of hydrogen, moreover, a high mixture inlet temperature could
result in an important promoting contribution. In premixed burners for
hydrogen-rich fuels often ashback interests the turbulent boundary layer
[18{20]. The ame speed could be not monotonously decreasing towards
the wall due to the high ame front curvature, thus this speed could lo-
cally exceed the turbulent boundary layer velocity, resulting in a ashback.

Flameholding: it is the stabilization process of the ame under an
undesigned location, typically in the premixer section of the burner. As
previously explained the occurrence of ashback in transient or unstable
operation is admitted, indeed, it is impossible to avoid that in case of
compressor stall, pumping or even in the ignition process. In these cases
to prevent engine damage and restore stable operating conditions, there is
the need to design premixers that do not allow the ame to be sustained
in undesired locations [21]. This is particularly critical for hydrogen, as
its high reactivity provides strong resistance to extinction [ 22]. The most
likely zones for ame anchoring are the fuel jet and the premixer inner
recirculation zones. Therefore, an accurate study of these geometries is
essential to characterize the ameholding capacity of the burner [23].

1.2.2 Ammonia

Ammonia is a carbon-free fuel that is particularly interesting thanks
to its advantageous transportation properties with respect to hydrogen.
Indeed, ammonia is characterised by a high volumetric energy density
and relatively low liquefying pressure that allows its storage in much
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more favourable conditions than hydrogen. The ammonia production is
conventionally obtained from H, and N, through the Haber Bosch process
even if there is the perspective for more e cient production methods that
directly involves H,O and N for green NH 3 [24]. These properties make
ammonia a highly convenient energy carrier, poised to play a pivotal role
in the decarbonization process.

Contrary to hydrogen, ammonia is characterised by an extremely low
ame speed that complicates the ame stabilisation tending to penalise
the combustion e ciency [ 8]. However, ensuring complete combustion
is crucial considering the toxicity and corrosivity of unburnt ammonia.
In the nal analysis, the low burning velocity exposes the burner to be
prone to blow-o narrowing the stability margin thus complicating the
direct use of ammonia as fuel [25].

Using cracked ammonia or H2-NH 3 mixtures helps increase reactivity by
facilitating ame stabilisation and expansion of stability limits. Indeed
H> has properties that are somehow complementary to the ones ofNH 3
and their mixing can take advantage of this [8, 26, 27].

Another possibility is to use ammonia blended with methane which has
a lower reactivity with respect to hydrogen but its presence is anyway
e ective in enhancing the very low reactivity of this fuel.

A widely adopted design solution to enhance the ame stabilisation in
case of low reactivity mixtures is piloting.

A Pilot Flame is a secondary ame originating from a direct fuel injec-
tion in the primary region. The auxiliary ame alters the ame anchoring
mechanism facilitating its stabilisation and dumping the instabilities [ 28].
The use of a pilot fuel jet increases the level of unmixedness inside the
combustion chamber, promoting the formation of a non-premixed ame
front. The non-premixed nature of the pilot ame primarily contributes

to extending the combustor stability margin. The coexistence of the main
premixed ame and the di usive pilot ames results in what is known as
multiregime combustion.
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Beyond the ame stability, one of the main challenges associated with
the use of ammonia as fuel regards the NOx emissions. Ammonia is a
nitrogen-containing fuel thus the limitation of fuel NOx must be carefully
addressed through e ective combustion strategies. Di erently from hydro-
gen, the lean premixed ammonia combustion would maximise the NOx
emission [25] in contrast burning in too rich conditions would lead to high
levels of unburnt NH 3 and H,. Somarathne et al. [29] show that there is
an optimum equivalence ratio in slightly rich conditions that minimises
the NOx formation containing the NH 3 and H, emissions. As a result, a
guenching zone is typically required after the primary combustion region
that promotes the transition from rich to lean combustion. This approach
allows for the oxidation of unburnt fuel while limiting NOx production.
Consequently, Rich Quench Lean (RQL) combustion technology is one of
the most promising strategies for burning ammonia in gas turbines while
e ectively containing NOx emissions.

1.2.3 CCUS and Exhaust Gas Recirculation (EGR)

The use of CCUS systems ts perfectly into the context of the decar-
bonisation of land-based gas turbines as it 0 ers a solution to cut down
CO- emissions by using existing gas turbines with conventional fuels.
The introduction of EGR in gas turbines maximises the CO, content
in the exhaust gases, signi cantly increasing the e ciency of the CCUS
system. Moreover, as Burnes et al. B0] pointed out, the recirculation
of a portion of the exhaust gases decreases the exhaust mass ow for
a xed power output, thus allowing a reduction in the needed CCUS
system's size. These aspects make any increase in the portion of re-
circulating gases convenient for the overall system e ciency, enabling
EGR as a very promising combustion strategy when combined with CCUS.

On the other hand, there are several limiting aspects when the EGR
level is increased; rst, upon increasing EGR, the mixture gets depleted
of Oz, and according to this, the theoretical maximum EGR level ensures
complete O, consumption in the exhaust gases B0, 31]. This limit is only
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theoretical as, in practical combustor operations, emissions and ame
stability limits are reached earlier. Since EGR can be directly imple-
mented on existing gas turbines, it is expected to be primarily used in
existing lean premixed combustion systems. In such systems, a decrease
in reactivity would complicate the ame stabilisation approaching the
blow-o margin. In such a scenario, the use of pilot ames plays a pivotal
role in enhancing ame anchoring [32].

As previously discussed for other fuels, utilizing a di erent fuel with
complementary properties to the primary mixture can signi cantly aid in
stabilizing the ame. For this reason, the very high hydrogen reactivity jus-
ti es the use of localised H; injections to enhance the ame anchoring [ 33].

From the emissions point of view, EGR is found to be bene cial for
NOx reduction under gas turbine conditions owing to several di erent
contributions [ 34]. However, CO emissions can be negatively a ected by
EGR, and the containment of these emissions can be a potential limit to
the increase in the EGR level [35, 36].

1.3 Aim and structure of the work

Numerical modelling plays a central role in supporting the design
process of the low-emissions combustion systems introduced in the previous
paragraph. However, several challenges must be addressed to adapt current
models for e ectively handling the complexities of these combustion
scenarios.

This work is primarily focused on H, CH4 combustion even if many of
the aspects that are presented in this framework can be extended and
generalised to di erent H, blends or even di erent fuels. The overall goal

of the study is to validate, improve or enable the use of numerical modelling

as an e ective design tool for the development of novel combustors. In
doing this the study is focused on several di erent challenges dealt with

separately in the various chapters of the thesis:
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~ Hydrogen combustion modelling represents a challenge since the hy-
drogen properties heavily di er from the ones of fuels conventionally
used like methane [6]. The numerical models that have been used
for decades in the study of CH4 red combustion systems need to
be carefully validated and extended to study H, combustion.
Chapter 3 rstly aims to identify a reliable setup for predicting
premixed H, CH 4 combustion considering di erent H, contents.
This validation step compares the numerical predictions with ex-
perimental data on a lean-premixed swirl-stabilised test case. The
numerical results are then used to understand the e ects of H
content increase, and the consequent changes in the ame shape
observed numerically and experimentally.

Given the close link between accuracy and computational cost of
numerical models, limiting the computational cost becomes a chal-
lenge when stringent accuracy requirements are in place. In this
framework, species transport models owe a considerable part of
their computational cost to the transport of species involved in
the reaction mechanism and the resolution of the chemical kinetics.
Aiming to contain the computational costs associated with the use
of the species transport models chemistry simpli cation assumes a
pivotal role.

In Chapter 4 chemistry reduction is addressed in the virtual chem-
istry framework. The use of genetic algorithms enables the optimi-
sation of the species properties and the reactions for the specic
operating conditions under interest. In the context of H,-CH,4 com-
bustion under atmospheric pressure 3 virtual chemistry schemes are
de ned and veri ed in laminar conditions.

In Chapter 5 the virtual chemistry mechanisms are validated under
turbulent combustion conditions. Two di erent test cases are se-
lected for this task: the rstis a single test point of the perfectly
premixed case presented in Chapter 3; the second case is a techni-
cally lean premixed burner for which two operating conditions at
dierent H; content are investigated. The validation of the virtual
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chemistry is always done by comparing the LES predictions with
virtual chemistry, with the one obtained through the use of a skeletal
mechanism to isolate the e ect of chemistry reduction. Finally, the

overall accuracy of the prediction is evaluated by comparing the
numerical results with experimental data.

Multi-stream combustion modelling has become increasingly impor-
tant due to the growing interest in multi-fuel and multi-oxidizer
combustion. In these combustion scenarios, the separate injection
of di erent streams needs to be properly characterised from the
mixing point requiring the development of general methods to treat
these cases. Several studies have focused on the extension of tabu-
lated chemistry combustion models to multi-stream cases, but in
the literature, there is a lack regarding the use of species transport
models in such a scenario.

Chapter 6 present a general formalism for reconstructing unburnt
mixing elds in multi-stream cases using species transport ap-
proaches. The method introduced in this Chapter can be e ective
in the extension of many species transport combustion models to
multi-stream combustion problems.

Multi-regime combustion modelling is a very transversal topic in all
the fuels and the combustion strategies that have been introduced.
In particular, combustion systems whose stability is limited by the
very high reactivity of the mixture (like hydrogen) can face ashback
and ameholding problems. In this context, the development of
ameholding-resistant burners relies on modelling the ame anchor-
ing dynamics on the fuel injectors inside the premixer. This jet
ame-like con guration, featuring both premixed and non-premixed
combustion regimes, is also observed in systems using fuel pilot
injection directly in the combustion chamber to enhance ame sta-
bilization.

Modelling multi-regime combustion represents a challenge because
most of the combustion models are based on an assumption about
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the combustion regime. Thus, addressing multi-regime combustion
necessitates either a combustion model of general validity or an
e ective combination of two di erent models.

Chapter 7 is dedicated to multi-regime combustion modelling. The
aim of this chapter is to rstly validate the Dynamic Thickened
Flame Model for LES (DTFLES) on ame con gurations dominated
by intense fuel concentration gradients. After that this chapter aims
to propose a novel thickening strategy to improve the reliability of
DTFLES under multi-regime combustion with LES-a ordable grid
sizing.
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2.1 Governing Equations

In this section, the governing equations for modelling gaseous uids
are introduced. A particular focus is dedicated to the de nition of the
source term and how the di usive uxes can be modelled.

2.1.1 Navier-Stokes Equations

Starting from the conservation equations for mass momentum, energy
and chemical species the Navier-Stokes Equations (NSE) can be derived.
In particular, for a compressible ow with gaseous single-phase (char-
acterised by multiple species) in reactive conditions, the conservation
equations can be expressed as:

Y
(@@): + 7@@}( Ykuj) = 7@@}([Jj;k]+ Yk (2.1)
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In Egs. 2.1,2.2,2.3 the indexesi, j refers di erent spatial directions, u is
the generic Cartesian component of the velocity, x is the generic spatial
coordinate, is the mixture density. The conservation of the mass for
the generic speciesk is expressed by Equation 2.1, and the ensemble
of equations for k=1 to the total number of species M represents the
conservation of the total mass. For each species conservation equation, a
source term |, associated with the k™ species, is de ned introducing the
reactive nature of the problem. Jjx represents the diusive ux for each
species and the modelling assumption on these terms will be addressed in
the next subsection. Equation 2.2 is the momentum conservation with
on the right-hand side being j the viscus momentum ux tensor and
P i the pressure ux tensor. The conservation of the total non-chemical
energy (E) is written in Equation 2.3. On the right-hand side, ¢ is the
energy ux and ! 1 is the energy source term due to chemical reactions.
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For the problem closure, an equation of state linking pressure temper-
ature and density has to be added:

R
P=_T 2.4
W (24)

where R is the universal gas constant and W is the mean molecular weight
of the mixture.

2.1.2 Diusive uxes

The most accurate way to express di usive uxes in a mixture is the
multicomponent transport approximation, according to this theory the
di usive uxes are retrieved accounting for the in uence of all species on
each other's di usion as:

Jix = X D ix oy, Drx 101 (2.5)
i=1 @x T @x
where Dix represents the multicomponent di usion coe cient of the
speciesi in the speciesk, and Dty is the thermal di usion of the species
i

Within this framework, there are two main strategies to evaluate the

di usive uxes:

~ Solving the Stefan-Maxwell equations: This approach determines the
diusive uxes Jjx of all species by directly solving a set of coupled
equations that account for the interactions between species, without
explicitly requiring the calculation of individual multicomponent
di usion coe cients.

Using multicomponent di usion coe cients: This method involves
rst calculating or approximating the multicomponent di usion
coe cients Dix and then using these coe cients to compute the
di usive ux for each species directly.

Both strategies are highly computationally demanding, without further
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simpli cations, their computational cost can become prohibitive with the
increase in the number of species.
A widely used approximation to evaluate the di usive uxes in multi-
species problems is the Hirschfelder and Curtiss approximation. According
to this, each species is characterised by its mean di usivity in the mixture
(D) that can be computed as:

SRR 26

isk N kij

Once the binary diusion coe cients D,; have been calculated, the
di usive uxed can be expressed as:

) @Y
@x
This allows for the decoupling of the species transport equations since
there is no longer the dependency of the di usive ux from the other
species gradients. Moreover, the solution of the Stefan-Maxwell equations
is no longer needed since the mean di usive coe cient depends only on
the binary di usion coe cients D,; and thus can be easily pre-computed
or approximated.
Besides Equation 2.6 other approaches allow the calculation of the mix-
ture averaged di usion coe cients Dy. The mixture-averaged di usion
coe cients can be taken as constant for all the species, in this case, the
single coe cient is usually calculated from a given Schmidt number of
the mixture:

Jj;k = D (2.7)

Dy = Sc, (2.8)

In Equation 2.8 Sc is the Schmidt number of the species k. Despite
the approximations behind this transport model, which is based on the
assigned Schmidt number, it still allows the characterisation of the species
preferential di usion and energy di erential di usion.

A further step towards simplifying the transport model can be the unity
Lewis assumption for all the species. In this way, the species equi-
di usivity is ensured by the equality in the di usion coe cient and these
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coe cients are chosen so that the mass and energy di usivity are equal.
This is possible by assigning a species Schmidt number equal to the
mixture Prandtl number ( Pr):

Dk = ﬁ (29)

2.1.3 Source terms and chemical kinetics

The source terms that appear in the transport equation for energy
(Equation 2.3) and species (Equation 2.1) have to be determined by
evaluating the progress of the reactions according to the chemical kinetics
theory.

A generic reaction j having Nr reactants and Np products can be written

as: " N
R P
W Mg $ i My (2.10)
k=1 k=1
where ,?J is the stoichiometric coe cient of the species k in the reaction
j . The species production rate ! | is the sum of the production rates of

all the single reactions reactions:

hd
L = Wi ( l?jo l?j )Qi (2.11)
j=1

Where Qj is the reaction rate of progress for the reaction j:

Y A
Q =Ki,  (X)°W  Krj (X (2.12)
k=1 k=1
in which K¢, and Kr ; are respectively the forward and the reverse rates,
r0f and rory; are respectively the reaction orders that generally are
equal to the stoichiometric coe cient 19, . The forward reaction rates
K¢, are calculated using the Arrhenius expression:

Kr = AjTY exp(——>

J (2.13)
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where A; is the pre-exponential factor of the reaction j, by is the temper-
ature exponent, and Ea; is the activation energy. The reverse rates in
Equation 2.12 are retrieved from the ratio between the forward rate and
the equilibrium constant [37].

Once the species production rates!  have been computed the energy
source can be expressed as:

X
It = Tk h?;k (2-14)

k=1

where h?;k is the mass enthalpy formation of the speciesk.

2.2 Elementary reactors and laminar ames

This section is dedicated to the introduction of elementary ame
con gurations or reactors. Thanks to their elementary ow eld and
the well-controlled ame regime, these ames allow the formulation of
considerations that constitute the basis for the study of turbulent com-
bustion. The elementary ow elds allow all the computational e orts to
be focused on accurately modelling combustion, kinetics, and transport
making these tools pivotal for the veri cation, and the development of
the chemical kinetics mechanisms.

First, the OD batch reactor is introduced, followed by strained and un-
strained premixed ames, and nally, di usive ames are discussed.

2.2.1 Batch reactor

Chemical reactors are the easiest way to model a reactive problem.
All reactor models solve the unsteady chemical kinetics within a zero-
dimensional domain. Although these reactors may have a de ned volume,
they are characterized by uniform composition and temperature through-
out the space, which allows for the neglect of di usive uxes.
Among the di erent reactors, the batch reactor considers an enclosed
control volume in which a reactive mixture is contained. Given the initial
conditions in terms of thermodynamics and composition characteristics of
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the mixture, two di erent types of batch reactors can be identi ed based
on what is kept constant during the time integration of the equations:

" Constant pressure batch reactor with the ideal gas approximation:
the pressure and the enthalpy are kept constant. Since the volume
changes, which is needed to keep constant pressure, the internal
energy of the system is not conserved.

Constant volume batch reactor or 'bomb’ reactor with the ideal
gas approximation: the volume and the internal energy are kept
constant since there is no exchange of work or energy with the
external environment.

It is worth noting that if these reactors are integrated until the steady

state conditions the nal state is the adiabatic chemical equilibrium state.
In principle, instead of solving the kinetics, the same equilibrium state
can also be retrieved from the thermodynamics by minimising the Gibbs
free energy by keeping constant pressure or volume.

2.2.2 Laminar premixed ames

Premixed combustion occurs when the process of preparing the ho-
mogeneous mixture takes place before the reaction by xing the reactant
composition.

In laminar conditions, two types of ames can be identi ed based on the
interaction between the ow eld and the ame front. The next two sub-
sections are focused on distinguishing and characterising the unstretched
and the stretched laminar ames.

2.2.2.1 Unstretched premixed ames

The unstretched premixed ame is the simplest idealized arrangement
of a premixed ame, where the ow eld does not induce changes in the
ame surface. This con guration is only possible without turbulence and
letting a at ame to propagate upstream consuming the fresh mixture
as reported in Figure 2.1. The fresh reactants enter the domain with a
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velocity Uy and are progressively consumed by the ame front propagation
towards the fresh mixture. In the gure, the ame front can be identi ed
as the region in which fuel consumption and heat release occur. An

Figure 2.1: Freely propagating 1D premixed ame.The fresh mixture is
fed to the ame front with an Ug velocity

intrinsic characteristic of premixed combustion is that the ame front
has a proper propagation velocity de ned as the velocity at which the
reactants are consumed. This speed is the laminar ame speedS? and
is exactly the speed at which the reactants must enter the domain to
stabilise the ame thus making null the absolute propagation speed S, of
the ame front.
By integrating the species conservation constitutive equation (Equation
2.1) over the control volume of a freely propagating ame (as reported in
Figure 2.1), and assuming the ame stabilised in steady-state conditions
(Ug = SP), the mass ow per unit of ame front surface of fuel consumed
by the ame front can be evaluated as:
1 2y
Miuel = ulUg = Vi yb ! fuer dX (2.15)

fuel fuel u
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The superscripts u and b refer to the unburnt (inlet) and burnt (outlet)
conditions. In this way, the fuel consumption speed can be easily retrieved:

1 Zb

SCGuel = Mfvel =u = —or——o5
U(Yfldel YfBeI ) u

!_fuel dx (216)
Following a similar rationale, the ame speed can also be computed from
the energy equation:

z
1 R

S =
BRE M T . o

dx (2.17)

Trying to summarise the di erent ame font de nitions are reported
in Table 2.1 in which the di erent ame speeds have been reported high-
lighting their de nition and characteristics.

Name De nition Correlation with S°  Global/Local
SGruel o " ) Rub | fuer dX s Global
Ul Tiyel ftﬁ+ 1 o1 0
Stir U mni cdx S| Global
Sa() Flame front speed Uy S° Local
from a xed reference
Sa() Flame front speed sPfor =0 Local

relative to the fresh mixture

Table 2.1: Summary of laminar ame speed de nitions for a steady a 1D
Free Flame

Calculating the ame speed, in general, is possible for complex chem-
istry only through numerical solutions. However, the direct analytical
solution of steady propagating premixed ames in a 1-dimensional domain
is possible under the following simplifying assumptions:

Irreversible single-step chemistry. In which only the forward progress
of the reaction is allowed (Kr; = 0)

Unity Lewis number for all the species
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~ All the species have the same, constant, heat capacity and molecular
weight

These assumptions enable the establishment of a strong relationship
between the transport equations of the species and the energy. As a
consequence of that, a reaction progress variable () is de ned for the
description of both the fuel consumption and heat release:

T Tu
Tb Tu

(2.18)

so that = 0 in the fresh mixture and = 1 in the burnt gasses.
Under the previous assumptions, it is possible to reduce all the governing
equations into a single equation for the reaction progress variable :

Q = 7@ |

@ @ '

where " is a scaling spatial variable and is a non-dimensional ame
parameter. By combining the information coming from the de nition of

and the asymptotic analyses [ 38] an analytic expression for the laminar

ame speed can be retrieved:

(2.19)

1 =
S’ = ~e7 (2A1 fie Tu'Di)™ (2.20)

Where 1 and A; are the Arrhenius constants (Equation 2.13), Dy =
=c p is the thermal di usivity of the mixture, and and are non-
dimensional parameters:

T» T« _ Ea

To RTp

(2.21)

Another important characteristic of a premixed ame is the ame front
thickness which represents the dimension of the reaction zone in which
most of the heat release occurs. There are many di erent de nitions for
ame thickness, by knowing the temperature distribution along the ame
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the thermal thickness ? can be estimated as:

Ty T
|O = bi@tf— (2.22)
max (j Gyi)
Equation 2.22 is the most accurate way to estimate the ame front thick-
ness from a temperature pro le of a resolved ame. Another way to have
an estimation of the ame thickness without the need to solve the ame

front is the use of the di usive thickness

_ Dn
S?
It is worth noting that the analytic solution of Equation 2.19 would yield
the distribution () and from which the temperature pro le could be
easily retrieved. By integrating Equation 2.19 for <= . in which
¢=1 1= the following solution can be obtained:

(2.23)

xSIO

= (1 —) el (224)

From the previous expression, it is possible to evaluate the temperature
gradient and thus estimate the ame thickness according to Equation
2.22. Knowing that ¢ is the point where x = 0 and where the maximum
temperature gradient is located, an expression for the thermal thickness
can be obtained:

e (2.25)
From the previous expression it is evident that once the thermal di usivity
of the mixture and the adiabatic ame temperature ( Ty) are de ned, the
thermal thickness of the ame only depends on the activation energy

(contained in ) and on the laminar ame speed.

2.2.2.2 Stretched premixed ames

When the aerodynamic ow eld induces distortion of the ame front,
the ame is no longer undisturbed in its propagation. These aerodynamic
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disturbances alter the gradients of species concentration and temperature
within the ame front, potentially having a signi cant impact on the
ame overall reactivity.

Here is useful to introduce the stretch factor K [39] as a parameter that
guanti es any distortion of the ame front surface ( A):

1dA

At (2.26)

According to the previous expression, the ame stretch is due to any
variation of the ame front surface. Since there is no possibility to alter

the ame front surface in 1D ames the ame stretch can be introduced

only in more complex ame con gurations with at least 2 dimensions. In

this context, some of the laminar ame con gurations that induces the

ame stretch are:

"~ In spherical expanding (or imploding) ames the ame stretch is due
to the changes in the ame front curvature during the expansion.

" The counter ow premixed ames come in various types depending
on the inlet boundary conditions. In all counter ow ames, the
stretch is solely due to aerodynamic strain, with no contribution
from curvature, as the ame front remains at.

While general, the stretch de nition introduced in Equation 2.26
cannot be used to calculate the ame stretch nor to distinguish between
the di erent stretch contributions. Several analytical works have been
carried out to obtain a more serviceable expression, like Candel and
Poinsot [40] or Chung et al. [41]. In all these works, the stretch K is
divided into two classes: Strain and curvature e ect.

To help explain both, the latter formulation [ 41] will be now introduced:

K=r[n (v n]+(w n)(r n) (2.27)

where v is the ow component tangential to the ame surface, n the

normal vector to the ame surface and w the ame absolute speed vector,
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evaluated on the front. The expression in Equation 2.27 presents two
components:

" The steady strain term is the rst term of the sum and it is the
only contribution that can be present in a stationary ame front
(w =0). Such a steady stretch is associated with the presence of a
tangential velocity to the ame front, indeed, when all the velocity
components are aligned with n, v n =0 and there is no steady
stretch.

This is exactly the case of counter ow premixed laminar ames in
which the ame is stationary and the ame stretch is controlled by
the presence of a velocity component parallel to the ame front.

The unsteady curvature e ect is the second term. When the ow is
stationary, the absolute ame speed w will be null and when there
is no curvature (w n)(r n) = 0. This suggests that the ame
curvature (r n) must be associated to an unsteady ame front
(w 6 0) to produce stretch.

Under the weak stretch assumption, though asymptotic analyses, it is
possible to derive a simple linear relationship between the ame stretch
and the consumption speed [38]:

So g LKty Mackae (2.28)
f

= =1
S S?
where the unstretched laminar ame speed S? is equal to the unstretched

consumption speed introduced in the freely propagating ame subsection,
¢ is the di usive thickness and L. is the Markstein length. Equation
2.28 has been reformulated in terms of two numbers:

Ka¢ = %fr is the reduced consumption Karlovitz number, quanti-
L
fying the e ects of low stretch on the ame consumption speed.

" Ma¢ = LTC is the consumption Markstein number, quantifying the
change in S¢ due to the di usive e ects.
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It is worth noting that Ka . is always positive, leading to a linear decrease
in the consumption speed with the increase of the ame stretch. In
contrast, Ma. can be positive or negative based on the di usive character-
istics of the mixture. The latter consideration makes the Ma. a pivotal
number for the determination of the ame response, indeed it de nes if
an increase in the ame stretch will increase or decrease the ame front
reactivity.

Various expressions could be found for the Markstein numbers in litera-
ture, but they are not reported in this study. The noteworthy feature is
that the reference parameter for the determination of Ma. is the Lewis
number of the mixture ( Lem ). As reported by Sun et al. [42], the Lewis
number of the mixture is controlled by the de cient species: thus, for
very lean mixtures, it assumes the value of the Lewis number of the
fuel (Lem = Lefuel ), and for very rich mixtures, the one of the oxidizers
(Lem = Leoxid ).

Generally, Len << 1 corresponds to a negative Markstein length L.
meaning that any increase of the stretch leads to an increase in the fuel
consumption speed. In contrast for mixtures whose Ley, is greater than
one the e ect of the stretch is the opposite leading to a decrease of the
fuel consumption due to a negative L.

2.2.3 Laminar Diusive ames

In di usive or non-premixed combustion, the reaction evolves simul-
taneously with the mixing process in a wide range of compositions. In
these conditions, a ame front cannot be identi ed as premixed ames
since there is no clear distinction between the fresh and burnt sides of
the ame. Although di usive ames can consume reactants with di er-
ent rates and intensities, they cannot propagate, and their reactivity is
inherently controlled by the mixing process. According to that, the ame
front aerodynamic strain is essential to enhance the mixing between fuel
and oxidizer, thus allowing the combustion self-sustainment.

In this framework in which the mixing assumes a pivotal role, introduc-
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ing a non-reactive parameter that can describe the mixing independently
from the reactive problem turns out to be very very useful. Following the
discussion of Poinsot et al. [38] and assuming:

"~ Single-step reversible chemistry

Unity Lewis number for all the species

the conservation equations for fuel, oxidiser (species conservation Equation
2.1) and energy (2.3) can be rewritten under a single equation for a non-
reactive mixture fraction variable z.

@z, @ )= @ @5 (2.29)
@t @x @x"  @x
The previous equation is a single transport equation that describes the
mixing between the two streams of fuel and oxidizer. Summarising the
derivation process of Equation 2.29 that is reported in detail in [ 38],
each of the 3 conservation equations (fuel, oxidizer, and energy) have to
undergo a variable change that allows each equation to be written in a
form that is equivalent to Equation 2.29. According to this, the three
passive scalars that have been introduced to perform the variable change
the scalars follow the same transport equation even if their numerical
values are di erent. To align the boundary conditions for the 3 passive
scalars a normalisation is needed. The normalised variablez is obtained
so that it assumes the value of z = 0 in the oxidizer stream and z =1 in
the fuel stream.
Even if 3 speci ¢ expressions have been chosen for the de nition of the
passive scalars that allow the variable change, Equation 2.29 in principle
describes any non-reactive mixing process between two streams. Accord-
ing to that z can be any passive scalar that is, by de nition, una ected
by the reactive process and normalised between 0 and 1.
For complex chemistry (more than 1 step) the mixture fraction can be
easily retrieved by leveraging the elemental mass fraction conservation.
Indeed, the elemental mass fraction Z; can be calculated from the species
as [43]:
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Aim Ym
W

Zi:Wi

m=1

(2.30)

Here, m is the index for the generic species,M is the total number of
species involved in the mechanism,a is the number of atoms of the i th
element within the m  th species, andW is the molecular weight. Since
the elemental mass fraction is a conserved passive scalar its normalisation
allows the mixture fraction de nition. In many cases in the literature the
mixture fraction de nition is done following the de nition introduced by
Bilger et al. [44] that is not based on a single elemental mass fraction but
incorporates many di erent elemental mass fractions gaining generality
for the application in many di erent conditions.

Figure 2.2: Schematic representation of a di usion counter ow laminar
amelet

One of the more common ame con gurations to study the character-
istics of laminar di usive ame is the steady counter ow di usion ame
(Figure.2.2). As reported in Figure.2.2 the counter ow di usion ame
has two opposite inlets one of fuel and the other of oxidizer. The ame is
con ned in a region near the stagnation plane that is generated between
the two impinging streams. As in all the laminar counter ow ames, the
di usion counter ow ame is a steady ame, and the two inlet velocities
control the aerodynamic strain rate.



2.2 Elementary reactors and laminar ames 31

Following the dissertation reported by Poinsot and Veynante [ 38], by as-
suming constant density, and considering x; = 0 on the stagnation plane,
a ow eld that satis ed the the continuity and momentum equations is
the following:

up = axi Uz = aXz (2.31)

where a is the strain rate assumed to be constant. By substituting the
previous expressions in Equation 2.29, it is possible to obtain a simpli ed
equation for the mixing description:

@z @z
ax1— = D—5 2.32
With a simple variable change, replacing x1 with = xlp a=2D the
following di erential equation is written:
@z @z
——+2 = 2.33

The solution of the previous di erential equation can be carried out
analytically and describes the mixture fraction distribution z(x1). From
z(x1) is possible to derive an expression for the ame thickness ( ) [38]:

_ 1 2D _ 2
ir Zjsto sto a

|
|
@)
2]
5]

(2.34)

where =2Djr zjso is the stoichiometric value of the scalar dissipation
rate , and Cg, IS a constant linked with the ame position [ 45]. The
previous expression highlights the fundamentally di erent nature of di u-
sive ames, di erently from the premixed the di usive ames do not have

a de ned ame front thickness; instead, their thickness is determined by
the local level of strain a. Any increase in the strain rate a leads to a
thinning of the ame front.

Utilising the same solution z(x1) of Equation 2.33, with the in nitely
fast chemistry hypothesis [38, 46], it is possible to derive an analytics
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expression for the description of the fuel consumption:

Z fuel r—
o _ Yiel aD
—fuel = Lfuel dxy = Pl

2
fuel 2.
X clyxid 1 Zst 2 € ( 35)

Where zg is the stoichiometric value for the mixture fraction, Y{ is the
mass fraction of the fuel in the fuel inlet, and e is the variable evalu-
ated on the fuel inlet boundary. Assuming in nitely fast chemistry, from
Equation 2.35, the fuel consumption has a monotonic increasing trend
with the strain rate, thus the ame reactivity results strongly dependent
on the mixing intensity ( —el / P a).

The e ect of nite rate chemistry makes the real problems di er from
the behaviour described in Equation 2.35. Indeed, when the in nitely
fast chemistry assumption is removed the chemistry is characterised by
its nite rate of progress. Since Equation 2.35 suggests that increasing
the strain rate would induce higher fuel consumption and reactivity it is
clear that this trend of increasing fuel consumption will eventually come
up against the real reactivity that a nite rate chemistry can produce.
In the end, the nite rate behaviour will deviate from the fast chemistry
assumption at a high strain rate when the reactivity is no longer able
to consume the reactants as required by the mixing. It is clear that the
response of a diusive ame is controlled by the competition between the
chemical and mixing timescale. The Damkshler of the ame is de ned as
the ratio between the characteristic times of the ow eld in the proximity
of the ame ¢ to the chemical scale time :

Da" = © (2.36)

Cc

¢ can be estimated from the strain rate of the ame as ¢ = 1=awhile
the chemical timescale can be estimated as . = =S, where both the
premixed ame parameters (di usive ame thickness and the laminar
ame speed SP) are evaluated in stoichiometric conditions. The in nitely

fast chemistry assumption corresponds to Da” = 1 since the chemical
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timescale is in nitely small in these conditions.
Analysing the fuel consumption integral _se , Figure 2.3 reports the

Figure 2.3: Comparison between integral fuel consumption rate for
di usive counter ow ames with the fast chemistry assumption and with
nite rate chemistry (readapted from [47]).

comparison between the fast chemistry assumption (Equation 2.35) and
the nite rate chemistry. For low values of Da' the fuel consumption
integral —,e Of the nite rate chemistry solution follows the in nitely fast
chemistry assumption. Increasing the Da™ , thus increasing the strain rate
of the counter ow ame, the nite rate case progressively deviates from
the fast chemistry approximation, and more importantly, a quenching
limit is reached. The di usive ame quenching occurs when the mixing
intensity is so high that the reaction does not have enough time to consume
the reactants and produce the heat needed for the self-sustainment of the
combustion. Typically the extinction or quenching of a di usive ame
front occurs for high strain rates when the ame front can be very thin
according to Equation 2.34.

2.3 Turbulent ames

In general turbulence with its eddies promotes the mixing all over
the di erent length scales that come from the turbulent energy cascade.
The role of the mixing enhancement in turbulent combustion depends on
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the ame characteristics, in particular, the e ect can be di erent for a
premixed ame front or a di usive one.

2.3.1 Turbulent premixed ames

In premixed ames, turbulence can in uence the ame front prop-
agation in various ways, depending on the intensity of the turbulence
and the size of its vortices relative to the ame front thickness and the
associated ame speed. Aiming to summarise all this information and
ease the turbulence- ame interaction classi cation dimensionless numbers
have been de ned:

" The turbulent Rer number is de ned by assuming unity ame Re

number so that S?= =1, according to this Rer can be expressed
as:
0 0
| I
Rer = ulr _ %L (2.37)
|

When Rer < 1 the turbulence cannot perturb in any way the
laminar ame thus making the ame front remain laminar despite
the presence of the turbulence. However, as the energy contained
in the turbulence increases such that Rer > 1, dierent ame-
turbulence interaction mechanisms can be identi ed.

The Damiehler Da number compares the turbulence integral timescale
+ with the chemical time scales . obtained by SP= .

T It =u

Da =
c :S|O

(2.38)

Two limiting conditions can be assessed. For Da << 1 chemistry
is extremely slower than turbulent mixing and it will act as the
limiting factor. Since all ow eld scales will be smaller than cy
locally the instantaneous mixing assumption can be used to describe
turbulent premixed combustion.

For Da >> 1 the chemistry is faster than the turbulent mixing
thus the ame front is only slightly wrinkled by the turbulence.
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This ame regime is also called amelet since the ame front pre-
serves its internal laminar structure despite the interaction with the
turbulence.

The Karlovitz Ka number, de ned in Equation 2.39, compares the
Kolmogorov time scale  with the chemical timescale .. The com-
parison between these two timescales allows for the quanti cation
of the capacity of the smaller scales of turbulence (the Kolmogorov
scales) to interact with the laminar ame front and disrupt its in-
ternal laminar structure. The Flamelet regime is delimited by the
Ka =1 condition, also known as the Klimov-Williams criterion.

Ka= -%= = T — (2.39)

c
K K SP
These numbers delimit the turbulent ame regimes in the so-called
spectral Borghi diagrams[48]. In Figure 2.4, the Borghi diagram, as mod-
i ed by Peters [ 49, is presented. These regimes are mostly distinguished
by the value of Ka:

Figure 2.4: Borghi spectral diagram [50].
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"~ When Ka < 1 the smallest vortexes of the turbulence ( k) are
larger than the laminar ame thickness () thus the turbulence
cannot penetrate inside the laminar ame front altering its laminar
nature. In this laminar amelet combustion regime, two behaviours
can be identi ed based on u“zso: the wrinkled amelets, where
turbulent uctuations u® are less intensive than the ame speed
and they only mildly wrinkle the front that ame propagates with
a continuous laminar structure. When u®> S the high intensity
of the turbulence does not allow the ame front to adapt to the
changes in the ow eld, thus separate pockets of fresh mixture
and burned gas can be detached from the ame front leading to the
corrugated amelet regime.

For Ka > 1, the turbulence vortexes can penetrate inside the
ame front. Two di erent cases can be distinguished based on the
dimension of the smaller turbulent vortexes with respect to the inner

ame reaction thickness = ?=:

{ In the thickened-wrinkled regime, when > > ,, the
smaller turbulent eddies can penetrate only the preheating
zone of the ame without altering the inner reaction layer,
which preserves its laminar structure wrinkled by external
turbulence.

{ In the thickened ame region, when < , < , both the
di usion and the reaction zone are a ected by the turbulent
vortexes and no laminar structure can be identi ed in the ame
front.

Peters [49] introduced a threshold value for the Karlovitz number
Ka: = ( = ;)? that controls the transition from the thickened-
wrinkled to the thickened ame region. For most of the ames have
been shown that Ka, = 100Ka as shown in the Borghi diagram of
Figure 2.4.

Among the di erent combustion regimes, gas turbine combustors gener-
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ally operate in the thickened-wrinkled or thin reaction zone where the
turbulence vortexes penetrate the preheating zone but do not perturb the
inner reaction layer [51].

2.3.1.1 The e ect of turbulence on a premixed ame front

Given that the existence of a ame front is ensured in most of the gas
turbines operating conditions [ 51] it is interesting to focus on the e ect of
the turbulence on the ame front and on its overall capacity to consume
the fresh mixture.

In a rst approximation, by neglecting the e ect of the stretch on the
local ame front consumption speed, the increase of the turbulent ame
sepeedSr is proportional to the increase of the ame surface due to
the turbulent wrinkling of the laminar ame front. This is quanti ed by
Damkehler model present in Poinsot and Veynante [38]:

St At

hud I I 2.40

S A (2.40)
where At is the total surface of the wrinkled ame, and = ATT is called

wrinkling factor. This relationship shows the increase of ame speed due
to the increase of ame surface, highlighting the stretch e ect introduced
in the previous section.

In the literature, many expressions have been introduced for the turbulent
ame speed de nition, in all of them a ame speed pattern with turbulence
can be observed: for moderate turbulence values, in the lower part of
the Borghi diagram, St is linearly dependent on u® so that an increase
in the turbulence intensity lead to an increase in the ame wrinkling
and St. Increasing the turbulence levels the linearity is lost when the
ame vortexes start to penetrate inside the ame front ( Ka> 1), nally
a quenching point is reached when the mixing ratio is so intensive that
the reaction cannot be sustained anymore.
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2.3.2 Turbulent di usive ames

In di usive ames, fuel and oxidizer mixing is pivotal for the combus-
tion to occur, thus the mixing enhancement is required for these di usive
ames since combustion can only occur when fuel and oxidizer are mixed
at the molecular level. However, di erent behaviours can be identi ed
based on the turbulence and ame characteristics. In characterising and
distinguishing the e ect of the turbulence on di usive ames the de nition
of a Damkehler number comparing mixing and reactive scales is required
[38]:

TP e

Da= — =2 RerDaf (2.41)

c
The previous expression incorporates the dependency from the Damkshler
de nition for the ame, reported in Equation 2.36, and a turbulent
Reynolds number Rer = u%;= . Cuenot and Poinsot [52] proposed a rst
ame regimes classi cation considering the interaction between a di usive
ame front and a vortex pair, by comparing the intensity of the vortex
its characteristic dimension and the ame front thickness is possible to
identify di erent combustion regimes. A more general classi cation of
the di usive ame regimes can be made considering the non-dimensional
numbers Rer and Da as shown in Figure 2.5.

Figure 2.5: Turbulent non premixed regimes [38].

In the diagram presented in Figure 2.5, four zones can be identi ed:
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The laminar region: where Rer is so low that the turbulent struc-
tures are not able to induce the turbulent mixing altering the laminar
regime.

The amelet region: for relatively high Da numbers typically for
Da’ > 2DaSE the mixing timescales are larger than the chemical
ones and thus the ame can preserve its structure even if it gets
wrinkled and stretched by the turbulence.

Extinction zone: for very low Da numbers, typically when Da’ <
0:4DaSE | chemistry cannot dispose of the excess reacting mixture
brought in by turbulence, quenching the ame. From the energy
perspective, the amount of heat removed by aerodynamic e ects is
such that combustion cannot be self-sustained.

The unsteady e ect region is con ned to intermediate values of Da
numbers. Here the reaction rates are not fast enough to allow the
ame to adapt to changes in the ow eld induced by the turbulence.
Local unsteady extinctions and the restoration of di usive ames
through premixed propagation characterise this ame regime.

2.4 High delity turbulent combustion modelling

The turbulent combustion modelling is a very challenging aspect that
must couple several di erent models to treat the turbulence, the chemistry
and the interaction between them. Even if low- delity approaches exist,
and are commonly used to study preliminary design in which mixing
prediction is the primary focus, this study focuses on high- delity models.
Indeed, when the aim is the turbulent combustion prediction the study of
ame stabilisation the numerical setup cannot avoid passing through a
high- delity characterisation of the turbulence.

In the next sections, the modelling strategies for turbulence, chemistry and
the turbulence-chemistry interaction are presented introducing di erent
modelling approaches to provide an overview of the available options.
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2.4.1 Turbulence modelling

The previous paragraph has discussed how turbulence can increase the
ame surface determining an increase in the overall turbulent ame speed
Sr. Exploiting this concept, the design of the gas turbine combustors
aims to generate high levels of turbulence to have compact designs with a
high density of power.

From the numerical point of view, the Navies Stokes Equations (NSE)
can describe any ow eld. Even if there are several numerical ways
to achieve a direct solution of the NSE, Direct Numerical Simulation
(DNS) is often not a feasible option for investigating industrial problems
because of the computational expense. In DNS the numerical grid must
be ne enough to solve all the scales of the turbulence. According to this,
the turbulence scale separation I+ =  is always a good estimator of the
computational cost since the integral length scale |+ controls the extent
of the computational domain, whereas, the Kolmogorov scale  provides
the mesh sizing requirements. The Reynolds number referred to as the
integral length scale Rer controls the scale separation |t =y = Reiz4
[53], as a conclusion increasing theRer the cost of the DNS becomes
non-a ordable.

It is clear that for studying industrial combustion scenarios, at high
pressure with intense turbulence, the numerical solution of the NSE can
be carried out only by introducing simplifying assumptions that allow to
contain the computational costs. The main idea is to solve directly only
a part of the turbulence spectrum, thus modelling the in uence of the
non-solved scales on the rest solved ones.

Historically, the rst a ordable way to achieve a solution is using the
Reynolds Averaged mean of the NSE (RANS). This process of mean is
conceptually equivalent to considering only the time-average ow. The
whole turbulence contribution to the mean ow is modelled through the
turbulence model. There are di erent degrees of complexity for the model
of turbulence, from algebraic equations to two or more di erential trans-
port equations. In any case, turbulence models for RANS aim to solve
the main ow eld in steady conditions without solving any turbulent
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scales which is a very challenging goal. Indeed, large-scale eddies have a
deterministic behaviour which could a ect the development of the mean
ow itself. When the turbulence modelling is aimed to characterise the
turbulent combustion the problem is even more complex. As previously
discussed, the combustion regime is intricately linked to turbulence charac-
teristics, which strongly couples the modelling of these phenomena. With
RANS the availability of only a mean ow eld information limits the
ability to model the unsteady action of the turbulent scales on the ame
front. In the framework of combustion modelling accurately capturing
these non-stationary phenomena, such as local quenching or ashbacks, is
often of primary interest in combustion modelling.

2.4.1.1 Large Eddy Simulation (LES)

The LES considers a higher degree of completeness of the problem,
thus, a higher accuracy with respect to RANS is expected. The LES
idea is to solve, in time and space, the turbulence of large eddies, while
the in uence of the smaller scales is modelled. The large eddies that
are directly solved are the ones that are more likely characterised by a
non-isotropic nature. In this way, the modelled scales are the only ones
interested in an isotropic behaviour. The latter is easier to be modelled
because of its universal nature, which can be described without signi cant
loss of accuracy.

The derivation of the LES equations is carried out starting from the NSE,
introduced in section 2.1.1, through a Favre ltering process. Considering
a generic quantity ' (x), the Favre lter operator ( €) can be applied as:
4
“e(x)= ' (xXYF (x  xHdx° (2.42)

where ‘e(x) is the resolved part of the ' (x), and F the LES Iter

corresponding to the mesh size. Thus the mesh size is the discriminant
factor designated to distinguish the modelled scales from the resolved
ones, for this reason, an LES should solve more than 80% of the total
turbulent kinetic energy according to the Pope criterion [ 53]. Accordingly,
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the higher accuracy of LES is achieved at the expense of computational
cost.

2.4.2 Chemistry for LES

The chemistry solution allows the evaluation of the source term of the
species and energy transport equations. The treatment of the chemistry
in LES should potentially be carried out with the highest level of accuracy
adopting detailed reaction mechanisms. However, the cost of these simula-
tions is directly linked to the number of transported species and even the
sti ness associated with the chemistry resolution has a huge impact on
the simulation cost. For this reason, di erent chemistry approximations
have been developed over the years to contain the simulation costs.

2.4.2.1 Skeletal mechanisms

The skeletal mechanisms entrust the elimination of redundant species
and reactions from the detailed reaction mechanism. This simpli cation
process is done by targeting some speci ¢ conditions of interest in terms of
fuel composition thermodynamic conditions. In this way, only the species
and the reactions, that mostly a ect these conditions are retained in the
nal skeletal mechanism. The species and reaction selection process can
be carried out with di erent criteria that are often even combined:

The direct Relation Graph with the Error Propagation (DRGEP)
method [54] de nes a global interaction coe cient that describes the

in uence of the speci ¢ species on the target species. The species
with the weakest global interaction coe cient can be discarded from
the mechanism.

Sensitivity analysis [55] that identi es the reaction sensitivity coe -
cient allowing reactions removal from the mechanism.

Computational Singular Perturbation (CSP) [ 56, 57] analyse the
chemical scale separation through the calculation of the eigenvalues
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of the Jacobian matrix of the reaction systems. The large eigenval-
ues correspond to the fast reactions that can be approximated or
removed from the reaction mechanism.

Despite the mechanism simpli cation the full skeletal mechanism could
include several species, and their timescales can be very di erent. Such
a potential sti ness of the skeletal mechanism complicates the use of
an explicit solver for the chemistry. In these cases, the simulation time
step must be restricted by the timescale of the species thus slowing down
dramatically the solution advancement.

2.4.2.2 Analytically-Reduced Chemistry (ARC)

The Analytically Reduced Chemistry is a strategy to do a further
reduction step from a skeletal mechanism. Indeed, once the skeletal
mechanism has been derived, the species and the reactions characterised
by the shortest timescale can be approximated reducing the sti ness
of the mechanism. The species reduction is carried out through the
Quasi Steady State approximation, which assumes that the net rate of
production of a species is negligible ( x = 0) compared to its production
and consumption. This assumption allows to write in algebraic expressions
that account for the impact of certain species on others without requiring
their direct solution. A potential strategy for identifying quasi-steady-
state (QSS) species is to select those with the shortest lifetimes based on
Computational Singular Perturbation (CSP) analysis [ 58]. This lifetime
information is often combined with sensitivity coe cients according to
the Level of Importance (LOI) criteria [59{61].

2.4.2.3 Global or semi-global

The global or semi-global reaction mechanism describes the advance-
ment of the reaction with only a few reactions (usually less than 4) that
behave like an algebraic correlation describing the reaction rate. The
species involved in this extremely compact mechanism are only the main
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species that are fundamental for describing the equilibrium state. The
global reaction scheme aims to reconstruct the equilibrium state and the
principal ame characteristic, such as the laminar ame speed or the
ignition delay time.

The Arrhenius constants that de ne the global schemes are calibrated
to t specic operation conditions. The optimisation of the constants is
often not su cient, indeed, as demonstrated by Franzelli et al [ 62{64]
global schemes struggle to predict a wide range of equivalence ratios,
and a pre-exponential factor correction is needed to have an accurate
prediction of the laminar ame speed in rich conditions.

These schemes cannot accurately predict pollutant emissions like
CO [62, 64] even if these are included in the mechanism. There are
often di culties in the reconstruction of the equilibrium temperature and
composition in rich conditions [ 65] due to the very limited number of
species that can be included.

2.4.2.4 Virtual chemistry

Virtual chemistry has been introduced by Cailler et al. [ 65] to over-
come the limitations associated to the global reaction mechanism. The
main idea behind virtual reaction mechanisms is that the species involved
in the global reactions do not necessarily have a correspondence with the
physical species. Indeed, the thermodynamic properties of the virtual
species can be optimised to better reconstruct the ame characteristics.
Moreover, the reaction stoichiometry can vary with the equivalence ratio,
leading to the equilibrium state being driven by the optimized stoichiom-
etry.

All these additional degrees of freedom confer the virtual reaction mech-
anism a higher accuracy in predicting the heat release distribution and
the ame temperature with di erent equivalence ratios. Such an ex-
tended accuracy makes these schemes suitable for the characterisation of
non-premixed combustion regimes [66].
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2.4.2.,5 Tabulated chemistry - Flamelet models

Tabulated chemistry approaches rely on a reduction of the dimen-
sion of the problem by de ning control variables that aim to represent
all the species and energy. These control variables are resolved within
the computational domain and used as coordinates for tabulating the
chemistry in a pre-processing step. The Flamelet Generated Manifold [67]
is one of the most widely used tabulated chemistry models. It entrusts
the mixing description to the mixture fraction z (transport Equation
2.29) while the advancement of the reactive process is described through
the progress variable. The progress variable still has the same meaning
as in Equation 2.18, however, it is usually de ned as a non-normalised
combination of the species mass fraction (Yy =, Yk) that must be
monotonically increasing through the advancement of the reaction. The
transport equation for Y can be written as:

@Y

CAS @Yy, |
@t -

@ N
@(Y uj) = (D @x

(2.43)
Equation 2.43 di ers from the z transport equation because of the presence
of a source term!_ . This term describes the advancement of the main
chemical reaction and is tabulated with respect to the control parameters
of the problem | (Y ;2z).

This model is based on several fundamental assumptions that are
reported below, it is important to highlight that none of these assumptions
is immovable but any work done aiming to remove them introduces
complications and complexities to the model.

" The ame solved in the turbulent environment should maintain
the same regime as in the manifold creation phase. Thus if the
tabulation is done using laminar amelet, the turbulent ame front
should be in the ame amelet regime or at least in the the thin
reaction zone [51].

Similar considerations have to be made for the ame front regime
(di usive or premixed) that should be coherent in the manifold
creation and as in the turbulent environment. The possibility of
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extending this model to multirtegime combustion has been studied
by several authors [68{ 72] proposing di erent manifold extensions
to address both di usive and premixed combustion.

With the unity Lewis assumption, the mixture fraction equation
represents both the mixing and the total energy transport. Thus
accounting for the non-adiabatic e ect on the reaction rate requires
an additional transport equation for the energy with extended
manifold dimensions [73].

The model is based on the unity Lewis number assumption for all
the species. This hypothesis can be very restricting in modelling
hydrogen combustion or fuels characterised by Lewis numbers that
deviate from 1. Nevertheless, several studies demonstrate the possi-
bility of extending the amelet models to characterise the di erential

di usion by introducing additional control variables [74{77].

Because of the de nition of the mixture fraction z amelet models
only characterise the mixing between two streams. The inclusion
of a third stream, such as a dual fuel injection or the e ect of
di erent oxidised compositions, can only be addressed by introducing
additional control variables and manifold dimensions [78{81]

Flamelet models are known for their excellent balance between cost and

accuracy and are widely used in the combustion community. However,

when several of the aforementioned corrections are required, these models
can experience a signi cant rise in complexity and computational cost.

2.4.3 Turbulence-chemistry interaction combustion mod-
els

In LES the ame front thickness usually has a size that is comparable
to the cell size ( « 9y for this reason whatever strategy is selected for
the chemistry solution a combustion model is needed to solve the ame
front. The role of the combustion model is to both allow the solution of
the ame front on an LES grid and restore the interaction with the solved
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turbulence scale and the modelled sub-grid scales. Over the past few
decades, numerous models have been proposed in the literature to address
this task. The following paragraph introduces some of these models.

2.4.3.1 Dynamic arti cially thickened ame model for LES

The Arti cially Thickened Flame model enables the ame front res-
olution on LES grids by means of an arti cial thickening. The numer-
ical thickening of the ame front by a thickening factor F is carried
out by scaling the di usivity of the species Dy, and the energy Dy, as
Dwick = F D. Analogously the source terms of the species and the energy
are scaled! mick = !=F which is equivalent to scaling all the Arrhenius
pre-exponential factors Axmick = Ax=F.

According to the results of the asymptotic analysis presented in paragraph
2.2.2 can be shown that the ame thickening increases the ame front
thickness by a factor F without alteringpthe laminar ame speed. Recall-
ing Equation 2.20 that suggests S° / ~ A;Dy and Equation 2.22 which
states = Dy =S, the ame speed and thickness after the thickening
factor scaling are respectively:

r
Ak _ FDmn

Slothick / FDmu =3 = S|0 thick = Slomick

=F (2.44)

The thickening of the ame front modi es its interaction with the turbu-
lence scales altering either Karlovitz (Ka) and Damkshler ( Da) numbers.
According to this, the turbulent scales would have induced wrinkling in
a thinner ame front may lose their wrinkling capacity with an arti -
cially thicker ame front. To restore the contribution of the not-solved
wrinkling on the thickened ame front an e ciency function E has to
be introduced. The e ciency function is de ned as the ratio between
the wrinkling factor of the physical ame front ( Io) with respect to the
one of the thickened ame front E = 0= 0. In the literature, there
are di erent formulations to estimate the wrinkling factor [ 82{85] and in
general, it is expressed as a function of:

~ 8% the local laminar ame speed which is pre-tabulated as a
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function of the mixture composition.

Y: the local laminar ame thickness which is pre-tabulated as a
function of the mixture composition.

u’ .. the turbulent velocity uctuations under the scale e, Which is
usually taken as 10 . There are various expressions in the literature
to estimate u® .» the rst has been proposed by Colin et al. [83]. A
second expression to estimateu® . has been proposed by Dourand
and Polifke [86].

The e ciency function is introduced in the equations scaling the di usivity
asDuwick = EF D and the source terms as! mick = !E=F . According to
Equitation 2.45 the e ect of such scaling leads to an increase of S° by a
factor E without a ecting the ame thickness which is only controlled by
F.

EA EFD
“=ES’ mk =g -=F  (245)
| thick

Slothick / EFD

In the dynamic thickening formulation proposed by Legier et al. [ 87] the
thickening factor is applied selectively on the ame front through a ame
sensorS. Indeed, in non-premixed cases, the application of the thickening
outside the ame front would increase the species di usivity by arti cially
altering the mixing process. In the literature, many di erent formulations
for the ame sensor can be found, the de nition due to Leiger is reported

below:
Kt j

Kt

S = tanh ( ) (2.46)

Jo
in which Ky ; is the Arrhenius reaction rate, Ky o is a constant reference
reaction rate, and is a constant. The new thickening factor for the
dynamic formulation, which is corrected through the sensor S, can be
rewritten as:

F=1+(Fmx 1)S (2.47)

In which the maximum thickening factor Fmax is often calculated based
on the local mesh sizing x to ensure N grid points inside the thickened
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ame front: N
Fmax = 0 = (2.48)

|
The resulting transport equation for the species, after the application of

the arti cial thickening, takes the form of:

%+ @7@;( ((%(( EFD «+(1 9S) szf)g%k(w E!_k (2.49)
The dynamic thickened ame model for LES (DTFLES) allows both
premixed and technically premixed ame modelling. However, for di usive
ames, the ame front thickening is no longer an e ective strategy to

solve the ame on an LES grid [45]. Indeed, as has been reported in

( ¥gj)=

paragraph 2.2.3 the laws governing the fuel consumption change in case
of di usive ame. When the fast chemistry assumption is valid, at low or
moderate strain rates, fuel consumption is independent of the reaction
rate. Following Equation 2.35 the fuel consumption of a thickened di usive
ame front % can be compared to the non-thickened solution:

att) / E)p@ = pE (2.50)
—fuel aD

Equation 2.50 shows that for di usive ames, any arti cial increase in
the di usivity would alter fuel consumption by a factor F.

Many studies in the context of DTFLES address the di usive regime by
disabling the thickening whenever this ame regime is detected [ 32, 88{
91]. To address this task a ame index is taken to distinguish between
premixed and di usive ame regimes.

In the region where the thickening is disabled, the Favre-averaged species
concentrations and temperature available from the LES calculations are
directly taken for the calculation of the source terms. This corresponds
to impose F =1, E =1, and S =0 in Equation 2.49.
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2.4.3.2 Partially Stirred Reactor (PaSR)

The Partially Stirred Reactor (PaSR) combustion model is based on
the assumption that the reactions can occur only in the ne structures
which are a fraction of the cell volume. The remaining part of cell volume
outside the ne structures is expected to not take part in the reactive
process. The nal overall composition of the cell is estimated as a mixing
process between the ne structures and the surrounding volume. In the
LES formulation of the PaSR combustion model, the species source terms
are modelled as [92]:

L = kpasr | (8;P) (2.51)

in which ¥ is the vector containing the Favre-averaged compositions of
all the species. kpasr in Equation 2.51 represents the relative volume of
the ne structures and is estimated by the model as:

Kpagr = ¢ (2.52)
ct T

in Equation 2.52 . is a chemical timescale and 1 is a mixing timescale.
The estimation of these two characteristic timescales that control the
model can be done following di erent strategies. According to Sabelnikov
et al. [93] the mixing timescale can be expressed as with the mean of
the sub-grid velocity stretch time and the Kolmogorov time scale. An
estimation of the chemical timescale is given by the ratio between the
laminar ame thickness and the laminar ame speed .= =S [93].
Other expressions can be found in the literature based on the species
mass fractions and their relative production rates [92, 94].

2.4.3.3 Presumed Probability Density Function models

The presumed Probability Density Function (PDF) model for turbulence-
chemistry interaction is often coupled with amelet tabulated treatment of
the chemistry. Indeed, the reduced number of control variables eases the
process of PDF estimation. For this reason, this model is here introduced
in the context of tabulated chemistry, assuming to have only a mixture
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fraction Z and a progress variable Y as control variables to describe
the reactive process and the mixing. Accordingly, a generic quantity in
laminar conditions can be estimated as' = ' (Z;Y ). In a general PDF
approach, the Favre-averaged values of the quantity ' can be estimated:
Z,7,
'e= ="' (Z;Y )B(Z)Y )dZdY (2.53)
0 0

in which B(Z;Y ) is the mass weighted PDF that is not known a priori .
Speci cally, in presumed PDF models the shape of the PDF is assumed,
and usually the statistical independence between the two control variables
[95] is assumed so that:

B(Z;Y )= B(Z) B(Y ) (2.54)

Once the statistical independence of the two quantities is assumed, the
PDF can be estimated from local information, as the mean and the
variance of the two control variables, by assuming a -shape of the PDF
[95].

2.5 Conclusions and development perspective beyond
the state of the art

This chapter introduces the theoretical background of combustion,
emphasizing the modelling requirements for turbulent combustion. The
strong and unsteady interaction between ame and turbulence necessitates
the use of LES models for e ective turbulence characterization.
Regarding chemistry modelling in LES, the various approaches can be
di erentiated by evaluating the balance between computational cost, ac-
curacy, and exibility. While skeletal and ARC mechanisms o er optimal
accuracy and exibility, they can be computationally expensive, particu-
larly for carbon-containing fuels or ammonia. Tabulated amelet models,
global or virtual mechanisms, are much cheaper solutions for chemistry
treatment. Even though the base formulation of these models does not
account for many e ects that are of interest in the context of this study,
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such as di erential di usion, heat losses, multi-regime combustion, and
multi-stream combustion, several dedicated extensions can be found in
the literature. However, simultaneously including all these aspects would
introduce remarkable complications and costs. Global mechanisms, on the
other side, o er the possibility to characterise most of the aforementioned
phenomena even if their predictivity is linked to the speci ¢ conditions for
which they have been developed. The predictability of global mechanisms
can be even extended with the introduction of virtual chemistry. For this
reason, virtual chemistry is set as a promising option to model H»-based
fuel mixtures.

This work aims to present a procedure for the development of virtual
kinetics schemes forH,-CH 4 combustion and validate them on turbulent
combustion test cases.

In H, combustion modelling several aspects still have to be clari ed
besides the chemistry treatment. In this chapter, the role of di erential
di usion on ame reactivity has been introduced for premixed ames.
The di erential di usion e ects are expected to play a pivotal role in
the prediction of ame stabilization for high H; contents mixtures. In
contrast, methane has a Lewis number very close to unity. Thus, the
addition of hydrogen in combustion systems designed for methane would
progressively change the properties of the ame by altering its interaction
with the stretch produced by turbulence.

This work aims to provide insights into the role of di erential di usion
on ame stabilisation for H,-CH4 fuel mixtures. In particular, the e ect
of the increase of the H, content has to be carefully investigated to
understand which phenomena are mostly a ecting the propagation of
turbulent ame. Furthermore, this investigation represents a validation
step for the numerical models aimed at investigating their predictability
in these conditions.

As outlined in this chapter, most combustion models based on primitive
variables require the tabulation of ame properties as S° or 0 as a
function of the local mixture characteristics. Usually for two-stream
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problems, the mixture fraction based on the elemental mass fractions
is su cient to retrieve the local mixing information thus allowing the
reactants composition determination. However, the prediction of the
unburnt mixture in multi-stream reactive problems is an open topic that
needs to be deeply investigated.

The di erence between the premixed and diusive ame regimes
has been deeply detailed explaining the key contribution that governs
respective conditions. However, the completely di erent requirements of
these ame regimes complicate the development of combustion models
capable to address both of them. In particular, the thickened ame model
is one of the most evolved and widely used models for premixed combustion
but the thickening concept cannot be extended for the treatment of
di usive combustion. In this sense, a way to treat the di usive part of a
multi-regime ame front must be identi ed. In parallel, it also becomes
important to manage the identi cation of the two combustion regimes
and the transition between them.
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Despite the use of hydrogen in gas turbines can lead to completely
innovative combustion strategies [96], one of the most attractive solutions
is still the lean premixed technology [ 13, 14]. This technology represents
nowadays the state of the art for low carbon fuel combustion in land-
based gas turbines [L5, 16], and its enabling to high H» content allows the

55



3. Turbulent combustion modelling of lean premixed H,-CH 4 mixtures
56 on a swirl-stabilised test case

exploitation of part of the industry's know-how acquired over years for
Natural Gas (NG) combustion. Moreover, starting the redesign process
from con gurations already capable to manage the NG combustion, would
help to preserve a certain degree of retro tting and fuel exibility. In the
transitional phase toward the use of carbon-free fuels, it is indeed essential
for the new combustion systems to ensure fuel exibility overcoming the
discontinuous hydrogen supply [10, 11]. The lean premixed burner de-
sign must face several di culties related to the di erent thermodynamic
and chemical properties of H, with respect to conventional fuels. Due
to the higher adiabatic ame temperature of H; with respect to CHyg,
H-fueled systems must be operated in leaner conditions to contain NOx
emissions. Moreover, the high H, reactivity raises the ashback risk
[97, 98] altering the stability margin of the combustor and worsening
its operability under low loads. All these arguments raise the need to
experimentally investigate the e ect of H» addition in lean-premixed con-
ditions, likewise, validating the numerical model prediction capacity. The
combustion modelling of high hydrogen-containing mixtures must be able
to account for the di erential di usion to correctly characterize the ame
propagation characteristics. Species transport models are intrinsically
capable of accounting for all these aspects on the solved ame front.
The CH4-H, lean premixed ames have been heavily studied in the liter-
ature with both experimental and numerical work [ 99{102]. Agostinelli et
al. [100] have recently investigated the PRECCINSTA burner operated up
to 50%v. of H, with CH4 under pressure, highlighting how the computa-
tional cost rises sharply with the pressure increase with H,. Nevertheless,
the prediction capability of the DTFLES in these conditions is excellent as
it also shows an accurate reconstruction of the thermoacoustic behaviour.
A possible way to limit the computational cost acting on the chemistry
has been presented by Garcia et al L01]. They calibrated 3-step global
reactions mechanism for the study of CH4-H> mixture with the DTFLES.
In their study, they have investigated a perfectly premixed blu body
burner operated up to 67%v. H,.



3.1 Objective of the chapter 57

3.1 Objective of the chapter

This chapter aims to investigate the e ect of hydrogen addition from
0% to 100% on the ame morphology experimentally and numerically. The
measuredOH chemiluminescence allows the validation of the DTFLES
prediction assessing its capacity to predict the change in the ame shape
induced by the H, addition. The increase in H, content alters the
fuel di usion properties, which in turn a ects the interaction between
the ame front and turbulence. Validating the numerical model under
these conditions is particularly interesting to understand its capacity to
reproduce such complex behaviours.

3.2 Experimental Facility

The test case studied in this work has been investigated during the
experimental campaign conducted in the GTRC laboratory at Cardi
University Research Centre. The facility, as shown in Figure 3.1 and
described elsewhere 103{10€], consists of a high-pressure rig with optical
accesses. The air supply line includes an electric heater that allows a
preheat of the mixture up to 573K with a ow capacity of 0.25 kg/s.
The facility is equipped with a radial-tangential swirler (having geometric
swirl number 0.8) based on industrial lean premixed design. In the
context of this study, the burner has been operated in fully premixed
conditions and the whole rig is at atmospheric pressure. The high-speed
OH chemiluminescence image capture system utilizes a combination of
a high-speed camera, relay lens, high-speed image intensi er, UV lens
(RicohFL-GC7838-VGUYV, f/8)with a 310nm narrow bandpass lter. The
high-speed camera is a monochromatic Vision Research Phantom v1212
with 72 Gb onboard memory and up to 12,000 fps at full resolution (1280
x 800) and a bit depth of 12 bits. The image intensi er is a Specialized
Imaging Itd SIL4A0OHG50 with a UV-enhanced S20 photocathode and a
maximum frame rate of 100,000 frames/s. For this study, the system
was operated at 4000Hz, with the exposure time of the image intensi er
set at 10 us and the gain varied between 3 and 4 depending on signal
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Figure 3.1: Experimental rig for combustion test: (a) instrumentation

and pilot injection lance (not used in this study), (b) inlet plenum, (c)

premixed chamber, (d) radial-tangential swirler, (e) quartz window, (f)

quartz burner con nement tube, and (g) high-pressure optical casing
[103{106].

strength. The system is remotely triggered and controlled by a dedicated
computer system using vision research PCC2.8 and Specialized Imaging
limited SILCONTROL?2 software. A target image was utilized to provide

a resolution, equal to around 5 pixels/mm. The camera resolution was
down-selected to reduce the le size to 768 x 576 pixels. EachOH
chemiluminescence image presented here has been temporally averaged
from 2000 images ¢  0:5s). In the context of this study, the experimental
OH chemiluminescence maps will be discussed and compared with the
numerical predictions for di erent test point conditions.

3.3 Computational domain and numerical setup

The test case just introduced has been numerically investigated by
means of high- delity LES simulations. The spatially ltered Navier
Stokes equations have been solved with the pressure-based solver ANSYS
Fluent 2022R2. The sub-grid scales of the turbulence are modelled with
the Smagorinsky-Lilly sub-grid model with the dynamic computation of



3.3 Computational domain and numerical setup 59

the Smagorinsky constant [107]. The convective terms of the transport
equations have been discretized with a second-order accurate numerical
scheme while the advancement of the solution in time is carried out
with a second-order implicit scheme. To ensure an adequate temporal
discretization, in all the simulations performed, the timestep has been
chosen to maintain the convective courant number below 5 in the zone of
interest.
The turbulent combustion has been modelled with the DTFLES with
constant thickening since all the investigated cases are perfectly premixed.
Nevertheless, the thickening is only applied on the ame front using
the sensor formulation form Equation 2.46. Sub-scale wrinkling e ects
have been taken into account through the e ciency function formulation
proposed by Colin et al. [83]. Generally speaking, most of the e ciency
function formulations require the estimation of the dilatation-free velocity
uctuation at the test Iter. Colinetal. [ 83], have proposed a formulation
that requires the third-order derivative of the Itered velocity, a non-trivial
task on an unstructured mesh. Instead, the approach proposed by Durand
et al. [108] is adopted here. Using a scale similarity assumption, the test
Iter velocity uctuation is evaluated directly as:

wW.,=c r e r ] (3.1)
Where B is the test- Itered velocity evaluated by averaging the velocity
in the cells surrounding a given cell, and c is a model constant. In order
to limit the computational cost without losing accuracy and generality, a
26 species and 119 reactions skeletal mechanism derived from the UCSD
[109] mechanism is employed; the chemistry set was retrieved leveraging
the commercial code CHEMKIN-Pro [ 110] and a detailed description of
the reduction procedure can be found in the work of Castellani et al. [ 89].
The skeletal kinetics scheme shows optimal performance in a wide range
of conditions and ame con gurations including the ones considered in
this work. On the just mentioned mechanism, the OH radicals have been
added, integrating the kinetics, thermodynamic and transport properties
from the work of Kathrotia et al. [ 111], and validated for methane com-
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Figure 3.2: Schematic visualization of the computational domain, and
mesh with the re nement zone

bustion from Liu et al. [ 112). In conclusion, the nal chemical kinetics
mechanism counts 27 species and 129 reactions. According to this, all
27 species are transported and the computation of their mass di usive
uxes is performed considering the binary full multicomponent di usion
transport model. The laminar viscosity and thermal conductivity of
each species in the mixture have been computed according to the kinetic
theory, and then the overall mixture viscosity and thermal conductivity
have been evaluated by means of the ideal gas mixing law. The en-
ergy equation is solved by including Soret thermo-di usive e ects. The
chemical source terms are computed using a sti chemistry solver, that al-
lows the decoupling of the chemical timestep with the simulation timestep.

The computational domain is shown in Figure 3.2. The perfectly
premixed mixture enters the computational domain through a single mass
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Table 3.1: Boundary conditions of the investigated test points

0OH2 60H2L 60H2R 100H2L 100H2R

%H by vol. 0 60% 60% 100% 100%
[] 06 0465 0.518 0.265 0.281

Ta [KI 500 500 500 500 500

me [ofs] 148  17.9 16.1 27.0 25.5

ow inlet according to Table 3.1, where also the mixture composition
is speci ed for each investigated test point. Anyway, a more detailed
description of the investigated test points is left to the next paragraph.
An arti cial restriction is placed before the pressure outlet in order
to accelerate the ow and avoid any back ow on the outlet boundary.
All the walls are treated with a wall function approach and a xed
temperature is imposed on the di erent quartz tube regions according to
the measurements.

The mesh for all the investigated conditions counts 16M of polyhedral
elements. The re nement zone is shown in Figure 3.2, and includes the
swirler and all the expected ame regions with an average size of the
elements of 0.35mm. Three prismatic layers have been placed on the
wall in order to improve the discretization of the boundary layer. The
Pope criterion [53] is found to be satis ed in all the cases, and the solved
turbulent kinetic energy is always more than 90% of the total, con rming

a very good spatial discretization in all the investigated conditions.

3.4 Investigated Test Points

In Table 3.2 the mixture properties and some non-dimensional num-
bers are summarized providing an a priori overview of the investigated
cases peculiarities. Increasing theH, content the bulk velocity (evaluated
on the swirler exit) increases signi cantly and the Re number. Such an
increase in the mass ow (and u®= upuk ) is needed since the burner must
be operated in very lean conditions to avoid ashback. A big amount of
air is thus needed to maintain constant thermal power equal to 25kW.
This makes the discretization requirements to solve the turbulence scales
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Table 3.2: Test points turbulence and laminar ame properties
information

OH2 60H2L 60H2R 100H2L 100H2R

%H 2 by vol. 0 60% 60% 100% 100%
[1 o6 0.465 0.518 0.265 0.281
O [mm] 055 0.57 0.46 0.91 0.79
Frax [1 5.4 5.2 6.6 3.3 3.7
s? [m/s]  0.38 0.36 0.51 0.20 0.25
Taa [K] 1822 1608 1705 1277 1250
Lem [] 1 0.58 0.58 0.3 0.3
Uk [mis] 211 26.5 24.0 41.4 39.3
Re/10  [] 1.19 1.43 1.29 2.14 2.02

more demanding with increasing H, with the H; content following the Re
number trend. On the other hand, the ame front discretization require-
ments are relaxed increasing the H, content since the ame thickness
increases due to the lower to keep the power constant (except for the
60H2R case). Consequently, the amount of thickening needed decreases
with the increase in the H, content.

In Table 3.2 the mixture average Lewis number, computed according to
Kutkan et al. [ 113, is reported as an estimation of the relative impor-
tance of the di erential di usion. In their correlation for the turbulent
ame seed (Sr) they found that the St scales as £ Le . However, the
di erential di usion a ects also the S, thus the expected nal impact of
this parameter on Sy would be even more important.

Looking at the high variability range of the mixtures adiabatic temper-
atures, relevant di erences in HL will be expected. The higher ame
temperature test point will be subject to a relevant HL in the burnt gasses,
due to the expected increase in the wall temperature gradient.

3.5 Results

The reactive results are presented showing the numerical model pre-
diction capacity with respect to the experimental measurements rstly.
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After that, the high- delity numerical results are discussed in detail trying
to identify the main mechanisms that lead to the change in the overall
ame morphology increasing the H, content.

3.5.1 Grid convergence assessment

A LES grid convergence assessment has been performed on the 100H2L
case in order to evaluate the predicted ow eld dependence on the spatial
discretization. A series of cold ow LES simulations have been carried out
considering the higher Re test point to investigate the worst condition
from the turbulence modelling perspective. In these conditions, the mesh
sizing of the re nement region has been scaled from a minimum size of
0.35mm to a maximum of 1.6mm.

The axial velocity prediction has been reported in Figure 3.3 to o er the
qualitative representation of the ow eld prediction discrepancy between

the di erent cases. Despite the very di erent mesh sizing, the ow eld
discrepancies are very small, and the last two mesh sizing provides nearly
equivalent results nevertheless the sizing is about double. To quantify the

di erences between the cases two mesh convergence index has been de-
ned in equations 3.2, 3.3 representing the volume average of the velocity

di erence between the nest case (reference case) and the others.

1 z Viot (y< 0:05m)

ave = Vir Vf:/eef vjave av (3.2)
ot v
1 z Viot (y< 0:05m)
v Vi viMS av (3.3)
of \%

Where j is the index that identi es the velocity components thus the
axial, the radial and the tangential component. The convergence indexes
for the di erent cases are reported in Figure 3.4 showing the progressive
and monotonous diminishing of both the indexes with the mesh sizing
decrease. Focusing onthe a. and rms values, the accordance between
the last two mesh is very good with an average di erence in the local
velocity of 0.89 and a lower di erence in the RMS prediction. This
preliminary analysis shows that nearly equivalent ow eld predictions



3. Turbulent combustion modelling of lean premixed H,-CH 4 mixtures
64 on a swirl-stabilised test case

Figure 3.3: (Top) non-reactive contour of the time-averaged axial velocity
for the nest case; (Bottom) circumferential average of the time-averaged
axial velocity and RMS for di erent axial locations and di erent grid
sizing.

could be achieved with a mesh sizing that is double with respect to the
one adopted in this study. The ner grid has been nally selected to
perform all the investigations to minimise the thickening factor improving
the ame prediction.
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Figure 3.4: Mean deviation of the time-averaged velocities (Equation 3.2)
and RMS (Equation 3.3) for the various cases from the reference one. the
reference case is the 100H2L case

3.5.2 Validation of the numerical model

Usually, in numerical simulations, the experimental OH maps are
directly compared to the time-averaged Heat Released Rate (HRR) de-
rived from the numerical simulations. Nonetheless, in this work, the
OH radical is solved to be directly compared with the experimental
OH chemiluminescence signal. In Figure 3.5 the time-average Line Of
Sight (LOS) of the You has been compared with the experimental OH
chemiluminescence for all the investigated test points. In all the condi-
tions the model prediction shows an overall a good agreement with the
experimental measurements. Experimentally the ame is V-shaped and
its length is very sensitive to the change in the inlet mass ow and % H-
whereas it seems to be only slightly a ected by the equivalence ratio. The
ame morphology is well reconstructed by the model that successfully
captures the ame extinction on the external shear layer. Moreover, also
the ame length variation with H, addition is well predicted, especially for
richer conditions. The simulations underestimate slightly the ame length
decreasing theH, content, in leaner conditions. This discrepancy may be
ascribable to the near-wall ame heat loss characterization since, for the
0% H» case, the ame interacts with the wall making the uniform wall
temperature boundary a less realistic assumption. It can be easily seen
that the increase in the H; content of the mixture nally results in a more
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compact ame. This suggests that the turbulent ame speed increases
with the increase in the H, content allowing a higher fuel consumption
rate.

To better highlight this trend, the isoline that marks the end of the fuel
consumption for each case is reported in Figure 3.6.

Figure 3.5: Comparison between the numerical time-averagedOH LOS
(left) and the experimental time-averaged OH signal (right) for all the
test points investigated (Table 3.1) normalized with respect to the
respective maximum values

As mentioned before, for the 0% H. case the fuel mass fraction
reaches the wall before being consumed whereas in all the other cases
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Figure 3.6: Isolines representing the numerical time-average fuel
consumption depletion for all the cases investigated. The fuel
consumption is evaluated as the near zero isoline of the fuel species mass

fraction sum

the fuel depletion happened before the interaction with the wall. From
Figure 3.6 emerges that the increase in theH, content results in faster
fuel consumption and a shorter ame, despite the increase in the mass
ow. The experimental and numerical data are in very good accordance
con rming that trend, moreover, the overall good numerical prediction
con rms the robustness of the adopted numerical setup.

3.6 Flame topology analysis

Once the reliability of the numerical model has been proven, the
mechanisms that drive the observed ame morphology change with the
increase in the H, content will be investigated. In doing that, only three
of the formerly shown cases (Table 3.1) will be considered. Although a
shorter ame is usually expected when H; is added in the fuel blend, as
observed in this case, comparing the laminar ame speed (S°) among
the cases (Table 3.2), the ame speed of the 100%H , cases is the lowest
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(only 0.2 m/s). This is because the 0% H, mixture is much richer and
the SP in these conditions is about 2 times higher than the one of the
leaner 100%H, case. Thus, the a priori assessment of the ame reactivity
based on the S” is not explaining the observed turbulent ame speed
(St). Indeed, both the simulations and the experiments found that Sr
should somehow increase with theH ; content, leading to an overall shorter
ame. Referring to the modi ed Zimont correlation [ 114, 115 proposed
by Kutkan et al. [113] in Equation3.4, among the di erent contributions
to the Sr, two are particularly important here:

1. Turbulent velocity uctuation u®
2. Laminar fuel consumption speed which is a ected by:

(a) Preferential di usion e ects
(b) Flame stretch (curvature and aerodynamic strain)

(c) Heat loss
_ 04 s 045 0:25) 0:25
St = pL:u Sc u It + Sc (3.4)
e
These e ects will be discussed separately in the two next paragraphs trying

to explain the main phenomena driving the ame topology variation in
the di erent test points.

3.6.1 Resolved ame front wrinkling

The turbulent velocity uctuations are expected to scale with the inlet
bulk velocity which increases with the H, content (Table 3.2). These
velocity uctuations induce ame strain and wrinkling, being a possible
candidate contribution that enhances the turbulent ame speed at high H»
content. It is worth remarking that in the LES-TF framework, due to the
front thickening, only part of the turbulent wrinkling is actually resolved.
The missing sub- Iter turbulence e ect on the ame is modelled through
an e ciency function calculated on the sub- Iter velocity uctuation u
In other words, in the DTFLES the modelled part of the ame wrinkling
determines an increase of the resolved ame front turbulent consumption

e
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speed by means of the e ciency function. This is the reason why the
e ect of the subscale wrinkling will be discussed in the next paragraph.
The resolved ame surface of the turbulent ame front has been computed
for the three cases referring to a constant temperature (700K) isosurface.
This choice allows comparing the ame fronts for the same thermal
expansion distortion level thus making them comparable. The specic
ame surface evaluation is carried out with a moving evaluation volume,
in which the ame surface is computed each time. In Figure 3.7, the

Figure 3.7: Specic ame surface for the three cases with respect to the

axial coordinate of the domain. In the table (top right) the corresponding

total ame surfaces are reported. Flame surfaces evaluated through the
700 K isosurface

speci c ame surface and the total surface for all the cases are reported.
Comparing the two OH2 and 100H2L cases, in the region inside the burner
nozzle (x<0), the 100H2L case has a higher speci ¢ ame surface. This
aspect is in accordance with the expected higher wrinkling of this case due
to the higher upu . After that region, the cases reaches a similar specic
ame surface maximum value than, the speci c surface of the 100H2L
case decreases earlier, moving in the axial direction, due to the shorter
ame. Despite the higher wrinkling level of the 100H2L ame surface,
the total surface is still slightly lower than the one in the OH2 case. This
con rms that the ame front wrinkling increase cannot justify such an
increase in St able to induce a ame shortening in the 100H2L case. All
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the more reason considering that the ame shortening is observed after a
considerable increase in the mass ow.

Similar considerations can be done for the comparison between the OH2
case and the 60H2L case. The only di erence is that the surface wrinkling
of the two cases for x< 0, this time, is comparable since the cases are
interested in comparable speci c ame surface values (for x<0 m). In
the end, the higher fuel consumption capacity of the high H, content
cases cannot be ascribed to an increase in the solved ame front wrinkling
(induced by the higher turbulence level), but it must be due to the solved
ame front consumption speed.

3.6.2 Flame Displacement Speed

According to what has been discussed in the previous paragraph,
increasing the H, content, the solved ame front consumption speed must
increase to allow the ame length trend to be justi ed. Unfortunately,
the consumption speed is a ame front integral quantity whose evaluation
is extremely complex to be in 3D LES simulations. In the literature,
a local ame front speed formulation has been proposed [38] to allow
its estimation also in complex 3D cases. In this study, the local ame
displacement speed is computed adapting the formulation proposed by
Gran et al. [116] to the thickened ame front:

s, = r (D r.Y)_+!_E— 35)
iry|j
with Y representing the reaction progress variable evaluated asY =
Yu, + Yu,0 + Yco, + Yco . The denition of Y has been chosen as a
good compromise for dealing with both methane and hydrogen combustion;

it joins a widely used de nition for CH4 combustion (Y = Yco, + Yco)
with the formulation proposed by Amerighi et al. [ 117] speci cally de-
rived for the description of H, combustion. In Equation3.5 is the
local density, ! _ is the progress variable source term, andD the mass
gradient-weighted average progress variable di usivity:
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XDl Yaj

D Y (3.6)

n=1
Where Dy, is the local e ective mixture average di usivity of the specie n
computed as:

Dn= D" 1+(FE 1))+ ) DY (3.7)

Where D™ the laminar di usivity of the specie n, and D¥™® the tur-
bulent mass diusivity. Sy is de ned only within the ame front and
represents the velocity of the ame front with respect to the fresh mixture.
However, Sq values will be to be increasingly altered at high levels
because of the acceleration due to the thermal expansion. For this reason,
according to Poinsot et al. [38] a density-scaled formulation has been
introduced in Equation 3.8, to limit this thermal expansion distortion.

Sd = Sq— (38)
u

Where  is the density of the unburnt mixture. Exploiting the same
progress variable de nition, the ame curvature (), the ame strain
( ), and the ame stretch ( K) can be also easily computed through the
de nitions presented respectively in Equation 3.9, Equation 3.10, Equation
3.11 where all the quantities are spatially ltered quantities.

= nn:ru+ru (3.9)
=r n (3.10)
K=+ S4r n (3.11)

Being nn :r the gradient operator normal to the ame surface, and n
(Equation 3.12) the normal vector to the ame front that point towards
the fresh mixture.

(3.12)
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The Sy eld is computed on the three di erent cases increasing the H
content and the results are compared in Figure 3.8. The gure shows the
vector plot Sy distribution by means of a series of vectors orientated along
the ame front ( Sy n). In principle, the normal vector must be normal
to the 3D ame surface (following Equation 3.12), however, in handling a
bi-dimensional plot, a choice must be made on the representation of the
third component normal to the plane. To preserve the information about
the actual Sy magnitude, in Figure 3.8 the normal vector is chosen normal
to the 2D ame surface. In Figure 3.8 the di erences in the instantaneous
ame displacement speed can be appreciated, and as expected the case
that instantaneously exhibits a higher S; distribution is the 100% H»
case. In all the cases the ame is strongly decreased near the centre body
edge where the HL e ect is supposed to have a dominant contribution
in slowing down the S;. Analogously, also the S; distribution on the
external shear layer of all the cases seems to be a ected by relevant slow
contributions that could be ascribable to the HL e ects. For the 100% H-
case is evident how the Sy gets instantaneously reduced by the presence
of the burner nozzle lip. A deeper characterization of the HL e ects is
left to the next paragraph. The second contribution that seems to a ect
the Sy distribution is the ame front curvature; indeed, the displacement
speed is enhanced in any case when the curvature is negative, and all the
peak values of the S; are observed on negative curvature regions. The
curvature impact is even more clear observing the scatter plot placed
below each gure where most of the points that have higher S are in
negative curvature regions. For the case with high CH4 content, the
negative curvature would compete to decrease the overall ame front
stretch level, and the CH4-air ames always increase their reactivity due
to a decrease in the ame stretch. On the contrary, the 100% H, case
mixture has a Lewis number that is much lower than one (Table 3.2),
thus, for a certain range of stretch value, the ame front reactivity is
enhanced by a further increase of K. Such growing trend is expected to
saturate for a su ciently high stretch value, and then, the ame speed
would start to decrease at higher K. From this standpoint, it is quite
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Figure 3.8: (Top) contours of HRR with progress variable isolines (=
0.1, 0.2, 0.3). on that  range the vector plot of Sy nyy, is shown;
(bottom) scatter plot of the S, distribution (sampled on the xy-plane

0.1< < 0.2), the colour of the points represents the local level of Z. On

the left of the scatter plot, a histogram showing the points' density of S,

the red horizontal line represents the laminar unstretched ame speed for

the di erent cases.

surprising to observe the sameS; dependency for both cases. However,
in turbulent combustion, the overall stretch eld acting on the ame front
can be high enough to determine that any decrease in the stretch eld
given by < 0 nally results in a reactivity enhancement.

On the scatter plots shown in Figure 3.8, the points are coloured with the
local mixture fraction (Z) value. The Z evaluation is done according to
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Bilger et al. [44] de nition, thus accounting for the change in the fuel and
oxidizer composition given by the considered test point. It is worth noting
that the dependency of Z on the curvature, i.e. the local enrichment
due to preferential di usion, does not change substantially in the whole
front considering all the ranges. In any case, the positive curvature
enhances the mixture enrichment, on the opposite the mixture gets leaner,
and this is a quite common nding [ 99]. From a qualitative standpoint,
the mixture fraction redistribution for the 100% H, case is much more
marked than the others. However, looking only at the Z redistribution
there are not enough elements to quantify or even appreciate the impact
of the preferential di usion on the ame reactivity.

The histogram placed beside the scatter plot provides an overall view of
the Sy distribution in the three cases. The points density in the higher
velocity regions is higher for the 100% H, case suggesting that the ame
front is mainly characterized by higher propagation velocity. Comparing
the Sy distribution with the unstretched SP for the 0% H, case most
of the ame front points underestimate that value. This means that
the great part of the ame front results to have a propagation velocity
lower than the SP. On the opposite, most of the ame front displacement
velocity of the 100% H, case is higher than the SP. This explains why the
SP is absolutely not representative of the resolved ame front propagation
speed, and on the opposite of theS? estimation, the 100% H, ame front
propagates faster than the 0% H, one.

In the same Figure 3.8, it is interesting to investigate how di erent the
100% H, ame front evolves compared with the 0% case. The ame HRR
contour is shown (Figure 3.8) with respect to three normalized progress
variables isolines that mark the early ignition phase of the mixture (=0.1,
0.2, 0.3). Decreasing theH, content, the HRR occurs progressively to
higher levels, thus the three isolines inthe 0% H, case are not actually
lying in the HRR zone but much earlier in the space. When the reaction
path is dominated by the methane oxidation kinetics, the rst part of
the ame is the so-called preheating zone, in which di usive phenomena
dominate, and the longer chemical timescale makes the formation of the
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radicals very slow. Moving towards higher H; concentrations, the gap
between the 3 isolines and the HRR gets progressively shorter meaning
that the preheating zone gets shorter too. Indeed, in the H, oxidation
kinetics, the chain branching reactions that enable the radicals formations
activate in the very early ignitions stages anticipating the heat release
rate and the fuel consumption. To further investigate the aforementioned
di erence between the H, and CH4 ame front, the displacement speed
has been divided into two terms: the rst, shown in Equation 3.13, repre-
sents the di usive contribution and the second (Equation 3.14) represents
the reactive contribution:

~_ r (D ry)
Saiff = Y (3.13)
1 E
Sreac = J: YF i (3.14)

In Figure 3.9 the relative contribution of the reactive term  Seac 0N the
overall Sy is reported. Its computation has been done by accounting for
the two Sy terms (Sreac @nd Sgirr ) in absolute value, so the ratio shown
is the complement to one of the other di usive contributions. Figure 3.9
shows that the higher density of points is found near the equilibrium (red
dashed line) since most of the cells reported are interested by combustion
products. As can be appreciated in Figure 3.9, the normalization has
been done with respect to the higher value which is expected to be
a ected by local enrichments given by the di erential di usion. Because of
that, the equilibrium value does not correspond to =1. As highlighted

in Figure 3.9, the distance between, the red dashed line and the =1
value, quanti es the presence of preferential di usion in the combustion
products that is found to increase with the H, content. Focusing on the
low range (0 < <0.4)in Figure 3.9-0H2 most of the points are clustered
near the Sieac = 0 highlighting that Sreac  contribution can be considered
negligible with respect to its complementary ( Sgirr ). This proves that
the ame propagation in the CHg-air ame, for low progress variable
values (\preheating zone"), is almost totally driven by the species and
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enthalpy di usion towards the fresh mixture and the reactivity plays only

a marginal role. The role of the Sreac changes completely increasing the
H, content: indeed, looking at the same range of a higher density of
points is found at Sreac > 0 suggesting that the reactive contribution is
no longer negligible in speeding up the ame in this region.

Figure 3.9: 2D histogram showing the node density. The points are
sampled from an instantaneous solution on the xy-plane. the plot
represents the relevance of theSeac contribution respect to the
normalized  for three di erent cases increasing the H, content.

In conclusion, the higher propagation velocity of the solved 100% H
ame front has been proved through the S; computation. By doing that,
the impact of the ame curvature on Sy and Z elds have been highlighted
as well. Relevant di erences in the leading propagating mechanisms
induced by the increase of the H, content have been identi ed. However,
at this point is still unclear the reason that leads the S; to increase
with the H, content, in particular, the interest now is to provide some
gquantitative estimations of the relative contribution of:

1. Modelled sub-scale wrinkling
2. Preferential di usion e ects

3. Stretch and heat losses
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3.6.2.1 Modelled sub-scale wrinkling

As already mentioned, in the DTFLES the modelled sub-scale wrin-
kling is accounted for through the e ciency function (E). According to
Poinsot et al. [38], the e ciency directly scales the di usivity of the
species and their reactive source term, thereby, the relation that links
E to the ame consumption speed is St s = E S? (E>=1) where
St Les is the instantaneous speed of the solved thickened ame front in
LES. The S, already computed is the displacement speed of the thickened
ame front, thus it is expected to scale with E in analogy with St (es .
In Figure 3.10 the Probability Density Function (PDF) of the sub-scale
turbulent velocity uctuations ( u® .) and e ciency function are shown.
As expected, due to the higher Re, the 100% H, case is interested in the
highest u® _ values, whereas the other two cases exhibit the maximum
PDF (u°,) for lower u®  values. Despite that, the lower thickening factor
of the 100H2L case makes the resulting E to be lower than the other
cases (Figure 3.10). Thus, the observed increase in theSy with the H
content cannot be ascribed to the sub-scale wrinkling contribution. On
the contrary, the e ciency function enhances the thickened ame front
reactivity of the lower H content cases much more than the other.

3.6.2.2 Stretch, heat loss and di erential di usion

The high interdependency between stretch, heat loss and di erential
di usion worsens the identi cation process of their relative contribution on
the ame propagation speed. Trying to distinguish the impact of stretch,
HL and di erential di usion on the ame front, an e ective parameter
for the description of each of these contributions must be identi ed. As
far as concern the di erential di usion Bilger et al. [ 44] mixture fraction
will be considered, whereas the de nition of the ame stretch has been
already provided in Eg 3.11. On the other hand, a descriptive parameter
of the local level of heat loss must still be identi ed. For this purpose,
the sum of the hs sensible enthalpy and the standard formation enthalpy
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Figure 3.10: Probability density function of u® _and E for the three cases

e

h® will be introduced as:

X\l 0
H= he+ Yo h% (3.15)

n=1
Where N is the number of species in the mixture, and h?;n is the
standard formation enthalpy of the species n. This quantity is conserved
in any adiabatic combustion process neglecting the local redistribution
induced by the thermo-di usive e ects [ 75]. If the expected enthalpy gain
is low, the maximum value of H can be reasonably taken in the unburnt
mixture. For this reason, the enthalpy has been referred to the fresh

mixture introducing:
Hree = H Hy (3.16)

with Hy enthalpy of the mixture in the inlet unburnt conditions, thus
allowing H. to describe the local mixture level of enthalpy deviation
respect to the inlet conditions. In order to investigate the e ect of
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K; H e ; Z on the ame front, the HRR is taken as representative of
the local ame reactivity. In accomplishing this task, the presence of
a relationship between the HRR and K; H ¢ ; Z can be reasonably
quanti ed by the correlation of each of these contributions with the
local ame reactivity. According to this, the Pearson linear correlation
coe cient can be a meaningful statistical quantity that can provide an
estimation of the coupling between these phenomena. In Figure 3.11
the Pearson linear correlation coe cients of K; H (e ; Z respect to the
HRR are reported. The coe cients are computed within the whole
range by considering 100 intervals of sampled by means of a moving
window of 0.1. As expected, in Figure 3.11, nrr H, IS positive all
over the showing that a decrease in  H e is reasonably correlated with
a decrease in HRR for both the cases. The two phenomena are not only
correlated but there is a physical dependence between them, and the
value of nrr H, Can be taken as representative of the entity of this
coupling. The wrr H, Peakvalue of the 0%H: case is slightly higher,
con rming that the HRR of the OH2 case, which has the higher T .4 (Table
3.2), is slightly more a ected by HL. More interesting, looking at the
HRR z, Can be easily seen that 7 nwrr Of the 100% H, case exhibits a
very di erent behaviour depending on the : forO < < 0:4 the increase
in the HRR is accomplished by a decrease in Z ( nrr z < 0), on the
contrary, for > 0.6, the increase in the HRR is associated with a mixture
enrichment. Indeed, due to the di erential di usion, the H, tend to di use
faster towards the ame front causing enrichment of the high region at
the expanse of the low region that gets leaner. Anyway, these results
con rm that the di erential di usion e ects heavily a ect the HRR of the
100%H case, and only a slight presence of that can be found in the 0%H »
case. The last point to be discussed is the correlation between the ame
stretch and the HRR ( nprr « ); in this case, the Pearson coe cients
are always below 0.2 showing that the direct correlation between the
two quantities is very low and approaches 0 increasing the . One may
conclude that the ame stretch has no impact on the HRR, however,
the ame stretch de nition presented in Equation 3.11 is prone to be
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distorted by the thermal expansion contribution, thus looking at K for
high could lead to misleading conclusions.

Figure 3.11: Pearson correlation coe cient evaluated respect to the
(continuous lines) case 0H2 (dashed lines) case 100H2L

To better understand the e ect of stretch on the HRR, several laminar
ames have been compared with the results obtained by the di erent
investigated test points. The laminar ame solutions reported are in the
freely propagating ame con guration, and in the counter ow premixed
con guration varying the strain rate level at adiabatic conditions and
nominal equivalence ratio. In Figure 3.12 the HRR has been reported
with respect to the normalized . The HRR has been scaled with F/E to
epurate the 3D turbulent cases from the E and F contribution, thus making
the shown values directly comparable with 1D laminar solution. The rst
fundamental consideration that can be carried out regards the comparison
of the laminar unstretched ame solution with the HRR of the LES
thickened ame front. In this regard, for the comparison to be meaningful
only the adiabatic points must be considered ( H (e 0). Starting
from Figure 3.12-0H2, the laminar solution is slightly overestimating the
turbulent adiabatic one. Increasing the H, content (Figure 3.12-60H2L),
the laminar unstretched solution underestimates the great part of the
higher H.e points. This means that already at 60% H», the laminar
unstretched prediction is poorly representative of the observed reactivity,
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