
 
 

Delft University of Technology

Document Version
Final published version

Citation (APA)
Ferrante, G. (2026). Large eddy simulation of hydrogen combustion: Development of models and applications for
sustainable power generation. [Dissertation (TU Delft), Delft University of Technology].
https://doi.org/10.4233/uuid:8fc599e5-d2b0-4f88-904d-84f076b463e8

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.4233/uuid:8fc599e5-d2b0-4f88-904d-84f076b463e8


Large eddy simulation of hydrogen combustion

Development of models and applications 
for sustainable power generation

Gioele Ferrante





LARGE EDDY SIMULATION OF HYDROGEN
COMBUSTION

DEVELOPMENT OF MODELS AND APPLICATIONS FOR
SUSTAINABLE POWER GENERATION

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology

by the authority of the Rector Magnificus, Prof.dr.ir. H. Bijl,
chair of the Board for Doctorates

to be defended publicly on Thursday 30th of April 2026 at 10:00.

by

Gioele FERRANTE



This dissertation has been approved by the promotors and the copromotor.

Composition of the doctoral committee:

Rector Magnificus, Chairperson
Prof. Dr.-Ing. G. Eitelberg, Delft University of Technology, promotor
Prof.dr. A. Gangoli Rao, Delft University of Technology, promotor
Dr. I. Langella, Delft University of Technology, copromotor

Independent members:
Prof.dr. D. J. E. M. Roekaerts, Delft University of Technology
Prof.dr. F. Creta, Sapienza University of Rome, Italy
Prof.dr. J. A. Van Oijen, Eindhoven University of Technology , The Netherlands
Dr. D. Mira Martinez, Barcelona Supercomputing Centre, Spain
Prof. Dr.-Ing. habil S. Hickel, Delft University of Technology, reserve member

This research was performed at the Sustainable Aircraft Propulsion group within the
Flight Performance and Propulsion Section, Department of Flow Physics and Technol-
ogy, Faculty of Aerospace Engineering. The work is part of the research project "Ad-
vanced Power and Propulsion Unit" (APPU), supported by Safran Tech and by the Dutch
Ministry of Economic Affairs and Climate under the TKI scheme (Grant number TKI
HTSM/18.0170).

Keywords: Large Eddy Simulation (LES), Hydrogen combustion, Differential dif-
fusion, Flamelet models, Lean premixed combustion, Swirl stabilized
combustor

Printed by: Ridderprint BV

Front & Back: H2 Flame No. 1. Watercolor on paper. The painting is a reference to
the TUDelft Flame of Prometheus with a hint of swirl motion. The use
of watercolor recalls the main product of hydrogen combustion.

Cover design by: Gioele Ferrante

Copyright © 2026 by G. Ferrante

ISBN 978-94-6518-303-9

An electronic version of this dissertation is available at
http://repository.tudelft.nl/.

http://repository.tudelft.nl/


Alla mia famiglia





CONTENTS

Summary ix

Samenvatting xi

1 Introduction 1
1.1 General Prospect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Hydrogen premixed combustion . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Numerical Combustion modelling . . . . . . . . . . . . . . . . . . . . . 11
1.4 Scope and objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.5 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 Theoretical background 17
2.1 Fundamental equations. . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.1 Instantaneous balance equations . . . . . . . . . . . . . . . . . . 17
2.1.2 Diffusive Transport . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.1.3 Chemical source term . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2 Premixed combustion. . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2.1 Progress Variable. . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2.2 Mixture Fraction . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2.3 Flame speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.2.4 Laminar flame thickness . . . . . . . . . . . . . . . . . . . . . . . 27

2.3 Differential diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.4 Stretch, Strain and curvature . . . . . . . . . . . . . . . . . . . . . . . . 33
2.5 Intrinsic instabilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.6 Turbulent premixed combustion . . . . . . . . . . . . . . . . . . . . . . 38

2.6.1 Regimes in turbulent premixed combustion . . . . . . . . . . . . . 40
2.6.2 Turbulent hydrogen combustion. . . . . . . . . . . . . . . . . . . 42

2.7 Turbulent combustion modelling . . . . . . . . . . . . . . . . . . . . . . 44
2.8 LES Filtering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.9 Favre decomposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.9.1 LES equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.10 Combustion models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.10.1 Chemistry modelling. . . . . . . . . . . . . . . . . . . . . . . . . 48
2.10.2 Turbulence-chemistry interaction . . . . . . . . . . . . . . . . . . 49

2.11 Flamelets applicability . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
2.12 Differential diffusion modelling. . . . . . . . . . . . . . . . . . . . . . . 55

3 Methodology 59
3.1 Eulerian Stochastic Fields . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.1.1 Turbulence-flame interaction model . . . . . . . . . . . . . . . . 59

v



vi CONTENTS

3.2 Flamelets with presumed FDF . . . . . . . . . . . . . . . . . . . . . . . 61

3.2.1 Baseline model. . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.2.2 Dynamic modelling of scalar dissipation rate . . . . . . . . . . . . 63

3.2.3 Differential diffusion modelling . . . . . . . . . . . . . . . . . . . 66

3.2.4 Heat loss modelling . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.2.5 Modelling of nitrogen oxide (NO) formation . . . . . . . . . . . . . 70

4 Test Cases 73
4.1 Partially premixed flame . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2 Slot burner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.3 Bluff body stabilized flames . . . . . . . . . . . . . . . . . . . . . . . . 75

4.3.1 Methane flame . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.3.2 Hydrogen flame . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.4 TUDelft Swirl-stabilized combustor. . . . . . . . . . . . . . . . . . . . . 77

I Development of flamelet models for turbulent hydrogen combustion 81

5 Analysis of a partially premixed hydrogen flame through Eulerian stochastic
fields method 83
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.2 Numerical details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.3.1 Flame structure and overall model performance . . . . . . . . . . . 85

5.3.2 Instantaneous features and burning states . . . . . . . . . . . . . . 88

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6 Dynamic Modelling of Subgrid Scalar Dissipation Rate With Differential Fil-
ter 95
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.2 Test cases and numerical details . . . . . . . . . . . . . . . . . . . . . . 96

6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.3.1 Jet flame in hot coflow . . . . . . . . . . . . . . . . . . . . . . . . 99

6.3.2 Weakly-turbulent bluff body stabilised flame . . . . . . . . . . . . 103

6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

7 Differential diffusion modelling 107
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

7.1.1 Flamelets database. . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.2 Numerical details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7.3.1 Slot burner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7.3.2 Lifted flame in vitiated coflow . . . . . . . . . . . . . . . . . . . . 116

7.3.3 Flame burning states. . . . . . . . . . . . . . . . . . . . . . . . . 122

7.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124



CONTENTS vii

8 Differential Diffusion and Strain Coupling in flamelets/presumed FDF Large
Eddy Simulations 127
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
8.2 Set-up and methodology . . . . . . . . . . . . . . . . . . . . . . . . . . 128
8.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

8.3.1 Validation and flame structure . . . . . . . . . . . . . . . . . . . . 129
8.3.2 Average resolved stretch effects . . . . . . . . . . . . . . . . . . . 131
8.3.3 Reacting states . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

8.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

II LES study of the TU Delft swirl stabilized combustor 137

9 Investigation of mixing in a jet in swirling cross-flow configuration 139
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
9.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

9.2.1 Joint experimental and numerical methodology design . . . . . . . 141
9.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

9.3.1 Flow field analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 147
9.3.2 Mixing process analysis . . . . . . . . . . . . . . . . . . . . . . . 149
9.3.3 Suitability of He as a H2 surrogate . . . . . . . . . . . . . . . . . . 151
9.3.4 Effect of fuel composition on fuel-air mixing. . . . . . . . . . . . . 153
9.3.5 Radial species fluxes . . . . . . . . . . . . . . . . . . . . . . . . . 155
9.3.6 Radial transport budget analysis . . . . . . . . . . . . . . . . . . . 157

9.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
9.5 Outlook & Considerations. . . . . . . . . . . . . . . . . . . . . . . . . . 160

10 LES analysis of the TU Delft swirl-stabilized combustor 161
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
10.2 Operating conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
10.3 Numerical set up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
10.4 Preliminary residence time estimation . . . . . . . . . . . . . . . . . . . 167
10.5 75% CH4 -25% H2 case . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

10.5.1 Non-reacting case . . . . . . . . . . . . . . . . . . . . . . . . . . 168
10.5.2 Reacting case: flow field and flame topology . . . . . . . . . . . . . 172
10.5.3 Precessing vortex core (PVC) dynamics . . . . . . . . . . . . . . . 178
10.5.4 Reacting states and emissions . . . . . . . . . . . . . . . . . . . . 181

10.6 100% H2 case: near-flashback condition . . . . . . . . . . . . . . . . . . 188
10.7 100% H2: ultra-lean condition . . . . . . . . . . . . . . . . . . . . . . . 193

10.7.1 Flow field and flame structure: effect of AAI . . . . . . . . . . . . . 194
10.7.2 Effect of differential diffusion . . . . . . . . . . . . . . . . . . . . 199

10.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

11 Conclusions and future work 209
11.1 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 209
11.2 Final considerations, future work and recommendations . . . . . . . . . . 217



viii CONTENTS

A Appendix A 247
A.1 Mesh sensitivity for the lifted flame in hot coflow . . . . . . . . . . . . . . 247

B Appendix B 251
B.1 Cabra flame: sensitivity to inlet turbulence . . . . . . . . . . . . . . . . . 251
B.2 Cabra flame: sensitivity to kinetic mechanism . . . . . . . . . . . . . . . 252
B.3 Sensitivity to the differential diffusion model variables . . . . . . . . . . . 254

Acknowledgements 259

Curriculum Vitæ 263

List of Publications 265



SUMMARY

Combustion technology currently provides most of the global energy demand. As a con-
sequence, it accounts for the largest share of anthropogenic carbon emissions, the main
driver of the greenhouse effect and global warming. Phasing out combustion in favor
of renewable energy seems like the intuitive path towards a net-zero-carbon economy.
However, this transition is slow, global energy demand continues to increase rapidly, re-
newables can fluctuate in availability, and some sectors are hard to electrify (or “hard to
abate”) due to intrinsic requirements for thermal power or high energy density, such as
in heavy industry and aviation. Therefore, the development of advanced, cleaner com-
bustion technologies is crucial to enable a non-disruptive energy transition, minimizing
emissions while optimizing the use of existing energy infrastructure.

In this context, hydrogen represents a promising energy carrier due to its high en-
ergy density, carbon-free combustion, and potential for production from renewable en-
ergy. However, the complex physics of turbulent hydrogen flames pose significant chal-
lenges for the design of efficient, safe, and low-emission combustors, making accurate
numerical simulations indispensable. Large Eddy Simulations (LES) are among the most
powerful tools available for predicting unsteady turbulent flow features at an affordable
computational cost. Among the available LES combustion models, flamelet-based ap-
proaches are particularly attractive for their robustness and computational efficiency.
They are based on describing the turbulent flame as an ensemble of 1D laminar flamelets,
allowing the thermochemistry to be precomputed and tabulated. While this methodol-
ogy has been successfully applied to hydrocarbon combustion, its extension to hydrogen
poses new challenges, mainly related to differential diffusion effects, which can signifi-
cantly influence flame structure and stability in lean combustion systems.

This thesis contributes to the development and application of LES models for tur-
bulent hydrogen combustion along two main directions. Part I focuses on the devel-
opment and validation of flamelet-based LES models, with the exploration of dynamic
closures for subgrid variances and the inclusion of non-unity Lewis number effects. Re-
cently developed formulations are implemented to model differential diffusion within
the flamelet-based LES framework. The predictive potential and current limitations of
the proposed models are discussed based on their application to a broad range of test
cases, including premixed, partially premixed, and strained hydrogen flames. In Part II,
the developed models are employed to analyze the fuel-flexible, swirl-stabilized com-
bustor developed at TU Delft within the APPU project. This combustor, designed as a
low-TRL concept for a hydrogen-powered auxiliary power unit for future sustainable air-
craft architectures, was studied through LES to investigate fuel–air mixing, flame stabi-
lization, and NOx formation across the transition from methane to hydrogen operation.
The numerical analyses provided insights complementary to experimental observations,
particularly focusing on the influence of axial air injection, heat losses, and the effects of
differential diffusion on flame behavior and emissions.
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SAMENVATTING

Verbrandingstechnologie voorziet momenteel het grootste deel van de wereldwijde en-
ergievraag. Daardoor is het verantwoordelijk voor de meerderheid van de door de mens
veroorzaakte koolstofemissies. Dit is de belangrijkste oorzaak van het broeikaseffect en
de opwarming van de aarde. Hoewel het geleidelijk afschaffen van verbranding, ten gun-
ste van hernieuwbare energie, de intuïtieve weg naar een netto-nul-koolstofeconomie
lijkt, is dit een langzaam proces. Daarentegen blijft de wereldwijde vraag naar energie
in een rap tempo toenemen. Daarom is de ontwikkeling van geavanceerde en schonere
verbrandingstechnologieën cruciaal om een energietransitie zonder verstoringen mo-
gelijk te maken, waarbij de emissies worden geminimaliseerd en de bestaande energie-
infrastructuur optimaal wordt benut.

In deze context vertegenwoordigt waterstof een veelbelovende energiedrager van-
wege de hoge energiedichtheid, koolstofvrije verbranding en het potentieel voor pro-
ductie uit hernieuwbare energie. De complexe fysica van turbulente waterstofvlam-
men vormt echter aanzienlijke uitdagingen voor het ontwerp van efficiënte, veilige en
emissiearme verbrandingskamers. Hierdoor is het gebruik van nauwkeurige numerieke
simulaties onmisbaar. “Large Eddy simulations” (LES) behoort tot de krachtigste tools
die beschikbaar zijn voor het voorspellen van onstabiele turbulente stromingskenmerken
tegen een betaalbare rekenkosten. Van de beschikbare LES-verbrandingsmodellen zijn
flamelet-gebaseerde benaderingen bijzonder aantrekkelijk vanwege hun robuustheid en
rekenefficiëntie. Ze zijn gebaseerd op de beschrijving van de turbulente vlam als een
ensemble van eendimensionale laminaire flamelets, waardoor de thermochemie vooraf
kan worden berekend en in tabellen kan worden weergegeven. Hoewel deze method-
ologie succesvol is toegepast op de verbranding van koolwaterstoffen, brengt de uit-
breiding ervan naar waterstof nieuwe uitdagingen met zich mee. Deze uitdagingen zijn
voornamelijk gerelateerd aan differentiële diffusie-effecten als gevolg van niet-eenheids
Lewis-getallen, wat de vlamstructuur en stabiliteit in magere (lean) verbrandingssyste-
men aanzienlijk kan beïnvloeden.

Dit proefschrift draagt bij aan de ontwikkeling en toepassing van LES-modellen voor
turbulente waterstofverbranding in twee hoofdrichtingen. Deel I richt zich op de on-
twikkeling en validatie van op flamelet gebaseerde LES-modellen, met onderzoek naar
dynamische afsluitingen voor subgridvariaties en de opname van niet-eenheids Lewis-
getaleffecten. Recent ontwikkelde formuleringen worden geïmplementeerd om differ-
entiële diffusie te modelleren binnen het op flamelet gebaseerde LES-raamwerk. Het
voorspellende potentieel en de huidige beperkingen van de voorgestelde modellen wor-
den besproken op basis van hun toepassing op een breed scala aan testgevallen, waaron-
der voorvermengde, gedeeltelijk voorvermengde en gespannen waterstofvlammen. In
deel II worden de ontwikkelde modellen gebruikt om de brandstofflexibele, wervelgesta-
biliseerde verbrander te analyseren die binnen het APPU-project aan de TU Delft is on-
twikkeld. Deze verbrander is ontworpen als een laag-TRL-concept voor een watersto-

xi
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faangedreven hulpaggregaat voor toekomstige duurzame vliegtuigarchitecturen. Het
werd bestudeerd met behulp van LES om de brandstof-luchtmenging, vlamstabilisatie
en NOx-vorming te onderzoeken tijdens de overgang van methaan- naar waterstofver-
branding. De numerieke analyses leverden aanvullende inzichten op bij de experimentele
waarnemingen, met name wat betreft de invloed van axiale luchtinjectie, warmtever-
liezen en de effecten van differentiaalverspreiding op vlamgedrag en emissies.



1
INTRODUCTION

1.1. GENERAL PROSPECT
It has been now well established by scientific research that global warming and climate
change are connected to anthropogenic action. The average global temperature has
been steadily increasing since the industrial revolution and 2024 was set as the warmest
year on record, with a 1.55 ◦C increase with respect to pre-industrial era [1]. This gradual
increase in temperature is driven by the emission of greenhouse gases (GhG) released
across nearly all sectors of industrial activity and daily human life in modern society.
Carbon dioxide (CO2) represents the 74.89% of total greenhouse gases in atmosphere,
which makes it the primary driver of global warming, despite its lower climate forcing
potential than other GhG such as methane (CH4) and nitrous oxides (N2O) [2]. The
vast majority of CO2 emissions stems from fossil fuel combustion in energy production,
industrial processes and transportation [3]. Carbon dioxide emissions have been con-
stantly increasing since the industrial revolution, and scientific research confirms that
the natural reabsorption capacity of Earth’s ecosystems has been exceeded [4].

The catastrophic consequences of global warming in the form of extreme climate
events start to be alarming. For this reason, the United Nations (UN) stipulated the Paris
Agreement during the Climate Change Conference COP21 in 2015 [5]. With this treaty
the involved parties aim to limit global temperature rise to well below 2 ◦ C above pre-
industrial levels, with efforts to keep it below 1.5 ◦ C. In alignment with these objectives,
the European Commission introduced the European Green Deal [6], a set of strategic
policy proposals aimed at making Europe the first carbon-neutral continent by 2050. A
critical milestone within this plan is a 55% reduction in CO2 emissions by 2030 com-
pared to 1990 levels. This commitment became legally binding in 2021 when EU mem-
ber states adopted the European Climate Law [7]. In contrast with the global trend of
rising emissions, Europe successfully reduced carbon emissions by 34% since 1990. This
has been achieved through energy demand reduction, a shift away from fossil fuels, and
significant investments in renewable energy [1, 8].
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2 1. INTRODUCTION

However, on a global scale, energy demand continues to increase at an almost un-
changed rate of 2% per year. Despite the rapid growth in renewable and nuclear en-
ergy, the world remains heavily dependent on fossil fuels, meaning that CO2 emissions
are still rising [3, 9]. While renewable energy and electrification are essential to decar-
bonization, chemical energy storage and combustion-based energy production will re-
main necessary for years to come [10, 11]. Even in a predominantly renewable-based en-
ergy system, power plants based on chemical energy conversion (e.g. combustion in gas
turbines) may still be needed for grid stability, compensation of fluctuations in renew-
able energy availability and management of peak energy demand [10, 11]. Consequently,
improvements in combustion efficiency, carbon emission reduction, and alternative fu-
els are crucial for accelerating decarbonization and achieving a non-disruptive energy
transition.

Beyond energy production, transportation represents the second-largest contributor
to global CO2 emissions, accounting for approximately 21% of total emissions worldwide
[3, 9]. As part of its Green Deal, the European Union aims to achieve a 90% reduction
in transport-related emissions by 2050. Aviation, in particular, represents an extremely
challenging field for decarbonization due to its intrinsic requirements for high power
and energy density, entirely met through combustion of Jet-A fuel in gas turbine engines.
Aviation emissions accounted for 3.8–4% of total EU greenhouse gas emissions in 2022,
representing 13.9% of transport-related emissions . Worldwide, aviation CO2 emissions
doubled from about 0.5 billion tons in 1990 to about 1 billion tons in 2019, and they re-
covered to 95% of pre-COVID levels in 2023 [12, 13]. This increase is driven by a growing
global demand for air travel, with passenger numbers increasing from 2 billion in 1990 to
8 billion in 2019 [13]. The International Civil Aviation Organization (ICAO) forecasts that
by 2050, aviation emissions could triple compared to 2024 levels if no further measures
are implemented [14].

The projected growth in aviation industry is irreconcilable with the 2050 UN and
EU climate goals. Despite a decrease in carbon intensity per passenger-kilometer since
1990, thanks to improvements in fuel efficiency, air traffic management, and opera-
tions, further deep technological advancements and the adoption of alternative fuels
are required to meet long-term targets [12, 13, 15, 16]. One of the strategies towards
full net decarbonization is electrification. Numerous aviation technologies have been
proposed, with the aim of involving battery or hydrogen fuel cells powered electric or
hybrid-electric aircraft, which offer high energy efficiency and minimal direct emissions
[17–19]. However, current battery technology remains insufficient for long-range flights,
limiting full electrification to short-range applications. In the short-medium time hori-
zon, aviation will continue to rely on combustion technologies while integrating alter-
native low-carbon fuels [12, 13, 19].

Sustainable Aviation Fuel (SAF) is recognized among the most effective and rapidly
implementable solutions, as it can be used as a drop-in replacement for conventional
jet-A fuel, requiring no modifications to existing aircraft or infrastructure [12, 14, 16].
Regulatory initiatives such as ReFuelEU [20] are already working towards increasing SAF
adoption in commercial aviation. However, concerns about the applicability of SAF arise
from the incredibly high projected demand, the environmental impact of SAF from bio-
fuel origins, and issues related to production scalability and cost [13]. Together with SAF,
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hydrogen (H2) has gained significant interest as an alternative aviation fuel due to its
carbon-free combustion and the possibility of producing it from water electrolysis using
renewable energy. The potential of hydrogen in aviation has been recognized by policy
makers [21, 22], and both academic and industrial research groups have started to direct
their efforts towards hydrogen solutions [12, 18, 23, 24].

Hydrogen presents significant challenges stemming from its low volumetric energy
density compared to liquid kerosene fuel, requiring larger storage volumes at high pres-
sure or cryogenic conditions. This results in airframe redesign which poses problems
in terms of efficiency, safety and certification [12]. An intermediate step between cur-
rent engines and fully hydrogen powered aircraft is represented by dual-fuel combustion
systems. The Advanced Power and Propulsion Unit (APPU) project [25], to which the
present research contributed, aimed to introduce "energy mix" in civil aviation, by de-
veloping a fuel flexible (kerosene/H2) auxiliary power unit providing additional propul-
sive power to the aircraft (baseline model Airbus A320) and therefore reducing the fuel
consumption and emissions of the main engine. Other industrial and academic projects
aim directly at the redesign of the main engine to achieve dual fuel capability [24, 26, 27].

Another primary technical challenge for hydrogen based aircraft propulsion is the
redesign of combustion chambers in gas turbine engines, in order to handle the flame
properties of hydrogen. Aviation gas turbines operate with turbulent, often non-premixed,
combustion, where liquid fuel is injected and mixed with air as it burns. On the other
hand, lean premixed combustion strategies, where fuel is mixed with abundant excess
air prior combustion, would open promising possibilities in terms of fuel saving and
emissions reduction (CO2, CO, NOx) [28, 29]. Lean premixed combustion (LPM) has
been successfully implemented in stationary gas turbines for on-ground power genera-
tion, where the integration of hydrogen or hydrogen blends does not require major re-
design of fuel injection strategies (as long as measures to handle the higher reactivity of
hydrogen are properly implemented), as these turbines can already operate on gaseous
fuels (natural gas) [11, 30, 31]. However, in aviation, the application of this technol-
ogy faces challenges related to: the need of rapidly prevaporizing liquid fuel (lean pre-
mixed/prevaporized combustion, LPP), stricter safety requirements in terms of extinc-
tion resistance and relight capability, risk of flashback in the ignitable fuel/air mixture
[28, 29, 32].

Various technologies for aeronautical applications have been proposed to stabilize
lean flames and minimize NOx emissions, for which an extensive review can be found
in [29]. To tackle the stability issues, lean combustion can be applied in combination
with rich flame fronts, for example in staged combustion, including RQL concepts [33]
and rich pilot flames, often combined with swirlers, like the lean twin-annular premix-
ing swirler (TAPS) [34, 35]. Another solution is represented by the lean direct injection
concept (LDI) where fuel is directly injected and vaporized in the combustion cham-
ber, where it quickly mixes with abundant excess air. This strategy aims to run fuel-lean
most of the time avoiding a pilot and exploiting multiple (swirled) injection points. The
risk of flashback is reduced by the absence of a premixing section [29, 36, 37]. When in-
troducing hydrogen, lean premixed technology is a possible strategy to reduce its very
high flame temperature, which would result in increased NOx formation compared to
kerosene (jet-A fuel) [38]. On the other hand, the high reactivity of hydrogen would ex-
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acerbate the risk of flashback, increasing the design challenges [39]. Advancements in
the understanding of combustion physics and in combustion modelling are necessary
to reach technological goals in the use of hydrogen forn gas turbines combustors.

While renewable energy remains the foundation of global decarbonization, advance-
ments in turbulent premixed combustion are necessary to accelerate emissions reduc-
tion in the short term [10, 11, 39]. The development of a hydrogen infrastructure and
hydrogen-based turbulent premixed combustion technology represents a recognized
strategy to quickly reach the net-zero carbon emissions target in power production and
hard to decarbonize sectors like aviation [10, 21, 40–42].

1.2. HYDROGEN PREMIXED COMBUSTION
Hydrogen is gaining significant interest as a carbon-free chemical energy carrier, par-
ticularly when produced through water electrolysis using renewable energy sources [10,
39]. The energy stored in hydrogen can then be released via electrochemical processes,
such as fuel cells, or through thermochemical processes like combustion [10]. Hydro-
gen combustion is particularly attractive due to its high energy density per unit mass
(120 MJ/kg, 2.5 times higher than methane) and a carbon-free flame. One possible ap-
plication is using hydrogen as a drop-in fuel for large-scale building heating systems,
facilitating the transition from natural gas with minimal infrastructure redesign. In such
applications, combustion is typically laminar. However, in most industrial settings, com-
bustion is turbulent, due to the high mass flow rates required to meet power demands
and to achieve optimal fuel-oxidizer mixing [11]. Turbulent hydrogen combustion can
play a crucial role in decarbonizing hard-to-abate sectors where high thermal power is
required and electrification is not possible, such as heavy industry [21]. Another key ap-
plication is in gas turbines, largely employed for stationary power generation and aero-
nautics. Land-based power plants already using natural gas can transition to hydrogen,
ensuring grid stability and power supply during peak demands [10, 30]. In aviation, hy-
drogen is a promising fuel, but significant design modifications are required, particularly
because current engines operate exclusively on liquid fuels [29, 32].

Hydrogen combustion presents unique challenges due to its high flame temperature,
significantly higher than hydrocarbon fuels, which leads to increased nitrogen oxides
emissions (NO, NO2), generally referred to as NOx [39]. These pollutants form when air
is used as oxidizer, largely due to nitrogen dissociation at high temperatures, followed by
reactions with oxygen [43, 44]. Strict limitations on NOx emissions are imposed due to
their toxicity, greenhouse effect and impact on the chemical properties of atmosphere
[14, 37]. In non-premixed combustion, fuel and oxidizer are injected separately and
mix while reacting near-stoichiometric conditions, which leads to high flame temper-
atures and, consequently, elevated NOx emissions. While non-premixed flames offer
stability and safety, their inherent NOx formation necessitates mitigation strategies [29].
In ground-based applications, water or steam injection has been employed to cool the
flame and reduce NOx emissions [45], and ongoing research explores the integration of
this approach with hydrogen combustion [46–48]. Lean premixed combustion, where
fuel and air are mixed before ignition, offers an alternative strategy to limit flame tem-
perature and NOx emissions [28]. This technique, already proven in stationary gas tur-
bines operating on natural gas, can be extended to hydrogen combustion and potentially
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applied in aviation.

Lean premixed flames present challenges in terms of stability. Excessive air dilution
weakens the flame and can even push the mixture beyond the lean flammability limit,
where combustion extinguishes completely (lean blow-out). These concerns are partic-
ularly critical in aviation, where reliability and flame stability are a hard constraint [28,
29]. Despite its advantages, lean premixed hydrogen flames can be more difficult to sta-
bilize than non-premixed due to the high reactivity of hydrogen. Its wider flammability
range allows for stable ultra-lean combustion without the risk of blow-out, but it also in-
creases the risk of flashback, where the flame propagates upstream into the injector [28,
39, 44, 49]. The low activation energy of hydrogen and short ignition delay time exac-
erbate the risk of autoignition in premixed hydrogen combustion, introducing a further
source of risk for flashback.

The extremely high diffusivity of hydrogen, a result of its simple molecular structure,
facilitates mixing with air but also poses challenges for storage and leakage prevention.
Moreover, it leads to unique flame properties affecting stabilization in premixed con-
ditions. In hydrogen-air mixtures, hydrogen diffuses faster than heat creating enthalpy
inhomogeneities across the flame front, which gives origin to the so called differential
diffusion effects [39]. This property is described by a sub-unity Lewis number, a non-
dimensional parameter relating the heat diffusivity α and the hydrogen mass diffusivity
DH2 , LeH2 =α/DH2 . Simultaneously, hydrogen diffuses faster than oxygen, altering mix-
ture composition (preferential diffusion effects). Differential diffusion (sub-unity Lewis
number) and preferential diffusion are consequences of the physicochemical properties
of hydrogen and their effects cannot in general be decoupled, unless artificially isolated
through numerical or analytical manipulation [39]. Differential and preferential diffu-
sion effects, though typically subtle, couple with flame curvature, leading to reaction
rate inhomogeneities and intrinsic thermo-diffusive instabilities [39, 50]. These insta-
bilities manifest as cellular burning structures, visible as a wrinkled flame front even
in laminar conditions, significantly increasing local flame surface area and propagation
speed [50–52]. Depending on the operating conditions, turbulence may dominate over
these effects or amplify them synergistically [53]. Together with flame front curvature,
strong velocity gradients in the flow can induce strain in the flame region. It is well
documented that sub-unity Lewis number can lead to reaction rate increase in strained
premixed flames [54, 55]. Hydrogen flames, therefore, exhibit greater stability and resis-
tance to strain-induced blowout compared to typical natural gas flames, which generally
have a Lewis number close to unity. The complexity of these physical phenomena must
be deeply understood in order to model hydrogen combustion and to design effective
flame holders.

FLAME STABILIZATION AND FLASHBACK

Flame stabilization has always been a core challenge in the design of combustion de-
vices. A stable flame requires a balance between convective time scales, related to flow
velocity and fuel supply, and chemical time scales, defined by the reaction rate. If the
reaction cannot keep up with the fuel supply, the flame extinguishes (blowout). In pre-
mixed combustion, the flame propagates naturally towards an ignitable mixture at a
speed determined by reactant properties, including pressure, temperature and compo-
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sition. Turbulence can enhance this process, by wrinkling the flame front and generating
more flame surface area [50, 56].

Lean-burn technology relies on burning fuel with a large excess of oxidizer. Increas-
ing oxidizer content reduces flame speed until it reaches the lean blowout limit. Stabiliz-
ing lean premixed flames operating in high mass flow rates and turbulent flows requires
the careful design of flame holders. Favorable conditions for flame stabilization are of-
ten obtained through recirculation zones to create low-velocity regions and maintain
high reactant temperatures by recirculating hot gases [57]. These are generated using
bluff bodies, swirling flows or cavities [29, 58], as will be discussed next.

With hydrogen, blowout is generally not a major issue. Its simple reaction mecha-
nism results in an exceptionally high flame speed (compared for example to hydrocar-
bon gases like methane), low lean flammability limit and short autoignition delay time
[39, 59]. Additionally, under high mixture injection velocities, hydrogen flames may ex-
perience high strain, which increases burning rates and flame speed, facilitating flame
anchoring [54]. A more critical concern is flashback, which verifies when the flame trav-
els upstream into the injector and stabilizes in unintended locations [60]. This can lead
to component failure due to excessive thermal loads. Flashback is promoted in regions
with ignitable mixtures and low flow velocity. Strategies for flashback mitigation include
injecting fuel as late as possible while ensuring rapid mixing to minimize ignitable re-
gions, and increasing flow momentum in critical areas [29, 58, 60].

As thoroughly described in literature [60], flashback can occur in different modes:

• Core flashback: When the flame speed exceeds the flow velocity, the flame can
propagate upstream into the injector core. Turbulence can worsen the problem
by enhancing the flame speed through flame wrinkling. The addition of hydrogen
further exacerbates this issue by increasing the flame speed and, under certain
conditions, introducing coupling between turbulence-induced stretch, and flame
speed [50, 61]. This kind of flashback generally does not represent an issue in reg-
ular gas turbines, as the injection velocity of the reacting mixture is commonly
designed to exceed turbulent burning velocities [60]. Swirl-stabilized combustors
can exhibit a low axial velocity core due to the swirling motion, making them prone
to this type of flashback. In general, core flashback can be mitigated by increasing
the axial momentum [49].

• Boundary layer flashback: The velocity gradient in the boundary layer at the in-
jector walls creates low-velocity regions where the flame can propagate upstream.
A quenching distance δq from the wall exists, where the flame is extinguished due
to heat loss, which therefore counteracts flashback. Boundary layer flashback is
generally described in terms of a critical velocity gradient value: above this value,
the boundary layer region where the flame propagation speed would theoretically
exceed the flow velocity, and be susceptible to flashback, is entirely contained
withing the distance affected by heat loss and flashback cannot occur. The com-
plex dynamics of wall flashback are extensively discussed in [60, 62], and depend
on the interplay between boundary layer velocity gradients, mixture composition,
wall temperature, and strain. Turbulence has been observed to increase the criti-
cal velocity gradient [60]. When hydrogen is introduced, its high reactivity results
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in reduced quenching distances (as small as one tenth that of methane) and higher
critical velocity gradients. For very lean hydrogen/air mixtures, strain can enhance
hydrogen flame speed, further increasing the risk of boundary layer flashback [54].
This type of flashback can be mitigated by increasing the flow velocity (thus ex-
ceeding the critical velocity gradient) or by injecting air to energize the boundary
layer, which also locally reduces the flame speed by making the mixture leaner.
High wall temperature of the injector components can heat the incoming mixture
and increase flame speed; strategies to prevent this include wall cooling or the use
of high heat capacity materials.

• Autoignition driven flashback: In practical combustion systems, metallic injec-
tion components are heated by the combustion process, and in gas turbines, the
incoming air is preheated by the compressor. This can raise the temperature of
the combustible mixture to its autoignition value, above which it may sponta-
neously ignite after an autoignition delay time, τi g , typically ranging from 10−6

to 100 seconds, depending on the thermodynamic state of the mixture (equiva-
lence ratio, pressure, and temperature). If the local residence time (dictated by
convection time) is shorter than the ignition delay time, ignition kernels may form
at undesired locations, upstream of the flame stabilization zone. Once an ignition
kernel forms within the injector (e.g., in the mixing section), the resulting heat
release alters the surrounding flow, pressure, and temperature fields. This may
lead to low or even reversed velocities that promote flame propagation upstream.
Additionally, ignition kernels generate pressure waves travelling in all directions;
this can lead to compression heating of the upstream mixture within the injec-
tor that increases the local temperature, further shortening the ignition delay time
and creating other upstream autoignition kernels. This feedback cycle can lead
to upstream-propagating flashback at velocities approaching the speed of sound
(strong ignition [63]). When operating with hydrogen, this type of flashback be-
comes particularly critical. Although hydrogen has a higher autoignition temper-
ature than methane, its autoignition delay time is significantly shorter, especially
at elevated temperatures [60, 63]. Therefore, strict control of inlet temperature and
injection velocity is required. Some studies have investigated water injection as a
strategy to prevent autoignition-induced flashback [48].

• Combustion-induced vortex breakdown-driven flashback (CIVB):

In swirl-stabilized combustors, flames are aerodynamically stabilized by a cen-
tral recirculation zone (CRZ) formed through vortex breakdown (VB). Along the
burner axis, the mean axial velocity decreases to zero at the tip of the CRZ, where
a stagnation point forms, and becomes negative further downstream within the
CRZ. The flame anchors in the low-velocity region just upstream of the stagna-
tion point. These combustors typically feature a mixing section where fuel and
air blend in the swirling flow. A stably anchored flame may accelerate upstream
due to instantaneous fluctuations, shifting the flame tip into the mixing section.
Previous studies highlight the destabilizing effect of the baroclinic torque [64, 65],
by which the coupling between the radial pressure gradient (necessary for radial
equilibrium in swirling flows) and the axial negative density gradient (caused by
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thermal expansion) generates azimuthal vorticity, inducing strong axial backflow
along the injector axis. As the flame advances upstream, the stagnation point also
shifts upstream. The trailing region of the CRZ closes forming a recirculation bub-
ble with strong backflow velocity that propagates into the mixing tube, as sketched
in Fig. 1.1.The combined effect of thermal expansion, vorticity generation, and in-
duced backflow drags the flame further upstream. The flame may then anchor at
the swirler (permanent flashback) or extinguish in the mixing section, leading to
a periodic CIVB driven flashback cycle (intermittent flashback) [60, 64, 66]. The
presence of a precessing vortex core (PVC) and its interaction with the CRZ, par-
ticularly its breakdown induced by thermal expansion, has been identified as a po-
tential cause for the initial upstream flame acceleration initiating CIVB flashback
[65]. Preventing this type of flashback requires careful tailoring of axial and radial
components of the swirling flow. Design strategies include avoiding a mixing tube
and ensuring rapid mixing near the combustor [36, 37], or operating in a partially
premixed mode [67]. Another approach, explored in this work, involves increasing
core axial momentum through air injection [49, 68]. Although solid central bod-
ies or central air or fuel lances may reduce the CIVB flashback propensity, similar
mechanisms may still occur [60, 66].

Figure 1.1: Sketch of a swirl-stabilized combustor and representation of combustion-induced vortex break-
down flashback, reproduced from Kröner et al. [69].

• Thermoacoustically induced flashback:

Flashback can be initiated by fluctuations in the velocity field produced by intrin-
sic thermoacoustic instabilities of premixed combustion systems [57, 60]. Ther-
moacoustic instabilities occur when acoustic waves (pressure fluctuations) couple
with fluctuations of heat release in a feedback cycle, which closes when pressure
and HRR fluctuations are in phase (with phase difference less than 90◦). The feed-
back cycle is typically sustained through a coupling mechanism between pressure
and HRR fluctuations, which can be based either on velocity fluctuations or on
equivalence ratio fluctuations. In the first case, pressure fluctuations downstream
of the injector cause variations in the mass flow rate of the reactant mixture sup-
plied to the flame, thereby inducing HRR fluctuations. In the second case, pressure
fluctuations affect fuel delivery in the premixing section, altering the local equiva-
lence ratio of the mixture entering the flame and consequently modifying the HRR
[57]. Intrinsic hydrodynamic instabilities of the combustor geometry, such as vor-
tex shedding in wakes, Kelvin–Helmholtz instabilities in shear flows (e.g., at injec-
tor rims), and precessing vortex cores (in swirl stabilized combustors), have been
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identified either as initiation mechanisms for the thermoacoustic feedback cycle
or as processes that couple with and amplify the cycle [57].

Although in a combustor the mean axial velocity exceeds the flame propagation
speed, by design, periodic fluctuations induced by thermoacoustic instabilities,
initiated or reinforced by hydrodynamic instabilities, can cause axial velocity drops
or even flow reversal. Under such conditions, the flame propagation speed ex-
ceeds the axial flow velocity, allowing the flame to propagate upstream into the in-
jector section. This phenomenon has been observed experimentally for a backward-
facing step, where Kelvin–Helmholtz instability initiates the flashback process [70].
Swirl-stabilized combustors are also highly prone to this type of flashback initiated
by self-excited pressure oscillations, as shown in [71] and in [72], where acous-
tic oscillations were also externally forced to investigate flashback across different
forcing frequencies. Thermoacoustically induced flashback may result either in
permanent flashback, with the flame stabilizing in an undesired location, or in in-
termittent flashback, where the flame temporarily propagates upstream but sub-
sequently returns to its intended stabilization position [71, 72].

STABILIZATION CONCEPTS

Flame stabilization is obtained through the design of dedicated flame holders. Their
functioning principle is mainly based on generating low velocity regions (wakes, recir-
culation zones, shear layers) to prevent blow out, and heating the reactants through hot
product gases recirculation or the use of pilot flames [57]. These elements must be finely
tuned to avoid conditions favorable to flashback and NOx formation especially when
adapted to hydrogen. Examples of typical flame holders are:

• Bluff body: An obstruction is placed in the flow path at the injector exit creating
a wake region of low velocity and hot products recirculation for flame anchoring
[73–75]. They are typically used for premixed mixtures, additional fuel/air can be
injected in the wake along the centerline for enhanced stabilization [76]. The bluff
body geometry is designed to create a converging nozzle cross-section, increasing
local velocity to prevent flashback. It often presents sharp angles which prevent
upstream flame propagation and fix the separation point, stabilizing the wake po-
sition. In this configuration most turbulence is generated at the bluff body base.
The high flow acceleration at the bluff body base leads to intense positive strain
rate tangential to the flame, which affects reaction rates and in particular enhances
flame stability in lean hydrogen combustion [74]. A drawback is represented by the
flame stabilization close to the metallic bluff body, necessitating careful thermal
load management. This configuration is commonly studied at laboratory scale
under various power conditions, both confined and unconfined, for hydrocarbon
and hydrogen fuels.

• Piloted flames: The main flame is stabilized by a smaller flame providing contin-
uous heat for ignition. This configuration allows to achieve high-power operation
with high mass flow rates resulting in more turbulent flames. It is commonly used
in gas turbines, combining a pilot flame with a main flame [11, 29]. Laboratory
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studies investigate these flames using turbulent jet flames in hot coflows, allow-
ing a broad range of configurations [77, 78]. Depending on parameters such as
main jet composition, flow rate, and coflow temperature, the flame can attach to
the nozzle or lift off. Lifted flames allow additional jet/coflow mixing before igni-
tion, forming partially premixed multimode flames (premixed, non-premixed, au-
toigniting) [77, 79]. In other cases, the main jet reacts with both the pilot flame and
external air. This configurations have been extensively studied for both hydrocar-
bon gas and hydrogen and are often considered in the context of mild combustion
[80].

• Cavity/trapped vortex: A recessed wall cavity creates a recirculating trapped vor-
tex, generally additionally driven by injection of fuel or fuel/air mixture in the cav-
ity, that stabilizes the flame and retains hot gases [81]. This configuration offers a
multitude of design degrees of freedom, supporting both lean premixed combus-
tion and rich-quick quench- lean combustion (RQL concept) via additional fuel
injection into the cavity. The main drawback of this design consists in the flame
stabilizing at the wall, resulting in high thermal loads and heat loss effects. This
configuration attracted interest for hydrogen combustion due to its versatility and
flashback resistance.

(a) Bluff body burner (b) Piloted burner

Figure 1.2: Schematic representations of (a) the bluff-body stabilized flame analysed numerically by Massey et
al. (adapted from [82]) and (b) the partially premixed hydrogen flame in hot coflow experimentally investigated
by Cabra et al. (adapted from [77]).

• Micromix concept:The micromix combustion concept, introduced several years
ago, has attracted significant interest for hydrogen combustion applications [38,
83]. It consists in splitting the total fuel supply into numerous smaller hydrogen
jets reacting in non-premixed mode, but with significant excess air, leveraging the
wide flammability range of hydrogen. This strategy is inherently flashback free,
allows significant mass flow rates with low flame temperature and residence time,
minimizing NOx formation. It allows high power and is already employed for gas
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turbines and under study for aeronautic applications. Challenges arise from its
susceptibility to thermoacoustic instabilities and small scale ducts design.

(a) Trapped vortex combustor (b) Micromix combustor

Figure 1.3: Schematic representations of (a) trapped vortex flame stabilization (adapted from Zhao et al. [81])
and (b) the micromix concept (adapted from Berger et al. [84]).

• Swirl stabilized combustor: The vortex breakdown of a swirling flow forms an in-
ner recirculation zone where the flame is aerodynamically stabilized [85]. This
configuration supports high power and is widely used in stationary gas turbines
and aviation, with both gaseous and liquid sprayed fuels. It can be applied for lean
premixed combustion, featuring a mixing section [86] or for lean direct injection
concepts LDI [29, 37, 65]. Many laboratory-scale swirled combustors have been
developed for natural gas and are now being explored for hydrogen [31, 87]. While
natural gas combustors can relatively easily be operated in fully premixed condi-
tions [88, 89], hydrogen premixing increases flashback risk, requiring precise mix-
ing strategies [31, 67]. The goal is to achieve fast, late mixing to mitigate flashback
risks. If a mixing tube is used, the system is vulnerable to combustion CIVB flash-
back (as described in the previous section), core, and boundary layer flashback.
Strategies such as axial air injection (as investigated in this thesis) and boundary
layer air injection can help by increasing the axial momentum of the mixture and
reducing fuel concentration [49, 68]. Swirled combustors can also exhibit oscil-
lating dynamics, such as precessing vortex core (PVC) effects [65]. The flame may
stabilize not only in the central recirculation zone but also in the outer shear layer
at the injector exit, introducing issues related to thermal loads and heat loss effects
[44, 87]. The recently developed Hylon burner operating with hydrogen [67], does
not feature a mixing tube, and mixing occurs within the combustion chamber, ul-
timately operating under partially premixed conditions. This reduces flashback
risks and can prevent near-walls flame stabilization, reducing thermal loads.

1.3. NUMERICAL COMBUSTION MODELLING
The development of accurate numerical predictive tools is of high interest for the un-
derstanding of the complex physics of turbulent reacting flows and the design of com-
bustor devices, as outlined above. With the advancement of parallel and high perfor-
mance computing since the 1990s, computational fluid dynamics (CFD) has reached
the capability of simulating extremely complex turbulent flows of engineering signifi-
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cance, quickly becoming an essential design tool for industrial applications [90]. Today’s
computational resources enable direct numerical simulations (DNS) over increasingly
large domains that were once considered infeasible[91]. However, DNS remains im-
practical for industrial applications and is primarily used to investigate microscale fluid
physics and develop closures for lower-resolution models, namely (Unsteady) Reynolds-
Averaged Navier-Stokes ((U)RANS) and Large Eddy Simulations (LES) [56, 91]. Industrial
development has heavily relied on RANS simulation due to its efficiency in predicting
average flow features at competitive computational costs. This allows for multiple sim-
ulations under different conditions, facilitating sensitivity analyses and iterative design
processes. Unsteady RANS simulations further enable the study of transient features in
the average flow field, such as low-frequency oscillations. Despite their applicability and
overall effectiveness for reacting flows, RANS approaches often fail to capture the inher-
ently unsteady and multiscale nature of turbulent combustion. Examples include local
extinctions, flame wrinkling, flame/turbulence interactions, and transient phenomena
like ignition, flashback, and thermoacoustics [92].

In this context, LES is highly attractive due to its capability to predict unsteady flow
features at a nowadays affordable computational cost [56, 92, 93]. In a LES, a filtered
version of the Navier-Stokes equations is solved to directly compute the time evolution
of the largest turbulent flow structures up to a spatial resolution imposed by the filter
width. The filtering operation is commonly applied implicitly by spatially discretizing
the domain through a computational grid. The actual filter shape and width is gener-
ally not explicitly selected a-priori, but results from the imposed grid spacing ∆ and the
chosen discretization method for the terms in the filtered Navier-Stokes equations. The
unresolved turbulent scales falling below the LES filter size are called sub-grid scales
(SGS) and their effects on the resolved flow are modelled. This modelling is generally
implemented by relating SGS scales to resolved quantities [93, 94], solving additional
equations for subgrid turbulent kinetic energy [95], or employing similarity assump-
tions between subgrid and resolved scales, which is the foundation of many dynamic
models [96]. The possibility of employing dynamic models is considered among the ad-
vantages offered by LES strategy [92]. These last approaches allow for a local space and
time varying modelling of the subgrid quantities, based on the local flow conditions and
grid properties. The choice of the SGS modelling strategy affects the effective shape and
width of the LES filter applied implicitly within the simulation.

The large-scale motion of the turbulent flow contains most of the turbulent kinetic
energy (TKE) and, as a best practice, the filter size should allow at least 80 % of the TKE to
be resolved [97], minimizing the influence of the subgrid model. In non-reacting flows,
the grid resolution, and implicitly the cutoff between resolved and unresolved scales,
is mainly determined to balance turbulence resolution and computational cost. How-
ever, in combustion simulations, the flame thickness is often smaller than the smallest
resolved turbulent scale [92]. An accurate flame resolution would require an extremely
fine filter size, resulting in DNS level resolution, impractical for design applications. As a
result, reactions in the flame front must be treated as a subgrid phenomenon requiring
dedicated modelling. The intrinsic anisotropy of subgrid turbulence/flame interaction
makes these models more complex than for non-reacting flows, as additional physics
beyond turbulence must be considered. The absence of a resolved part of the reaction
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terms makes the application of dynamic models not straightforward [92]. Some dynamic
models extending the similarity assumption between subgrid and resolved scales to re-
acting cases have been proven to be applicable to the modelling of turbulent subgrid
transport, flame wrinkling, scalar dissipation rate and scalar subgrid variances [98–100].
A dynamic strategy for the closure of combustion variables subgrid variance is explored
in the present thesis [101, 102].

Many LES combustion models have been developed to describe the complex chem-
ical reaction process in a computationally affordable way and to account for subgrid
turbulence-chemistry interactions, with extensive reviews available in the literature, e.g.
[103, 104]. The research presented in this dissertation focuses primarily on flamelets-
based approaches, which have been widely used due to their relatively low computa-
tional cost, robustness, and versatility [105–107]. Flamelet models rely on the assump-
tion that a turbulent flame can be represented as an ensemble of locally one-dimensional
laminar flamelets, which allows to separate turbulence from thermochemistry. The pos-
sible thermochemical states assumed by the reacting mixture are computed a priori us-
ing 1D laminar flame (flamelets) solutions, parametrized on a small number of control-
ling variables (e.g. a mixture fraction, progress variable, enthalpy) and tabulated. A fil-
tered transport equation for the controlling variables is solved within the LES and their
local value is used to access the tabulated information. This largely reduce the com-
putational cost with respect to models based on detailed chemistry, where a transport
equation for each chemical species involved in the reaction is solved, together with the
computation of reacting rates, based on local thermodynamical state and composition
of the mixture.

One of the methods to account for the effect of turbulence on flame wrinkling at a
subgrid level relies on a statistical approach, where a filtered density function (FDF) de-
scribes the subgrid probability distribution of the thermochemical states of the mixture.
The shape of the FDF can be presumed a-priori, presumed FDF (PFDF) or resulting from
a transported FDF (TFDF) approach [103, 104, 108, 109]. In the latter the solution of the
FDF transport equation is reconstructed from the transport equation of stochastic sam-
ples which can be lagrangian particles representing a local instantaneous mixture ther-
mochemical state or eulerian stocastic fields (ESF) representing the instantaneous ther-
mochemical state of the mixture over the whole domain [110, 111]. On the other hand,
in PFDF approaches typically used in conjunction with flamelets-based models, the def-
inition of the local shape of the presumed FDF requires information about the subgrid
instantaneous statistical moments (e.g. subgrid variance) of the controlling variables.

Flamelets-based LES methods with presumed FDF have been extensively applied to
the prediction of hydrocarbon flames, yielding highly satisfactory results across various
conditions (e.g., see[109, 112]). However, they often rely on the assumption of equi-
diffusivity of species and heat, which does not hold for non-unity Lewis number fuels,
such as hydrogen [39]. The inclusion of non-unity Lewis number effects in flamelet LES
and their relevance for turbulent hydrogen combustion are thoroughly investigated in
this study. This represents a crucial step towards achieving reliable LES models for the
practical design of next-generation hydrogen combustors.
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1.4. SCOPE AND OBJECTIVES
This research focuses on the numerical modelling of hydrogen combustion using Large
Eddy Simulation (LES). The study is divided into two parts: 1) model development and
validation, and 2) model application for the analysis of a swirl-stabilized combustor.

PART I: DEVELOPMENT AND VALIDATION OF FLAMELET MODELS FOR TUR-
BULENT HYDROGEN COMBUSTION
The study builds upon well-established flamelet models commonly used for hydrocar-
bon combustion in LES. The primary objective is to extend and validate these models for
hydrogen combustion, ensuring accuracy, robustness and computational efficiency.

The specific objectives include:

• Hybrid modelling for partially premixed flames: Analyze a partially premixed
turbulent hydrogen flame using detailed chemistry and the Eulerian Stochastic
Fields (ESF) method as a baseline, where modelling assumptions are minimized.
Develop and test a hybrid model with flamelet based chemistry reduction and Eu-
lerian stochastic fields (ESF) turbulence-chemistry interaction model on the same
case, investigating the capabilities of flamelets-based LES for the prediction of tur-
bulent partially premixed hydrogen flames.

• Dynamic model for subgrid progress variable variance closure: Investigate the
accuracy of a dynamic model for the closure of transport equation of the progress
variable subgrid variance in LES with flamelet based tabulation and FDF closure.
The dynamic model is tested on premixed highly turbulent hydrogen flame and a
lower turbulent methane bluff-body stabilized flame.

• Differential diffusion modelling in flamelets-based models for LES : Implement,
validate, and compare different methods to include differential diffusion effects
in flamelets-based LES. Evaluate model performance across various test cases, in-
cluding premixed, partially premixed, and strained premixed turbulent hydrogen
flames.

PART II: LES STUDY OF THE TU DELFT SWIRL-STABILIZED COMBUSTOR
The APPU project [25], carried out at TU Delft, aimed to demonstrate a novel aircraft
architecture, starting from an A320 baseline, in which part of the propulsive and aux-
iliary power demand is shifted from kerosene-fuelled main engines to a fuel-flexible,
hydrogen-powered auxiliary power unit driving an aft-mounted boundary layer inges-
tion (BLI) propulsor. A rendering of this design concept is shown in Fig. 1.4. Emissions
are reduced not only through the use of hydrogen, but also by the aerodynamic benefits
of the BLI configuration, which reduces drag by wake filling. The concept offers a prag-
matic response to the challenges of introducing hydrogen into aviation by proposing an
energy-mix solution. It avoids the need for radical redesign, can be implemented more
rapidly on future generation of A320 aircraft, and retains system reliability since most
components are already certified. The aircraft remains capable of operating on kerosene
when hydrogen is not available, while the hydrogen storage requirements are relatively
modest compared to a fully hydrogen-powered aircraft, limiting the extent of structural
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redesign. Research within the project was organised in three main directions: overall
system design and integration; aerodynamic optimisation of the BLI propulsor and em-
pennage; and the preliminary design of a hydrogen-fuelled combustor with emission
analysis, including the prospect of future kerosene dual-fuel capability. The present re-
search contributed to this last aspect.

Figure 1.4: Rendering of the conceptual design of the next generation A320 aircraft with integration of the APPU
system, showing the modified empennage and aft-mounted auxiliary propulsor in boundary layer ingestion
configuration.

The work reported in Part II of the present thesis consists of a numerical study, car-
ried out alongside with experimental investigations conducted in parallel by cowork-
ers at TU Delft, analysing a laboratory-scale swirl-stabilised lean premixed combustor,
a low-technology readiness level (TRL) representation of the APPU combustion cham-
ber. The setup was initially developed and experimentally investigated for natural gas
(methane) [113–115], a convenient intermediate step towards operation with full hydro-
gen, due to the gaseous nature of the fuel and simplicity of flame stabilization, with re-
spect to hydrogen. The present study is limited to the preliminary analysis of fuel blends,
ranging from full natural gas to full hydrogen operation, while the investigation of dual-
fuel capability with kerosene combustion is addressed in subsequent ongoing projects,
i.e. HOPE [26]. The key objectives are:

• Non-reacting flow analysis: Investigate the mixing characteristics of the experi-
mental setup in the absence of combustion using non-reacting LES with detailed
transport of each species composing the fuel and air stream is resolved.

• Hydrogen combustion simulation through flamelet/FDF LES approach: Apply
the flamelet/ FDF model developed in Part I to investigate cases with 25% and
100% hydrogen content. Explore the role of mixing, axial air injection (AAI), differ-
ential diffusion, and heat losses in flame stabilization and NOx emissions perfor-
mance.

1.5. THESIS OUTLINE
The remainder of the thesis is organized as follows. Chapter 2 provides the theoretical
background, introducing governing equations, hydrogen combustion features, turbu-
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lent combustion modelling and differential diffusion modelling. Chapter 3 describes the
numerical details for the large eddy simulations of the test cases introduced in Chapter 4.

The results section is divided in two parts. In Part I the development of a robust
flamelet based LES model for the analysis of turbulent hydrogen combustion is pre-
sented. Specifically, Chapter 5 focuses on the analysis of a partially premixed turbulent
hydrogen flame through Eulerian stochastic fields method, both with detailed chemistry
and flamelets chemistry tabulation. Chapter 6 focuses on the presumed FDF turbulence-
chemistry interaction approach, and the comparison of strategies for the dynamic clo-
sure of the subgrid progress variable scalar dissipation rate, for the correct prediction of
the subgrid progress variable variance. In Chapters 7 and 8 two strategies for the inclu-
sion of differential diffusion effects are implemented and tested for the LES analysis of:
a premixed turbulent hydrogen flame, a partially premixed lifted flame and a bluff body
stabilized hydrogen flame. Part II focuses on hydrogen combustion applications, where
a practical laboratory scale swirl-stabilized combustor is studied. Chapter 9 presents
non-reacting studies to characterize the fuel-air mixing features within the set up. Fi-
nally, the operating conditions with 75% CH4 -25% H2fuel blend (in volume) and full
H2 fuel are investigated through the in-house developed flamelet/presumed FDF model
and the results are described in Chapter 10, with focus on differential diffusion, heat loss
and axial air injection effects. Chapter 11 concludes the work, summarizing the main
findings and suggesting perspectives for future research.



2
THEORETICAL BACKGROUND

2.1. FUNDAMENTAL EQUATIONS

2.1.1. INSTANTANEOUS BALANCE EQUATIONS

With respect to classical non-reacting fluid dynamics, combustion introduces several
additional modelling complexities [56]. The considered fluid is a reacting non-isothermal
gas, composed by a multitude of chemical species. The composition of the fluid varies
due to inter-species mixing, for example between air and fuel in mixing layers, and due to
chemical reactions, generally taking place rapidly compared to the flow time scales and
across a very thin region. All of the thermochemical properties of the considered mix-
ture, i.e. : specific heat, enthalpy, molecular weight and species diffusion coefficients,
vary depending on the instantaneous local composition and temperature. Even when
modelling low-Mach cases, therefore without compressibility effects associated to high
flow velocity, the density ρ is not constant as it rapidly decreases of a factor between
4 and 8 from the reactants to the products, due to the strong heat release and thermal
expansion. On the other hand, this study focuses on deflagration where the flame prop-
agates slower than the speed of sound, and the pressure can be considered constant
across the flame front.

The constitutive equations for reacting flows are based on the Navier-Stokes set.
Defining ui as the velocity components in the spatial direction xi and p as the pressure,
the fundamental equation of mass and momentum conservation in Einstein’s notation
read, respectively:

• Mass conservation

∂ρ

∂t
+ ∂(ρui )

∂xi
= 0, (2.1)

• Momentum conservation

17
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∂(ρu j )

∂t
+ ∂(ρui u j )

∂xi
=− ∂p

∂x j
+ ∂τi j

∂xi
, (2.2)

where τi j denotes the viscous stress tensor, related to the dynamic viscosity µ and the
strain rate tensor, as described in Sec. 2.1.2. In the present studies the buoyancy term is
neglected.

To track the varying mixture composition due to mixing and reaction, a transport
equation for the mass fraction Yk of each of the Ns chemical species is defined:

• Species transport

∂(ρYk )

∂t
+ ∂(ρui Yk )

∂xi
=−∂Jk,i

∂xi
+ ω̇k , k = 1, . . . , NS , (2.3)

where ω̇k is the net chemical source/sink term of species k (in [kg/m3/s]), resulting from
the total production or destruction through each reaction involving the species k. It
is generally related to local species concentration and temperature, through Arrhenius
law as described next. The term Jk,i is the molecular diffusion flux of species k in the
direction xi which needs modelling.

An energy conservation equation is necessary to close the Navier Stokes set, due to
non-constant density and temperature T . The conservation equation for total enthalpy
h, sum of sensible enthalpy hs and enthalpy of formation∆h0

f at a reference temperature

T0 = 298.15 K, reads:

• Absolute enthalpy conservation

∂(ρh)

∂t
+ ∂(ρui h)

∂xi
= ∂p

∂t
− ∂qi

∂xi
+ ∂τi j ui

∂x j
, (2.4)

The present research focuses on deflagrations, where the flame speed (which will be de-
fined in details in Sec. 2.2.3) is about 2 to 3 times lower than the speed of sound in the
mixture of cold reactants and the combustion process is about isobaric[56]. The flow
velocity is typically of the order of the flame speed, therefore the Mach number is small.
Under the low mach number assumption the terms related to pressure variations (first
term on the right hand side of Eq. 2.4) and enthalpy loss due to viscous stress (last term
on the right hand side) can be neglected [56, 104]. The term q j denotes the enthalpy
flux component in direction x j , which needs modelling. In the absence of external heat
sources or sinks, deflagration is an adiabatic process, where part of the enthalpy of for-
mation of the reactants is converted to higher sensible enthalpy in the products. For this
reason, it can be noted that there is no source term associated to the absolute enthalpy
equation. Temperature is related to enthalpy through the caloric equation of state:

h =∆h0
f +hs =∆h0

f +
∫ T

T0

Cp (T ′)dT ′ (2.5)

where Cp is the specific heat of the mixture at constant pressure computed from the spe-
cific heat of the single species k composing the mixture Cp =∑N

k=1 YkCpk (T ). The depen-
dence of the species cpk on temperature is typically expressed as polynomial functions
(JANAF) [116].
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The system of equations is closed through the ideal gas equation of state

p

ρ
= R0

W
T, (2.6)

where R0 is the universal gas constant and W is the molecular weight of the mixture.
When the combustion process is isobaric (deflagration and low Mach number) the pres-
sure in the ideal gas equation of state is constant and can be set to a reference value p0.
Density variations across the flame are directly associated to variations in temperature
[56].

2.1.2. DIFFUSIVE TRANSPORT
Diffusive transport describes the redistribution of quantities due to the chaotic motion
of molecules associated to their thermal agitation. In gases that are at non-equilibrium
state, this transport is governed by gradients in temperature, concentration, or velocity,
which drive diffusion through specific diffusion coefficients. Diffusion acts to smooth
out these gradients, allowing the gas to reach a new equilibrium state. The coefficients
that characterize diffusive processes, measured in [m2/s], include the thermal diffusivity
α, the species mass diffusivity Dk and the kinematic viscosity ν = µ/ρ. To compare the
relative significance of these transport mechanisms, a set of non-dimensional numbers
is introduced.

The Prandtl number compares the diffusive transport of momentum (kinematic vis-
cosity) with thermal diffusivity:

Pr = ν

α
= µCp

λ
. (2.7)

The Schmidt number of a species k compares the diffusive transport of momentum with
the mass diffusion of the species:

Sck = ν

Dk
= µ

ρDk
(2.8)

The Lewis number of a species k relates the thermal diffusivity to the mass diffusivity of
that species:

Lek = α

Dk
= Sck

Pr
(2.9)

VISCOUS STRESS

Under the assumption of newtonian fluid, the viscous stress tensor is linearly related to
the strain rate tensor Si j and the dynamic viscosity is constant with the stress state:

τi j =µ
(
∂ui

∂x j
+ ∂u j

∂xi

)
− 2

3
µ
∂uk

∂xk
δi j , (2.10)

where δi j is the Kronecker delta. The dynamic viscosity µ depends on the local tem-
perature and mixture composition. In combustion problems, the viscosity increase due
to temperature variations dominates over variations related to mixture compositions.
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Therefore, in lean conditions the mixture viscosity can be approximated with Suther-
land’s law [117] referring to air properties:

µai r (T ) = As

p
T

1+ Ts
T

, As = 1.67e −6
kg

m s K0.5 , Ts = 170.672 K . (2.11)

However, in partially premixed combustion and with large differences between fuel and
air viscosity (for example with hydrogen), the viscosity of the mixture may be more sig-
nificantly affected by composition. The local value of the viscosity of each species µk

can be computed from temperature through Sutherland’s law or as a logarithmic poly-
nomial fitting function. Different mixing laws can be used to retrieve the viscosity of
the mixture from the viscosity values of each individual species, for example Wilke’s law
[118] or its simplified version proposed by Herning and Zipperer [119]. Alternatively,
mass-weighted averaging [120] is often implemented for its simplicity, though it can be
inaccurate for mixtures with large molecular weight differences.

DIFFUSIVE SPECIES MASS FLUX

The diffusion flux in the direction xi of a species k is expressed in terms of a diffusion
velocity vk,i relative to the mixture as:

Jk,i = ρYk vk,i (2.12)

The most accurate calculation for the local diffusion velocity components of each species
consists in the solution of the computationally expensive Stefan-Maxwell system of equa-
tions [56]. An approximation of the solution of the system is represented by Fick’s law:

Jk,i =−ρDk
∂Yk

∂xi
. (2.13)

Fick’s law is strictly valid only for bi-component mixtures or for multi component mix-
tures where each species is equally diffusive. However it is often used for simplicity,
for example assuming Dk as the diffusion coefficient of a species k with respect to the
most abundant species in the mixture [104]. In the present work, Fick’s approximation is
adopted for its simplicity of implementation when the assumption of unity Lewis num-
ber is made for every species. In most cases, when considering lean combustion, the
diffusion coefficient can be computed considering air properties as Dk = µ/Scair where
Scair = 0.7 [121], as the mixture is mainly composed by air, in mass. When more complex
diffusive processes take place, for example in hydrogen combustion, a more detailed de-
scription is necessary. A better approximation of the Stefan-Maxwell solution was pro-
posed by Hirschfelder and Curtiss [122]:

vk,i =−DM
k

Xk

∂Xi

∂xi
, (2.14)

where Xk is the mole fraction of species k, related to the mass fraction Yk through the
molecular weights of species and mixture Wk Xk = YkW . The diffusion coefficient of
species k with respect to the mixture (mixture-averaged approach) is then computed as:
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DM
k = 1−Yk∑

j ̸=k X j /D j k
, (2.15)

where the binary diffusion coefficients D j k between species j and k depend on temper-
ature. The mass diffusion coefficient can therefore be rewritten in terms of mass fraction
gradient:

Jk,i = ρYk vk,i =−ρDM
k

∂Yk

∂xi
−ρDM

k

Yk

W

∂W

∂xi
. (2.16)

Eq. 2.16 resembles Fick’s law, presenting an additional term related to spatial gradients of
molecular weight. This second term is typically neglected for hydrocarbon-air mixtures,
where molecular weight differences between fuel and oxidizer are small. However, in
hydrogen combustion, significant molecular weight gradients can arise and the term
should ideally be retained. Nonetheless, the error deriving from neglecting this term
was observed to be minor in lean hydrogen-air flames [123, 124].

When an approximated solution of the Stefan–Maxwell equation set is employed to
model diffusion, the mass conservation of species is not automatically guaranteed. In
particular, total mass conservation requires the sum of species diffusive fluxes to be zero,∑

k Yk vk,i = 0. To account for this issue, two approaches are generally adopted [56]. One
approach is to solve a transport equation only for Ns −1 species and compute the mass
fraction of the most abundant species as YNs = 1 −∑Ns−1

k=1 Yk . In this way, the incon-
sistencies in diffusion velocities are incorporated into the most abundant species and
mass conservation is ensured. This assumption is adopted in the present work for the
calculation of 1D laminar flames, for the species transport equation in Chap. 9 and for
the derivation of differential diffusion model M2 [125] in Sec. 3.2.3. This choice is justi-
fied by the fact that, under the conditions considered in the present thesis, N2 is always
the most abundant component. In a more accurate approach, a correction velocity vc

is introduced so that Jk,i = ρYk (vk,i + vc,i ). The correction velocity is derived by locally
enforcing mass conservation. Its value is the same for every species but varies in space
and time according to the local mixture composition and the gradients of species mole
fractions:

vc,i =
Ns∑

k=1
DM

k

Wk

W

∂Xk

∂xi
(2.17)

This second approach is employed in the derivation of the differential diffusion model
M1 [124] in Sec. 3.2.3.

An additional contribution to the mass diffusion flux is represented by thermal dif-
fusion or Soret effect:

J Soret
k,i =−ρDT

k

∂T

∂xi

Wk Xk

T
, (2.18)

where DT
i is the thermal diffusion coefficient. Due to thermal diffusion, gradients in

temperature induce an additional mass diffusive flux of the species [126]. This term is
generally negligible for unity Lewis number fuels, but its relevance was confirmed in the
case of (lean) hydrogen combustion [39, 123, 127, 128]. In fact, thermal diffusion tends
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to exacerbate the effects associated with the high diffusivity of hydrogen compared to
the other species and heat, referred to as preferential and differential diffusion effects,
respectively, as introduced later in Sec. 2.3. One of the objectives of the present thesis is
the inclusion of differential and preferential diffusion in Large Eddy Simulation models
for hydrogen combustion. Therefore, only these effects will be included in the modelling
in order to isolate their sensitivity, and the analysis of thermal diffusion is therefore left
outside the scope of the present investigation.

ENTHALPY DIFFUSION FLUX

The diffusive enthalpy flux in direction xi is modelled as:

qi =−λ ∂T

∂xi
+ρ

Ns∑
k=1

hk vk,i Yk (2.19)

whereλ is the thermal conductivity. The first term describes the heat flux due to temper-
ature gradient according to Fourier’s law while the second term represents the enthalpy
variation associated to species inter-diffusion, where vk,i should be modelled consis-
tently with mass diffusive transport. This term goes to zero when species equi-diffusivity
is assumed. The second term is responsible for enthalpy variations across the flame front
in reacting mixtures containing highly diffusive species, like hydrogen. The thermal con-
ductivity is related to the thermal diffusivity α=λ/(ρCp ). As for the kinetic viscosity, the
thermal diffusivity of each species,αk , can be determined through a logarithmic polyno-
mial function of temperature. A mixing rule, such as Mathur’s law [129] or Wilke’s [118],
can then be applied to compute the overall thermal diffusivity of the mixture.

2.1.3. CHEMICAL SOURCE TERM

The reactants to products conversion is not a single step phenomenon, but it is com-
posed by a chain of intermediate reversible reactions causing the formation and destruc-
tion of intermediate species. Considering a system where Ns chemical species (indices
i ) participate in K distinct reactions (indices j ), the general representation of these re-
actions can be expressed as [50]:

Ns∑
i=1

νi , j Mi

k j , f−−*)−−
k j ,b

Ns∑
i=1

ν′i , j Mi , j = 1, . . . ,K (2.20)

where Mi denotes the chemical species i , and νi , j and ν′i , j are the molar stoichiometric

coefficients corresponding to species i in reaction j , in the reactants and in the prod-
ucts, respectively. The symbols k j , f and k j ,b denote the forward and backward reaction
rates of reaction j respectively, generally expressed as a function of temperature through
Arrehnius law. The net variation in molar concentration of a species ω̂i (in [mol/m3/s]),
and consequently its mass reaction rate ω̇i (in [kg/m3/s]), is computed through the gen-
eralized law of mass action:

ω̇i =Wi ω̂i =Wi

M∑
j=1

(ν′i , j −νi , j )ω j . (2.21)
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In the previous, the net reaction rate ω̂i of a species i is expressed through the contribu-
tion of the reaction rates of each reaction ω j , which depend on species molar concen-
tration and specific reaction rate constants.

The volumetric heat release rate (HRR) q̇ due to combustion (in [J/m3/s]) can be ex-
pressed as a variation in enthalpy of formation∆h0

f of the reacting mixture and represent

the source term of sensible enthalpy hs . It is expressed in terms of the contribution of
the reaction rate of each species as:

q̇ =−
Ns∑

i=1
ω̇i∆h0

f . (2.22)

2.2. PREMIXED COMBUSTION
In premixed flames, the reactants are mixed at molecular level before combustion oc-
curs. Assuming an irreversible combustion reaction, the mixture is at stoichiometric
conditions when all reactants (fuel F and oxygen O2) are completely converted into
products (P ):

νF F +νO2O2 → P, (2.23)

where νF and νO2 are the stoichiometric coefficients for fuel and oxygen, respectively.
Under these conditions, the mass stoichiometric ratio is given by:

s = νO2WO2

νF WF
=

(
YO2

YF

)
s

(2.24)

A fuel-oxidizer mixture may contain an excess of either fuel or oxidizer, leading to rich
or lean conditions, respectively. The equivalence ratio φ quantifies the mixture compo-
sition relative to the stoichiometric condition, where φ= 1:

φ= nF /nO2

νF /νO2

= XF /XO2

(XF /XO2 )s
= YF /YO2

s
(2.25)

where nF and nO2 denote respectively the number of moles of fuel and oxygen in the
mixture. Premixed flames propagate naturally towards the unburnt reactant mixture
due to heat diffusion from the flame front, which preheats and ignites the fresh gases.
The laminar flame speed, SL , represents the velocity at which the flame front advances
relative to the unburned mixture. Premixed flames stabilize in regions where reactants
have a local velocity component normal to the flame that equals SL .

In many real-world applications, combustion is not strictly defined by either pre-
mixed or non-premixed regime. Partially premixed flames exhibit characteristics of both,
as the fuel and oxidizer are not completely mixed before reaction, and mixing continues
through the combustion process. The flame could then exhibit both premixed and non-
premixed mode, as in triple flames, often occurring in lifted flame [130, 131], or burn in
premixed mode along gradients of equivalence ratio (stratified flames) [132–134].

Premixed flames are characterized by a set of key parameters that help describe their
behavior and structure, as described next.
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2.2.1. PROGRESS VARIABLE
In premixed flames, variations in species mass fractions, temperature, and other ther-
mophysical properties across the flame front are strongly correlated. These variations
can be effectively described using the progress variable c, a single scalar parameter that
represents the degree of completion of the reaction.

A scaled definition of c is commonly adopted such that c = 0 in the reactants and
c = 1 in the products. It can be based on reduced temperature θ:

θ = T −Tu

Tb −Tu
(2.26)

or on a combination of the mass fraction of suitable major product or reactants species
Yk , like CO2 or H2O:

c =
∑

k (Yk −Yk,u)∑
k (Yk,b −Yk,u)

(2.27)

where the subscripts u and b denotes the unburnt (reactants) and burnt (products) con-
ditions. The two definitions are equivalent if each species has unity Lewis number [56].

In some modelling approaches, unscaled definitions of the progress variable are pre-
ferred to optimize the dependency of thermophysical properties on c, ensuring mono-
tonicity and avoiding steep gradients [135, 136]. They are generally defined as linear
combinations of species:

c =
Ns∑
i

Ci Yi (2.28)

where Ns represents the number of species and Ci are weighting coefficients. For an
unscaled progress variable definition a transport equation can be expressed as:

∂(ρc)

∂t
+ ∂(ρui c)

∂xi
= ∂

∂xi

(
ρDc

∂c

∂xi

)
+ ω̇c . (2.29)

where Dc is the mass diffusion coefficient for the progress variable and the chemical
source term is related to the net reaction rates of the species used for the progress vari-
able definition. With scaled progress variable definitions, for example ω̇c = ω̇k /(Yk,b −
Yk,u), the scaling term is not constant and depends on the local mixture composition,
which introduces additional terms in the equations [136, 137], as described in Sec. 3.2.
Furthermore, the equation is mathematically exact only under the assumption of species
equi-diffusivity and unity Lewis number Lek = 1 for each species, in which case the diffu-
sion coefficient of c simplifies to the thermal diffusivity, i.e., Dc =α. However, for highly
diffusive fuels like hydrogen, this assumption requires careful treatment, as introduced
in Sec. 3.2.3.

2.2.2. MIXTURE FRACTION
The mixture fraction is a parameter describing the mixing of fuel and oxidizer, varying
linearly from z = 1 in pure fuel to z = 0 in pure oxidizer. Defined as a conserved scalar,
it was originally introduced to describe non-premixed flames, where combustion is gov-
erned by molecular mixing between oxidizer and fuel, with the flame stabilizing where
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stoichiometric conditions are achieved. For a one-step irreversible reaction, it can be
defined as in [124, 138]:

z = sYF −YO2 +YO2,2

sYF,1 +YO2,2
(2.30)

where the subscripts 1 and 2 refer to the fuel and oxidizer streams, respectively. In a non-
diluted fuel stream YF,1 = 1, while in air YO2,2 = 0.23. A direct relation exists between the
equivalence ratio and the mixture fraction:

φ= YF,1

YO2,2

sz

1− z
. (2.31)

The mixture fraction value corresponding to stoichiometric conditions φ= 1 can be ob-
tained as:

zst =
YO2,2

sYF,1 +YO2,2
. (2.32)

A more general formulation for the mixture fraction is given by Bilger’s definition,
which is based on the conservation of elemental mass fractions [139, 140]. For example
for hydrogen-air (oxygen) combustion:

zBilg =
0.5WH(zH − zH ,2)−W −1

O (zO − zO,2)

0.5WH(zH ,1 − zH ,2)−W −1
O (zO,1 − zO,2)

, (2.33)

zH and zO refers to the elemental mass fractions of hydrogen and oxygen, respectively.

In real combustion systems, flames are often partially premixed, meaning their com-
position varies across different flame regions. The mixture fraction is therefore useful
in these cases because it provides a description of fuel-oxidizer mixing both prior to
and during combustion. The mixture fraction transport is governed by a convection-
diffusion equation:

∂(ρz)

∂t
+ ∂(ρui z)

∂xi
= ∂

∂xi

(
ρDz

∂z

∂xi

)
. (2.34)

As for the progress variable, the mass diffusion coefficient of the mixture fraction Dz

is taken to be equal to the thermal diffusivity, under the assumption of species equi-
diffusivity and unity Lewis number Lek = 1 for each species. In these conditions, the
mixture fraction remains constant throughout a premixed flame at a given equivalence
ratio. This implies that it is independent of c, allowing a partially premixed (adiabatic)
systems to be fully described by two parameters: z, representing mixing, and c, repre-
senting reaction progress. However, when species diffuse at different rates, the mixture
fraction is no longer constant along the flame. Instead, it becomes correlated with the
progress variable due to the different diffusive transport between fuel and oxygen, as
discussed in Sec. 2.3.
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2.2.3. FLAME SPEED
In premixed flames the laminar flame speed SL describes the velocity at which the flame
front propagates towards the unburnt reactants, and three definitions can be considered.
The displacement speed is defined as:

sd = 1

|∇c|
(
∂c

∂t
+u ·∇c

)
, (2.35)

which describes the speed of the flame front with respect to the reactant mixture. The
term (∂c/∂t )/|∇c| is the absolute flame speed, which represents the speed of the flame
front with respect to a fixed reference framework. When the displacement speed matches
the velocity of the incoming reactants in the direction normal to the flame front, n̂, the
absolute flame speed is zero.

The global consumption speed Sc can be defined as the integral of the fuel consump-
tion rate across the flame front [56]:

Sc =− 1

ρu(YF,u −YF,b)

∫ ∞

−∞
ω̇F dn, (2.36)

where YF indicates the mass fraction of fuel, ω̇F is the fuel consumption rate and the
subscripts u and b denotes the unburnt and burnt mixtures. The differential dn indi-
cates a linear integral along the direction normal to the flame front n̂ = −∇c/|∇c|. This
consumption speed ultimately depends on the intensity of the reaction, which is gov-
erned by the reactant composition, temperature, and operating pressure. As an example,
Fig. 2.1 shows the computed flame speed (left) and peak fuel consumption rate (right)
for methane-air and hydrogen-air mixtures at various equivalence ratios, obtained using
1D unstretched freely propagating premixed flame simulations with the solver Chem1D
[141]. In these computations the unstretched laminar flame speed is an eigenvalue of the
problem, as it must balance the velocity of the incoming reactants, and it can be com-
puted as S0

L = ṁu/ρu , where ṁu is the mixture mass flow rate. In a freely propagating
unstretched 1D premixed flame, the global consumption speed and laminar flame speed
have about the same value. Figure 2.1 highlights the significantly higher flame speed of
hydrogen, up to six times that of methane, associated with higher peak consumption
rate. Furthermore, it can be seen how methane exhibits a peak around stoichiometry,
while for hydrogen the maximum consumption rate peaks more towards φ= 1.5. As will
be discussed in details in Sec. 2.3, this occurs due to the fast diffusion of H2 and atomic H
radical (differential diffusion effects), which causes local redistributions of equivalence
ratio and enthalpy.

To explain the underlying reasons behind the higher laminar burning velocity of hy-
drogen, Pitsch [39] refers to the analytical expression for the unstretched laminar burn-
ing velocity proposed in [55] from asymptotic analysis:

(ρu s0
L)2 ∼ Le

Ze2

λ

cp
exp

(
− Ea

R0Tb

)
, (2.37)

where Tb refers to the products temperature (adiabatic flame temperature) and Le is
an effective Lewis number derived from the individual Lewis number of hydrogen and
oxygen [144], and Ze is the Zeldovich number, defined as Ze = Ea(Tb−Tu)

R0T2
b

. Here, Ea is
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Figure 2.1: Unstretched laminar flame speed S0
L (left) and maximum fuel consumption rate (right) versus

equivalence ratio φ for H2-air ( ) and CH4-air ( ) flames at p = 1 atm and reactants temperature Tu = 300 K.
Results obtained from 1D laminar flames computations using CHEM1D [141] with GRI3.0 [142] and San Diego
[143] kinetic mechanism for methane and hydrogen fuels, respectively.

the activation energy of the one step global reaction and R0 is the universal gas con-
stant. As shown in Eq. (2.37), three primary factors contribute to hydrogen’s excep-
tionally high laminar flame speed: high adiabatic flame temperature, high diffusivity,
and low activation energy. While flame temperature is a contributing factor, numerical
studies have demonstrated that even when the adiabatic flame temperature is reduced
via nitrogen dilution, hydrogen still exhibits remarkably high flame speeds [39]. Simi-
larly, hydrogen’s high diffusivity enhances flame propagation in stoichiometric and rich
mixtures, but it alone cannot account for the increase in flame speed with respect to
methane. Moreover, on the lean side, high diffusivity actually reduces the flame speed
compared to cases where diffusive transport is artificially reduced, as shown in Sec. 2.3.
The dominant factor, as identified in [39], is hydrogen’s low activation energy. Unlike
methane, where the branching reaction primarily consumes radicals, hydrogen’s chain-
branching mechanism actively generates high abundance of atomic H radicals. They
diffuse upstream into the reactants, transporting a non-negligible enthalpy flux into the
preheat zone [145]. This upstream diffusion initiates low-temperature exothermic oxi-
dation reactions, which further preheat the mixture, effectively enhancing reaction rates
and flame propagation.

Flame speed is a fundamental parameter for characterizing combustion and com-
paring chemical and flow time scales in turbulent flames, as discussed in Sec. 2.6. It
has been emphasized that the flame speed of an unstretched premixed flame depends
on the mixture’s composition, thermodynamic and transport properties, and reaction
kinetics. In practical configurations, flame fronts are often subjected to stretch due to
velocity gradients and curvature, and in such cases, both the flame speed and the reac-
tion rate become sensitive to the mixture’s diffusive properties, as discussed in Sec. 2.4.
These effects are particularly important in premixed flames under turbulence-induced
stretch, which will be further discussed in Sec. 2.6.

2.2.4. LAMINAR FLAME THICKNESS

In premixed flames, the laminar flame thickness δL defines the spatial region where heat
and species diffusion, along with chemical reactions, lead to significant changes in the
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Figure 2.2: Left: comparison of the three laminar flame thickness definitions for methane-air flames at differ-
ent equivalence ratios. Right: visualization of the three definitions for a methane-air flame front at φ = 0.6.
Results obtained from 1D laminar flame computations at p = 1 atm and reactants temperature Tu = 300 K, as
in Fig. 2.1.

mixture. It provides a characteristic length scale for chemical processes, particularly use-
ful in turbulent combustion to compare chemical scales and turbulent flow scales, as de-
scribed in Sec. 2.6. It also serves as a reference value for the choice of the computational
grid resolution in numerical simulations [56].

Different laminar flame thickness definitions can be adopted [50, 56]. Considering
the reduced temperature profile θ of a 1D premixed laminar flame in Fig. 2.2 (right) a
total flame thickness δt

L can be identified as the distance over which the temperature
increases from 1% to 99% of the total temperature change. Another definition is the
Zel’dovich diffusive thickness [146] which is based on scaling laws and local convec-
tion/diffusion balance: δ = λu/(ρuCp,uSL), where the subscript u refers to the unburnt
mixture properties. Alternatively, a definition based on temperature gradients, the ther-
mal thickness, can be given: δ0

L = |max(∇θ)|−1.

Fig. 2.2 (right) gives a visual representation of the various definitions for methane-
air 1D premixed freely propagating flames. The x axis is offset so that x = 0 corre-
sponds to the maximum temperature gradient. It can be seen that δt

L tends to over-
estimate the flame thickness by including both the preheat zone and the oxidation layer,
where most of the fuel consuming reactions are completed, but minor species still re-
combine via slower reactions [56]. The other two definitions identify more localized
high-temperature gradient regions and δ gives the smallest estimation. In the present
work, the flame thickness definition based on temperature gradients is preferred and is
computed from 1D simulations as needed.

For freely propagating premixed flames, the flame thickness depends on the equiv-
alence ratio, reactant temperature, and operating pressure. It is generally inversely pro-
portional to the reaction rate: higher reaction rates lead to thinner flames due to faster
reactant consumption. Figure 2.2 (left) shows the computed thickness values for methane
flames, revealing a minimum around stoichiometry, where the reaction rate and flame
speed are highest (as seen in Fig. 2.1). The overestimation of δT

L is most prominent
around stoichiometry, where slow recombination reactions extend the oxidation layer.
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Figure 2.3: Lewis number of nitrogen LeN2 ( ), oxygen LeO2 ( ) and hydrogen LeH2 ( ) versus equivalence
ratio φ in a H2-air mixture at 300 K.

2.3. DIFFERENTIAL DIFFUSION

The assumption of equi-diffusivity between species and heat significantly simplifies com-
bustion modelling and it has been widely employed for hydrocarbons fuels with Lewis
number reasonably close to unity. [56, 104]. However, this does not hold true for fuels
with Lewis numbers significantly different from unity, such as hydrogen (where LeH2 < 1)
or propane (with LeC3H8 > 1) in mixtures with air. This introduces differences between
species mass diffusive transport and heat diffusion. The effect related to the difference
between the mixture thermal diffusivity and mass diffusivity of a species is named differ-
ential diffusion [132], or non-unity Lewis number effect, by some authors [55]. Moreover,
preferential diffusion refers to the differences in mass diffusivities between two reactants
(for example between hydrogen and oxygen) [55, 146]. In hydrogen combustion both
effects are present as a result of its high diffusivity and they can only be artificially distin-
guished in numerical or analytical studies [39, 127, 147]. The two terms are often used
as synonyms, even though it is conceptually more accurate to distinguish them [55, 92,
132].

Figure 2.3 shows the Lewis number of hydrogen, oxygen, and nitrogen in hydrogen-
air mixtures at different equivalence ratios, computed from a mixture-averaged mass
diffusion coefficient Dm

k and thermal diffusivity α, calculated as polynomial function of
temperature logarithm as described in Sec. 2.1.2. For lean mixtures, φ < 1, the Lewis
number of hydrogen is around 0.3–0.4, while those of nitrogen and oxygen are above
unity. This difference persists at richer equivalence ratios. In the study of differential
and preferential diffusion effects, an effective Lewis number is defined as a weighted
average of the Lewis numbers of the deficient and excess reactants (e.g., LeO2 and LeH2 ),
where the weighting favors the deficient reactant at off-stoichiometric conditions, and it
converges to the exact average as the equivalence ratio approaches φ→ 1 [132].

Differential and preferential diffusion significantly influence the structure of hydro-
gen premixed flames. This is illustrated here through one dimensional computations of
unstretched premixed H2-air flames, comparing cases where unity Lewis number is im-
posed for all species (Lek = 1) versus cases incorporating differential diffusion by mod-
elling the mixture-averaged diffusion coefficients, as detailed in Section 2.1.2. Hydrogen
diffuses towards the reaction zone at a higher rate than oxygen and nitrogen, due to its
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Figure 2.4: Major species mass fractions and heat release rate distribution from 1D simulations of hydrogen-
air freely propagating laminar premixed flames at different equivalence ratios, reactants temperature Tu = 300
K and pressure p = 1 atm. Solid lines: unity Lewis number imposed to every species. Dashed lines: mixture-
averaged diffusion model. Results obtained using CHEM1D [141] with San Diego [143] kinetic mechanism.
The volumetric heat release rate (HRR) is expressed in [J/m3/s].

higher diffusivity. This behavior is evident in Fig. 2.4, where hydrogen begins diffusing
towards the flame ahead of the preheat zone, leading to an overshoot in the oxygen mass
fraction as compared to the equi-diffusive case. It can be seen that increased diffusion
length scales result in a broadening of the flame transport zone and reaction zone, as
the area interested by non-zero heat release rate (see Eq. 2.22) is broader. At low equiv-
alence ratio the peak of HRR decreases with respect to unity Lewis number case, but a
tail with higher values is observed towards the reactants. At higher equivalence ratio the
region where heat release takes place broadens both towards the reactants and towards
the products (Fig. 2.4 center) and at stoichiometry the peak significantly moves towards
the preheat zone and its value reaches the one corresponding to the equi-diffusive case
(Fig. 2.4 right).

The faster diffusion of hydrogen directly affects the mixture fraction, which exhibits
variations across the flame thickness. Under the equi-diffusivity assumption, the mix-
ture fraction remains constant throughout a 1D flame, but with differential diffusion in-
cluded, it decreases through the flame thickness, resulting in locally leaner mixtures.
Fig. 2.5 (left) illustrates this effect at different equivalence ratios as a function of a progress
variable based on water. Hydrogen continues to diffuse towards the flame front until it
reacts, generating products with diffusivities closer to those of the other major species,
causing the mixture fraction to return to its initial value. Figure 2.7 (left) quantifies the
relative mixture fraction reduction along the spatial coordinate x at various equivalence
ratios. At lean conditions, this relative decrease is more pronounced. At lean equiva-
lence ratios, the region affected by mixture fraction reduction extends further due to the
larger laminar flame thickness. In this regime, diffusive transport scales are comparable
to convective and reactive scales.

As a direct consequence in local equivalence ratio reduction along the flame, differ-
ential diffusion reduces the peak reaction rate (for a progress variable based on H2O) on
the lean side while increasing it on the rich side, Fig. 2.5 (right). The peak reaction rate
shifts from φ= 1 to φ= 1.5 when differential diffusion is accounted for. A similar trend is
observed in the laminar flame speed, reported in Fig. 2.6 (left), where differential diffu-
sion reduces the laminar flame speed SL on the lean side (up toφ= 0.6) while enhancing
it at richer equivalence ratios. This suggests that between φ= 0.6 and 1, differential dif-
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Figure 2.5: Effects of differential diffusion on 1D freely propagating H2-air flames at different equivalence ra-
tios, reactants temperature Tu = 300 K and pressure p = 1 atm. Results obtained as for Fig. 2.4. Left: mixture
fraction distribution zBilg, in progress variable space c, when differential diffusion is included with mixture-
averaged diffusion model. Right: peak reaction rate of progress variable versus equivalence ratio when unity
Lewis number imposed to each species ( ) and with mixture-averaged diffusion model ( ).

Figure 2.6: Effects of differential diffusion on 1D freely propagating H2-air flames at different equivalence ra-
tios, reactants temperature Tu = 300 K and pressure p = 1 atm. Results obtained as for Fig. 2.4. Laminar flame
speed S0

L (left) and and laminar flame thickness δ0
L (right) versus equivalence ratio when unity Lewis number

imposed to each species ( ) and with mixture-averaged diffusion model ( ). Results obtained as in Fig. 2.5.

fusion leads to a decrease in the peak reaction rate but an increase in its integral along
x, indicating a broader flame structure, as can be observed by looking at the heat release
rate in Fig. 2.4. Indeed, Fig. 2.6 shows that including differential diffusion increases the
laminar flame thickness across all equivalence ratios. The enhanced diffusive transport
of H2 and H leads to a redistribution of the reaction rate, thickening the preheat region,
modifying temperature gradients, and ultimately widening the flame [39]. The increased
thickness is especially significant in lean mixtures, where differential diffusion reduces
the reaction rate values. Indeed, the role of diffusive transport at lean conditions is quite
significant compared to convection and reaction (as the flame speed and incoming mix-
ture velocity are relatively low, compared for example to near-stoichiometry conditions),
and changes in diffusivity values highly affect the flame thickness.

By looking at Eq. (2.19), it can be seen that enthalpy diffusion is driven by tempera-
ture gradients and heat diffusivity but also through mass diffusion of individual species.
Under the equi-diffusive unity Lewis number assumption, total enthalpy transport re-
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Figure 2.7: Relative variations (in physical space x [cm]) of mixture fraction ∆zBilg (left) and total enthapy
∆h (right) with respect to unburnt conditions (denoted by the superscript u) for 1D freely propagating H2-
air flames at different equivalence ratios, reactants temperature of Tu = 300 K and pressure p = 1 atm when
differential diffusion is included with mixture-averaged diffusion model. Results obtained as for Fig. 2.5.

mains balanced. Absolute enthalpy is constant through the flame and its value depends
solely on reactant composition and temperature. However, when differential diffusion is
considered, enthalpy redistributes across the flame front due to the imbalance between
hydrogen diffusion toward the flame and heat diffusion from the flame to the reactants.
In [125, 148] it is highlighted how the diffusivity of hydrogen affects enthalpy flux with
two contributions: by directly carrying enthalpy through mass diffusion, but also affect-
ing the local mixture composition, therefore λ and Cp and affecting the Fourier term
Eq. 2.19.

Figure 2.7 (right) shows the relative enthalpy variation compared to the reactant en-
thalpy in physical space. At very lean conditions, enthalpy decreases up to 50 times rel-
ative to its nominal value, following the trend observed for the mixture fraction. Since
hydrogen is characterized by a high specific heat capacity (Cp ) and thus higher sensible
enthalpy than oxygen, its preferential diffusion toward the flame results in enthalpy re-
duction. This trend continues for richer equivalence ratios up to approximately φ≈ 0.6.
However, for increasing equivalence ratio, enthalpy reduction in the preheat zone be-
comes less pronounced, and for φ > 0.6, an overshoot in enthalpy precedes the reac-
tion zone, followed by a decrease relative to the nominal reactants enthalpy. Notably,
the overshoot can reach values up to 150 times higher than the enthalpy level in the re-
actants, whereas the undershoot is limited to around 50 times. In physical space, the
overshoot is confined to a narrower region than the undershoot. Interestingly, φ ≈ 0.6
represents a crossover point for the flame speed when comparing unity Lewis number
and differential diffusion cases (Fig. 2.6). The enthalpy overshoot reaches a maximum
at φ ≈ 1.5, coinciding with the peak reaction rate location in Fig. 2.5. This behavior can
be attributed to the dynamics described in [39], which involve atomic H radicals. Dif-
ferential diffusion affects not only H2 but also atomic H, which forms abundantly due
to hydrogen branching reactions and subsequently diffuses toward the reactants, with
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effects on mixture fraction and enthalpy [145, 148]. This process leads to the transport
of high-enthalpy radicals into the preheat zone, shifting the heat release rate peak up-
stream, thickening the preheat region, and counteracting the enthalpy depletion due to
H2 diffusion. The availability of H radicals increases with the equivalence ratio due to
the higher hydrogen content and reaction intensity.

Figure 2.8: Contour plots of progress variable reaction rate for 1D freely propagating hydrogen-air flames
(Tu = 300K, p0 = 1atm) in mixture fraction and progress variable space zBilg − c. Left: equidiffusive case.
Right: inclusion of differential diffusion through mixture-averaged model. The white dashed line indicates the
stoichiometric condition zBilg = zst = 0.028.

Figure 2.8 illustrates the progress variable reaction rate in the progress variable and
mixture fraction spaces under unity (left) and non-unity (right) Lewis number assump-
tions. Consistently with previous observations, differential diffusion shifts the reaction
rate peak to richer conditions while increasing its magnitude on the rich side, whereas
the peak value is reduced on the lean side. Furthermore, differential diffusion redis-
tributes the reaction rate profile along the progress variable, broadening the range over
which the reaction rate remains significant, a direct consequence of the increased flame
thickness.

The complex interplay between reaction kinetics, differential diffusion, radicals for-
mation and transport governs the unique characteristics of hydrogen flames across dif-
ferent equivalence ratios, which must be carefully considered for an accurate modelling.
Among these, the flame sensitivity to stretch, strongly influenced by differential and
preferential diffusion, is particularly relevant and is addressed in the following section.

2.4. STRETCH, STRAIN AND CURVATURE
Premixed flames are aerodynamically stretched when they stabilize in regions where ex-
ternal velocity gradients are present or if the flame front propagates with curvature [50].
Stretch is formally defined as the rate of change of flame surface area as [149]:

K = 1

A

d A

d t
, (2.38)
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It can be expressed as the sum of the contribution due to flame curvature k f and tan-
gential strain rate St as [54, 147]:

K = St +k f sd , (2.39)

where the displacement speed sd is defined as in Eq. 2.35. Flame curvature is defined as
the divergence of the flame normal unit vector n̂ pointing towards the reactants:

n̂ =− ∇c

|∇c| , k f =∇· n̂. (2.40)

The strain rate tangential to the flame front is computed as:

St =∇·u − n̂ ·∇u · n̂ (2.41)

In laminar flames, positive tangential strain is observed in stagnation-point flames, such
as in wall-stabilized or counterflow configurations, while negative curvature is charac-
teristic of flame tips in Bunsen-type burners. Another example of stretched flames are
expanding spherical flames, often used in experiments to measure flame speed.

Flame stretch modifies the local velocity field, inducing tangential velocity gradients
along the flame surface. This generates a misalignment between convective transport,
which can be visualized by the streamlines, and diffusive flux normal to the flame front.
Due to this, non-equidiffusive transport, either non-unity Lewis number effects or pref-
erential diffusion between deficient and excess reactant, results in local variations in en-
thalpy and equivalence ratio upstream of the reaction zone, respectively. These varia-
tions, in turn, influence the flame temperature and burning rate [50, 55, 147].

Figure 2.9 (left) illustrates the response of flame temperature to positive stretch un-
der equidiffusive conditions and non-unity Lewis number of the deficient reactant. For
fuels with Lewis number close to unity, flame temperature and burning rate remains un-
altered under moderate stretch levels. However, when stretch approaches a certain limit,
the tangential convective timescale may become too short for the chemical kinetics to
keep pace, ultimately leading to incomplete combustion and extinction. For sub-unity
Lewis number of the deficient reactant, positive stretch causes an enthalpy and equiv-
alence ratio increase in the preheat zone, resulting in higher (superadiabatic) tempera-
ture with respect to the unstretched case. This effect strengthens the flame’s resistance
to stretch-induced extinction, raising the critical stretch rate at which extinction occurs.
On the contrary, for Lewis numbers greater than unity, the opposite trend is observed,
leading to increased susceptibility to extinction.

The response of laminar flame speed to stretch is quantified by the Markstein length
L , which is defined as:

SL = S0
L −L K . (2.42)

The Markstein length was originally defined to describe the effects of curvature on flame
speed and successively to describe the overall effect of stretch, including both strain and
curvature. However it was remarked in [150], following the work in [151], that two differ-
ent Markstein lengths can be defined based on the individual contributions of strain and
curvature. The two lengths coincide for steady flames, while they differ for expanding
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Figure 2.9: Left: effects of stretch, non equidiffusion and completeness of reaction on flame temperature and
extinction turning point behaviour (adapted from Law [50]). Right: Markstein number value at varying equiv-
alence ratio for different fuels (adapted from Bechtold et al. [146]).

or imploding flame fronts [150]. An analytical formulation for L has been proposed in
[147], revealing its dependence on key parameters such as the reactants to products den-
sity ratioσ, the Zel’dovich number (linked to activation energy), and the Lewis number of
the deficient reactant. Experimental and analytical studies [146] showed that the Mark-
stein number (obtained non-dimensionalizing the Markstein length by the flame thick-
ness) varies significantly with fuel type and equivalence ratio, as shown in Fig. 2.9 (right).
For hydrogen-air mixtures, a critical effective Lewis number exists at about φ ∼ 0.8, be-
low which the Markstein length becomes negative and positive stretch causes the flame
speed to increase [152]. At very lean conditions hydrogen is more resistant to extinc-
tion by stretch, as positive stretch induces mixture fraction and enthalpy increase with
respect to the unstretched flames. On the other hand negative curvature (for example
Bunsen burner flame tip) can experience cooling and local extinction.

Numerical 1D simulations in [153] revealed that strong tangential strain increases the
mixture fraction values throughout the flame, counteracting the natural effect of mixture
fraction decrease caused by differential diffusion in unstretched flame. As a result of the
increased dominance of convection over diffusion effects, thermochemical properties
tend to those of equidiffusive flames.

In [145] the redistribution of enthalpy in strained and curved flames is assessed. It
is highlighted that H2 and H2O transport enthalpy into the reaction zone while atomic
H extracts it and transports it towards low temperature regions. Flame strain enhances
diffusive fluxes, increasing H radical production and altering enthalpy distribution until
a certain limit value, after which the reaction rate decreases. The authors identify that at
high pressures an increase in the H radicals consumption rate increases the strain level
at which the flame reactivity starts to decrease, suggesting that high pressure increases
the resistence of hydrogen flames to extinction by strain, with implication on turbulence
combustion modelling.

The response of reaction rate and flame speed to flame stretch is strongly influenced
by the diffusive properties of the mixture and is described by the Markstein length. In
particular, the coupling between flame front curvature and local reaction rates can am-
plify perturbations, leading to intrinsic flame instabilities known as thermodiffusive in-
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Figure 2.10: Schematic visualization of the imbalance between transverse diffusive flux of heat and mass in
thermodiffusively stable (left) and unstable (right) mixtures, image reproduced from [154].

stabilities. These phenomena, which are highly relevant in hydrogen combustion, are
examined in more detail in the following section.

2.5. INTRINSIC INSTABILITIES
Laminar premixed flames can be subject to intrinsic instabilities, which can amplify ini-
tial perturbations in the flame front, leading to self-induced flame wrinkling and/or local
inhomogeneities in consumption speed and temperature.

Hydrodynamic instabilities, known as Darrieus-Landau (DL) instabilities, arise due
to the large density variation across the flame front [132]. This density decrease induces
an acceleration in the velocity component normal to the flame surface in the burnt gases
to satisfy continuity. Any curvature in the flame front perturbs the velocity field, so that
positively curved flame sections (convex towards the reactants) decelerate the incoming
mixture. If the laminar flame speed remains constant, the flame propagates faster in
the reactants, reinforcing the perturbation indefinitely. The opposite occurs for negative
curvature.

Thermo-diffusive (TD) instabilities, are caused by the non-unity Lewis number of
the deficient reactant, and, differently from DL instabilities, their occurrence depends
on the mixture composition [39, 132]. These instabilities are particularly significant in
very lean hydrogen-air mixtures, where the effective Lewis number falls below a critical
threshold Le0, resulting in a negative Markstein length [39]. In the presence of a curva-
ture disturbance, local variations in the flame speed amplify the perturbation. With ref-
erence to Eq. (2.42), positive curvature (resulting in positive stretch) increases the flame
speed, propagating the flame front further into the reactants, while negative curvature
has the opposite effect.

From the point of view of diffusive transport, the coupling between flame front cur-
vature and flame speed is attributed to a focusing effect of the curved flame front seg-
ments, which is explained in [54, 154] through the presence of transversal diffusion flux
components, tangential to the flame front, as sketched in Fig. 2.10. Positive curvature
has an effect of focusing hydrogen diffusion towards the reaction zone. Heat diffuses
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from the reaction zone to the reactants (de-focusing), but due to lower thermal diffusiv-
ity (sub-unity Lewis number), a positive net enthalpy gain occurs, Fig. 2.10. Moreover,
the highest diffusivity of hydrogen compared to oxygen (preferential diffusion), causes
the focusing effect to increase hydrogen diffusive flux more than that of oxygen, resulting
in a net equivalence ratio increase. The highest enthalpy and equivalence ratio cause the
increase of reaction rate and flame speed on convex sections, sustaining the TD insta-
bility and leading to superadiabatic temperatures. Conversely, negative curvature, in the
form of flame cusps, results in reduced temperature and equivalence ratio, often leading
to local extinction.

In [39], it was demonstrated that TD instabilities are primarily governed by the faster
diffusion of hydrogen as compared to heat ( sub-unity Lewis number) rather than prefer-
ential diffusion, by means of 2D direct numerical simulations (DNS) of laminar hydrogen-
air flames at an equivalence ratio of φ= 0.4. By artificially assigning the same sub-unity
Lewis number to each species, therefore suppressing preferential diffusion effects, TD
instabilities still developed, exhibiting superadiabatic temperatures but without varia-
tions on the local equivalence ratio. On the contrary, rescaling the Lewis number of
each species as Le∗k = Lek/LeH2 , which only allows preferential diffusion while setting
the Lewis number of hydrogen to unity, did not generate TD instabilities. Nevertheless,
the equivalence ratio variations caused by preferential diffusion in thermo-diffusive in-
stabilities have been shown to influence NO formation in hydrogen flames [155].

The growth of intrinsic instabilities is studied using dispersion relations, which de-
scribe the linear early-stage amplification of small curvature perturbations, described by
a growth rate, as a function of their wavelength ω(k) [132, 154]. Darrieus-Landau mech-
anism is destabilizing across all wavenumbers, the growth rate varies linearly with the
disturbance wave number and depends on the unburnt-to-burnt gas density ratioσ. On
the other hand, TD instabilities amplify long-wavelength disturbances, with a peak value
of the growth rate for wavelengths of the order of laminar flame thickness, while short-
wavelength perturbations are stabilised [154]. The main factors governing TD instability
growth rate have been identified in the Zeldovich number, the effective Lewis number,
and σ, which are the same parameters determining the Markstein length [147].

In the long term these instabilities evolve non-linearly causing the cellular burning
structures that characterize lean hydrogen flames, as observed numerically and exper-
imentally [50, 51]. Numerical simulations revealed that TD instabilities develop from
small scales structures, in the order of the laminar flame thickness, and evolve with the
formation and destruction of larger scale structures referred to as "finger-like" struc-
tures [156].This is illustrated in Fig. 2.11, where the flame front exhibits numerous small-
scale, high-curvature cusps alongside the development of larger "finger-like" structures,
shown in close-up in the right panel. Consistent with the previously discussed diffusive
transport dynamics, positively curved segments of the flame front are followed by su-
peradiabatic temperatures on the product side, while cusps (regions of negative curva-
ture) are associated with reduced heat release and lower local temperatures, sometimes
even resulting in a local opening of the flame front.

Intrinsic instabilities lead to an increase in consumption speed per unit cross-sectional
area, described by the ratio:
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sc

S0
L

= A

A0 I 0. (2.43)

In this equation, two contributions are identified. The wrinkling factor A/A0 is the
ratio between the actual flame surface area A and the unperturbed planar flame surface
area A0, and it quantifies the increase in flame surface area due to DL and TD insta-
bilities. The stretch factor I0 represents the local variation in flame propagation speed
due to stretch effects. In [157], a correlation was proposed between the flame speed en-
hancement sc

S0
L

and the Zeldovich number, the effective Lewis number, and σ = ρu/ρb ,

which are also the key parameters controlling the Markstein length [39, 147]. Alterna-
tively, this correlation can be expressed in terms of the thermodynamic conditions of
the reactants: unburnt temperature Tu , pressure p, and equivalence ratio φ. In [158],
Rieth identifies the influence of radical recombination kinetics on I 0 at elevated operat-
ing pressures, proposing a scaling for the stretch factor based on the Zeldovich number
and, additionally, the Peclet number Pe, which compares the maximum convection to
diffusion transport rates in 1-D unstrained premixed flames at nominal conditions [39].

These instabilities pose significant challenges in practical combustor design. Lean
hydrogen flames are prone to enhanced propagation speeds and increased flashback
susceptibility, both of which are exacerbated by flame front curvature and stretch. In
addition, thermodiffusive instabilities influence NO formation through their impact on
local temperature and strain fields [155]. Their interaction with turbulence can either
dampen or intensify these effects, underscoring the need for accurate modelling. Un-
derstanding these mechanisms and their implications is crucial for developing robust
lean hydrogen combustion systems, particularly under turbulent conditions explored in
the following section.

Figure 2.11: Snapshot of the temperature field showing small-scale cellular structures and large-scale finger-
like structures along the flame front (left panel), flame propagating from top to bottom. Hydrogen-air at φ =
0.4. Local temperatures strongly exceed the adiabatic temperature of Tb = 1643 K. The right panel shows a
closeup of a flame finger colored with the heat release. The location of the closeup is indicated in the left panel
by a rectangle. Image reproduced from Berger et al. [156].

2.6. TURBULENT PREMIXED COMBUSTION
Most combustion processes of engineering interest involve turbulence due to high mass
flow rates and its role in maximizing mixing. In turbulent conditions, a complex inter-
play arises between the flame front and the eddies composing the turbulent motion,
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significantly influencing flame dynamics.
Turbulent combustion is characterized by a wide spectrum of time and length scales

associated with both turbulent flow motion and chemical reactions. The relative impor-
tance of chemical and flow scales, along with their competing interactions, gives rise to
distinct combustion phenomenology. Its inherently multiscale nature makes turbulent
combustion highly computationally challenging for the high number of variables, reso-
lution constraints and problem stiffness.

Figure 2.12: Schematic representation of a turbulent flame front, image reproduced from [54]

In turbulent premixed combustion, as in the laminar case, fuel and oxidizer mix at
the molecular level before ignition. However, here, the flow entering the flame zone is
turbulent, characterized by a high Reynolds number. The turbulent structures perturb
the flame front through wrinkling [54, 56, 159], increasing the flame surface area and
thereby enhancing the global consumption rate. In a statistically steady 1D flow, the
flame region can be described as a turbulent planar flame brush, with a thickness en-
veloping all locations reached by the wrinkled flame over time. The turbulent flame dis-
placement speed ST can be defined over a control volume V analogously to the laminar
consumption speed:’

AρuYF,uST =−
∫
V
ω̇F dV (2.44)

where A represents the cross-sectional area of V , as shown in Fig. 2.12. Experiments
have shown that increasing turbulence intensity and Reynolds number initially leads to
a quasi-linear increase in turbulent flame speed. Assuming the flame locally retains its
laminar propagation speed S0

L (unstretched), Dahmköhler [159] explained this increase
as a direct consequence of enhanced available flame surface area AT due to wrinkling:

ST

S0
L

= AT

A
(2.45)

Empirical correlations with the velocity root mean square u′ have been proposed ST ∼
SL(1+u′/S0

L). However, at sufficiently high turbulence levels, a bending effect occurs
where the ST increase with u′ is no longer linear and tends to a plateau, marking the
onset of local quenching. This occurs when turbulent convective fluctuations become
comparable to chemical time scales, leading to local extinction due to excessive stretch.

Wrinkling and flame surface area enhancement due to turbulence are often described
in terms of stretch, which is studied by decomposing its effects into flame surface gen-
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eration (caused by tangential strain and positive curvature) and flame surface destruc-
tion (due to negative curvature) [39]. At very high stretch levels, the reaction rate and
laminar flame speed decrease, leading to quenching and explaining the bending effect
in turbulent flame speed. To account for these effects, a stretch factor must be intro-
duced, similarly to what discussed in Sec. 2.5 for laminar thermo-diffusive response:
ST /S0

L = I0 AT /A. For flames with unity Lewis number, the stretch factor remains nearly
constant with wrinkling, as the reaction rate and flame speed do not strongly respond to
stretch, except at very high levels where quenching occurs. However, flames with sub-
unity Lewis numbers such as lean hydrogen flames, exhibit a non negligible response to
stretch. Therefore, turbulence-flame interactions become more intricate, and classical
theoretical descriptions may not suffice.

Together with the effects of turbulence on reaction, combustion also influences the
turbulent flow field. The intense heat release and resulting temperature rise increase the
viscosity of the mixture, reducing the local Reynolds number and potentially inducing
relaminarization or damping of turbulent fluctuations. Simultaneously, thermal expan-
sion accelerates the mixture as it converts to products over a thin reaction zone, gener-
ating vorticity and potentially enhancing turbulence intensity [104].

2.6.1. REGIMES IN TURBULENT PREMIXED COMBUSTION
Hystorically, the phenomenology of turbulent premixed combustion has been described
and classified through the comparison of the turbulent time scales τt and the chemical
time scales τc by means of non-dimensional numbers. To this scope, the Damköhler
number is defined as:

Da(lt ) = τt

τc
= lt SL

u′δ0
L

, (2.46)

where the chemical time scale is estimated by means of the laminar flame speed SL and
laminar flame thickness δ0

L , while the turbulent time scale is defined through the turbu-
lent integral length scale lt and the velocity rms u′. For high Da the reaction is fast as
compared to the turbulent flow scales. Combustion therefore generally occurs in a thin
region which is convected, wrinkled and stretched by turbulence. The internal flame
structure is not largely affected by turbulence and the flame can be described locally by
a laminar flame element called flamelet. In the limit of very low Damköhler number the
recation is very slow in comparison to turbulence time scales. Turbulent transport be-
comes dominant over diffusion and reaction scales, leading to possible reactants prod-
ucts mixing and approching the perfectly stirred reactor regime.

In addition to the Damköhler, the Karlovitz number Ka compares the chemical length
scales (either flame thickness or reaction region thickness δr ∼ 0.1δ0

L) to the smallest
turbulent scales, namely the Kolmogorov time scale τk and length scale ηk :

Ka = τc

τk
= u′

kδ
0
L

ηkS0
L

=
(
δ0

L

ηk

)2

, KaR =
(
δr

ηk

)2

∼ Ka

100
, (2.47)

where u′
k is the Kolmogorov velocity scale, and Kar is the Karlovitz number based on

the reaction region thickness. By means of these non-dimensional numbers, premixed
combustion is categorized in regimes, represented in the Borghi-Peters diagram [138],
reported in Fig. 2.13 (left).
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Figure 2.13: Left: Regime diagram for turbulent premixed combustion [138]. Right: direct numerical simu-
lations of turbulent hydrogen-air flames at different Karlovitz numbers performed by Aspden et al.[61]. The
corresponding operating points are reported on the left diagram, marked by circles.

Based on the Borghi diagram (Fig. 2.13), premixed combustion regimes include:

• Flamelet regime (Ka < 1, Da > 1): The flame thickness is much smaller than ev-
ery turbulent scale. Turbulent eddies are therefore not able to affect the flame
structure that locally retains its laminar-like structure. This regime can be further
divided into:

– Wrinkled flamelets (u′ < S0
L): the turnover velocity of eddies is small com-

pared to the flame speed. The flame propagating is therefore just mildly cor-
rugated by the turbulent structures

– Corrugated flamelets (u′ > S0
L): a stronger flame-eddy interaction is present

due to the high turbulent velocity fluctuations u′ and the flame front is highly
wrinkled by the eddies, possibly leading to the creation of pockets of unburnt
and burnt mixture

• Thickened wrinkled flame regime or thin reaction zone ( 1 < Ka ≤ 100): The kol-
mogorov scales are small enough to enter the flame and affect its structure. How-
ever they are not small enough to affect the reaction zone, which remains thin, but
they can thicken the preheat zone.

• Distributed reactions regime or well-stirred reactor (Ka > 100): Both preheat and
reaction zones are affected by turbulence and the laminar flame structure is dis-
rupted. Turbulent transport dominates over reaction and diffusion. Reaction takes
place in a distributed manner and the presence of eddies in the reaction zone leads
to higher heat diffusivity, temperature reduction and quenching.

Fig. 2.13 (right) illustrates results from direct numerical simulations of hydrogen-air
turbulent premixed flames at different Karlovitz numbers, helping to visualize the tran-
sition between regimes as turbulent scales become finer. However, the results reveal
critical issues in this categorization, as a recognizable flame structure persists even at
high Ka.
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These distinctions represent early attempts at classification, based solely on scale
comparisons under frozen turbulence conditions, neglecting any influence of the flame
over the turbulent structures. In reality, the flame induces anisotropy and reduces the
local Reynolds number, potentially leading to relaminarization and altering the interac-
tions between flame and turbulence. The flame can adapt to the incoming turbulent
flow, modifying it and becoming more resistant to wrinkling and thickening than ini-
tially estimated. While it is often assumed that the smallest eddies have the strongest
effect on the flame, they are also the least energetic in isotropic turbulence and may
be dissipated by the flame itself [160]. Recent studies, reviewed in [160], propose re-
vised regime boundaries based on updated measurements and simulations, showing
that flame structures can persist at significantly higher Karlovitz numbers. Furthermore,
the effects of turbulence on laminar flame properties are often overlooked. This is par-
ticularly relevant for non-unity Lewis number fuels like hydrogen, where heat and mass
diffusivities differ, leading to unique turbulence interactions. As discussed in Sec. 2.4,
positive stretch enhances reaction rates, shortening chemical time scales and altering
the local Karlovitz number. Simultaneously, thermo-diffusive (TD) instabilities can per-
sist in turbulent conditions, modifying the expected flame regime boundaries. In [61,
161] it is remarked that the boundary of distributed regime cannot be universally as-
sumed as Ka = 100, but it is instead fuel-dependent, influenced by factors such as den-
sity jump and Lewis number, since for low Le increasing strain and Karlovitz number
results in increasing reaction rate and a simultaneous decrease in chemical time scales.
These aspects are explored further in the next section.

2.6.2. TURBULENT HYDROGEN COMBUSTION

In turbulent combustion, molecular diffusivity generally plays a secondary role com-
pared to convective turbulent transport. However, hydrogen presents a unique case due
to its exceptionally high diffusivity. The interplay between turbulence and intrinsic ther-
modiffusive (TD) instabilities and hydrogen flames response to stretch have been the
focus of intensive research [39]. Experimental and numerical studies indicate that ther-
modiffusive instabilities and cellular burning structures persist in turbulent hydrogen
flames [52], even at relatively high Reynolds [162] and Karlovitz numbers [61, 163]. The
influence of reactant diffusivity on turbulent flame speed has been highlighted in [164].

Numerical studies further indicate that not only do TD instabilities remain in the
presence of turbulence, but they interact synergistically with turbulence and their rele-
vance intensifies with increasing Karlovitz number [53]. Turbulent structures introduce
additional curvature to the self-induced wrinkling of the flame front, leading to an over-
all increase in flame surface area. Moreover, as observed in laminar TD-unstable flames,
positively curved flame segments dominate over negatively curved cusps, enhancing the
consumption speed and increasing the effective equivalence ratio. Additionally, the pre-
dominantly positive tangential strain induced by turbulence further amplifies this effect.
The combined influence of increased curvature and strain results in a higher stretch fac-
tor I0 compared to laminar thermodiffusively unstable flames [52, 53]. Rieth et al. [158,
165] identified the coupling between hydrogen differential diffusion and flame front cur-
vature as a dominant process on the consumption rate distribution even at significantly
higher Karlovitz number, which was observed to be even amplified at high pressure con-
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ditions. High pressure conditions were also invastigated in [145] focusing on the inter-
play between radical atomic H availability and diffusive flux with enthalpy redistribution
and reacting zone thickening at high strain and curvature conditions, suggesting that
high pressure promotes the hydrogen flame resilience to strain and preserve the syner-
gistic diffusion-stretch interactions up to high turbulence levels, hindering the transition
to the distributed regime.

Given the strong coupling between turbulence and thermodiffusive instabilities, it
was suggested that the Karlovitz number (Ka) and the boundaries of the distributed re-
action zone in the Borghi-Peters diagram may require redefinition. In [166, 167] it was
shown that at the same Da and Ka, the presence of TD instabilities fundamentally al-
ters turbulence-chemistry interactions, thereby modifying the morphology of turbulent
flames. In [161, 167], the need for a rescaling of Ka based on local effective chemical
timescales, including stretch effects, is emphasized. Nevertheless, the Karlovitz number
is still identified as the main parameter to characterize turbulence-flame interaction. A
critical Karlovitz number is identified beyond which turbulent transport dominates over
diffusion and thermal dilatation, disrupting the flame front structure. Above this value
flame features collapse to universal behavior, invariant of further turbulence intensity
increase. This critical Ka is clearly not universally Ka = 100 and depends on density gra-
dients, as thermal expansion can affect turbulence, and Lewis number [61]. At lower
Lewis number the critical Ka increases, due to the enhancing effect of strain on the re-
action rate. The transition to the distributed regime for hydrogen flames occurs well
beyond Ka = 100, closer to Ka ∼ 1000 [161]. This can be visualized in Fig. 2.13 (right),
where a flame front structure is retained well beyond Ka = 100 for hydrogen.

Although TD instabilities persist beyond Ka = 100, they become progressively sup-
pressed as Ka increases. This mitigates variations in local equivalence ratio and reduces
the formation of superadiabatic temperatures [61, 168]. In [168] it was observed that the
inhibition of cellular and finger-like structures, leading to a net reduction in flame sur-
face generation, eventually overcomes the effect of an increasing stretch factor, causing
the overall consumption rate to plateau with increasing Ka. High pressure conditions
were investigated in [145] focusing on the interplay between radical atomic H availabil-
ity and diffusive flux with enthalpy redistribution and reacting zone thickening at high
strain and curvature conditions, suggesting that high pressure promotes the hydrogen
flame resilience to strain and preserve the synergistic diffusion-stretch interactions up
to high turbulence levels, obstacling the transition to the distributed regime.

The insights provided in the discussion above have important implications for the
modelling and design of lean hydrogen turbulent flames in practical combustion appli-
cations. Being aware of the range of relevance of differential diffusion and TD instabili-
ties is crucial, as these effects can significantly impact turbulent flame speed, potentially
leading to unexpected flashback risks and altered emissions characteristics. In partially
premixed hydrogen flames, TD instabilities may not always be present, as they primarily
occur at relatively low equivalence ratios. In such cases, macroscopic mixing-induced
equivalence ratio variations may become the dominant factor. Nevertheless, accurate
modelling of differential diffusion remains essential for predictive simulations and prac-
tical design considerations.
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2.7. TURBULENT COMBUSTION MODELLING

Through computational fluid dynamics (CFD), the equations presented earlier are solved
to simulate turbulent flame characteristics and predict temperature distribution, flame
stabilization, and mixing behavior. modelling must be able to capture all the phenomenol-
ogy described so far in order to serve as a meaningful tool for combustor technology
design.

The highest level of accuracy and complexity is offered by Direct Numerical Simula-
tion (DNS), where Eqs. (2.1–2.4) are resolved directly. DNS is extremely costly due to the
large number of species and the complexity of chemistry modelling. For hydrogen, it is
relatively more feasible due to the simplicity of the reaction mechanism and the limited
number of species involved, especially when compared to more complex hydrocarbon
fuels. In non-reacting turbulent flows, the computational cost is already significant due
to the resolution required to capture the turbulent structures. As noted earlier, com-
bustion scales can be smaller than Kolmogorov scales or comparable and chemistry can
become the resolution limiting factor. DNS remains unfeasible for large-scale combus-
tors and is primarily used for fundamental physics investigations on turbulence-flame
interaction [61, 90, 91] or the study of simple combustor geometries, like single chan-
nels in micromix configurations [169], slot burners [53] or simplified domains of swirled
combustors [170].

Reynolds-Averaged Navier–Stokes (RANS) simulations apply ensemble averaging to
the governing equations and solve for the mean flow [104]. Turbulent stresses and trans-
port effects on the mean flow are modeled. Unsteady RANS (URANS) can capture un-
steady dynamics in the mean field. These approaches have been widely used for design
due to their low computational cost and their ability to capture key flow features when
well-calibrated. However, they require significant parameter tuning and fail to capture
many important physical phenomena [92, 171].

In Large Eddy Simulation (LES) a low-pass filtered version the governing equations
is resolved. This strategy inherently captures more physics than RANS as the most en-
ergetic turbulence motion is resolved directly, while the smallest turbulent scales falling
below the filter size are modelled [92]. Its computational cost lies between DNS and
RANS, making it a practical tool for practical combustors design, while offering a signif-
icantly higher level of detail than RANS. In particular, LES can resolve turbulent mixing,
flame front wrinkling, and unsteady phenomena such as flashback or periodic unsteady
dynamics, for example vortex shedding, Kelvin-Helmotz instabilities, precessing vortex
core (PVC). For these reasons, LES represents one of the highest levels of detail and ac-
curacy currently achievable for realistic combustor simulations.

This research focuses on turbulent hydrogen combustion, with the ultimate objec-
tive of studying its application for gas turbine combustors. The aim is to develop a sim-
ulation tool that provides enough physical detail while remaining computationally af-
fordable for capturing the complex reacting flows involved. The study of phenomenon
like flashback, coupling between differential diffusion and stretch in turbulent hydro-
gen flames and periodic combustion features requires detailed, time and space resolved
simulations. For these reasons, LES is chosen as the most appropriate numerical tool in
the present research.
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2.8. LES FILTERING
To derive the LES equations, a filtering operator is introduced, defined by the spatial
convolution of a quantity Q(x, t ) with a filter kernel G(x):

Q(x) =
∫

Q(x∗)G(x∗−x)dx∗ (2.48)

The filter function G is characterized by a cutoff width ∆, and the filtering operation
removes components of Q associated with wavelengths smaller than ∆. The filtering
operator can be viewed with a spatial weighted average and the the weight distribution
is determined by the shape of the filter kernel in space. Typical filters in physical space
include the box filter, which assumes a uniform value within a box of size ∆ and drops
sharply to zero for |x∗ − x| > ∆/2, and the Gausisian filter, which peaks at x∗ = x and
decays rapidly with increasing |x∗−x| [93, 104]. Alternatively, filtering can be performed
in spectral space. For example, a sharp cutoff filter sets to zero all wavenumbers above
π/∆ in the Fourier representation of Q, which corresponds to a spatial resolution cutoff
of 2∆ [93, 104].

The quantity Q can be decomposed into a filtered (resolved) part and a sub-filter
part, "fluctuating" around the filtered value: Q(x) = Q +Q ′.Unlike Reynolds averaging
used in RANS [104], filtering does not guarantee that filtering the fluctuating part makes

it vanish: Q ′ ̸= 0, and Q ̸=Q, unless a sharp spectral cutoff is applied [104].

In practice, the LES filtering operation is applied implicitly through the spatial dis-
cretization of the computational domain using a numerical grid and the chosen numeri-
cal scheme to discretize the governing equations (e.g., finite volume, finite difference, or
spectral methods [172]). The filtered governing equations are solved directly, and the in-
fluence of the sub-filter scales on the resolved flow is modeled using subgrid-scale (SGS)
models. In some dynamic modelling approaches, the resolved quantities are explicitly
filtered by a test filter whose width is larger than the LES filter size, in order to enforce
scale similarity between the smallest resolved scales and the subgrid scales [96, 173].

To derive the filtered governing equations, the filtering operation must ideally com-
mute with differential operators. This condition is generally satisfied only if the filter
is homogeneous in space. When a non-uniform grid is used, the filter becomes non-
homogeneous, leading to commutation errors [174]. These numerical errors are gener-
ally assumed to be accounted for within the SGS modelling [104], and some additional
compensation can be achieved through the use of dynamic modelling approaches [172].

2.9. FAVRE DECOMPOSITION
The decomposition of a quantity Q into a filtered and a sub-filter part is widely used
to derive LES formulations for constant density flows [93]. However, when dealing with
problems such as reacting flows with thermal expansion, high Mach number flows with
compressibility effects, or mixing between streams of different temperature and compo-
sition, the variable density introduces complications in deriving the filtered governing
equations.

As an example, referring to Eq. (2.1), the LES filtering of the term ρui yields:
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ρui = (ρ+ρ′)(ui +u′
i ) = ρ ui +ρ u′

i +ρ′ ui +ρ′u′
i , (2.49)

which reveals the presence of several correlation terms between filtered and sub-
filtered components of density and velocity. A similar issue arises in the other governing
equations, which include even more complex triadic terms such as ρui u j in the mo-
mentum equation.

To address this problem, Favre [175] proposed a density-weighted filtering operation
defined as Q̃ = ρ Q/ρ, such that, for example, ρui = ρ, ũi . A Favre decomposition can
then be introduced as Q = Q̃ +Q ′′, with properties analogous to those described in the
previous section.

2.9.1. LES EQUATIONS
The LES equations are derived by Favre-filtering the fundamental equations set for re-
acting flows presented in Sec. 2.1.1, resulting in:

∂ρ

∂t
+ ∂ρũ j

∂x j
= 0, (2.50)

∂ρũi

∂t
+ ∂ρũi ũ j

∂x j
=− ∂p

∂xi
+ ∂τi j

∂x j
− ∂

∂x j

[
ρ

(�ui u j − ũi ũ j
)]

, (2.51)

∂ρỸk

∂t
+ ∂ρũ j Ỹk

∂x j
= ∂

∂x j

(
ρD̃k

∂Ỹk

∂x j

)
− ∂

∂x j

[
ρ

( �u j Yk − ũ j Ỹk
)]+ ω̇k , (2.52)

∂ρh̃

∂t
+ ∂ρũ j h̃

∂x j
= ∂

∂x j

(
ρ
ν̃

Pr

∂h̃

∂x j

)
− ∂

∂x j

[
ρ

(
ũ j h − ũ j h̃

)]
(2.53)

p = ρR0T̃

W̃
, (2.54)

Filtered diffusion fluxes of species and enthalpy have been approximated as:

ρDΨ
∂Ψ

∂x j
≈ ρD̃Ψ

∂Ψ̃

∂x j
(2.55)

Similarly, referring to Eq. (2.10), the resolved viscous stress tensor is modelled as:

τi j = 2ρν̃
(
S̃i j − S̃kkδi j /3

)
, (2.56)

where S̃i j = 1
2

(
∂ũ j

∂xi
+ ∂ũi

∂x j

)
is the Favre-filtered strain rate tensor. The residual stress ten-

sor τr
i j is modelled using eddy diffusivity concept by means of the subgrid kinematic

viscosity νSGS as:

τr
i j =−ρ (�ui u j − ũi ũ j

)= 2ρνSGS
(
S̃i j − S̃kkδi j /3

)
(2.57)

The isotropic part of the residual stress tensor, represented by the last term on the right-
hand side, is typically incorporated into the pressure term and handled via a pressure
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correction algorithm, following the same treatment applied to the resolved viscous stress
tensor τi j [172].

Various subgrid turbulence models can be employed to define the subgrid scale vis-
cosity. In the present research, this term is closed using a one-equation model as νSGS =
Ck k1/2∆, where ∆ is the LES filter width (estimated as the cubic root of the local cell vol-
ume in the computation), Ck ≈ 0.1 is a model constant, and k is the SGS kinetic energy
for which an additional transport equation is solved [95, 176, 177]:

∂ρk

∂t
+ ∂ρũ j k

∂x j
≈ ∂

∂x j

(
µ̃
∂k

∂x j

)
+ ũi

∂(τr
i j +2kδi j /3)

∂x j
− ∂ f j

∂x j
−εk . (2.58)

In the above equation, f j = ρ( âu j ui ui −ũ j �ui ui )/2 ≈ ρνSGS (∂k/∂x j ) is the turbulent resid-
ual flux of k and εk ≈ Cερk3/2/∆ is the dissipation rate of SGS turbulent kinetic energy
where the model constant is set to Cε = 1.048.

The subgrid turbulent fluxes of a generic quantityψ are modeled by means of a stan-
dard gradient hypothesis:

ρ(�u jψ− ũ j ψ̃) =−ρνSGS

Sct

∂ψ̃

∂x j
, (2.59)

where Sct is the SGS Schmidt number relating the subgrid kinematic eddy viscosity and
subgrid eddy diffusivity Sct = νSGS /DSGS . Under the Reynolds analogy the two subgrid
quantities are equal and the SGS Schmidt number is close to unity. In the present re-
search the value is taken equal to Sct = Sc = 0.7, following previous studies [89, 178, 179].
In a similar fashion, a SGS Prandtl number is employed for the subgrid turbulent en-
thapy flux and Prt = νSGS /αSGS = Pr = 0.7. However, in [179] it was highlighted that the
SGS Schmidt number value may differ depending on the local turbulence conditions.

The filtered reaction rate cannot be directly evaluated using the Arrhenius equation
due to the nonlinearity of its terms. As a result, ω̇k ̸= ω̇k (Ỹ1, . . . , ỸN , T̃ ). Approaches based
on Taylor series expansions have been proven to be not viable, as filtering introduces
numerous unclosed terms, and truncating higher-order terms leads to significant er-
rors due to the strong nonlinearity of the reaction kinetics [104]. Therefore, closing the
filtered reaction rate remains one of the most challenging aspects of turbulent combus-
tion modelling. The next section explores this in details, presenting common strategies
for modelling the filtered reaction rate in LES of turbulent reacting flows.

2.10. COMBUSTION MODELS

The complexity of combustion Large Eddy Simulation (LES) arises from the high dimen-
sionality of chemical kinetics modelling and resolution considerations, particularly in
the interaction between turbulent and chemical scales. The modelling effort has been
therfore mainly directed towards chemistry reduction and subgrid turbulence-chemistry
interaction models. Extensive reviews can be found in [56, 92, 104] and a brief summary
is given next.
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2.10.1. CHEMISTRY MODELLING

modelling chemical kinetics in turbulent combustion is challenging due to the large
number of species and reactions, spanning a wide range of timescales. Each species re-
quires a dedicated transport equation, and reaction rates are computed using Arrhenius-
type expressions that depend on local temperature and composition. These reaction
source terms introduce significant stiffness, as fast radical reactions and slow fuel oxi-
dation processes coexist, imposing strict constraints on spatial and temporal discretiza-
tion.

One-step infinitely fast reaction models offer a highly simplified representation of
combustion chemistry. While they can capture global features, they cannot resolve the
detailed flame structure, formation of intermediate species and pollutants and they can-
not describe finite-rate chemistry interaction with turbulence [56].

To include finite-rate chemistry, reduced kinetic mechanisms have been developed
from detailed chemistry. Early approaches involved manually selecting dominant reac-
tions and applying quasi-steady-state or partial equilibrium assumptions [56, 180], re-
sulting in overall limited computational savings. More recent developments introduced
automated methods for skeletal mechanisms [181], which are particularly useful for LES
with detailed chemistry [44]. While hydrogen chemistry is relatively simple, these meth-
ods are useful when studying blends (e.g., with methane or ammonia) or reducing nitro-
gen mechanisms for accurate NO prediction [44].

For LES, the most significant cost reductions come from tabulated chemistry ap-
proaches [56]. One early application is the Intrinsic Low Dimensional Manifold (ILDM),
where fast chemistry is represented by a lower-dimensional space of species (or progress
variable) and pretabulated [182]. This concept was then extended to the widely used
flamelet-based tabulated chemistry models [105, 183, 184]. In flamelet models, all ther-
mochemical quantities are precomputed from canonical 1D laminar flame (flamelets)
simulations, typically laminar premixed or non-premixed flames, and stored in a lookup
table. The tables are accessed through a small number of controlling variables, com-
monly progress variables, mixture fraction, and enthalpy, for which a transport equa-
tion is solved. During LES, these quantities are retrieved via interpolation, reducing
the online computational cost compared to solving detailed kinetics. In more recent
approaches neural networks are trained on flamelets database to substitute the tabula-
tion and interpolation process, leading to significant computational cost reduction [185–
187]. A wide range of flamelet models exists, varying by flame prototype configuration,
manifold dimensionality, and choice of control variables. A recent comprehensive re-
view can be found in [188]. Initial flamelet models were developed for non-premixed
flames, parametrized by mixture fraction and scalar dissipation rate [189]. Successive
extensions incorporate complex effects like heat loss [134], unsteady strain and tran-
sient phenomena[190], extinction and ignition [106], slow NO chemistry [135], radiation
[191], autoignition [192], and multi-regime combustion [193].

An alternative to precomputed tables is In-Situ Adaptive Tabulation (ISAT), where
the table is constructed dynamically during the simulation. New chemical states are
either retrieved from memory or computed and added to the table. ISAT enables local
refinement of the thermochemical space and can be competitive with high-dimensional
pretabulations [194].
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For pure hydrogen, the limited number of species and reactions makes detailed chem-
istry relatively affordable. However, reduction and tabulation strategies remain essential
when dealing with fuel blends (e.g., H2/ CH4 or H2/NH3) or for accurate modelling of
minor species like NO [39, 44, 148].

In LES the application of reduced or tabulated chemistry requires a subgrid-scale
(SGS) model to account for turbulence-chemistry interactions [56]. In fact, Turbulent
wrinkling alters the subgrid-scale distribution of control variables, influencing the fil-
tered thermochemical state, as described next.

2.10.2. TURBULENCE-CHEMISTRY INTERACTION
In Large Eddy Simulation (LES), only the largest turbulent structures, typically around
80% of the turbulent kinetic energy, are resolved [97]. The filter width is therefore larger
than the Kolmogorov length scale. In cases with moderate Karlovitz numbers, the flame
thickness is comparable to or smaller than the Kolmogorov scale, meaning that the flame
front lies entirely within the sub-grid scales, which implies the necessity of dedicated
sub-grid modelling. In many practical applications, such as gas turbines with highly
turbulent flames, the flame thickness may exceed the Kolmogorov scale. Nevertheless,
a significant portion of the turbulence effects on combustion, such as flame wrinkling
and broadening, still occurs at sub-grid scales. Therefore, while part of the turbulent
wrinkling can be resolved, most of the turbulence-chemistry interaction requires sub-
grid modelling [104].

To address the challenges of modelling turbulence–chemistry interaction, a variety of
strategies have been developed, as extensively reviewed in [56, 92, 104, 171, 195]. While
many of these models were initially formulated in the context of Reynolds-Averaged
Navier–Stokes (RANS) simulations, they have since been adapted for use in Large Eddy
Simulation (LES). Broadly, these modelling strategies can be categorized into geomet-
rical and statistical approaches. Depending on the application, some can incorporate
detailed chemical kinetics or tabulated chemistry, such as flamelet-based tabulations,
to manage computational cost, as described in details next.

GEOMETRICAL APPROACHES

Geometrical methods are implicitly linked to a flamelet assumption, where the flame re-
mains thin with respect to the turbulent structures. These methods aim to geometrically
reconstruct the flame location and morphology, often treating it as a propagating surface
[104, 195].

• Eddy Break up model

Eddy break up model can be considered among the geometrical approaches if the
progress variable is assumed to be bimodal c̃ = 1, c̃ = 0, implying a topological rep-
resentation of the flame front as a thin surface separating reactants and products.
Originally developed for RANS and later adapted to LES, it assumes high Damköh-
ler and Reynolds number, with a description of the flame similar to the distributed
regime [196]. The reaction rate is assumed to be controlled by turbulent mixing
between fresh and burnt gases, and a characteristic turbulent mixing timescale is
estimated from turbulent kinetic energy k and its dissipation rate ε τt = k/ε. The
progress variable filtered reaction rate is therefore:
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ω̇c =−CEBU ρ

√
σ2

c

τt
, (2.60)

whereσ2
c is the subgrid variance of the progress variable and CEBU is a model con-

stant close to unity. Assuming infinitely fast chemistry the subgrid distribution
of the progress variable becomes bi-modal and the SGS variance is simplified to:
σ2

c = c̃(1− c̃). This formulation is attractive for its simplicity and facility of imple-
mentation. However, it relies on isotropic turbulence, with no effect of combus-
tion on turbulence, and it tends to overestimate the reaction rate in high strain rate
regions [104]. Moreover, the reaction rate is fully controlled by turbulence condi-
tions and does not depend on any chemical properties of the fuel. Extensions to
account for reaction kinetics description were proposed in [197].

• G-field equation or level set

In this approach the flame front is viewed as a very thin interface separating un-
burnt and burnt gases. The flame front is identified either as an isosurface of a
progress variable or via a level-set function G(x), which denotes the signed dis-
tance of a generic domain point from the flame front [198, 199]. An equation (G-
equation) in propagative form is solved to describe the evolution of this material
surface. It was pointed out in [200] that the G-equation has physical meaning only
along the istantaneous flame front and the extension to a filtered G-equation in
the LES context requires careful mathematical consideration. The concept was
therefore extended to the description of a turbulent flame brush in [200], through
the equation:

∂G̃

∂t
+ ũ ·∇G̃ = ρu

ρ
ST |∇G̃| (2.61)

Accurate modelling of the turbulent flame speed ST , and inclusion of heat release
on the surrounding mixture is necessary [104]. This model provides a kinematic
description of flame propagation but does not resolve the internal flame structure.
To account for this, Moureau et al. [201] proposed an approach based on the cou-
pled resolution of the filtered G-equation and the filtered transport equation of a
progress variable, which allows to describe the resolved turbulent transport in the
preheat region and retrieve the turbulent flame structure. While it is effective for
smooth, continuous flame fronts, this model cannot inherently capture extinction
or reignition events.

• Flame surface density

Similarly to the level-set approach this model describes the flame as an interface
which is convected, diffused, curved and strained by the turbulent velocity field
[202]. The flame surface density Σ describes the available flame surface area per
unit volume, which allows to define the reaction rate of a species k as ω̇ = Ω̇kΣ,
where Ω̇k is the mean local burning rate per unit of flame area. This framework
decouples the turbulence-induced wrinkling (captured by Σ) from the chemical
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kinetics (embedded in Ω̇k ), which may include the effects of curvature, strain, and
heat loss. Transport equations for both the progress variable and Σ are typically
solved, and the latter is often modeled in terms of flame wrinkling factor. This
methodology has been successfully employed with dynamic models in LES [203–
205].

• Thickened flame model (TFM)

In this approach, the flame is artificially thickened with respect to its actual size
while retaining the same laminar flame speed, which allows to solve for the flame
front structure on a coarser grid. This is achieved by multiplying the thermal and
species molecular diffusivities by a factor F , and by dividing the reaction rate of
each species by the same factor [206]. Species transport equations, can thus be
directly resolved across the thickened flame front [206] as:

∂ρYk

∂t
+ ∂ρYk ui

∂xi
= ∂

∂xi

(
ρ E F Dk

∂Yk

∂xi

)
+ E

F
ω̇k (2.62)

Differential diffusion effects can be taken into account at a resolved level, by as-
signing a specific diffusion coefficient Dk to each species [44]. Recent studies [207]
proposed subgrid scale models for thermo-diffusive instabilities in the TFM con-
text. The diffusion coefficients and reaction rates are multiplied by an efficiency
function E , deriving from subgrid scale model to ensure that the flame propaga-
tion speed is unaffected by the flame thickening and to account for sub-grid tur-
bulence chemistry interaction, e.g. subgrid flame wrinkling [206]. The efficiency
function E measures the reduction in the sub-grid flame surface due to the thick-
ening process and is defined as the ratio between the wrinkling parameter for un-
thickened and thickened flames, E =Ξ|δ=δl

/Ξ|δ=Fδl
. Dynamic variants [208, 209]

adapt the thickening based on local flow conditions. TFM can be used with either
fully detailed chemical mechanisms or flamelet based tabulated chemistry. Fur-
ther details on this model can be found in [98, 206, 208, 210].

• Filtered tabulated chemistry (FTACLES)

In this approach the flame front is locally described using a database of 1D lam-
inar premixed flamelets computed a priori and tabulated. The effects of under-
resolution of the flame front due to the typical LES computational grid spacing are
accounted for by filtering a priori the 1D flamelets with a Gaussian kernel of width
comparable to the LES filter size [107]. The objective is to preserve the correct
flame propagation speed, even when subgrid-scale turbulence is absent, ensuring
that the LES model converges toward the DNS limit as the LES filter width tends to
zero. Extension to turbulent regimes is achieved by introducing a model for sub-
grid flame wrinkling, based on a flame surface density (FSD) correction, linking
the filtered reaction rate to the resolved flame surface area.

STATISTICAL APPROACHES

Unlike geometrical models, statistical methods describe the flame structure in terms of
probabilistic distributions of intermediate thermochemical states. These approaches
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quantify subgrid turbulence–chemistry interactions (wrinkling and broadening) by means
of a subgrid filtered density function FDF of the thermochemical quantities or by con-
sidering the conditional statistics moments of species and temperature.

• Filtered density function (FDF) models

In these models the subgrid fluctuations of thermochemical quantities induced by
turbulent mixing and wrinkling are described by means of a subgrid probability
distribution [56, 104]. Defining Y = (Y1, ...,YN ,T ) as the local vector of the thermo-
chemical variables describing the composition and temperature state of the mix-
ture at a certain time, the joint filtered density function P (Y∗;x, t ) represents the
probability of finding a specific composition and temperature at a given location.

This way, the filtered reaction rate of a species k can be expressed as:

ω̇k (x, t ) =
∫

Y
ω̇k (Y∗) P (Y∗;x, t ) dY∗, (2.63)

where ω̇k (Y∗) is the unfiltered reaction rate corresponding to a specific composi-
tion and temperature state, as computed from detailed chemistry.

The local value of the subgrid FDF can follow a presumed shape (presumed FDF
models) or computed through a transport equation (transported FDF models).

– Presumed filtered density function (PFDF)

Presumed FDF models are generally employed in combination with chem-
istry tabulation, whereby a reduced set of controlling variables, such as c and
z, is used to represent the full thermochemical state space. The shape of the
subgrid FDF is described in terms of the statistical moments of these control
variables. In practice, only the first two moments are retained: the filtered
control variable value c̃ and its subgrid variance σ2

c .

For two normalized controlling variables defined over the interval [0,1], the
closure for a generic filtered quantity Q (e.g., a reaction rate) takes the form:

Q(c̃, z̃,σ2
c ,σ2

z ) =
∫ 1

0

∫ 1

0
Q(c, z)P (c, z; c̃, z̃,σ2

c ,σ2
z ) dc d z. (2.64)

The filtered joint FDF is typically assumed to be the product of the distri-
butions of the individual controlling variables, implying statistical indepen-
dence [104, 106, 136, 211]. In this formulation, the filtered quantity depends
only on the local values of the control variables and their associated subgrid
variances. A transport equation is solved for the filtered control variables,
while the subgrid variances can either be computed algebraically or obtained
by solving additional transport equations.

One of the earliest implementations of this approach is the Bray-Moss-Libby
(BML) model [212, 213], originally developed within the RANS framework.
In this model, the FDF is analytically represented by a combination of three
probability density functions, corresponding to fully reacted, unreacted, and
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partially reacted states. This leads to a very simple and computationally cheap
model, where the pre-integration can be computed analytically.

A more refined variant adopts a presumedβ-function shape for the FDF [107,
109]. This function is particularly advantageous, as it can be fully defined us-
ing only the first two statistical moments. Moreover, the β distribution has
useful mathematical properties: depending on the moment values, its shape
can range from symmetric bell shape, to strongly skewed or even nearly bi-
modal [56]. This flexibility makes it especially suitable for capturing the phys-
ical features of turbulent premixed and partially premixed flames. This mod-
elling approach is adopted in the present work, and further details are pro-
vided in the following chapter.

– Transported filtered density function (TFDF)

In a more general alternative to presumed FDF, a transport equation for the
local FDF can be solved, in the so called transported PDF (TPDF) approach.
In these methods the FDF is represented by a set of samples evolving accord-
ing to modelled stochastic differential equations [110]. The samples can ei-
ther represent a local instantaneous condition (Lagrangian stochastic parti-
cle method (LSPM)) or an instantaneous condition in the whole domain (Eu-
lerian stochastic field (ESF) method). For both approaches appropriate mod-
els are needed for convection and micromixing, but the chemical source term
is closed. Also, to keep the stochastic error low, the number of samples must
be sufficiently high (typically up to 100 particles per cell in the LSPM and up
to 10 fields in ESF approaches respectively) [111]. In ESF method the con-
tinuous fields, spanning the entire domain, are spatially differentiable and
temporally continuous, but not time-differentiable. This implies that there
are no spatially varying sampling errors, and only a relatively small number
of fields, 4 to 8 typically [214], is needed to accurately capture the statistical
moments.

The ESF method can be combined with a fully detailed chemical mechanism
(FC-ESF), solving the stochastic fields for the species mass fractions and the
enthalpy, or with a tabulated chemistry technique such as the FGM (FGM-
ESF), where the Eulerian fields are solved for the controlling variables (e.g.
progress variable and mixture fraction), as introduced in Chap. 3.

• Conditional momentum closure (CMC)

This model was originally derived in [215] and extended to LES [216]. It describes
the intermediate thermochemical states within the flame structure by consider-
ing conditional statistics. The conditional mean ρYi |c = c∗ is defined as the aver-
age value of a thermochemical quantity when a control variable (e.g. a progress
variable) assumes a specific value c∗. A transport equation can be solved for the
conditional quantities assuming that fluctuations of the conditional mean can be
neglected. However, these equations present unclosed terms whose modelling is
not straightforward [104]

A central objective of the present research is the development and assessment of a
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flamelet-based presumed FDF model for hydrogen combustion, including the formu-
lation of differential diffusion models. These models have been proven to be robust,
computationally efficient and accurate and they represent a promising tool for the de-
sign of practical hydrogen combustion devices. Prior to the development of presumed
FDF models, transported FDF approaches are employed in the present research to in-
vestigate a partially premixed hydrogen flame test case, and a hybrid strategy combining
transported FDF and flamelet tabulations is proposed. The thickened flame model is
employed to perform preliminary simulations of a practical laboratory-scale hydrogen
combustor prior to applying the in-house flamelet/presumed FDF framework tailored
for hydrogen.

2.11. FLAMELETS APPLICABILITY
When chemical timescales are short compared to turbulent time scales, the flame struc-
ture, controlled by heat and mass diffusion, remains unaffected by turbulent structures,
which can only wrinkle and strain the flame front, or thicken the preheat region. A tur-
bulent flame therefore retains a locally laminar structure, which thermochemical states
can be precomputed from laminar 1D flamelets simulations and parameterized.

As described in Sec. 2.6.1, the flamelet regime was originally defined for low Karlovitz
numbers (1 < Ka < 100), where turbulence does not disrupt the inner flame structure.
This classification, based on scale comparison, did not stem from direct observations
and neglected important factors such as the damping effect of chemistry on turbulence
and stretch effects on reaction rates. As reviewed by Driscoll et al. [112], both experi-
mental and numerical studies have shown that turbulence primarily thickens the pre-
heat zone, while the reaction zone remains thin. In some cases, even at increasing K a,
quenching occurs before eddies can influence the reaction zone. Driscoll et al.further
proposed revising the boundaries of the thickened preheat zone and the distributed re-
action regime, noting that the flamelet regime remains applicable at higher Karlovitz and
Reynolds numbers than previously assumed, with the transition to a well-stirred reactor
regime occurring well beyond the classical Borghi limits.

Practical combustion systems typically operate at high Reynolds numbers and Karlovitz
numbers on the order of Ka ≈ 102. Laboratory-scale experiments tend to involve slightly
lower Reynolds numbers but similar Ka, and can still be effectively described by flamelet
models. Various studies [217–219] have confirmed that the flamelet structure, along with
the ability to numerically represent thermochemical states using flamelets [161, 193,
220–222], remains valid across a broader range of turbulent conditions than previously
expected.

In the case of hydrogen flames, the inherently high flame speed results in lower ef-
fective Karlovitz numbers under equivalent turbulence intensities, supporting the ap-
plicability of flamelet models. Due to its negative Markstein length, stretch actually in-
creases flame speed in lean hydrogen-air mixtures, so that a flamelet structure can re-
sist at higher turbulence levels. These properties were verified by Aspden et al.[161],
who investigated hydrogen flames at high Karlovitz numbers and observed that they re-
tain a flamelet-like structure well beyond Ka = 100. Signs of distributed reaction and
turbulence-dominated mixing begin to appear near Ka ∼ 1000, but even at Ka ∼ 8700,
the flame behavior is not yet fully invariant to turbulence. Furthermore, they argue that
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the conditions leading to distributed combustion are practically unrealizable in real sys-
tems.

In summary, flamelet-based models offer a robust and computationally efficient frame-
work for modelling turbulent combustion. Their domain of applicability has proven to
be broader than initially assumed, supporting their use in LES for a wide range of com-
bustion regimes. These findings are particularly encouraging for the modelling of prac-
tical turbulent hydrogen combustors, where flamelet approaches can remain valid and
effective.

2.12. DIFFERENTIAL DIFFUSION MODELLING
The relevance of differential diffusion effects in hydrogen combustion is thoroughly dis-
cussed in Sec. 2.3-2.5, and it is highlighted in Sec. 2.6.2 that thermodiffusive instabilities
remain important even in turbulent combustion. Although diffusive processes are of-
ten considered to be of second-order with respect to turbulent transport [39], neglecting
them in turbulent hydrogen combustion modelling can lead to inaccurate predictions in
flame propagation speed and therefore flame stabilization dynamics, flashback and NO
emissions. In order to be used for design purposes, numerical models should therefore
be able to capture differential diffusion and thermodiffusive instabilities. To date, mod-
els for the prediction of differential diffusion and thermodiffusive instabilities are not yet
fully available for LES [39], and one of the main objectives of the present research is to
contribute to fill this gap.

The highest level of fidelity in resolving differential diffusion is achieved through Di-
rect Numerical Simulation (DNS) coupled with detailed chemistry. These simulations
provide resolution and quantitative details beyond what can be achieved experimen-
tally. In such frameworks, a diffusion coefficient can be assigned to each species based
on local composition and temperature. While solving the full Stefan–Maxwell system is
possible, it has been shown that mixture-averaged models [167, 223] offer reasonable
approximations for detailed analysis of differential diffusion phenomena.

In the context of tabulated chemistry, two major challenges emerge: 1) defining ap-
propriate diffusion coefficients for the controlling variables. 2) Determining the dimen-
sions of the tabulated manifolds and controlling parameters [39]. Tabulated approaches
do not directly solve for species mass fractions, and the definition of diffusion coeffi-
cients for the controlling variables is not trivial. In equidiffusive cases, these are often
approximated using the thermal diffusivity. However, to account for differential diffu-
sion, various models have been proposed for DNS studies of laminar flames to correct
the transport equations of the controlling variables.

Regele et al.[124] proposed a correction to the mixture fraction transport equation,
which in their study was the only controlling variable based on the hydrogen mass frac-
tion, thus strongly influenced by differential diffusion. They introduced a source term,
ω̇z , and a corrected diffusion coefficient that can be tabulated. Successively, the ap-
proach was extended for its application with a mixture-averaged diffusive transport model
by relaxing the constant (non-unity) Lewis number assumption and including Soret ef-
fect [123].

Another approach is proposed in [125, 134], where three controlling variables are em-
ployed (progress variable, mixture fraction and absolute enthalpy) and defined as linear
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combinations of species mass fractions. In a 1D flamelet, the higher diffusivity of hy-
drogen introduces differences in the mass fraction distribution of every other species,
when compared to an equidiffusive case, as previously shown in Fig. 2.4. Therefore, the
diffusive transport of the controlling variables is highly affected by differential diffusion,
especially if their definition contains the H2 mass fraction. Consequently, a correct dif-
fusive flux for a controlling variable can be obtained as a linear combination of the in-
dividual species fluxes. Schepers et al. [148] applied this method for the simulation of
a planar thermo-diffusively unstable hydrogen air flame with flamelet generated man-
ifolds (FGM). They quantifying the contribution of each species to the controlling vari-
able and enthalpy flux and selected the highest contributing species for the construction
of the progress variable. Good results with respect to detailed chemistry were obtained
parametrizing the FGM on mixture fraction and a progress variable built on water and
hydrogen mass fraction. They underlined the relevance of atomic H in the enthalpy
transport and stressed the importance to include this species in the progress variable
definition if enthalpy is used as a controlling variable.

Generally, two controlling variables are sufficient to capture the essential physics
of mixing and reaction, while enthalpy can be included to represent heat losses [134,
135]. However, differential diffusion introduces additional physical phenomena. Its
coupling with flame curvature and strain may lead to the occurrence of new thermo-
chemical states due to the redistribution of mixture fraction and enthalpy. These states
may not be captured in manifolds built solely on 1D freely propagating premixed flames
with varying equivalence ratios and enthalpy. Thus, a larger set of controlling variables
may be required. Recent studies questioned whether a good description of mixture frac-
tion and progress variable transport alone can suffice under curved flame conditions,
whether enthalpy must also be included, or even if 1D flamelets incorporating curvature
and strain via additional source/sink terms may be necessary. A priori analyses on this
topic are discussed in[53, 224, 225]. In [145], the redistribution of mixture fraction and
enthalpy due to curvature and strain is examined in details to assess whether a corrected
mixture fraction alone is adequate for describing the resulting thermochemical states.

The correction models described earlier are now being extended to Large Eddy Simu-
lation (LES). For instance, Kai et al.[226] introduce correction terms tied to mixture frac-
tion and progress variable interdependence. In a recent study, the model from Regele et
al.[124] is extended to LES, including Soret effects, and is applied to the simulation of a
slot burner configuration [225]. The model in [134] was succesfully employed in [133]
for LES analysis of a hydrogen/methane/air stratified flame adopting a thickened flame
model with flamelet tabulated chemistry. These models were observed to successfully
capture thermodiffusive instabilities, superadiabatic temperatures, and species/enthalpy
redistributions at resolved scales [225–227].

In LES, the cell sizes are typically on the order of the laminar flame thickness. Since
curvature length scales relevant to thermodiffusive instabilities are also of this order,
part of the flame front self-wrinkling can be resolved. Still, phenomena like focusing
effects, surface generation, and stretch response may occur at subgrid scales. In [39] the
challenges associated to the non linear growth of TD instabilities from subgrid scales
to resolved scales, through a reverse cascade process, are remarked. As such, ongoing
research focuses on modelling the effect of sub-filter flame surface generation, stretch,
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and TD instability growth for the LES framework [228].
Models employing detailed chemistry can address the effects of differential diffusion

[44, 229, 230], since diffusion coefficients can be computed locally based on local tem-
perature and composition, like in DNS. In thickened flame models with detailed chem-
istry the mixture fraction and enthalpy redistribution due to coupling of differential dif-
fusion and curvature can be captured at the resolved level [44]. However, the dynamics
of thermodiffusive instabilities are strongly influenced by the thickening factor, which
can alter the local balance between convective and diffusive transport (i.e. stretch effect
in sub-unity Lewis number conditions) [227, 231].

The discussion presented so far indicates that accounting for differential diffusion
and thermodiffusive instabilities is crucial for the development of accurate models for
turbulent hydrogen combustion. The correction strategies developed in [124] and [125]
represent a promising approach for the inclusion of differential diffusion within flamelet
models. In the present research, these two approaches are extended within flamelet
based LES with presumed FDF framework, incorporating prefiltering of the correction
terms. Their performance is evaluated on two reference cases: a thermodiffusively un-
stable premixed hydrogen flame [53], and a partially premixed lifted flame. Further-
more, the model proposed in [125] is applied to more complex configurations, including
a bluff-body stabilized flame, characterized by high strain, and a swirl-stabilized com-
bustor developed at TU Delft.





3
METHODOLOGY

In this chapter the details of the combustion models and subgrid closures employed
for the LES presented in the thesis are discussed. The specific numerical details about
solver, discretization schemes and chemistry modelling are given separately for each
simulation presented in Parts I and II.

3.1. EULERIAN STOCHASTIC FIELDS
In Chapter 5 two combustion models, both based on the transported FDF with Eulerian
stochastic fields (ESF) approach, are employed for the simulation of the partially pre-
mixed lifted hydrogen flame studied in [77], see Chap. 4. The first consists in the standard
formulation with fully detailed chemistry, where a transport equation is solved for each
species [110, 111]. In the second approach, similar to the one adopted in [232], a flamelet
generated manifold (FGM) is instead used to represent the thermochemical states [105].
The FGM is parametrized in terms of the Bilger’s mixture fraction z [139, 140] and a nor-
malised progress variable c, defined as c = (YH2O −YH2O,b)/(YH2O,b −YH2O,u), for which
transport equations are solved.

3.1.1. TURBULENCE-FLAME INTERACTION MODEL

The effect of turbulence on chemistry at the sub-grid level is described using a trans-
ported filtered density function (TFDF). Here, Φ denotes the composition vector of the
Nα thermochemical variables φα (or controlling variables in the FGM case) andΨ is the
sample space of the values it can assume. From the fine grained (or marginal) probabil-
ity density function PDF P (Ψ;x, t ), representing the probability of finding composition
vector within a certain state in one realization of the flow [233], the Favre-filtered sub-
grid joint density function at a certain location x and time t is defined by the convolution
of a given LES filter G as in [232, 234]:

P̃ (Ψ;x, t ) =
∫
V

ρ(x−x′)
ρ

P (Ψ;x′, t )G(x−x′)dx′. (3.1)
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This equation describes the probability of the composition vector Φ to be found in the
sample Ψ+dΨ of its possible realizations within the LES filter volume V . A transport
equation for the FDF can be written as in [104, 235]:

∂ρP̃

∂t
+ ∂ρũ j P̃

∂x j
+
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)
,

where sub-grid turbulent transport has been modelled by standard gradient hypothesis,
analogously to Eq. 2.59, with the SGS Schmidt number Sct taken equal to 0.7 in the pre-
sented analysis, and being µt = ρνSGS the SGS dynamic viscosity. The reaction rates ω̇α
of species or progress variable do not need closure and can be directly computed from
chemical kinetics or retrieved from the flamelets database. The last term in the equation
is the micro-mixing term, which needs closure [111, 232].

However, the high dimensionality of the FDF makes the deterministic solution of
the transport equation not viable. Instead, a Monte Carlo simulation approach is used
to recover the statistical moments of the thermochemical quantities or controlling vari-
ables following the ESF approach [110, 111, 234, 236], as described next. A series of
n = 1,2, ..N Eulerian stochastic fields ζn

α is defined to represent possible values of each
of the Nα thermochemical variables. A transport equation for each stochastic field is
solved to reconstruct the pointwise time evolution of the subgrid moments by defining
a stochastic system with statistics congruent to the ones described by Eq. (3.2), Applying
Itô intregration formalism, as described in [110, 236], the stochastic partial differential
equations governing the stochastic fields take the form:

ρdζn
α+

∂
(
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(3.3)
In the previous equation, the second-last term on the right hand side is the micro-mixing
term modelled by Interaction by Exchange with the Mean (IEM) approach. Here, the
subgrid mixing time scale is modelled as τSGS = ∆2/(CdνSGS )being ∆ the LES filter size
and Cd ≈ 2 a model constant [111]. The second term on the right hand side of Eq. 3.3
is the stochastic term, which makes the fields non-differentiable in time, while they are
differentiable in space. It contains increments of a Wiener process vector representing
brownian motion, approximated as dW n

j = γ j
p

d t , where γ j = {−1,1} is a random di-

chotomic vector. The Wiener process vector is homogeneous in space but different for
each field. Each component j = 1,2,3 of the random vector follows a normal distribu-
tion in time with zero mean and variance equal to the time increment∆t . The stochastic
term is also proportional to the subgrid turbulent viscosity and the local resolved spa-
tial gradient of the considered stochastic field. Following the discussion in [110, 111] the
stocastic term only contains a contribution of subgrid viscosity, and not molecular vis-
cosity, in order to avoid the action of stochastic fluctuations in regions of laminar flow or
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of high grid resolution. Adopting the Itô formulation, the stochastic term is evaluated at
the beginning of each time step.

Finally, the filtered value of each thermochemical quantity φα, also necessary for
the IEM model, can thus be reconstructed from the stochastic fields as φ̃α = 1

N

∑N
n=1 ζ

n
α.

Similarly, its subgrid variance is computed as φα,SGS = 1
N

∑N
n=1(ζn

α− φ̃α)2

It can be noted that the unity Lewis number assumption is adopted in the derivation
of the equation so that a diffusion coefficient equal to the thermal diffusivity D = α is
employed for every species. Alternative closures for the inclusion of non-unity Lewis
number effect in the TFDF have been proposed and applied for example in [229, 237,
238] where the mixing model is modified and a specific diffusion coefficient Dα is used
for each thermochemical variable. However, differential diffusion modelling in the ESF
context is beyond the scope of the present thesis, where models for non-unity Lewis
number effects are investigated only within the flamelet/presumed FDF approach, as
detailed in the next subsection.

3.2. FLAMELETS WITH PRESUMED FDF
The majority of LES are carried out in the present work through the flamelet model with
presumed FDF developed in [89, 121, 239–241] and tested on hydrocarbon turbulent
flames at different conditions. In the present study, the model is employed for the first
time in the analysis of turbulent hydrogen flames. Two differential diffusion models are
implemented in the baseline code and tested, as introduced later. The baseline model
is further extended with strategies for the prediction of NO formation and transport and
the inclusion of heat loss effect on the reaction rate.

3.2.1. BASELINE MODEL

Flamelet based models rely on the assumption that the smallest turbulent eddies can
stretch and wrinkle the flame front but are not able to affect the inner flame structure.
All the thermochemical states in the reacting mixture can thus be described by a series
of 1D laminar flamelets, whose structure is computed a priori, using a reduced number
of controlling variables, significantly decreasing the number of scalars transported in
LES [135]. It was shown in many past works [112, 220] that in the context of LES the
flamelet assumption holds for a wide range of combustion regimes, including relatively
high Karlovitz numbers. This is because at high Karlovitz numbers the turbulent flame
can still be seen as an ensemble of locally thin laminar flames distributed in space, where
the wrinkling effect and broadening of the flame brush due to turbulence is modelled
statistically.

In the present study the chemical database is built on a set of unstrained 1D pre-
mixed flamelets parametrised on a progress variable c and spanning the flammability
range for different values of mixture fraction z [139]. The mixture fraction is defined
according to Bilger’s definition [139]. The reaction progress is estimated using a scaled
progress variable. Following previous works [89, 184, 220, 242], the sum of CO2 and CO
is used in the present study when the fuel is a hydrocarbon, and the mass fraction of
water vapour is used when the fuel is hydrogen. This choice guarantees a monotonic
behaviour of the progress variable as the reaction progresses, at least for the cases under
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investigation, which is essential for the correct behaviour of the flamelet modelling
When differential diffusion is not taken into account and unity Lewis number is as-

sumed for every species, the Favre-filtered mixture fraction z̃ is a passive scalar describ-
ing the fuel and oxidiser streams mixing and its Favre-filtered transport equation is:

ρ
Dz̃

Dt
=∇·

[(
ρD + µt

Sct

)
∇z̃

]
. (3.4)

The filtered molecular mass diffusion coefficient is defined as ρD = µ̃/Sc, where Sc is the
laminar Schmidt number. The subgrid flux of z is modelled through standard gradient
hypothesis where the SGS viscosity, µt , is defined by the turbulence model, and Sct =
Sc = 0.7 is the SGS Schmidt number. Similarly, the transport equation for the filtered
progress variable c̃ yields:

ρ
Dc̃

Dt
=∇·

[(
ρD + µt

Sct

)
∇c̃

]
+ ω̇c . (3.5)

The filtered reaction rate ω̇c in the above equation is expressed by means of the joint
subgrid filtered density function FDF P (c, z) as [92, 104, 137, 241]

ω̇c (c̃, z̃,σ2
c ,σ2

z ) = ρ
∫ 1

0

∫ 1

0

ω̇c (c, z)

ρ(c, z)
P (c, z; c̃, z̃,σ2

c ,σ2
z )dc d z + ω̇np. (3.6)

where the progress variable reaction rate ω̇c (c, z) within the integral is taken from 1D
laminar flamelets computation. A Beta distribution is chosen to describe the joint FDF
P (c, z) following previous studies [107, 109] and given the good performance observed
in regimes similar to those investigated in the present study [241, 243]. Under the as-
sumption of statistical independence at the SGS level between the controlling variables,
the joint FDF is then expressed as the product of two distinct FDFs [104, 106, 136, 211],
P (c, z; c̃, z̃,σ2

c ,σ2
z ) ≈ P (c; c̃,σ2

c )P (z; z̃,σ2
z ), which was shown to be reasonable for well re-

solved LES [92, 104, 211]. The integral in Eq. 3.6 is computed a priori and tabulated for
values of c̃ ∈ [0,1], filtered mixture fraction within the flammability rangez̃ ∈ [zlean , zr i ch],
and σ2

c ∈ [0, c̃(1− c̃)], σ2
z ∈ [0, z̃(1− z̃)], where the second term represent the limit where

the controlling variable subgrid distribution becomes bi-modal.
The term ω̇np results from the use of a scaled progress variable and the dependence

of the scaling factor ψmax(z) on the mixture fraction. It represents a correction due to
non-premixed mode and is defined as [89, 240]:

ω̇np(z̃,σ2
z ) = ρc̃χ̃z

∫ 1

0

1

ψmax(z)

d 2ψmax (z)

d z2 P (z; z̃,σ2
z ) d z. (3.7)

where χ̃z = D̃∇z̃ · ∇z̃ + ε̃z is the sum of resolved and SGS scalar dissipation rate (SDR)
of mixture fraction, and the subgrid part is modelled using linear relaxation as ε̃z =
cz (νt /∆2)σ2

z , with cz ≈ 2 [103] and ∆ = V 1/3, V being the volume of the local cell in the
computational mesh. The integral on the RHS is precomputed and tabulated.

The shape of the Beta distribution depends on filtered value of the controlling vari-
ables (c̃ or z̃) and their subgrid variance (σ2

c or σ2
z ), which are computed by solving their
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transport equations. For the subgrid variance of the mixture fraction the transport equa-
tion reads:

ρ
Dσ2

z

Dt
=∇·

[(
ρD + µt

Sct

)
∇σ2

z

]
−2ρε̃z +2

µt

Sct
(∇z̃ ·∇z̃), (3.8)

where on the LHS is the material derivative. On the RHS the first term includes molecular
diffusive transport and subgrid flux closed through standard gradient hypothesis. The
second term represent the destruction mixture fraction subgrid variance, containing the
mixture fraction subgrid scalar dissipation rate ε̃z , modelled as previously described.
The last term represent the subgrid variance generation by interaction between subgrid
turbulent flux and resolved mixture fraction z gradient.

The transport equation of the progress variable subgrid variance yields:

ρ
Dσ2

c

Dt
=∇·

[(
ρD + µt

Sct

)
∇σ2

c

]
−2ρε̃c +2

µt

Sct
(∇c̃ ·∇c̃)+2(cω̇c − c̃ω̇c ), (3.9)

containing the same terms as in Eq. 3.8 with the extra term (last term on RHS) describ-
ing a source/sink of subgrid variance due to chemical processes. The source term cω̇c is
computed consistently to Eq. (3.6) and tabulated. The progress variable SGS scalar dissi-
pation rate ε̃c cannot be modelled through linear relaxation as for the mixture fraction,
and its treatment is discussed in details in the next section.

Enthalpy h̃ is not used as additional controlling variable, as often done in problems
including minor heat losses [134], but its filtered transport equation Eq. 2.53 is still re-
solved to capture multi stream mixing. Moreover, the absolute enthalpy is employed to
compute the filtered temperature, using the theorem of the integral mean as done in pre-

vious works (e.g. see [89]): T̃ = T0 + (h̃ −∆h̃0
f )/

�
C e f f

p , where T0 = 298.15 K is the reference

temperature. The enthalpy of formation ∆h0
f and the effective specific heat at constant

pressure of the mixture C e f f
p = ∫ T

T0
Cp (T ′)dT ′/(T−T0) are computed from the 1D laminar

flamelets. The filtered values of these quantities are obtained through pre-integration
consistently with Eq. (3.6) and tabulated. The mixture density is then calculated enforc-
ing the ideal gas equation of state ρ = poW̃ /R0T̃ , where the filtered mixture molecular
weight W̃ is also computed from the 1D flamelets, pre-integrated and tabulated, and po

is the operative pressure.

3.2.2. DYNAMIC MODELLING OF SCALAR DISSIPATION RATE
The progress variable SGS scalar dissipation rate (SDR), ε̃c , was shown to be a critical
parameter for the correct estimation of σ2

c . This term represents the unresolved part of
the filtered SDR, Ñc , defined as:

ρÑc = ρD̃c (∇c̃ ·∇c̃)+ρε̃c , (3.10)

where ρ is the mixture density and D̃c is the filtered diffusion coefficient of c̃. Overbar
and tilde symbols refer respectively to simple and Favre filtered operations. Models for
ε̃c are commonly proportional to the SGS variance and can be written in general form
as:

ε̃c = f1σ
2
c /βc , (3.11)
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where βc is a modelling constant and f1is a function that depends on turbulence and
combustion parameters. Past works have shown that this function needs to account for
the dissipation of both SGS turbulent and reactive processes and therefore simple ap-
proaches such as the linear-relaxation model are not suitable for this quantity [239]. In
the present study the model originally proposed in [244] and then adapted for LES in
[89, 102, 239]. The model constant βc depends on flame curvature, diffusion and reac-
tion processes, and is generally scale-dependent. Its choice is of crucial importance to
obtain the correct estimation of SGS variance. Thus, while the use of a static value of
the combustion constant may lead to good results, it requires an accurate preliminary
tuning. Furthermore, the value might need to change in space and time for cases where
the aforementioned processes or the numerical mesh (thus the LES filter) is not homo-
geneously distributed, and for such cases a single constant value might not be suitable.

The subgrid SDR of c in Eq. (3.9) is modelled with Eq. (3.11), where f1 is computed as
in [89, 244–246]

f1 =
[

1−exp

(
−0.75∆

δ0
L

)][
(2Kc −τC4)

s0
L

δ0
L

+C ′
3
εk

k

]
. (3.12)

In the above equation S0
L , δ0

L are respectively laminar flame speed and thermal thickness,
while τ = (Tb −Yu)/Tu is the heat release factor. These quantities depend on mixture
fraction and are obtained from flamelets calculations and tabulated. The term ∆ is the
local filter width, k and εSGS are the local SGS turbulent kinetic energy and its dissipation
rate, computed according to the SGS turbulence model. The other parameters, i.e. Kc ,
C4 and C ′

3, are not tunable and they are functions of the local laminar flame properties,
grid refinement and turbulence properties; more information can be found in [89, 102,
121].

The value of the model constant βc in Eq. (6.1) might vary in space depending on the
local flow conditions. In such cases dynamic approaches can be used to avoid the fine-
tuning of the modelling constant. Dynamic approaches have been employed in LES as
an effective method to model subgrid quantities and are based on the scale similarity
assumption [93]. These methods have been largely used for non reacting flows to model
the subgrid stress tensor through the knowledge of the neighbouring smallest resolved
scales (Germano’s identity) [96]. The concept of similarity between the smallest resolved
scale and the unresolved scales comes in this case from the argument of the turbulence
cascade within the inertial range of the turbulent kinetic energy (TKE) spectrum, and is
enforced in the LES by the use of a test filter width about twice that of the smallest re-
solved scale. In case of reacting flows the application of such procedures is less trivial due
to the energy release by the flame at the small scales. Nevertheless, the applicability of
scale-similarity was shown to still hold for a number of different modelling approaches
including flame wrinkling, flame surface density, and scalar dissipation rate [98, 102,
177, 203–205, 247].

A dynamic procedure for the modelling of the subgrid scalar dissipation rate is em-
ployed here, following previous works e.g. [102]. By indicating the filtered scalar dissipa-
tion rate of c with Ñc ≡ ãDc∇c ·∇c = D̃c∇c̃ · ∇c̃ + ε̃c , the application of scale similarity to
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the next (test-filter) scale reads

ρ̂Ñc − ρ̂ ̂̃Dc∇̂̃c ·∇̂̃c = ρ̂ f1(q̂)
σ̂2

c

β̂c

, (3.13)

where f1(q)σ2
c /βc is the functional form used for ε̃c , the the symbol ·̂ indicates the (Favre)

test-filter operation and q ≡ (k,εk ,∆, ...) is the entire set of spatially-varying parameters
to which f1 depends on. By using Germano’s identity, the left-hand side of above equa-
tion can be rewritten as:

( áρD̃c∇c̃ ·∇c̃c +
á
ρ f1(q)

σ2
c

βc
− áρD̃c∇c̃ ·∇c̃

)
+

(
ρ áD̃c∇c̃ ·∇c̃ − ρ̂ ̂̃Dc∇̂̃c ·∇̂̃c )

=
á
ρ f1(q)

σ2
c

βc
+

( áρD̃c∇c̃ ·∇c̃ − ρ̂ ̂̃Dc∇̂̃c ·∇̂̃c )
.

(3.14)

At this point βc can be found in two ways. In the first case, one assumes that it is
scale-invariant, i.e. β̂c =βc , and the equation can be solved explicitly as

βc = b̂ −a

L
=

�ρ f1σ
2
c − ρ̂ f̂1σ̂

2
c

ρ̂ ̂̃D∇̂̃c ·∇̂̃c − áρD̃∇c̃ ·∇c̃c
, (3.15)

where the parameters b = ρ f1σ
2
c , a = ρ̂ f̂1σ̂

2
c and L = ρ̂ ̂̃D∇̂̃c · ∇̂̃c − áρD̃∇c̃ ·∇c̃c have been

introduced for simplicity. On the other hand, the assumption of scale-invariance might
be too restrictive as βc was found in previous studies to actually depend on the filter
size, as discussed earlier. As an alternative, one can relax this assumption by rewriting
Eq. (3.13) as:

β̂c =− a

L− �b/βc

=− ρ̂ f̂1σ̂
2
c(

ρ̂ ̂̃D∇̂̃c ·∇̂̃c − áρD̃∇c̃ ·∇c̃c
)
− á
ρ f1(q)σ

2
c

βc

. (3.16)

The above equation needs an estimation for βc on the right-hand side of the equation,
which is usually taken in LES solvers from the previous time step or the previous itera-
tion (if more than one per time step). On the other hand, a minimum number of itera-
tions is required for the iterative process to converge, which limits the application of this
method.

TEST FILTER DEFINITION

Another issue related to the applications of Eqs. (3.15) and (3.16) is that a test filter has to
be chosen. In the context of non-reactive simulations with eddy-viscosity type closures
it was shown that the LES filter is similar to a Gaussian filter when the LES is well resolved
(minimal influence of mesh), and approaches a box filter as the mesh coarsens [93]. The
choice of the test filter has of course impact on the calculation of the βc parameter. In
the present study an algebraic and a differential filter are compared. The test-filtering
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operation on the general, spatially-varying quantity φ is described by the following con-
volution operation

φ̂(x) =
∫
V
φ(x ′)F (x −x ′) d x ′, (3.17)

where V is the integration volume and F is the test filter function. In the algebraic case,
the test filter is obtained by imposing a shape function (usually a Gaussian shape) of a
certain width, taken to be twice the LES filter width in the present work. After discretisa-
tion the above integral assumes the general form:

φ̂=
∑

k A f
kφ

f
k∑

k A f
k

, (3.18)

where A f
k are weight coefficients evaluated on the numerical cell and its surrounding

cells. The issue with this formulation is that the evaluation of both coefficients A f
k and

function valuesφ f
k is subject to interpolation errors, which may become particularly rel-

evant on unstructured meshes [209].
Following [209, 248] the convolution within the filtering operation can be expanded

in series of Taylor around the value at point x. Without loss of generalities, for the one-
dimensional case and assuming a symmetric filter, this would read as

φ̂(x, t ) =φ(x, t )+ ∆̂2

24

∂2

∂x2φ(x, t )+O (∆4). (3.19)

Similarities with the Fourier diffusion differential equation can be noted, and this fil-
tering approach is therefore termed as differential filter. Solving this equation directly
can however lead to numerical instabilities (Pseudo Fourier conditions). In the present
work, it is proposed to solve this equation implicitly in the finite volumes framework
within the time marching integration. In order to do so, the quantity φ̂(x, t ) can be seen
as the solution of the following differential equation:

dφ̂(x, t )

d t
= ∆2

x

6∆t
∇2φ̂(x, t ). (3.20)

where ∆t is the LES time step, and ∆̂ = 2∆x has been used, with ∆x = V 1/3 being the
LES filter width estimated as the cubic root of the local cell volume V . Equations (3.19)
and (3.20) are equivalent to the third order if the latter is solved with an implicit Euler
time marching scheme. The advantage of solving the differential equation is that it can
be embedded within the finite volume framework therefore minimizing the noise pro-
duced by interpolation errors, at the cost of additional computational effort. In Chap. 6,
results obtained from the algebraic test filter and differential test filtering approaches are
discussed and compared.

3.2.3. DIFFERENTIAL DIFFUSION MODELLING
In the LES framework, a correction of the controlling variables diffusive transport is nec-
essary to account for differential diffusion effects, as local equivalence ratio redistribu-
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tion and flame curvature are coupled at the resolved scales. Two models originally devel-
oped for DNS of laminar flames are extended here for a turbulent LES case in the context
of presumed FDF closure.

DIFFERENTIAL DIFFUSION MODEL M1
The first differential diffusion model, proposed in [124], consists in deriving a correc-
tion for the mixture fraction transport equation only. This model assumes equal mass
diffusivity for all species and heat Dk = D = α, except for hydrogen, whose Lewis num-
ber is taken to be LeH2 = 0.3. Starting from the exact definition of hydrogen and oxygen
diffusive fluxes, including the diffusion correction velocity as in Sec. 2.1.2, a corrected
diffusion flux for the mixture fraction is derived and included in the transport equation
as follows:

ρ
Dz

Dt
=∇· (ρDz∇z)+ ω̇z , (3.21)

where a modified diffusion coefficient Dz and a source term ω̇z appear. With respect to
the definition in [124], the correction terms are here reformulated to be compatible with
the use of a scaled progress variable:

ω̇z =−∇·
[
ρD

(
1

s +1

)(
1

LeH2

−1

)
(1− z)∇(cψmax)

]
. (3.22)

where s is the oxygen to fuel stoichiometric mass ratio. It can be seen how this additional
term acts as a source or sink across the flame front through its dependence on the gra-
dient of c and it was observed to yield the correct local equivalence ratio redistribution
across the resolved flame front [124]. The term Dz is defined as:

Dz = D

[
1+

(
1

LeH2

−1

)
(1− z)

]
. (3.23)

This expression ensures a correction in the diffusion coefficient also in non-reacting re-
gions, thus accounting for the higher diffusivity of H2 in mixing processes. Equation
(3.21) must be Favre-filtered to be solved in the LES context, which is done in the present
work as follows. The ‘uncorrected’ mass diffusivity D , taken equal to the heat diffusivity,
is pre-integrated and tabulated in a manner similar to Eq. (3.6). Additional terms arise
due to subgrid correlations, for example between the mixture fraction and the gradient of
progress variable. Therefore two implementation strategies are here proposed and com-
pared. In one case an approach similar to [249] is adopted, where the value of ω̇z (c, z) is
obtained within the laminar flamelets, by computing the differential operators appear-
ing in Eq. 3.22 as one dimensional derivatives along the flamelet in physical space. The
term ω̇z (c, z) is thus pre-integrated consistently with Eq. (3.6) to obtain the filtered mix-
ture fraction source term ˜̇ωz , and tabulated. This implementation is termed as M1TAB

in the present work. The other approach, referred to as M1RES, consists in implement-
ing Equation (3.22) directly in the LES transport equation. This implies neglecting the
subgrid correlations and only considering resolved filtered quantities (e.g. z̃, ∇c̃) for the
calculation of ˜̇ωz . As remarked in [39] this assumption is weaker in lean cases where the
term (1-z) is close to unity.
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DIFFERENTIAL DIFFUSION MODEL M2
The second differential diffusion model considered in this work was proposed in [250]
and more recently reformulated in [125]. This approach is based on the expression of
the controlling variables as a linear combination of the species:

c =
Ns∑
i

Ci Yi ,

z =
Ns∑
i

zi Yi , (3.24)

where Ns is the total number of species, and Ci and zi are constant coefficients for ev-
ery species. For each species i , Lei is assumed to be non-unity, but constant along the
flamelet. The molecular diffusion fluxes of the controlling variables are therefore ex-
pressed as:

jc =− λ

Cp
∇

(
Ns−1∑
i=1

Ci −CNs

Lei
Yi

)
=− λ

Cp
∇βc ,

jz =− λ

Cp
∇

(
Ns−1∑
i=1

zi − zNs

Lei
Yi

)
=− λ

Cp
∇βz , (3.25)

where CNs is the coefficient of the most abundant species, N2 for the present study. With
reference to Sec. 2.1.2, this approach guarantees mass conservation in the computation
of the diffusive fluxes, The above equations take thus the form of diffusive transport
terms depending on the gradient of the βC and βz parameters. The diffusive behaviour
of all species in the LES can now be taken into account by tabulating the additional pa-
rameters βc , βz and the λ/Cp ratio. In the definition employed here, the progress vari-
able only depends on water and it is scaled, so that CH2O = 1/ψmax(z) and Ci = 0 for
every other species. For the jet-in-coflow partially premixed case, water is also present
in the reactants. Therefore, considering the definition in Eq. 2.27, the expression for βC

becomes:

βC =
YH2O −Y reac

H2O

LeH2O ψmax(z)
(3.26)

A similar procedure is followed for the enthalpy equation, where the heat flux q can be
written as:

q =−λ∇T −
(

Ns−1∑
i=1

(hi −hNs )
1

Lei

λ

Cp
∇Yi

)
(3.27)

where hi is the enthalpy of species i . In the above equation, the first term on the right-
hand side is the conductive flux, while the second term describes the redistribution of
enthalpy associated with the different diffusion of species. Following the derivation in
[125] the above equation can be rewritten as :

q =− λ

Cp

(
Cp −

Ns−1∑
i=1

Cpi −CpNs

Lei
Yi

)
∇T − λ

Cp
∇

(
Ns−1∑
i=1

hi −hNs

Lei
Yi

)
=

=− λ

Cp
βh1∇T − λ

Cp
∇βh2 , (3.28)
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where Cpi refers to the specific heat capacity at constant pressure of species i . The two
terms on the right-hand side in the above equation represent differential diffusion ef-
fects on the heat flux due respectively to local redistribution of specific heat and en-
thalpy, and to the diffusion of species within the mixture. The final set of modified equa-
tions for control variables and enthalpy solved in the LES with model M2 is:

ρ
Dc̃

Dt
=∇· µt

Sct
∇c̃ +∇·ρD̃∇β̃C + ω̇c ,

ρ
Dz̃

Dt
=∇· µt

Sct
∇z̃ +∇·ρD̃∇β̃z ,

ρ
Dh̃

Dt
=∇·

(
µt

Prt

)
∇h̃ +∇· (ρD̃β̃h1∇T̃ +ρD̃∇β̃h2

)
. (3.29)

The filtered coefficients β̃i and the filtered diffusivity D̃ in the equations above are ob-
tained from the flamelets computations, pre-integrated according to Eq. (3.6) and tabu-
lated.

The model derived in [124] (from which M1 is adapted) was subsequently extended
in [123] to incorporate mixture-averaged diffusion modelling [56], allowing for non-constant
Lewis numbers for each species and including the Soret effect. Similarly, Mukundaku-
mar et al. [125] demonstrated how their original model (from which model M2 was de-
rived) can be extended to account for non-constant Lewis numbers, a diffusion correc-
tion velocity, and the Soret effect. In the present work, the primary focus is on the initial
implementation of differential diffusion effects within a flamelet-based LES framework
with presumed FDF, together with comparisons against the baseline model. Therefore,
the original formulations of these models are retained in order to assess the sensitivity of
the LES model to the differential diffusion (DD) modelling, isolating its effect from ther-
mal diffusion. Extending the LES flamelet framework to relax the constant Lewis number
assumption and to include Soret effects will be addressed in future work.

3.2.4. HEAT LOSS MODELLING
In flamelet models, the most common way to incorporate heat loss effects is by includ-
ing enthalpy as a controlling variable [134, 135]. Laminar 1D flamelet manifolds can be
built upon freely propagating flames at lower enthalpy, extinguishing flames, or burner-
stabilized flames, where an enthalpy sink is imposed across the flame thickness [141].
Implementing this strategy would require the use of a total of five control variables (two
filtered control parameters, their subgrid variances, and enthalpy). Since this approach
is computationally demanding given the hyperdimensional flamelet database, and given
that only an assessment of the impact of heat losses for a specific case (to be presented
in Chap. 10.1) is needed for the scope of the present thesis, a different approach is pro-
posed and followed here to account for heat losses in the reactive flow. This simplified
model is developed to qualitatively analyse the sensitivity of flame topology to heat loss
and estimate the combustor regions most affected by enthalpy reduction. Starting from
flamelet manifolds at Tu = 300 K across different equivalence ratios, 1D simulations are
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extended by varying the reactant temperature between Tu = 200 K−400 K, correspond-
ing to approximately ±50% variations in flame enthalpy.

Figure 3.1: Third order polynomial fit of reaction rate variations∆ω̇c versus enthalpy variations∆h with respect
to the reference case at Tu = 300 K, for different progress variable values c and reactants mixture z ( equivalence
ratio φ ).

At each mixture fraction and progress variable value, the change in reaction rate rel-
ative to the Tu =300 K reference case, ∆ω̇c , is evaluated. This variation is then expressed
as a polynomial function of the enthalpy difference with respect to the reference mani-
fold at Tu = 300 K using least-squares fitting of a third-order polynomial. An example of
the fitting process is shown in Fig. 3.1 at three equivalence ratios (mixture fractions) for a
fuel blend of CH4 with 25% H2 by volume. The reaction rate, evaluated from 1D flames,
can be expressed as:

ω̇c (c, z,h) = ω̇Ad
c (c, z)+∆ω̇c (c, z,∆h) (3.30)

Here, the superscript Ad refers to the baseline manifold with reactants at 300K, and
∆h(z) is the enthalpy difference relative to the 300K case. In the absence of differential
diffusion, this is only a function of the mixture fraction. The enthalpy-dependent varia-
tion in the reaction rate is approximated by:

∆ω̇c (c, z,∆h) ≈ Ah∆h3 +Bh∆h2 +Ch∆h (3.31)

The polynomial coefficients are precomputed and integrated using the presumed
FDF approach, consistently with Eq. 3.6. In the LES, the filtered enthalpy variation ∆h̃ is
calculated from the local filtered enthalpy h̃, obtained from a solved transport equation,
and the reference enthalpy h̃Ad(z̃), which is preintegrated and tabulated. The model is
used with constant temperature boundary conditions at the wall, generating an enthalpy
flux and a thermal boundary layer where ∆h̃ < 0.

This model shares similarities with the one proposed in [251], where the dependence
of a certain variable (e.g. the reaction rate) on the enthalpy variations with respect to
the adiabatic value is expressed as a Taylor expansion, whose coefficients are tabulated,
without introducing additional control variables. It provides a rough estimate of heat
loss impact on the reaction rate and is used here solely to evaluate flame anchoring sen-
sitivity (or flashback) to non-adiabatic wall boundary conditions.

3.2.5. MODELLING OF NITROGEN OXIDE (NO) FORMATION
Modelling NO formation is particularly challenging due to its slow chemical timescale,
orders of magnitude longer than fuel oxidation, and in practical perfectly premixed com-
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bustors its emission levels are typically below the equilibrium value corresponding to the
operating equivalence ratio, because of the short residence times compared to the NO
chemical timescales. NO formation is highly sensitive to temperature (via the thermal
NOx mechanism) and local equivalence ratio, making it strongly affected by tempera-
ture fluctuations and composition inhomogeneities induced by turbulence as it forms.
Since NO concentrations are much lower than major species, even small errors in tem-
perature or composition can lead to significant prediction inaccuracies.

0 0.5 1 1.5 2
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-4

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

Figure 3.2: Left: NO mass fraction YNO in the mixture fraction and progress variable space zBilg−c as computed
from laminar unstretched 1D premixed flames with fuel blend 75%CH4 - 25% H2 in volume. Right: NO net
reaction rate at the same conditions. Dashed line marks the stoichiometric condition

The difference in chemical time scales is a critical source of error when modelling NO
in the flamelet framework. In fact, using the tabulated value at c = 1 (i.e., complete com-
bustion) would correspond to NO at chemical equilibrium, leading to overprediction
[135, 190]. However, NO formation via flamelet-based methods has been successfully
modelled [252], with strategies such as unsteady flamelets proposed in [190]. Another
key challenge lies in the selection of the kinetic mechanism, as validation often shows
discrepancies from experimental data [44].

A common approach in the literature is to solve a transport equation for NO [135,
191], which enables decoupling from the main reaction progress and captures the im-
pact of turbulence-induced fluctuations in temperature and composition on the slow
NO formation process. To further decouple NO from the main flame structure, one
could define a dedicated progress variable based on NO, or include NO in the defini-
tion of the existing progress variable [135]. This would enhance resolution in manifold
regions where the main reaction has reached equilibrium (c = 1), but NO continues to
form, i.e., ω̇NO ̸= 0.

In the present study, NO formation in the TUDelft swirl-stabilized combustor is in-
vestigated in Chapter 10. Preliminary simulations are performed using a thickened flame
model as previously described, combined with the detailed GRI3.0 chemical mechanism
[142], which allows to directly solve for the NO formation in details. In subsequent sim-
ulations using the in-house flamelet based LES model, an approach similar to that pro-
posed in [191] is adopted. A filtered transport equation for ỸNO is solved. As shown in
Fig. 3.2, the NO reaction rate can exhibit both positive and negative values for a fuel
blend of CH4 with 25% H2 by volume. This is due to its formation in different flame re-
gions depending on the dominant pathway and its subsequent diffusion and oxidation
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to NO2, which can result in negative net reaction rates [135, 253]. Therefore, following
[191], the filtered NO reaction rate is expressed as:

ω̇NO = ω̇+
NO + ω̇

−
NO

ỸNO
(3.32)

The terms ω̇
+
NO and ω̇

−
NO are precomputed from laminar flamelets using Eq. 3.6 and tab-

ulated. Since the combustor operates under lean conditions, parametrizing NO produc-
tion in terms of a progress variable defined on the major product species of the main
combustion reaction, i.e. c based on H2O or CO2, is acceptable, since, as shown in
Fig. 3.2, NO formation ceases at high c values on the lean side and ω̇NO → 0 for c → 1.



4
TEST CASES

Four laboratory-scale combustors are used as test cases for the validation and bench-
marking of the numerical models. Each case is selected for its specific features to explore
a range of combustion modes and turbulence conditions. Three turbulent hydrogen
flames are considered: (1) a highly turbulent, partially premixed hydrogen flame; (2) a
moderately turbulent, perfectly premixed hydrogen flame; and (3) a perfectly premixed,
bluff-body-stabilized hydrogen flame. In addition, one bluff-body-stabilized methane
flame is analyzed. Following validation on these canonical flames, the numerical mod-
els are applied to the laboratory-scale swirl-stabilized combustor at TU Delft, which is
more representative of practical combustion chambers.

4.1. PARTIALLY PREMIXED FLAME
The first case study investigated is the partially premixed lifted hydrogen flame in hot
coflow, studied experimentally by Cabra et al. [77]. The setup, sketched in Fig. 4.1 (a),
consists of a central nozzle with an inner diameter D of 4.57 mm and an outer diameter
of 6.35 mm, issuing a fuel mixture composed of 25% H2 and 75% N2 in volume. The bulk
velocity of the fuel stream is 107 m/s, resulting in a Reynolds number of approximately
Re ∼ 23′600. A significant amount of turbulence develops in the shear region down-
stream the nozzle exit. The hot coflow is at a temperature of 1045 K and is composed
by the products (H2O, O2 and N2) of a lean H2/air flame at equivalence ratio φ = 0.25.
In [77] the mixture fraction z is defined according to Bilger’s formulation [139], consid-
ering the main jet as fuel stream and the coflow as oxidizer stream, resulting in a value
at stoichiometry of zst = 0.4741. The flames producing the hot coflow are stabilized on
a perforated plate with a diameter of 210 mm located 70 mm upstream of the central
nozzle exit. The plate is confined by a collar, in order to prevent the entrainment of ex-
ternal air to interfere with the flame region. This way, the central jet is surrounded by a
homogeneous coflow of known temperature and composition.

The fuel from the main jet mixes with the oxidizer provided by the lean hot coflow, re-
sulting in a lifted flame, whose base stabilizes by turbulent premixed flame propagation
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Figure 4.1: Sketch of the lifted flame burner [77] (left), lifted flame computational domain (center), slotted
burner computational domain (right).

enhanced by possible autoignition events [77]. The total flame length is observed to be
L = 30D , and the lift-off height is approximately H = 10D . Measurements using Raman-
Rayleigh scattering and laser induced fluorescence were taken on the centreline from 0
to 26 nozzle diameters downstream. Radial profiles were measured at streamwise loca-
tions from 8D to 26D . Wu et al. [131] further characterised the turbulent flow field under
different operating conditions for both reacting and non reacting cases. Laser doppler
velocimetry (LDV) was used to provide measurements of average axial velocity, axial and
radial velocity rms and Reynolds shear stress.

The present test case has been selected due to its complex partially premixed com-
bustion mode and stabilization mechanism of the hydrogen flame, making it highly suit-
able for evaluating the capabilities of the combustion models discussed in this work.
It is characterized by a broad turbulent kinetic energy spectrum, with a relatively high
Reynolds number and high Damköhler number, which makes this test case a good bench-
mark for testing dynamic modeling strategies under highly turbulent conditions. Fur-
thermore, the availability of extensive experimental data allows for a precise assessment
and validation of the simulation approaches.

Table 4.1: Operating conditions of the lifted partially premixed hydrogen flame case.

D [mm] Ubulk [m/s] Re T [K] XH2 XO2 XN2 XH2O

Jet 4.57 107 23’600 305 0.25 - 0.7427 -
Coflow 210 3.5 - 1045 - 0.1474 0.7534 0.0989

The test case is analysed through LES at the operating conditions summarized in
Tab. 4.1. In Chapter 5, the case is studied using the transported FDF model (ESF) in
combination with detailed chemistry, aiming to investigate the flame topology with min-
imal modeling assumptions. Subsequently, the setup serves as a validation case for a
hybrid FGM-ESF approach. In Chapter 6, it is employed to assess the performance of
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dynamic subgrid-scale model closures on both structured and unstructured grids. Fi-
nally, in Chapter 7, this test case is used to evaluate implemented differential diffusion
model within a flamelet-based presumed FDF LES framework, specifically targeting a
partially premixed hydrogen flame, which shares features with realistic practical com-
bustor applications, e.g. the TUDelft swirl-stabilized technically premixed combustor
in chapter 10. Details of the mesh, boundary conditions, and numerical setup for each
LES analysis of this test case are presented in the corresponding chapters, specifically in
Sections 5.2, 6.2, and 7.2.

4.2. SLOT BURNER

The turbulent lean premixed hydrogen-air flame in slot burner configuration studied in
[53] by means of DNS is simulated in Chapter 7 to gain insight into the capabilities of the
flamelet/presumed FDF LES model to capture relevant effects of differential diffusion
on the flame topology. A hydrogen/air mixture at an equivalence ratio of φ = 0.4 and
temperature Treac = 300 K is issued at a bulk velocity Ubulk = 24 m/s into a secondary
stream composed by the combustion products at temperature Tprod = 1425 K and ve-
locity Uprod = 3.5 m/s, see Fig. 4.2. The jet Reynolds number based on the nozzle width
H = 8 mm is Re = 11000. Berger et al. [53] observed that when an equidiffusive assump-
tion was used, the flame speed was only affected by turbulence, while flame self wrin-
kling and local variations of flame temperature and reaction rate were observed with
differential diffusion. This second case resulted in an increased turbulent flame speed
and an overall shorter flame. Therefore, this test case represents a good benchmark for
the assessment of the effectiveness of the differential diffusion models in the LES. Only
the thermo-diffusively unstable case is simulated in the present study. Table 4.2 reports
the operating conditions of the case, including reactants and products compositions in
terms of species mole fractions Xi . Details of the mesh, boundary conditions, and nu-
merical setup used in the LES of this test case are provided in Chap. 7, Sec. 7.2.

Table 4.2: Operating conditions for the premixed hydrogen slot burner case.

Ubulk [m/s] Re T [K] XH2 XO2 XN2 XH2O

Reactants stream 24.0 11’000 300 0.0116 0.2296 0.7588 0.0
Products stream 3.5 - 1425 - 0.1376 0.7588 0.1036

4.3. BLUFF BODY STABILIZED FLAMES

As described in Sec. 1.2, in bluff body stabilized flames, an obstruction is placed at the
nozzle exit creating a low velocity wake region. The flame can anchor on the shear layer
between the main flow and the wake. This flame holder is generally characterized by
mild turbulence levels and relatively high strain at the bluff body base. In the present
study, the methane bluff-body stabilized flame in confined conditions studied in [75] is
analysed, together with a more recently developed full hydrogen unconfined flame [254].



4

76 4. TEST CASES

15H

4.5H
H

Nx=274

NZ=123

12.5H NY=140

Products inlet
T=1425 K

Reactants inlet
T=300 K Walls

T=300 K

Pressure inlet/outlet

S
ym

m
etry

S
ym

m
etry

x

y
z

Figure 4.2: Sketch of the computational domain adopted in the present work for the simulation of the case
studied in [53]

4.3.1. METHANE FLAME
The lean premixed, bluff-body stabilized flame studied in [75] (Figure 4.3) is considered
in Chapter 6 to study dynamic closures. In this set-up, a low bulk velocity stream of 5m/s
of methane/air mixture at equivalence ratio φ = 0.75 and inlet temperature Tin = 300
K is issued into a cylindrical duct with confinement ratio Rout/Rin = 2, as sketched in
Fig. 4.3. The Reynolds number based on the bluff body diameter D = 25 mm is Re = 7950.
This configuration leads to moderate levels of turbulence in the bluff body wake, where
a recirculation zone is formed, which is ad hoc to compare the ability of the dynamic
models for relatively narrow energy spectrum. The considered operating conditions are
summarized in Tab. 4.3. Details of the mesh, boundary conditions, and numerical setup
used in the LES of this test case are provided in Chap. 6, Sec. 6.2.

25mm

35mm

70mm

80mm

Figure 4.3: Sketch of the computational domain adopted in the present work for the simulation of the low-
turbulence bluff-body flame of Dawson et al. [75]
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4.3.2. HYDROGEN FLAME
A second premixed bluff body stabilized flame is investigated in Chapter 8. This flame
holder, developed at the Norwegian University of Science and Technology (NTNU), was
specifically designed for premixed hydrogen combustion therefore, featuring smaller
size when compared to the previous methane flame holder. This configuration is schemat-
ically illustrated in Fig. 4.4. The geometry is the same as investigated by [254], although
the flame analyzed in the present work is unconfined. Details on geometry and exper-
imental data can be found on the TNF Workshop archive [255]. The conical bluff body
has a diameter db = 13 mm and half-cone angle α = 45◦. The hydrogen-air mixture is
introduced with a temperature T = 300K through an annular duct with an external di-
ameter db = 19 mm and a bluff-body holder diameter of 5 mm. The burner operates
without confinement, allowing the flame to develop freely in an environment at atmo-
spheric pressure and temperature. The operating conditions are summarized in Tab. 4.3.
Experimental dataset consists of OH* chemiluminescence and RMS and time-averaged
velocity, measured at different streamwise locations from the bluff body base. Details of
the mesh, boundary conditions, and numerical setup used in the LES of this test case are
provided in Chap. 8, Sec. 8.2.
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Figure 4.4: Schematic of the NTNU premixed hydrogen burner (left), and corresponding numerical mesh and
boundary conditions (right). All dimensions are reported in mm.

Table 4.3: Operating conditions for the premixed bluff-body stabilized flames.

Ubulk [m/s] Re T [K] φ XCH4 XH2 XO2 XN2

CH4 case [75] 5.0 7’950 300 0.75 0.073 - 0.194 0.733
H2 case [254] 8.75 6’648 300 0.4 - 0.1246 0.183 0.692

4.4. TUDELFT SWIRL-STABILIZED COMBUSTOR
The TU Delft swirl-stabilized combustor was developed within the APPU project as a
laboratory-scale setup for advancing fuel-flexible combustion chamber technologies.
The original design emerged from a series of research efforts [113–115], and the com-
bustor is capable of operating at atmospheric pressure using gaseous fuel blends of CH4

and H2. Current developments aim to extend its capabilities through the integration of
liquid kerosene injection systems [27].
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A schematic of the setup investigated in this study is shown in Fig. 4.5. Air enters the
base of the injector through four radial ports, with a diameter of Dai r = 5.5mm. It is then
guided into an axial swirler composed by eight vanes, featuring an outer diameter of 24
mm and an inner diameter of 10 mm. The swirler imposes a tangential component to
the air velocity field, and the swirling flow is discharged into a mixing tube of diameter
DMT = 24 mm and length lMT = 60 mm. Two different swirler configurations have been
studied experimentally [68], each characterized by an analytical geometric swirl number
of Swgeom=0.7 and Swgeom=1.1, respectively, as defined by [256]. In the present work, the
focus is on the Swgeom=1.1 configuration only. The combustor features an axial air injec-
tion (AAI) system, allowing additional control over the axial momentum of the airflow, as
a flashback prevention strategy. The total air mass flow rate is divided such that a portion
ṁA AI bypasses the swirler and enters the mixing tube directly through a dedicated axial
duct with a diameter of dA AI = 8mm. The AAI fraction is defined as:

A AI = ṁA AI

ṁA AI +ṁsw
, (4.1)

where ṁsw is the mass flow rate of air entering the swirler. Gaseous fuel, composed of
CH4 and H2, is injected into the mixing tube just downstream of the swirler through
four radial ports (dfuel =3.175 mm), creating a jet-in-swirling-crossflow configuration.
The mixing process occurs along the length of the mixing tube, after which the mixture
enters an optically accessible combustion chamber with a diameter DCC=150 mm and a
length of lCC= 400 mm. The coordinate system is defined with its origin at the centerline
of the mixing tube, positioned at the combustion chamber inlet, with the y-axis aligned
with the streamwise direction of the flow.

Figure 4.5: Schematic representation of the TU Delft swirl-stabilized burner with a detailed view of the injector
and the acquisition locations of experimental measurements. Courtesy of Sarah Link [68].

For the simulations in the present work, a reference power setting of P =12kW is
considered, with a corresponding air mass flow rate of ṁai r = 0.00538kg/s. Depending
on the selected fuel blend, the nominal equivalence ratio φnom varies according to the
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effective lower heating value of the fuel LHV f uel . Specific operating conditions for each
case are detailed in the respective chapters. Experimental studies have shown that, at
this power setting, an AAI of 20% was necessary to stabilize a flame fueled by 100

Several experimental diagnostics are available to support numerical simulations [68].
Velocity fields in the axial plane were measured using Particle Image Velocimetry (PIV).
OH∗ chemiluminescence provides line-of-sight information about flame shape and an-
choring, and the signal can be Abel-deconvoluted to retrieve visual description of high
heat release rate regions within the chamber axial plane. Additionally, PLIF (pulsed laser
induced fluorescence) technique offer a qualitative spatially resolved visualization of the
concentration of OH and NO species within the combustion chamber the flame front
and anchoring behavior. Quantitative measurements of emissions were obtained using
a gas analyzer placed along the central axis at the combustor exit, providing mole frac-
tions of NO and CO [68].

Details of the mesh, boundary conditions, and numerical setup for each LES anal-
ysis of this test case are presented in the corresponding Chapters 9,10, specifically in
Sections 9.2.1 and 10.3, respectively.
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5
ANALYSIS OF A PARTIALLY

PREMIXED HYDROGEN FLAME

THROUGH EULERIAN STOCHASTIC

FIELDS METHOD

5.1. INTRODUCTION
One of the critical aspects in developing LES models for turbulent hydrogen combustion
is the accurate treatment of subgrid-scale turbulence–chemistry interaction. In LES, the
grid resolution is typically of the order of the laminar flame thickness, making the flame
front and its interaction with turbulence largely a subgrid phenomenon.

As discussed in chapter 2, statistical approaches, such as filtered density function
(FDF) methods, represent a very effective and robust approach for subgrid combus-
tion modelling. In these methods the local thermochemical state of the mixture is de-
scribed through a statistical distribution, which can either be presumed or transported.
While presumed FDF methods (PFDF) involve stronger modelling assumptions about
the shape and statistical independence of scalars, transported FDF approaches (TFDF)
minimize such assumptions and allow for a description of the chemical reaction source
terms in a closed form. In these methods the FDF is represented by a set of samples
evolving according to modelled stochastic differential equations. The samples can ei-
ther represent a local instantaneous condition (Lagrangian stochastic particle method
(LSPM)) or an instantaneous condition in the whole domain (Eulerian stochastic field
(ESF) method). Transported FDF methods are typically combined with detailed chem-
istry.

In this chapter, a combination of the ESF method with a tabulated chemistry ap-
proach based on the Flamelet Generated Manifold (FGM) is proposed, similarly to the

Parts of this chapter have been presented at the Mediterranean Combustion Symposium 2025
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work in [232], and applied for the LES of a hydrogen flame. This hybrid FGM-ESF model
introduces modelling assumptions on chemistry, but significantly improves computa-
tional efficiency by solving for a reduced set of control variables (mixture fraction and
progress variable) instead of solving equations for every single species. The goal is to
retain the strengths of ESF in representing subgrid turbulence–chemistry interaction,
while reducing the computational cost associated with fully detailed chemistry.

Both fully detailed chemistry (FC-ESF) and the FGM-ESF model are applied to simu-
late the partially premixed lifted hydrogen flame, described in chapter 4. This configura-
tion is selected for its broad range of physical features, including turbulent fuel-oxidiser
mixing at various temperatures, aerodynamic flame stabilization trhough hot products,
and multi mode combustion, characteristics typically found in combustors for practi-
cal applications. The case is first analysed using the FC-ESF method to gain insights
into flame structure and dynamics, which serves as a reference. The FGM-ESF model
is then applied to the same configuration to assess the predictive capability of flamelet
tabulation on the various flame features in comparison to detailed chemistry. These pre-
liminary investigations are propaedeutic for successive developments of flamelet-based
LES models and presumed FDF approaches for hydrogen combustion addressed in sub-
sequent chapters.

5.2. NUMERICAL DETAILS
LES are run using the open-source software OpenFOAM-v6, which uses the finite volume
approach to discretise the reactive Navier-Stokes equations. Second order spatial dis-
cretization schemes are adopted for every transported quantity, including the stochastic
fields, with limiters towards first order for regions characterized by strong gradients. First
order Euler scheme is adopted for temporal integration and a fixed timestep is imposed
to guarantee a CFL number below 0.5 in the regions of interest. The equations for con-
tinuity, momentum, sensible enthalpy, described in Sec.2.9.1 and the stochastic fields of
species (replaced by progress variable and mixture fraction in the case of the FGM-ESF
model), according to Sec. 3.1, are solved using a low-Mach, density varying formulation
where the pressure-implicit with splitting operator (PISO) loop [257] is used to couple
pressure and velocity field. An outer loop with at least 5 iterations is used to improve
convergence of the thermochemical quantities. The WALE model [258] is used to close
the SGS stress in the momentum equation. The turbulent transport terms in all scalar
equations are closed using a gradient hypothesis, and the molecular viscosity is com-
puted via Sutherland’s law, Eq. 2.11. Diffusion constants are computed in the assump-
tion of unity Lewis number and using a Schmidt (Prandtl for the energy equation) num-
ber of 0.7. Although the assumption of unity Lewis number is arguable for a case with
hydrogen fuel, the relatively high turbulence level of the studied case and the dilution
of the hydrogen stream with nitrogen makes the assumption reasonable, as discussed
in [101] and Chapter 7 and as further verified by the good comparison with statistics
from experiments to be shown next. The inclusion of differential diffusion modelling
within the transported FDF LES context was explored in [229], where mild effects on the
flame lift off hight were observed, with improvements of the predictions in comparison
to experimental data. However, the investigation of differential diffusion implementa-
tion in the ESF framework is beyond the scope of the present thesis, where differential
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diffusion modelling is instead investigated in the flamelet-based LES approach with pre-
sumed FDF, see Chap. 3.2.3. Density is computed using the equation of state, in which
the molecular weight is reconstructed from the transported species in the case of the
FC-ESF model, and from the pre-computed table in the case of the FGM-ESF model.

With reference to Fig. 4.1, the numerical domain consists of a cylinder spanning
about 40D and 50D respectively in the radial and axial directions, being D the diam-
eter of the central fuel nozzle. The domain is discretized using a structured mesh of
230× 60× 80 cells respectively in axial, radial and azimuthal directions, amounting to
897’000 cells in total. The cells are non-uniformly distributed so that they cluster in the
region of the shear layer and up to about 30D from the nozzle exit. The typical cell size
in this region is of the order of the laminar flame thickness, δl ≈ 0.66-1 mm. The same
mesh is shown to be accurate enough and to satisfy Pope’s 80% turbulent kinetic energy
criterion [97], as analysed in details in the next chapter [101]. Boundary conditions are
assigned as follows. A turbulent inlet velocity profile with synthetic turbulence is im-
posed at the nozzle exit using the approach in [259], where the turbulent velocity profile
and rms of axial and radial components are taken from experimental measurements in
[162, 260]. The integral length scale at the inlet is l0 = 0.07D and was chosen after prelim-
inary analysis by targeting the correct jet spreading rate and its mixing with the coflow
(quantified by measurements of mixture fraction). Particular sensitivity of the jet evo-
lution and flame lift off high to the inlet turbulence was observed, as later described in
Chapter 7. Atmospheric pressure is imposed at the outlet, and zero-gradient conditions
are imposed to outlet and lateral boundary for all scalars. Temperature at the inlets is
assigned according to the experiment, as reported in Tab. 4.1. For the FGM-ESF case,
the progress variable is zero at the inlets, and ignition is artificially imposed by creat-
ing a cylindrical sub region with c̃ = 1. The mixture fraction is 1 at the jet inlet and 0
in the coflow. The LES are run for 4 flow-though times, defined as the time needed by
an element of fluid on the centreline to travel 40D . Of these, the last three are used
to collect statistics. The flamelet database in the case of the FGM-ESF model consists
of 300 unstretched freely-propagating one-dimensional flamelets spanning the flamma-
bility limits, computed using the solver CHEM1D [141] with the San Diego chemical ki-
netics mechanism [143]. The temperature and species mass fractions in the reactants of
each flamelet vary linearly with the mixture fraction from their value in the oxidiser (the
hot coflow), z = 0, to the fuel stream, z = 1, as reported in Tab. 4.1. Each flamelet is dis-
cretised in the progress variable space using 100 points. Outside the flammability limits
values needed for the LES are interpolated between the closest flamelet value and the
value in the fuel and coflow streams respectively, except for the reaction rate of progress
variable which is set to zero.

5.3. RESULTS

5.3.1. FLAME STRUCTURE AND OVERALL MODEL PERFORMANCE

Results obtained using the ESF-FC and ESF-FGM models are first compared to exper-
imental data to assess the respective capabilities of the two models in predicting the
correct flame structure. Radial profiles of mean and rms axial velocity are compared to
experimental data from [77] in Fig. 5.1 (left).
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Figure 5.1: Radial profiles at different axial locations of mean and rms axial velocity (left), mixture fraction
(center) and temperature (right) from experiments [77] ( ) and LES with FC-ESF model (2 fields —, 8 fields - -)
and ESF-FGM model (2 fields —, 8 fields - -).

Results from LES are shown for two Eulerian stochastics fields (2F) and eight Eule-
rian stochastic fields (8F). Both FC-ESF and FGM-ESF approaches are observed to pre-
dict the velocity and rms fields with very good accuracy as compared to experiments,
indicating that turbulent shear layer characteristics and jet spreading rate are well cap-
tured in both cases. Radial profiles of mean and rms temperature and mixture fraction
are further shown in Fig. 5.1 (right). Also for these quantities, the FC-ESF and FGM-ESF
approaches give similar predictions. Some higher temperature is observed at x/D = 8
for r ≈ D in the case of the FGM-ESF, which is due to the fact that the flame lift-off height
is predicted more upstream as compared to the FC-ESF approach. Both approaches,
however, underestimate the flame lift-off height of about three nozzle diameters, which
explains the local temperature peak found at x/D ≤ 10 in Fig. 5.1, which is not present
in the experimental measurements. At these locations, in fact, the mixture temperature
increases only due to the mixing between the cold fuel stream and the hot coflow from
the pilot. The mis-prediction of lift-off height is in line with previous studies [234, 260]
and the further analysis carried out in the present thesis, in Chaps. 6 and 7 [101, 261],
and was expected due to the strong sensitivity of this parameter to the inlet turbulence
conditions as mentioned in Sec. 5.2 and investigated in Appendix B. The FC-ESF and
FGM-ESF models predict the rms values of mixture fraction, z̃rms with very good accu-
racy, with the FGM-ESF model giving some slightly higher predictions as compared to
experimental values. The rms of temperature is also predicted with relatively good ac-
curacy by both models, and some over-prediction observed for x ≤ 10D is associated to
the over-prediction of temperature observed due to the underestimation of the lift-off
height.

For each considered variable, the sensitivity to the number of Eulerian stochastic
fields is found to be minimal for the studied configuration. In particular, the profiles at
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Figure 5.2: Radial profiles of mean H2 mass fraction (left), mean OH mass fraction (centre) and its rms (right),
obtained from experiments [77] ( ) and LES with FC-ESF model (2 fields —, 8 fields - -) and ESF-FGM model (2
fields —, 8 fields - -).

.

N = 2 and N = 8 predicted by the FGM-ESF approach appear almost identical, suggest-
ing that this approach can be employed at relatively low cost. Due to the above sensi-
tivity, only results obtained for the N = 2 cases will be discussed in the remainder of the
paper.

Time averaged radial profiles of chemical species as predicted by the two approaches
are compared against experiments in Fig. 5.2, which shows a good agreement between
the hydrogen mass fraction YH2 profiles predicted by the two numerical models and
experimental measurements. Some under-prediction of hydrogen mass fraction is ob-
served at axial locations x < 14D , consistently with the under-prediction of the flame lift-
off height in the LES. In facts, the two models predict lower hydrogen mass fractions in
the shear layer region, where the flame stabilizes at r /D ≈ 1 and hydrogen consumption
starts to take place more upstream than what observed experimentally. As observed from
the temperature radial profiles, the FGM-ESF model predicts a more upstream flame sta-
bilization point as compared to FC-ESF, and consequently lower hydrogen mass fraction
in the flame region at x = 8D . Nevertheless, no significant further differences are ob-
served in the predictions from the two models, confirming that the FGM-ESF approach
is able to mimic the beahviour of the main species with good accuracy.

Profiles of mean and rms OH mass fraction YOH are compared with experimental
measurements in Fig. 5.2 (right) to assess the capability of the two LES models to de-
scribe the formation and reaction of intermediate species. OH data is shown for sim-
plicity only for axial locations x ≥ 10, where a flame is present in both simulations and
experiments. Results show that the prediction of YOH is more sensitive to the computed
flame stabilization height and chemistry modelling, compared to the major species. In-
deed, the slightly more upstream flame position in the LES, as compared to experiments,
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leads to non-negligible overestimation of OH mass fraction at axial locations x ≤ 11D
with both models. The FC-ESF approach provides accurate predictions of average and
rms ỸOH at x ≥ 14D. An over-prediction as compared to the measured values is observed
at x/D = 10, due to the fact that this location is around the flame anchoring position,
which is slightly under-predicted by the numerical simulations. The ESF-FGM approach
yields relatively good predictions as compared to the FC-ESF approach. Interestingly, the
FGM-ESF approach results in lower OH values than FC-ESF despite predicting a more
upstream flame, which may be a direct result of the assumptions underlying the FGM
approach. In the FGM-ESF case the level of OH is tabulated as function of the progress
variable based on H2O, assuming presence of a flamelet structure. This does not take
into account possible deviations of the thermochemical states from the tabulated man-
ifold, associated for example to the response of OH-chemistry to rapid strain rate varia-
tions. Despite this, the predictions of OH from the FGM-ESF method remain relatively
similar to those of the more detailed FC-ESF method, suggesting that the correct flame
structure is still predicted in the former case.

In the next section further characteristics of the reacting flow field as predicted by
the two approaches are compared to evaluate potential capabilities and limitations of
the FGM-ESF in predicting the correct burning states.

5.3.2. INSTANTANEOUS FEATURES AND BURNING STATES
Due to the partially premixed nature of the lifted flame, the FGM-ESF model might be
limited in predicting the correct burning modes, and consequently the correct reaction
rates, as a dataset of premixed flamelets is used to represent the thermochemistry. By
general inspection, the reacting flow field predicted by the two approaches presents
similar features, as can be observed by the reaction rate countours and the isolines of
progress variable in Fig. 5.3a. In particular, one can notice that the anchoring point, or
lift-off height, of the flame is predicted at about the same location (mildly more upstream
in the case of the FGM-ESF model). An inspection at the progress variable reaction rate
(normalized water mass fraction) near this anchoring point in the same figure shows
that this quantity is predicted similarly by the two combustion models, which explains
the overall similar statistics observed in the previous section.

Additionally, the Takeno flame index [262] is computed to identify the flow regions
where the mixture burns in premixed or non-premixed mode. The flame index is defined
here as:

F.I. = ∇YH2 ·∇YO2∣∣∇YH2 ·∇YO2

∣∣ (5.1)

and assumes value 1 if the combustion is premixed and −1 if it is non-premixed. Al-
though the accuracy of this definition has been argued in a number of past studies, it is
acceptable in the context in the present work where only a qualitative assessment of the
relative capabilities of the two combustion approaches is needed.

Midplane contours of the flame index are shown for a generic time step in Fig. 5.3b
as predicted by FC-ESF and FGM-ESF approaches. Isolines of stoichiometric mixture
fraction and progress variable c̃ = 0.5 are also shown to indicate fuel-oxydiser mixing
line and flame location. The flame index as predicted by the FC-ESF model approach
is −1 in the region of inert fuel-oxidiser mixing upstream of the flame as the gradients
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Figure 5.3: Midplane contours of instantaneous normalised water reaction rate (left) and flame index (right).
Stoichiometric mixture fracion z̃ = 0.47 and progress variable c̃ = 0.5 are marked as white and red solid lines,
respectively.

of H2 and O2 are aligned and pointing in opposite direction. Near the flame ignition
point, (x/D ≈ 8), a spot burning in premixed mode is found on the lean side (radially
outwards in respect to the stoichiometric line), while non-premixed mode is observed
in correspondence of stoichiometric condition. Further downstream in the flame region
(10 ≤ x/D ≤ 20), the core of the jet appears dominated by premixed mode at rich condi-
tions (see region near the isoline of c̃), and this region is surrounded by residual unburnt
fuel that reacts with oxygen in the external coflow in non-premixed mode (see values of
F.I. = −1) along the stoichiometric line. The FGM-ESF approach also predicts a similar
index distribution, despite the mass fractions of oxygen and fuel are retrieved from the
flamelets database and thus depend on the controlling variables.

To better investigate the instantaneous burning features predicted by the two mod-
elling approaches, scatter plots of instantaneous temperature, OH mass fraction, water
mass fraction, and its normalised reaction rate, are shown versus mixture fraction in
Fig. 5.4. Reaction rate and OH values are collected only in the flame region, identified
here with the locations where ω̇c is above 2% of its maximum value from flamelets cal-
culation. Values for T and YH2O are instead only collected in the region where c̃ > 0.1 in
order to exclude the unburnt reactants while retaining the burnt condition. The FGM-
ESF model predicts peak temperatures which encompass all burning states found in the
flamelets database, for which the adiabatic flame temperature against mixture fraction
is reported as a blue line. Conversely, equilibrium values are not fully reached in the case
of the FC-ESF model, suggesting that detailed chemistry and species transport leads to
the prediction of an overall slower combustion time scale, compared to turbulent mix-
ing time scale, with respect to what predicted by the flamelet approach. Nevertheless,
the conditional average of temperature from the two models remains very similar, ex-
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Figure 5.4: Scatter plots of temperature T , water mass fraction YH2O, OH mass fraction and normalised water

reaction rate ω̇c versus mixture fraction in the flame region, coloured by the distance form nozzle exit x/D and
obtained using FC-ESF and FGM-ESF models. Equilibrium conditions and maximum reaction rate computed
from the flamelet database are shown with blue lines (—) . Vertical dashed lines indicate lean (- -) and rich (- -)
flammability limits, and stoichiometric condition (- -). Conditional averages are also shown for the FC-ESF
case (—) and the FGM-ESF case (—). For the reaction rate plot, the conditional mean in the case of the FGM-
ESF model is shown with (·- ·) and without (—) the correction term ω̇np.
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cept for very rich conditions where the conditional mean is observed to be higher in the
case of the FC-ESF model (to be discussed later). The scatter plots of water mass fraction
shows that slightly more water is produced in the case of the FGM-ESF model near sto-
ichiometry, which could further support the argument of a slower reaction time scale.
However, the conditional mean in the mixture fraction space remains similar between
the two modelling approaches.

In addition to different reaction time scales, these observations could suggest that
detailed chemistry modelling better represents secondary dissociation reactions of wa-
ter into OH, particularly present at high temperatures close to stoichiometry, which are
instead not captured by tabulated chemistry. These reactions cause reductions in water
mass fraction and temperature around stoichiometry while increasing OH mass fraction,
in line with the observations in Fig. 5.2 and the scatter plots in Fig. 5.4. Consistently,
a lower peak value of the YOH conditional mean is observed from the scatter plots for
the FGM-ESF model as compared to the FC-ESF case in Fig. 5.4. The two models show
similar distribution of OH values within the whole range of the flamelets database. Con-
sistently with flamelets computation, peak values are observed around stoichiometric
conditions towards the lean side, z̃ ≈ 0.45, and these states are reached at axial locations
x ≈ 13D in the LES. At lean conditions, the maximum OH values are observed in cor-
respondence of the flame base, x ≈ 8− 10D (blue coloured points in the scatter plot),
while further downstream (red coloured points) the maximum values are only reached
at rich conditions, corresponding to inner jet regions towards the core (see contours in
Fig. 5.3 and radial mixture fraction profiles in Fig. 5.1). The predicted OH distribution
is directly linked to the flame structure and correlates with the distribution of reaction
rate, as described next.

By looking at the scatter plots of normalised water reaction rate versus mixture frac-
tion (Fig. 5.4, bottom row), the two models give overall similar predictions, with two
peaks markedly visible in the conditional means respectively on lean and rich sides.
While the lean peak is found at about the same mixture fraction value by the two ap-
proaches, the rich peak is slightly shifted towards the rich side in the case of the FGM-
ESF approach as compared to the FC-ESF approach, indicating that the mixture is found
on average at richer conditions before being burnt. Note that in both approaches the
burning states near the rich flammability limit are predicted with a reaction rate which is
higher than the maximum obtained from a premixed flamelet computation at the same
mixture fraction. This is due to the simultaneous mixture fraction redistribution by tur-
bulence affecting the reaction process in the inner rich branch of the flame. Overall,
these results suggest that the FGM-ESF approach is capable to predict these states, at
least from a qualitative standpoint. From a quantitative point of view, reaction rates are
higher in the case of the FGM-ESF model for values of z̃ near stoichiometry and up until
z̃ ≈ 0.7, confirming the argument of the faster combustion time scale compared to tur-
bulent mixing time scale predicted by the FGM-ESF approach, at least for this range of
z̃. On the other hand, values of reaction rates in the lean range 0.2 ≤ z̃ ≤ 0.4 and close to
the rich flammability limit are higher in the case of the FC-ESF model.

By cross correlating the flame index contour in Fig. 5.3 with the reaction rate scatter
plots in Fig. 5.4, one can infer that the reaction rate peak located on the lean side is
associated to lean premixed combustion occurring mostly near the flame base x/D ≈



5

92
5. ANALYSIS OF A PARTIALLY PREMIXED HYDROGEN FLAME THROUGH EULERIAN

STOCHASTIC FIELDS METHOD

5, while rich premixed combustion occurs mostly downstream (see rightmost peak of
conditional reaction rate in Fig. 5.4). Near stoichiometric conditions the flame burns
in non-premixed mode and reactions are observed to be stronger near the flame base,
as observed from Fig. 5.4 where high reaction rate values at stoichiometric conditions
(black dashed line) are found at upstream locations (blue colour) while lower reaction
rate values are found at more downstream locations (red colour).

These non-premixed burning states could be responsible for the higher conditional
reaction rate observed around stoichiometric conditions for the FGM-ESF model, which
on the opther hand fully relies on a manifold of premixed flamelets. To assess this, the
correction term ω̇np defined in Eq. 3.7 is computed a posteriori from filtered quantities
and its effect on the reaction rate conditional mean ω̇c + ω̇np is shown in Fig. 5.4 for the
FGM-ESF model. This term accounts for the dependency of the progress variable scal-
ing factor on the mixture fraction ψmax(z), and therefore for the effects of partial pre-
mixing. The figure indicates that the conditional mean of "corrected" reaction rate from
the FGM-ESF model recovers the values predicted by FC-ESF model near stoichiometric
conditions, while the correction is less relevant at lean and rich conditions. Note that
ω̇np is of leading order and prevalently negative in the non-premixed regions found at
stoichiometric conditions [136], implying that the uncorrected reaction rates are higher
in the non-premixed regions. In turn, this is in line with the higher temperature and
water mass fraction values predicted around stoichiometric conditions by the FGM-ESF
model, as seen from the scatter plots in Fig. 5.4, and the more upstream flame stabiliza-
tion as compared to the FC-ESF predictions, see Figs. 5.3 and 5.1.

5.4. SUMMARY

A partially premixed hydrogen lifted flame was investigated by means of large eddy simu-
lations with eulerian stochastic (ESF) fields subgrid closure. A recently-developed hybrid
model based on flamelet generated manifold (FGM) tabulation of the thermochemical
states was assessed in comparison to experimental data and results obtained using the
classical ESF method with fully detailed chemistry (FC-ESF).

An excellent agreement with experimental measurements is observed in terms of
mean and rms velocity and mixture fraction predicted by the ESF model with both fully
detailed chemistry and FGM tabulation. Temperature and major species fields are also
accurately predicted by the two LES models, despite some under-prediction of the flame
lift-off height. In general, the FGM model based on premixed flamelets appears to mimic
well the results of the fully detailed chemistry approach. The main reaction process is
well described by the FGM model with slightly higher reaction rates at the lean premixed
flame base and a more upstream flame stabilization as compared to the fully detailed
chemistry, but without considerable differences in the prediction of the major species
fields. On the other hand, some differences are observed in the prediction of the inter-
mediate species OH, which is more sensitive to chemistry modelling and flame location.
The FGM predicts overall lower mass fractions of this species as its value is retrieved
from the thermochemical states collected in the premixed flamelets database. Despite
the OH chemical kinetics described by the FC-ESF approach may deviate from the tab-
ulated states, the FGM approach is able to give satisfactory quantitative predictions.
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An investigation of the instantaneous realizations of the burning states reveals that
higher reaction rate values are obtained from the FGM-ESF model, except for a lean
region at relatively upstream locations and for very rich conditions, which is in line
with the prediction of a more upstream flame stabilization point. Near the stoichiomet-
ric conditions these differences may be caused by combustion in non-premixed mode.
Nevertheless, the use of a correction factor non-premixed combustion effects is shown
a-posteriori to suffice in restoring the burning state predicted by detailed chemistry, de-
spite the thermochemical database in the FGM is based on premixed flamelets only. In
lean and very rich regions, where premixed mode is dominant, only mild difference is
observed in the local realizations of reaction rate predicted by the two models. Overall,
the FGM-ESF model predicts qualitatively similar distribution of reacting states com-
pared to FC-ESF including predictions of reaction rate values about the maximum flamelet
value on the rich side and the double-peak shape of conditional reaction rate distribu-
tion in mixture fraction space. Quantitative differences only seem to mildly affect the
prediction of statistics.

The presented analysis provides a starting point for modelling partially premixed hy-
drogen combustion with a flamelet-based chemistry tabulation, offering insights into
the advantages and limitations of this approach in such combustion systems. Building
upon these results, presumed FDF subgrid modelling is introduced in the next chapter,
where a dynamic closure for the transport equation of the subgrid-scale variance of the
progress variable is tested. Part of the next investigation is carried out using the same
test case explored in the present chapter.





6
DYNAMIC MODELLING OF SUBGRID

SCALAR DISSIPATION RATE WITH

DIFFERENTIAL FILTER

6.1. INTRODUCTION
Among the number of combustion models available in the LES framework, flamelet-
based approaches coupled with presumed filtered density function (FDF), described in
details in Sec.3.2, offer a very robust and computationally efficient strategy for the accu-
rate description of turbulence–chemistry interactions. They have been tested on a broad
range of combustion systems, providing highly satisfactory results in premixed and par-
tially premixed regimes [108, 135, 263–265]. Therefore, they represent a promising tool
for the present research, aiming at developing numerical models for computationally
efficient analysis and design of hydrogen turbulent combustion systems.

Accurate modelling for the subgrid-scale (SGS) variance of the progress variable is
critical in flamelet-based LES models with presumed FDF. This quantity directly influ-
ences the filtered reaction rate ω̇c and the overall fidelity of turbulence–chemistry in-
teraction modelling. As described in Sec.3.2, the transport equation for the SGS vari-
ance of the progress variable includes a sink term based on the unresolved (SGS) scalar
dissipation rate of the progress variable ε̃c needs closure. Models for ε̃c are commonly
proportional to the SGS variance and can be written in general form as:

ε̃c = f1σ
2
c /βc , (6.1)

where βc is a modelling constant and f1 is a function, defined in Eq. 3.12 [89, 102], de-
pending on local parameters describing turbulence, combustion and LES filter. The
model constant βc depends on flame curvature, diffusion and reaction processes, and
is generally scale-dependent. Its choice is of crucial importance to obtain the correct
estimation of SGS variance. Thus, while the use of a static value of the combustion con-
stant may lead to good results, it requires an accurate preliminary tuning. Furthermore,
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the value might need to vary in space and time for cases where the aforementioned pro-
cesses or the numerical mesh (thus the LES filter) is not homogeneously distributed, and
for such cases a single constant value might not be suitable.

For these reasons, the application of a dynamic approach for the adaptive calculation
of the model constant may represent a very suitable strategy. Relatively recently, scale
similarity assumptions for modelling parameters such as flame wrinkling and flame sur-
face density have been proposed and investigated, e.g. see [98, 103, 247, 266]. Dynamic
models based on the scalar dissipation rate have been also investigated [102, 245]. Al-
though these models were observed to work on different regimes, the assumption of
scale similarity is arguable for reacting quantities, and it is unclear whether the appli-
cation of dynamic modelling leads to correct estimation of the modelling constant. An
example was provided in [209], where it was discussed that on unstructured meshes the
classical test-filter approaches based on Gaussian shapes lead to excessive noise and in-
correct results due to the pseudo-Fourier condition [201]. Nevertheless, to the best of the
authors’ knowledge, a thorough investigation of the influence of the test filter in dynamic
modelling for combustion LES still does not exist.

In the present chapter the aim is to fill this knowledge gap by investigating differ-
ent test filtering techniques, and evaluating the outcomes on two different combustion
systems in order to evaluate the performance under different turbulent and computa-
tional mesh conditions. In particular, the study employs the so-called differential filters,
presented in details in Sec. 3.2.2, where the general test filtered quantity φ̂ is obtained
through the resolution of a differential equation rather than the direct application of a
Gaussian filter. This class of filters has been commonly used for non-reacting flows (e.g.
see [267]), but not for reacting cases. The advantages and limitations of these are com-
pared to classic algebraic approaches, see Sec. 3.2.2, from both modelling and compu-
tational cost perspectives, for the dynamic computation of the model constant βc in the
context o flamelet-based LES with presumed FDF. The analysis is performed by simulat-
ing the highly turbulent partially premixed lifted hydrogen flame already investigated in
Chap. 5 with the ESF approach, firstly on the same block structured mesh employed for
previous study, and successively on an unstructured mesh with similar refinement level.
The study is then extended to the lean premixed, bluff-body stabilized methane flame
studied in [75], introduced in Chap. 4, which presents lower turbulence intensity.

6.2. TEST CASES AND NUMERICAL DETAILS
For the analysis in the present work, two test cases are selected. The first, Case A (Fig. 4.1),
is the lifted jet flame in hot vitiated coflow developed by Cabra et al. [77]. This case is
characterized by relatively high Reynolds number and a relatively wide turbulent kinetic
energy spectrum. The second case, Case B (Figure 4.3), is the lean premixed, bluff-body
stabilized flame studied in [75]. This configuration leads to moderate levels of turbu-
lence in the bluff body wake, where a recirculation zone is formed, which is ad hoc to
compare the ability of the dynamic models for relatively narrow energy spectrum.

The two cases, at operating conditions summarized in Tables 4.1-4.3, are simulated
using an in house solver implemented in OpenFOAM v9, which uses the finite volume
approach and a low-Mach approximation to solve the reacting Navier-Stokes equations
along with the four transport equations for the controlling variables discussed in Sec. 3.2.
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Figure 6.1: Pope criterion: ratio of the subgrid kinetic energy kSGS (from turbulence model) and total turbu-
lence kinetic energy (K resolved + modelled).

The Pressure-Implicit with Splitting Operator (PISO) loop [257] is used for the pressure-
velocity coupling, with a minimum of 5 additional outer iterations per time step for the
other equations. An implicit Euler scheme is used for time marching along with a time
step ensuring that the CFL number is below 0.3 everywhere in the domain. Second or-
der schemes are used for the spatial gradients, with Gamma limiters [172] to improve
stability in the region of the flame where strong gradients are present.

Two block-structured meshes of 0.9 and 2.6 million hexahedral cells are generated
using Ansys ICEM CFD software and used for cases A and B, respectively. Additionally,
case A is also simulated on a computational grid of 3.3 million tetrahedral cells to inves-
tigate the effects of the test filters also when an unstructured mesh is in use. Each grid
is refined within the flame region to have a ratio between cell size and laminar flame
thickness of about 1.

The Pope criterion [97] is employed to assess that at least 80% of the total turbulent
kinetic energy falls within the resolved scales and ensure a suitable grid resolution. For
this purpose midplane contours of the ratio kSGS /(K +kSGS ) are shown in Fig. 6.1, where
kSGS is the subgrid kinetic energy taken from its transport equation (Eq. 2.58 and K is
the resolved turbulent kinetic energy. The contour plots show that the modelled kSGS

falls below the 20% of the total turbulent kinetic energy in the regions of interest of the
domain, i.e around the flame. It has to be noted that high values of this ratio are encoun-
tered at the walls, where most of the kinetic energy in the boundary layer is modelled
through wall functions, and in low turbulence regions of the domain, where both kSGS

and K approach zero, which also explains the relatively larger values observed for case B
(bluff body).

For case A, constant ambient pressure is imposed at the outlet and at the lateral cylin-
drical surface, while zero normal gradient condition is imposed to the other quantities.
Constant temperature conditions are imposed at the jet and coflow inlet according to
Tab. 4.1, and a constant axial velocity of 3.5 m/s is imposed at the coflow inlet. A syn-
thetic eddies generator [259] is used to impose a time-varying turbulent velocity profile
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at the jet inlet. A target mean velocity profile and rms velocity profile are imposed ac-
cording to the measurements reported in [131, 260, 268]. The flame lift-off height was
observed to be very sensitive to the turbulent inlet condition [260] and a value for the
integral turbulent length scale l0 must be accurately chosen. As no experimental char-
acterization is available for this quantity, a sensitivity analysis was performed and a value
of l0 = 0.07D was selected for the block-structured mesh, as it was observed to provide
a good representation of jet spreading, and good agreement with measured averaged
and rms mixture fraction and velocity profiles. A mesh sensitivity analysis (reported in
the Appendix Section) and the Pope’s criterion for turbulent kinetic energy reported in
Fig. 6.1 show that the block-structured and the unstructured meshes have similar level
of refinement and are able to resolve most of the turbulent kinetic energy. However, the
instantaneous velocity conditions produced by the synthetic eddies generator can be de-
pendent on the selected mesh, also for same values of the integral length scale. For this
reason, to obtain similar turbulent velocity field (mean and rms velocity) near the noz-
zle exit x = 1D, where experimental measurements are available, a value of l0 = 0.05D
was imposed for the unstructured mesh. On the two meshes, the comparisons between
the two test filter strategies, which represent the objective of the present work, are con-
ducted at the same integral length scale value.

For case B, a plenum is located downstream of the flame region to prevent influence
of the outlet boundary conditions on the flame and constant ambient pressure is im-
posed at its outlet, see Fig. 4.3. Adiabatic boundary conditions are used for temperature
and enthalpy at the wall and no-slip conditions for the velocity. Spalding wall functions
are used for the SGS viscosity at the wall [269].

The precomputed and tabulated thermochemistry is built on premixed freely propa-
gating laminar 1D flamelets at given reactants conditions. The calculation is performed
using the CHEM1D solver [141] together with GRI3.0 mechanism [142] for the methane-
air flame (case B) and San Diego mechanism [270] for the hydrogen flame (case A). A
unity Lewis number is considered for every species when modelling the diffusive trans-
port in both test cases. Under this assumption, the mixture fraction value is constant
along a single flamelet and equal to its value in the reactants. A total of 100 and 50 points
are used to discretize respectively the progress variable space (varying between 0 and 1)
and its SGS variance (varying between 0 and c(1− c)). For case B, a single methane-air
flamelet at an equivalence ratio of φ = 0.75 and reactants temperature of Tr eac = 300 K
is considered. For Case A (lifted hydrogen jet flame in hot coflow), also the mixture frac-
tion and its SGS variance are included as control variables, therefore a database of 300
freely propagating premixed flamelets is built, with reactants equivalence ratios span-
ning the flammability range, corresponding to a mixture fraction range z = [0.1, 0.75]
and stoichiometric conditions at zst = 0.474. In this case, the mixture fraction represents
the mixing between jet and coflow streams. Therefore, the reactants temperature and
species mass fractions vary linearly with the mixture fraction, between their value in the
coflow (oxydiser stream z = 0), to their value in the jet (fuel stream z = 1), as reported
in Tab. 4.1. When tabulated, the mixture fraction z range is discretised with 160 linearly
spaced points within the flammability limits, and its subgrid variance σ2

z is discretised
using 15 exponentially-spaced points between 0 and z(1− z). Thermodynamic states
outside the flammability limits are linearly interpolated between the values at the lean
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Figure 6.2: Time required, in seconds per iteration, to compute the modelling parameter βc using differential
(−) and algebraic (−) test filters, for different number of CPU-cores, nCPU used in parallel. The scaling obtained
using a static (fixed) value of βc (−) and the ideal scaling (−) are also reported for reference.

(rich) flammability limit and air (fuel) conditions.
A typical computation of a characteristic flow through time for cases A and B takes

about 4k and 12.5k CPU-hours (on block-structured meshes), respectively, using 256
cores in parallel on a 2.6 GHz Intel Xeon processor architecture. The CPU time for the dif-
ferent strategies for the definition of the model parameter are compared in Fig.6.2. The
two dynamic strategies show a similar computational cost, which is up to 26% higher
than for the static case at 256 cores used in parallel. For larger number of cores the com-
putation time using the differential filter is up to two times higher than for the algebraic
filter due to non-optimised scalability within the algorithm currently implemented.

6.3. RESULTS
The objective in this section is to understand the capabilities of the differential test-filter
of Eq. 3.20 in predicting the correct flow field as compared to the algebraic approach
of Eq. 3.18. In order to have a detailed comparison and drive quantitative insights on
the accuracy of the proposed filter, case A (lifted flame in hot coflow) is investigated
first. In fact, a wide amount of data is available for this case from the experimental
campaigns [77, 271], which includes radial profiles of velocity, temperature and mix-
ture fraction, allowing to validate the proposed models. This case is thus analysed next
before the bluff-body case. Note that the modelling constant βc in Eq. 6.1 is evaluated
for both test-filter approaches by the use of Eq. 3.15.

6.3.1. JET FLAME IN HOT COFLOW
This case is firstly analysed using the block-structured mesh in order to minimize possi-
ble interpolation errors in the computation of the coefficients in Eq. 3.18. An overview
of the flow field as predicted by using the two test filters is presented in Fig. 6.3, showing
midplane contours of temperature, modelling constant βc , and SGS variance of c, σ2

c . As
can be seen from the figure, the βc field as predicted by the differential test filter appears
to be very similar to that predicted by the explicit algebraic formulation. This similarity
is attributed to the aforementioned minimization of interpolation errors by the use of
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Figure 6.3: Comparison between instantaneous fields of filtered reaction rate of progress variable (left), βc
parameter (centre) and SGS variance of progress variable σ2

c (right), as predicted using the algebraic and dif-
ferential filters, for Case A (jet in hot coflow). Results are shown for the unstructured (top) and block-structured
meshes (bottom).

a block-structured mesh, and to the relatively high level of turbulence associated with
the high bulk velocity of the fuel jet, leading to a relatively wide spectrum of scalar dis-
sipation rate (SDR). Consequently, the instantaneous features of the subgrid variance of
progress variable, whose value depends on the SDR, are also similar. The temperature
contour in the same figure further reveals that the lift-off height is predicted similarly
when either the algebraic or the differential filter are used. Radial profiles of mean mix-
ture fraction, temperature, velocity, and their variances in time, shown in Fig. 6.4, further
indicate that both filter methods perform very well when comparing LES predictions to
the experimental data.

The results above lead to the two important following observations:

1. An algebraic test filter holds well for reacting cases with a relatively high level of
turbulence and block-structured meshes;

2. The model proposed in Eq. 3.20 mimics well the same flow field, indicating that
this equation is consistent and accurate despite the truncation to the third order.

Now that the two test-filter approaches have been validated against experimental re-
sults, further investigations can be conducted by replacing the block-structured mesh
with an unstructured one in order to assess whether there is any difference in the results
obtained by the use of the two test filters. It is worth to note that the unstructured mesh
is constructed to maintain the LES filter size in the region of the flame equal or very sim-
ilar to that of the block-structured mesh, which is in turn of the order of the laminar
flame thickness. This way the two test filters can be directly compared for the same filter
width. Instantaneous flow features in terms of progress variable reaction rate, βc and
σ2

c are shown in Fig. 6.3 (top row). When the differential filter is used, the lift-off height
on the unstructured mesh is predicted at about the same position estimated when the
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Figure 6.4: Radial profiles of time averaged temperature and mixture fraction at different axial locations from
experimental measurements (symbols) and LES: unstructured mesh with differential (—) and algebraic (- -)
test filters; block-structured mesh with differential (—) and algebraic (- -) test filters.

block-structured mesh was used (about 50 mm from the nozzle exit). Vice versa, when
the algebraic filter is used, the lift-off height is predicted about 15 mm upstream. This
is a consequence of somewhat lower values of βc predicted in the latter case, resulting
in lower values of SGS variance σ2

c (see Fig. 6.3, top-right), which in turn imply higher
values of reaction rate in the flamelet model used and thus a more upstream flame sta-
bilization. This shift is of course reflected in the statistics presented in Fig. 6.4. It is worth
noting that overall better results are obtained by using the block-structured mesh, when
compared to the experimental data. Nevertheless, this result is biased by selection of the
inlet turbulence length scale value imposed to the synthetic eddies generator. A fine tun-
ing of this parameter for the unstructured mesh, however, goes beyond the scope of this
work, where the objective is to mimic the main effect of the modelling constant on the
SDR (and consequently the SGS variance), which for this configuration is immediately
reflected on the flame liftoff height discussed above. It is also worth noting that unstruc-
tured meshes are known to introduce more numerical diffusion (for the same filter size)
than block-structured meshes [103, 272], which implies that the turbulence imposed at
the nozzle exit may develop differently than for the block-structured mesh. The reader
can find a mesh sensitivity analysis (for both BS and US meshes) and additional com-
ments on this point in the Appendix Section.

Further insights on the behaviour of the model constant when algebraic and differ-
ential test filters are used is provided by looking at the distribution of βc within the flame
region in Fig. 6.5. Values are collected using several time snapshot only for the regions
within the flammability limits and with the further condition 0.05 ≤ c̃ ≤ 0.95 in order to
exclude points outside the flame front. Note that, beingβc scale-dependent in principle,
its distribution is expected to be different when different meshes are used, which is evi-



6

102
6. DYNAMIC MODELLING OF SUBGRID SCALAR DISSIPATION RATE WITH DIFFERENTIAL

FILTER

Figure 6.5: Distribution of βc in the lifted flame for the jet in hot coflow configuration (case A) for unstructured
(left) and block-structured (right) meshes, obtained using differential and algebraic test filters. Vertical dashed
lines indicate mean values.

Algebraic Filter Differential Filter Algebraic Filter Differential Filter

Figure 6.6: Scatter plots of subgrid scalar dissipation rate of progress variable, ε̃c versus subgrid variance of c,
σ2

c , as obtained on unstructured (left) and block-structured (right) meshes, for both algebraic and differential
test filters. Conditional means are also shown.

dent from the figure. Some differences in the distribution of the modelling parameter βc

between algebraic and differential test-filter methods are visible already for the block-
structured mesh case, Fig. 6.5 right. In particular, a clear peak is not distinguishable in
the logarithmic plot in the case of the algebraic filter. Nevertheless, the mean value of βc

predicted in the two cases is similar. By looking at the scatter plots and conditional mean
of SGS scalar dissipation rate in Fig. 6.6 (right), one can notice indeed that this quantity
is predicted equivalently for any value of SGS variance. Similar scatter is also observed,
which explains why the flow statistics predicted on the block-structured mesh are very
similar when the two test filters are used, despite the differences observed in Fig. 6.5. A
different relative behaviour is observed instead for the unstructured mesh cases. Here
the distribution of βc in Fig. 6.5 (left) leads to an overall lower mean value in the case
of the algebraic filter, consistently with the instantaneous field contours observed for
Fig. 6.3. By looking at the conditional means of subgrid SDR in Fig. 6.6 (left), one can
notice that now this quantity is overestimated when the algebraic test-filter is used. This
larger SDR justifies the lower SGS variances observed in the contours of Fig. 6.3, and thus
the more upstream stabilization of the flame, with the use of the algebraic filtering.

From the above analyses one can conclude that, for conditions of relatively high tur-
bulence (implying relatively wide turbulent kinetic energy spectrum), the algebraic test
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filter provides similar results to the differential filter. Nevertheless, some different pre-
dictions are obtained on the unstructured grid, where the use of the differential filter
leads to a more accurate flame lift-off height prediction compared to the algebraic filter
strategy. This is attributed to the increased noise produced by interpolation operations
for a fixed filter width, for such a mesh. For this reason, and by the investigation of the
results presented, it is plausible to expect that as the mesh resolution converges towards
DNS size (cell volume V → 0) and interpolation errors become less relevant, the two test
filters might converge to the same result. In the next Section it will be shown that differ-
ent considerations apply in conditions of weak turbulence.

6.3.2. WEAKLY-TURBULENT BLUFF BODY STABILISED FLAME

In [273] it was noted that a dynamic formulation for the estimation of βc would not hold
in conditions of weak turbulence due to the limited range of turbulence scales present.
The weakly turbulent premixed case investigated experimentally in [75] (Case B in this
work) is thus chosen to further assess the capabilities of the two test filters in predicting
the the modelling constant βc within the subgrid SDR model of Eq. 6.1. Only the block-
structured mesh as discussed in Sec. 6.2 is used. The use of an unstructured mesh is
expected in fact to affect the outcomes in terms of accuracy as observed for the jet flame
in case B. Since relative differences in the flow field are already observed when using
the two test-filters on the block-structured mesh for this case as will be discussed next,
the use of an unstructured mesh for similar LES filter size is expected to amplify these
differences and therefore this analysis is not repeated here.
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Figure 6.7: Comparison between instantaneous fields of filtered reaction rate (left), βc parameter (centre) and
SGS variance of progress variable (right), as predicted using the algebraic and differential filters, for Case B
(bluff-body stabilised flame) on block-structured mesh. Mie scattering images taken from [75] are also shown
on the left for reference.

Midplane contours of filtered temperature, βc distribution (in logarithmic scale) and
subgrid variance σ2

c as predicted by using algebraic and differential filter methods on
the block-structured mesh are shown for the bluff-body case in Fig. 6.7. Unlike the case
of the jet flame in hot coflow, here the two test-filter methods lead to different results
also using the block-structured mesh. When the algebraic test filter is used, the dynamic
procedure does not seem able to describe with sufficient resolution the local variations
of the combustion model constant βc across the flame region. This leads to significantly
different distribution of subgrid variance, which in turns affects the resolved wrinkling
of the flame as observed in the figure. By looking at the distribution of βc in Fig. 6.8, one
can notice that a well-defined peak value cannot be identified for the case of algebraic
test-filter. Further inspection of the data shows that in many regions of the flame βc
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Figure 6.8: Distribution of βc over the flame front in the bluff-body stabilised flame (case B) obtained using
differential and algebraic test filters applied on block-structured mesh. Vertical dashed line indicate the mean
value

oscillates between the imposed cutoff values, and βc → 0 in most of the domain (note
that βc in the numerical algorithm is truncated to ε > 0 to avoid a division by zero),
implying a range of values across the flame is not predicted by the algebraic test-filter.
This results in erroneous high values of the sub-grid SDR, and consequent low values of
subgrid variance, which in turn implies the flame behaves in large extent as a laminar
flame. This is not the case in the experiments for this configuration, as could be seen
from the OH-LIF and Mie scattering images reported in [75] (See Fig. 6.7, left). Previous
studies [246] highlighted the importance of the flame turbulence interaction, describing
how the flame assumes a laminar-like behaviour close to the base of the bluff body and
contributes to turbulence generation further downstream in the shear layer. In [246],
from the comparison with the calculated non-reacting flow field, the flame appears to
damp the weak turbulence generated in the shear layer around the bluff body, as a result
of thermal expansion. On the other hand, the use of the differential filter results in a
better calculation ofβc which now assumes a well-defined range of different local values
across the flame front (Fig. 6.7), and a clear peak in its distribution is present (Fig. 6.8).
Consequently, higher values of σ2

c are obtained in the flame region. Note that also in the
present work the presence of the flame dumps the turbulence at the base of the bluff
body, when compared to the non-reacting case (not shown). However, the formation of
instabilities sustaining the turbulent structures in the shear layer can be observed further
downstream in Fig. 6.7.

By looking at the scatter plots of subgrid SDR in Fig. 6.9, it is found that the condi-
tional SDR is overestimated in the case of the algebraic test-filter at low values of sub-
grid variance, while for values of σ2

c above about 0.04 algebraic and differential test-
filters predict essentially the same result. This supports the argument that the two filters
behaves differently in conditions of weak turbulence (σ2

c → 0), and that the difference
is caused by values of βc saturating towards the lower cutoff limit at these conditions
(βc → 0 implies larger values of ε̃c ). This behaviour, from the numerical point of view of
the test-filter algorithm, is similar to that observed in Fig. 6.6 for the unstructured mesh.
However, in that case low values of βc were produced by noise arising from interpola-
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Figure 6.9: Scatter plots of subgrid scalar dissipation rate of progress variable, ε̃c versus subgrid variance of c,
σ2

c , as obtained on block-structured mesh for differential (●) and algebraic test filters (●). Conditional means
are also shown: algebraic test filter (—), differential filter (—).

tion accuracy, resulting in overestimation of ε̃c for a wider range of values of σ2
c . For the

bluff body case investigated in this section, instead, overestimations of ε̃c are observed
only for relatively low values of σ2

c , indicating that the issue is in the estimation of the
model constant in quasi-laminar regions. It is worth noting that additional tests were
conducted (not shown) using a static approach with a value of βc imposed as the mean
of the values obtained from dynamic procedure. These tests resulted in a quite differ-
ent flame structure as compared to the results from dynamic approach, indicating that
imposing a single value for the combustion parameter is not trivial for this turbulence-
evolving study case, thus stressing out the relevance of using robust dynamic approaches
for this kind of combustion configurations.

6.4. SUMMARY
In this chapter, the use of a dynamic model was investigated for the closure of the subgrid
scalar dissipation rate (SDR) of progress variable ε̃c , appearing in the transport equa-
tion of the progress variable subgrid variance σ2

c within the flamelet/presumed FDF LES
framework for turbulent combustion. Two test-filtering strategies were compared: a
standard algebraic filter approach and a differential filter based on a Fourier-like equa-
tion.

Large eddy simulations of two laboratory combustion systems, a lifted jet flame in
hot coflow and a bluff-body stabilized premixed flame, demonstrated that the differen-
tial filter offers greater robustness across different conditions of turbulence intensities
and mesh types. While both methods perform similarly under high turbulence levels
on structured meshes, the algebraic filter is shown to be sensitive to mesh orthogonal-
ity and turbulence level, leading to degraded predictions under weak turbulence or on
unstructured meshes. The differential filter, in contrast, consistently provides reliable
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estimates of the model constant and better agreement with expected flame behavior, at
the expenses of a modest increase in computational cost.

The findings highlight the importance of accurate subgrid variance modelling for
flamelet based LES approaches with presumed FDF. The more robust dynamic model
with differential filter is therefore used in each of the subsequent numerical studies in
the present thesis. In the next chapter, the flamelet based LES framework with presumed
FDF is extended to analyze differential diffusion effects in turbulent hydrogen flames.



7
DIFFERENTIAL DIFFUSION

MODELLING

7.1. INTRODUCTION
This chapter focuses on differential diffusion modelling strategies within the flamelet-
based LES with presumed FDF. As discussed in details in Chap. 2, hydrogen’s high molec-
ular diffusivity associated to sub-unity Lewis number in lean mixtures with air, results in
redistributions of absolute enthalpy and mixture fraction along a laminar premixed un-
stretched 1D flamelet, whereas these quantities remain constant along the flame front
for unity Lewis number conditions. In addition to these 1D effects, the higher hydrogen
diffusion with respect to heat and the other species couples with flame stretch, resulting
in further redistribution of local equivalence ratio and enthalpy, with consequent su-
peradiabatic temperatures and reaction rate inhomogeneities. In particular, these two-
dimensional effects may result in thermodiffusive instabilities arising from the coupling
between differential diffusion and flame curvature, or in reaction rate increase with posi-
tive flame tangential strain rate (for negative values of the mixture Markstein length) [50,
54, 132]. Despite originating at molecular level, differential diffusion effects have been
documented even under turbulent conditions [39, 52, 164, 165, 168, 223, 274]. These
effects are not captured by conventional flamelet models that assume unity Lewis num-
bers for each species and therefore controlling variables. Nevertheless, these models
have often been used for hydrogen flames under the assumption that turbulent trans-
port dominates over molecular diffusion [178, 275, 276]. However, it remains unclear
wether and under which conditions this assumption holds.

To address this, two differential diffusion models, originally developed in the con-
text of DNS, are extended here to the LES framework with flamelet-based presumed
FDF closure, to account for non-unity Lewis number effects on the diffusive fluxes of
the controlling variables at the resolved level. As introduced in Sec. 3.2.3, model M1 is

Parts of this chapter have been published in Combustion Theory and Modelling 28 (6) (2024): 695-730 [101].
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adapted from [124] and introduces a source term in the mixture fraction transport equa-
tion, while model M2 from [125, 134] applies corrections to the diffusive fluxes of mixture
fraction, progress variable and enthalpy.

Two hydrogen combustion systems described in Chap. 4 are considered. First, a lean
premixed flame in a slotted burner configurations [53] is simulated to assess the ability
of the models to reproduce mixture fraction redistribution and the formation of ther-
modiffusive instabilities. Then, the lifted partially premixed flame in vitiated coflow
[77], already studied in the previous chapters, is simulated, allowing the investigation
of differential diffusion effects, accounted for at the thermochemistry level or at the re-
solved level, on flame stabilization mechanisms at higher turbulence intensity and par-
tially premixed conditions.

7.1.1. FLAMELETS DATABASE

The thermochemical databases for the two study cases investigated in the present chap-
ter are built using 300 premixed freely propagating laminar 1D flamelets with reactants
equivalence ratios spanning the flammability range. For both cases temperature and
species mass fractions in the reactants vary linearly with the mixture fraction, between
their value in the oxidiser stream, where z = 0, to the value in the fuel stream, for which
z = 1, as reported in Tables 4.1 and 4.2. Therefore, for the premixed slot burner case,
all the flamelets have a constant reactants temperature of 300 K and the composition
varies linearly between pure air and pure hydrogen, over a range of z ∈ [0.007, 0.17]. The
stoichiometric condition is found at zst = 0.028. For the partially premixed lifted flame
case, the reactants temperature of the flamelets varies between 305 K in the fuel stream
and 1045 K in the oxidiser stream (hot coflow). The reactants on the leaner flamelets are
therefore at higher temperature and with a higher content of water, which is present in
the coflow. In this case the mixture fraction spans a flammability range of z ∈ [0.1, 0.75],
with stoichiometric conditions at zst = 0.474. It is worth noting that the high diffusivity
of hydrogen can affect the inert mixing between fuel and oxidiser ahead of the flame, so
that the mixture composition and enthalpy of the reactants may not vary linearly with
mixture fraction. However, the inert jet/coflow mixing was shown in [77, 192] to be about
linear with mixture fraction, due to the high content of nitrogen in both streams.

The high temperature and water content at low mixture fraction values results in a
peculiar reaction rate map with a peak on the lean side, as shown in Figs. 7.1 and 7.2 b.
Also, the effects of assuming non-unity Lewis number for each species in this database
differ from the ones in the hydrogen/air case at constant temperature, shown earlier
in Figs. 2.8-2.5. It can be seen from Fig. 7.2a that the mixture fraction decrease along
each flamelet is lower than in the hydrogen/air case shown in Fig. 2.5, due to the rel-
atively lower hydrogen content in the reactants associated with the presence of water,
and predominant content of nitrogen. Moreover, Figs. 7.1 and 7.2b show that the inclu-
sion of differential diffusion in the database results in a decrease of the reaction rate and
its peak value for the lean flamelets, and a slight increase on the rich side. Also, when
species non-unity Lewis number is considered in the manifold, the progress variable
range over which the reaction occurs results to be slightly narrowed on the lean side as
compared to the unity Lewis number case, while it appears broadened for rich mixtures.
In a partially premixed case like the lifted flame in hot coflow, the flame stabilisation is



7.1. INTRODUCTION

7

109

Figure 7.1: Contour plots of the scaled progress variable reaction rate in the c−z space for the flamelet database
of the jet/coflow case with reactants conditions reported in Tab. 4.1. Flamelet calculations with unity Lewis
number (left) and mixture averaged diffusion model (right). Results obtained using San Diego meachanism
[270]. The stoichiometric condition, zst = 0.474, is marked with the white dashed line.

Figure 7.2: (a) Variation of mixture fraction in progress variable space across a freely propagating flame at
different equivalence ratios, with the boundary conditions dfined in Tab 4.1. (b) Maximum reaction rate at
different reactants mixture fraction values obtained with and without differential diffusion modelling. Results
obtained using the San Diego kinetic mechanism [270]. The stoichiometric condition zst = 0.474 is marked as
a vertical black dashed line

controlled by the equilibrium between convection and reaction rate associated to the lo-
cal mixture fraction and progress variable values. Variations in these characteristic maps
are therefore expected to affect the location at which the flame stabilises.

A parametric analysis in [260] further revealed the importance of the chosen kinetic
mechanism on the lifted flame predictions. In the present work, the kinetic mechanisms
DRM19 [277], Li et al. [278], Ó Conaire [279], and San Diego [270] were tested a-priori
in the flamelet calculation and a sensitivity of the reaction rate map in terms of peak
value and distribution in the progress variable/mixture fraction space was observed,
in particular under the non-unity Lewis number assumption. Therefore, the effects of
the inclusion of differential diffusion in the database can depend on the chosen kinetic
mechanism. San Diego mechanism was selected for all the simulations of the partially



7

110 7. DIFFERENTIAL DIFFUSION MODELLING

premixed case, following the aforementioned analysis and previous studies on hydro-
gen flames. Interested readers can find the comparisons of different mechanisms in Ap-
pendix B.2. For the premixed slotted burner the mechanism by Burke et al. [280] is used
instead, in order to remain consistent with the reference DNS in [53].

7.2. NUMERICAL DETAILS
The Favre-filtered Navier Stokes equations including conservation of mass, momentum
and absolute specific enthalpy (sum of sensible and formation enthalpies) are solved to-
gether with the transport equations of the controlling variables described in Sec. 3.2 us-
ing the low-Mach approximation and the finite volume method implemented in Open-
FOAM v9. The pressure implicit with splitting operator (PISO) [281] algorithm is used
for the pressure/velocity coupling and an external loop with at least 5 iterations per time
step is used for the solution of the scalar transport equations. Second order central
schemes are used for all convective terms, with flux limiters applied for the regions of
high gradients across the flame. An implicit Euler scheme is used for temporal discreti-
sation, following previous works [89, 241]. A constant time step is used to ensure a max-
imum CFL number below 0.35 everywhere in the computational domain. This corre-
sponds to a timestep in the LES of∆t = 2.0×10−7 s for the lifted flame and∆t = 1.0×10−6

s for the slot burner. The subgrid scale stresses in the filtered momentum equation are
closed using a one-equation model as in [89]. The one dimensional solver CHEM1D
[141] is used for the flamelets computation, with the kinetic mechanisms described in
Sec. 7.1.1. For the construction of the 4D table, nc = 100 equispaced discretization points
between 0 and 1 are used in the progress variable space, and nσc = 50 points spanning
between 0 and c̃(1− c̃) are used for its subgrid variance space. The filtered mixture frac-
tion space spans the flammability range, and a total of nz = 160 and nz = 100 equispaced
discretization points are used for the lifted flame and the slot burner case, respectively. A
total of nσz = 15 points are used for the mixture fraction subgrid variance, spanning ex-
ponentially the range [0, z̃(1− z̃)]. Outside the flammability limits a linear interpolation
of the tabulated quantities to their value in the fuel and oxidiser streams is performed.

The numerical domain for the lifted flame, shown in Fig. 4.1b, is a cylinder with a
diameter of 183 mm (corresponding to 40 nozzle diameters D), which extends axially
from the nozzle outlet to 50D downstream. The hot coflow enters the domain through
an annular section extending radially from 0.5D to 20D . The mesh resolution is chosen
following previous LES works [192, 260] and consists of Nx ×Nr ×Nθ = 230×60×80 cells
in the axial, radial and azimuthal directions respectively, amounting to 897’000 cells in
total. The cells are non-uniformly distributed so to cluster in the region of interest (up
to 30D in the axial direction), and the spacing in the streamwise and radial directions,
∆x ≈ 0.6 mm, ∆r ≈ 0.4 mm, respectively, is of the order of the laminar flame thickness
δl ≈ 0.66-1 mm. Pope’s 80% turbulent kinetic energy criterion [97] was applied on pre-
liminary simulations to assess the quality of the mesh, as described in Sec 6.2. The ra-
tio between modelled, kSGS , and total turbulent kinetic energy (resolved plus SGS) was
found below 0.2 in the region of interest. Boundary conditions for the lifted flame case
are shown in Fig. 4.1. A turbulent inlet velocity profile is imposed at the nozzle exit, with
synthetic turbulence imposed using the approach in [259]. The synthetic eddies gener-
ator takes a target of mean velocity profile, rms velocity profile and an integral length
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scale as input. The measured average turbulent velocity axisymmetric profile reported
in [131, 260, 268] is imposed at the nozzle outlet. The measured profile is scaled to en-
sure that the mass flow rate at the inlet of the domain equals that in the experimental
case. The flame lift-off height was observed to be very sensitive to the turbulent inlet
condition [260]. For this reason a preliminary analysis is carried out to ensure an accu-
rate prediction of the jet spreading rate and its mixing with the coflow, and details of this
analysis can be found in Appendix B.1. As a result of this analysis, other than the axial
and radial rms velocity profiles, u′ and v ′, measured in [131], an integral length scale of
l0 = 0.07D is imposed as target of the synthetic turbulence generator. Atmospheric pres-
sure is imposed at the outlet, while zero-gradient conditions are imposed to outlet and
lateral boundaries for all other scalars. Temperatures of 305 K and 1045 K are assigned at
the jet and coflow inlets respectively, according to the experiment. The progress variable
is set to zero at the inlets, and ignition is artificially imposed by creating a cylindrical sub
region in the domain with c̃ = 1. The mixture fraction is 1 at the jet inlet and 0 in the hot
coflow. Each LES is run for a period of 4 flow-though times, defined as the time needed
for a parcel of fluid travelling at the bulk speed on the centerline to reach a streamwise
location of 40D , approximately t f low ≈ 16 ms. Of these, one is used to pass the transient
after ignition and the remaining three to collect statistics. Time-averaged data is further
averaged azimuthally exploiting the axial symmetry of the domain.

The computational domain for the premixed slot burner case is shown in Fig. 4.2.
The nozzle issuing the reactants has a height of H = 8 mm and a width of 4.5H in the z
direction, and the rim has a thickness of 0.4 mm. A portion of the channel flow upstream
of the nozzle exit, of length 2H , is included in the domain. The domain is 12.5H long
in the y direction and it extends for 15H downstream in the x direction. A structured
hexaedral mesh is used with Nx ×Ny ×Nz = 274×140×123 cells in the three directions,
respectively, amounting to a total of 4.8M cells. The cells are non-uniformely distributed
to guarantee a size ranging from 0.2 mm to 0.5 mm in the flame region, where the es-
timated laminar flame thickness is δl ≈ 0.66 mm. In the y direction, 32 cells are placed
across the channel width. The imposed boundary conditions are also shown in Fig. 4.2c.
Atmospheric pressure with zero gradient velocity is imposed at the outlet, while symme-
try conditions are imposed on all the lateral surfaces. The mixture fraction is imposed to
z = 0.0116 (φ= 0.4) at the inlets. The temperature is set to 300 K at the reactants inlet and
to 1425 K at the products stream inlet. A uniform velocity of 3.6 m/s is imposed at the
products stream inlet. A constant temperature of 300 K is imposed at the nozzle walls,
together with no-slip conditions for the velocity field. The same strategy as for the lifted
flame case is used to impose synthetic turbulence at the nozzle inlet. In this case, a pre-
liminary LES of a developed turbulent channel flow, with velocity of Ubulk = 24 m/s, is
performed to obtain average and rms velocity profiles to impose to the synthetic turbu-
lent inflow generator. Only instantaneous fields are analysed in this case, therefore the
LES are run for just two flow-through times of t f low = 5 ms.
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7.3. RESULTS

7.3.1. SLOT BURNER

First, the lean fully premixed slotted burner studied in [53] is simulated under the con-
ditions reported in Tab. 7.1 employing the two differential diffusion modelling strategies
introduced in Sec. 3.2.3 and summarized in Tab. 7.1. Differential diffusion effects were
clearly observable in the DNS of this case [53], when compared to the equidiffusive case,
for the occurrence of superadiabatic temperatures and self wrinkling due to thermod-
iffusive instabilities, ultimately leading to a shorter flame length. The objective here is
to investigate if the two modelling approaches are able to mimic these effects, in partic-
ular the coupling of curvature and mixture fraction redistribution at the resolved level,
for an LES grid size in the order of the laminar flame thickness, at least from a qualita-
tive point of view. In both models, the effects of differential diffusion are included at the
thermochemistry level by assuming non unity Lewis number for every species, Lek ̸= 1,
in the flamelet computation, using Eq. (2.16) to model diffusive transport. In the first
model, M1RES, a source term ω̇z is added to the mixture fraction transport equation,
together with a modified diffusion coefficient Dz in line with the work in [124]. The mix-
ture fraction source term is computed by using the resolved LES quantities in Eq. (3.22)
directly. In the second approach, M2, the model proposed by Van Oijen and coworkers
[125] is employed and extended to the LES context. A correction on the molecular dif-
fusion flux is applied in this case to the transport equations of the controlling variables
and enthalpy, as introduced in Sec. 3.2.5.

A qualitative comparison of instantaneous temperature and mixture fraction fields
obtained using the two models is shown in Figs. 7.3 and 7.4, respectively, at random
times. Both models appear to be able to reproduce the occurrence of super-adiabatic
temperatures downstream of the flame front. These are predicted to be around 1600-
1700 K by both models, in reasonable agreement with DNS results, reporting peak tem-
perature values around 1700 K. The presence of temperatures higher than equilibrium
(1425 K) can be only obtained by allowing local changes in the mixture fraction and us-
ing a thermochemistry database spanning a broader range of reactants mixture frac-
tion values with Lek ̸= 1. Both models appear to be able to capture the coupling effect
between flame front curvature and differential diffusion, giving origin to the develop-
ment of thermo-diffusive instabilities in the form of bulges. From the contour plots in
Fig. 7.4 it can be seen how the mixture fraction locally deviates from the nominal value
of z = 0.0116 (φ= 0.4) with a decrease upstream of the flame front and a re-increase to-
wards the products. This also occurs in flat regions of the flame surface and is in line
with what can be observed in 1D laminar flamelets in Fig. 2.8 and in [124]. In agreement

Table 7.1: Differential diffusion models used for the LES of the slot burner case [53].

M1RES M2

Flamelets Lek ̸= 1 Lek ̸= 1
LES correction of z̃ only correction of c̃, z̃ and h̃

Eqs. (3.21)-(3.23) Eqs. (3.25)-(3.28)
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Figure 7.3: Midplane temperature contours from DNS [53] (left), and LES cases M1RES (centre) and M2 (right)
of Table 7.1. Line: progress variable isoline c̃ = 0.5 (—).

with DNS results and previous studies [149, 164], in the two LES cases a positive (con-
vex) curvature towards the reactants is associated to a mixture enrichment and increase
in temperature, while cusps lead to leaner mixture and to a reduction in temperature
and reaction rate. Despite their different formulations, both models lead to very similar
predictions in terms of flame front local curvature, broadening of mixture fraction range
around the nominal value and super adiabatic temperature peaks, although model M2
predicts a slightly shorter flame. This can be assessed by looking at Fig. 7.3, where the
flame front, identified by the progress variable isoline c̃ = 0.5, shows a tip at around 13H
for model M2, while it appears still open throughout the whole computational domain
for model M1RES. These results suggest that accounting for modification only in the mix-
ture fraction field (model M1RES) is sufficient to predict the correct coupling with curva-
ture, at least for fully premixed cases without other sources of mixture fraction variations
other than differential diffusion effects. Additional considerations will be provided for
the partially premixed cases of Sec. 7.3.2.

Overall, the flame predicted by the two LES models appears less wrinkled than in the
DNS. Although the coupling responsible for flame surface growth is qualitatively cap-
tured, at the present grid resolution the resolved wrinkling remains insufficient to repro-
duce the correct flame surface area and global consumption speed, ultimately leading to
an overestimation of the flame length. In this comparison, one should note that the DNS
data were not pre-filtered in Fig. 7.3, which partly explains why bulge formation in the
LES occurs at larger scales than in the DNS. However, the observed behaviour is also to
be attributed to the predicted growth of thermodiffusive instability at the resolved level.
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Figure 7.4: Midplane mixture fraction contours form DNS [53] (left), LES model M1RES (centre) and LES model
M2 (right) of Table 7.1.

In this regard, the LES filtering introduces a stabilizing effect dependent on the grid size
which hinders the predicted self-wrinkling, as discussed in [282]. This highlights the
need for subgrid modelling of differential diffusion effects. Such models should account
for flame surface generation due to self-wrinkling induced by thermodiffusive instabil-
ity and its interaction with turbulence at the subgrid level, together with the associated
variations in filtered reaction rate and subgrid diffusive fluxes. The resulting subgrid sur-
face generation should then feed back into the development of structures at the resolved
scale.

In the considered presumed FDF LES approach, subgrid effects are only represented
through the subgrid variance of the controlling variables, mainly c. This treatment pri-
marily captures turbulence and filtering effects on the flame front, which tend to lo-
cally smoothen out the values of filtered reaction rate. However, the mechanism con-
sidered here differs, as differential diffusion may instead promote additional flame sur-
face generation and thus locally increase the consumption speed. Recently, consid-
erable research aimed at the development models for subgrid self-wrinkling induced
by thermodiffusive instability. Examples include models developed for LES with thick-
ened flame approaches [207], the scaling-law model proposed by Lapenna et al. based
on stability analysis within a flame surface density closure framework [282], and DNS
data–driven approaches [228] applied a posteriori within the FTACLES framework [283].
A detailed investigation of these aspects is beyond the scope of the present work, where
the focus is limited to the prediction of mixture fraction and enthalpy redistribution at
the resolved level. The incorporation of such models within the present flamelet LES
framework may be explored in future work.

To further compare the influence of the two differential diffusion models on the pre-
dicted reacting states in the LES, scatter plots of filtered temperature versus mixture
fraction are reported in Fig. 7.5, together with their conditional averages. Tempera-
ture values are reported only in the region of the flame, identified for simplicity here
by 0.1 < c̃ < 0.9. The scatter plots are colored by the local flame front curvature in order
to investigate the coupling between self wrinkling and diffusive transport. The filtered
(resolved) curvature k is defined as [53] k = ∇ ·n, where n = −∇c̃/|∇c̃| is the unit vec-
tor normal to the flame front and pointing towards the reactants. Scatter plots of mix-
ture fraction versus progress variable are further reported in Fig. 7.5 (bottom), showing
that both models appear capable to describe the mixture fraction decrease ahead of the
flame front across the progress variable space and its return to the nominal value in the



7.3. RESULTS

7

115

products, z̃ = 0.0116 (black dashed line in the figure). This effect of differential diffusion
is also observable for an unstretched premixed flamelet (blue line in the figure) and is
observed from the LES in the zero curvature burning states along the progress variable
values in the same figure. Moreover, both models describe the interplay between flame
front curvature and differential diffusion, which can be appreciated by the scatter of the
mixture fraction values around the values corresponding to zero curvature states (green
colored points). A positively curved flame front towards the reactants correlates to richer
burning states, while negative curvature values (cusps) are associated to a decrease in
mixture fraction, in line with DNS results. In particular, the LES is able to capture two
features observed in the DNS [53] at high values of the progress variable c̃ > 0.8, and
associated with curvature effects:

• Burning states richer than the nominal mixture fraction, with an overshoot in the
mixture fraction conditional average with respect to the nominal value, achieved
through positive flame front curvature (red dots) and positive flame tangential
strain,

• Burning states at mixture fraction values leaner than the laminar unstretched flamelet
(blue line), as an effect of the negatively curved flame front sections (cusps, blue
dots).

The same effects are also observed in the temperature scatter plots. The prediction of
superadiabatic temperature is associated to the richer mixture reaching the equilibrium
temperature. As qualitatively observed in Fig. 7.4, these rich burning states are caused by
the coupling of mixture fraction diffusive flux and positive flame front curvature towards
the reactants. In correspondence of flame cusps (regions of negative curvature towards
the reactants) conditional temperature and reaction rate decrease instead.

Despite their different formulations, the two models give very similar predictions,
with almost overlapping conditional averages. In particular, model M2 predicts states at
slightly higher progress variable and temperature for mixture fraction values leaner than
the nominal value, as compared to model M1RES. These are associated to negative flame
front curvature and suggest a more frequent occurrence of cusps predicted by model
M2, which in turn can be explained by the correction in progress variable diffusion flux
in model M2.

The analysis of the reacting states shows that both models of Table 7.1 are able to
mimic qualitatively the differential diffusion effects on local redistribution of mixture
fraction and, up to a certain extent, thermodiffusive instability, at the resolved level in a
well-resolved LES of turbulent premixed flame. For such a case the corrections on the
molecular diffusion in the controlling variables transport equations appears to be non-
negligible with respect to the turbulent transport. As already observed from the contour
plots in Figs.7.3-7.4, the differential diffusion effects predicted by the two LES models
appear to be milder than what observed from DNS results [53]. In general, the mixture
fraction range around the nominal value is quite narrow and at low progress variable
values the zero curvature burning states do not reach the lean mixture fraction values
corresponding to the the laminar unstretched flamelet. This suggests that the corrected
diffusive flux of the controlling variables imposed by the two models may be too mild,
being it only dependent on the resolved curvature. As mentioned earlier, a model for the
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Figure 7.5: Scatter plots of filtered temperature versus filtered mixture fraction (top) and mixture fraction ver-
sus filtered progress variable (bottom) obtained from the LES of the premixed slot burner using the two dif-
ferential diffusion approaches of Table 7.1. Only values within the flame, identified using 0.1 < c̃ < 0.9, are
considered. The black and green dashed lines mark the nominal mixture fraction, z = 0.0116, and the lean
flammability limit, zl = 0.007, respectively. In the upper plots, the blue line represents the equilibrium temper-
ature at different reactants mixture fraction values. In the bottom plots, the blue line represents the mixture
fraction values along the progress variable computed for an unstretched laminar premixed 1D freely propa-
gating flamelet at nominal reactants equivalence ratio φ = 0.4, with mixture-averaged model to account for
differential diffusion, see Fig.2.8. The red line represents the conditional average.

interaction between curvature and differential diffusion at the subgrid level may provide
higher resolved diffusive fluxes, ultimately leading to better LES predictions in terms of
mixture fraction redistribution and flame front wrinkling. The effects of an increase of
the diffusive fluxes corrections in model M2, are shown in a sensitivity analysis reported
in Appendix. B.3. In the next section, the differential diffusion models are tested on
a partially premixed lifted flame at higher turbulence conditions, where variations of
mixture fraction are also due to the turbulent mixing between jet and coflow and it is
unclear whether this would hinder or strengthen the effects of differential diffusion.

7.3.2. LIFTED FLAME IN VITIATED COFLOW

FLAME STRUCTURE

The lifted flame in vitiated coflow [77] under the conditions reported in Tab. 4.1 is first
simulated with the assumption of Lek = 1 for all species k both in the thermochemical
database and in the LES equations (MLe1 model in Tab. 7.2). In this case, the LES pre-
dicts a lifted flame stabilising at about x = 10D , as can be seen from both instantaneous
and time averaged temperature contours in Fig. 7.6. In this setup the flame stabilisation
is controlled by fuel/jet mixing until the mixture enters the flammability range and the
flame stabilises in regions where the reaction rate and local convective transport bal-
ance each others. Flame stabilisation location and flame length can be further assessed



7.3. RESULTS

7

117

by looking at the average reaction rate contour plots, also shown in Fig. 7.6. A region of
strong mean reaction rate, 〈˜̇ωc〉 = 980 kg/m3/s is observed at the flame base, in corre-
spondence of lean premixed conditions, 〈z̃〉 = 0.25. The inner part of the flame brush
is observed instead to burn close to stoichiometric conditions or slightly rich, but with
milder values of reaction rate. This stabilisation mode is consistent with other studies
in literature [130], identifying a triple point at the base of the flame and an inner branch
stabilizing in diffusion mode.

Turbulent mixing and reaction processes can be further assessed by comparing av-
erage and rms mixture fraction values along the centreline obtained from the LES with
those from experimental measurements [260]. These comparisons are shown in Fig. 7.7.
The central jet can be divided in a region of inert jet/coflow mixing, followed by a reactive
zone and a downstream region where the products of combustion mix with the coflow
stream. As the fuel jet spreads and mixes with the coflow, the predicted centreline mix-
ture fraction decreases at the correct rate from z̃ = 1 at the fuel nozzle exit to around
z̃ = 0.8 at flame anchoring point (x = 10D). At this location the flow accelerates due
to thermal expansion and a decrease in the rate of jet spreading and centreline mixture
fraction decay is correctly captured by the LES. Similarly, the mixture fraction rms along
the centreline increases from the nozzle outlet due to turbulent mixing and reaches a
local maximum in correspondence of the flame base, which is also well predicted by the
LES. The average temperature values on the centreline in Fig. 7.7 as predicted by the LES
are also in very good agreement with the experimental results. The rate of temperature
increase in the streamwise direction due to inert jet/coflow mixing is well captured until
the flame base location at x = 10D . The temperature then reaches a maximum value of
1500 K at the flame tip, followed by a slight decrease due to the mixing between the com-
bustion products and the coflow stream. The temperature rms peak and its location are
also predicted well by the LES. This quantity increases first due to turbulent inert mix-
ing followed by a steeper gradient near the flame base, and then decreases downstream,
where the mixture temperature becomes more homogeneous.

Computed radial profiles of average and rms temperature and mixture fraction are
compared to experimental values in Fig. 7.8. A very good agreement between LES and
experiments is observed for the average mixture fraction and its rms at any axial location,
suggesting that the LES correctly captures the shear layer thickness and its development
between jet and coflow. For the temperature profiles, a good agreement between LES
results and experiments is found at x = 8D , where inert jet/coflow mixing takes place
and a peak of rms temperatureTrms is observed on the shear layer. In the experiment the
flame base is observed around x = 11D . The presence of the flame can be identified in
these plots by the overshoot of temperature with respect to its value in the coflow stream.
As can be observed from the figure at x = 11D , the LES slightly overepredicts the flame
lift-off height, which also results in a more significant underestimation of temperature
rms at x = 11D . For more downstream locations, however, both temperature and its rms
are well reproduced by the LES, including the double peak in the T̃r ms profile observed
at x = 14D , identifying inner flame branch and outer mixing layer between combustion
products and hot coflow.

The above comparisons suggest that the premixed flamelets with presumed FDF ap-
proach without differential diffusion treatment is already satisfactory to predict the main
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Figure 7.6: Mid-plane contours of instantaneous (top) and time-averaged (centre) temperature, and averaged
filtered reaction rate (bottom) obtained from LES using the models for differential diffusion of Table 7.2. Solid
isolines represent lean flammability limit (—, 〈z̃〉 = 0.1), rich flammability limit (—, 〈z̃〉 = 0.75), and stoichio-
metric condition (white line, 〈z̃〉 = 0.47). Dashed isolines represent progress variable 〈c̃〉 (· · ·) and mixture
fraction 〈z̃〉 (- -) at the location of maximum reaction rate.
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Figure 7.7: Centreline profiles of mean and rms temperature and mixture fraction. Symbols: measurements
[77]. Lines: LES results from models MLe1 (—), M0 (—), M1RES (· · ·), M1TAB (- -), and M2 (—) of Tab. 7.2.

Figure 7.8: Radial profiles of time averaged and rms values of temperature and mixture fraction. Symbols:
measurements [77]. Lines: LES results with model (—) MLe1, (—) M0, (· · ·) M1RES, (- -) M1TAB, (—) M2.



7

120 7. DIFFERENTIAL DIFFUSION MODELLING

flame features for this test case. With respect to the slot burner analysed in Sec. 7.3.1, the
lifted flame in this section is characterized by higher levels of turbulence and it is highly
controlled by turbulent mixing, which might hinder the effects of differential diffusion
observed in Sec. 7.3.1. The influence of differential diffusion modelling on the predicted
flow field is investigated next to shed light on this point.

DIFFERENTIAL DIFFUSION MODELLING

Further simulations of the lifted flame were performed to assess the effects of differen-
tial diffusion models on the prediction of flame features. In addition to model MLe1
introduced earlier, four modelling approaches are tested and summarized in Tab. 7.2.
Models M1RES and M2 are the same used in Sec. 7.3.1 and listed in Tab. 7.1. In model M0
the flamelets database is built by considering non-unity Lewis number for every species,
Lek ̸= 1, but no differential diffusion model is included in the LES transport equations.
This way the influence of the themrochemistry on the results can be assessed, as it was
shown in Fig. 7.1 that the reaction rate of progress variable varies significantly between
the cases with Lek ̸= 1 and Lek = 1. Model M1TAB uses the model correcting mixtrure
fraction diffusive flux as for model M1RES,see Sec. 3.2.3, but the term ω̇z in Eq. (3.22) is
computed from flamelets, pre-integrated and tabulated consistently with Eq. (3.6).

Mean centreline and radial profiles of temperature, mixture fraction and their rms as
predicted by the five models of Tab. 7.2 are compared to experimental data in Figs. 7.7
and 7.8, respectively. The mixture fraction decay along the centreline, mainly associated
to mixing between jet and coflow streams, is captured fairly well by all models. Interest-
ingly, the models including differential diffusion at the resolved level M1RES, M1TAB and
M2, predict a slightly steeper mixture fraction axial decay rate and temperature increase
in the region upstream of the flame base, 4D < x < 10D , as compared to models MLe1
and M0. This reveals that the predicted inert jet/coflow mixing is mildly enhanced by
the modified diffusive terms in the controlling variable transport equations. For similar
reasons a slightly steeper increase of mixture fraction rms is observed for models M1RES,
M1TAB and M2. These differences in the inert mixing cause the flame to stabilise slightly
more upstream in the cases with enhanced diffusive flux, which in turn results in the
differences observed between the various models downstream of the flame stabilisation
point (x > 10D).

The comparison between models M0 to MLe1 of Tab. 7.2 highlights the effect of in-
cluding differential diffusion in the thermochemistry. As observed in Fig. 7.7, model
M0 predicts the flame stabilisation point slightly more upstream, at x ≈ 10D as com-
pard to x ≈ 11D predicted by model MLe1. Moreover, the flame for case M0 is slightly
longer, see temperature contours in Fig. 7.6. Also, mean temperature along the centre-

Table 7.2: Differential diffusion (DD) models used for LES and flamelets.

MLe1 M0 M1RES M1TAB M2

Flamelets Lek = 1 Lek ̸= 1 Lek ̸= 1 Lek ̸= 1 Lek ̸= 1
LES no DD no DD z̃ corrected z̃ corrected c̃, z̃, h̃ corrected

Eq. (3.22) resolved Eq. (3.22) tabulated Eqs. (3.25)-(3.28)
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line increases at a slower rate for model M0 as compared to MLe1, and reaches a lower
peak value. Similar considerations can be made by looking at radial profiles in Fig. 7.8.
This different behaviour is explained by an overall reduction of reaction rate values when
non-unity Lewis number is used in the flamelet database, as observed in Fig. 7.1. Never-
theless, model M0 also predicts the flame stabilisation point more upstream than model
MLe1 as discussed earlier, which would suggest a higher reaction rate instead. This is ex-
plained as follows. Looking at Fig. 7.1, when differential diffusion is taken into account
(Lek ̸= 1), the peak value of reaction rate decreases by about 30% as compared to the case
at Lek = 1, but its location also shifts towards the stoichiometric condition and lower val-
ues of progress variable, c ≈ 0.55, in the c − z space. For c < 0.4 the reaction rate in the
case with differential diffusion is weaker on the lean side (z < 0.25) and stronger on the
rich side (z > 0.47), as compared to the values for Lek = 1 . By looking now at the reac-
tion rate contours in Fig. 7.6, one can notice that the intensity of the reaction rate at the
flame base on the lean premixed side (towards the mixing layer between jet and coflow)
decreases by around 47% for model M0 as compared to model MLe1, while it is about the
same in the innermost rich region. The highest reaction rate at the flame base is found
for 〈c̃〉 ≈ 0.3 in model M0 as compared to 〈c̃〉 ≈ 0.5 for model MLe1, and at slightly leaner
conditions (〈z̃〉 ≈ 0.20 as compared to 〈z̃〉 ≈ 0.25 in model MLe1). This causes the sta-
bilisation point to slightly move radially outwards (leaner conditions and lower progress
variable) where the lower jet velocities allows the flame to move upstream. In general,
the main effect of including differential diffusion in the thermochemical database is an
overall reduction of the reaction rates, in particular for lean states in the mixture fraction
space, which for the investigated flame leads to lower temperature gradients as com-
pared to the case without differential diffusion.

The comparison between models M1RES and M1TAB allows to asses the sensitivity
of the source term ω̇z in Eq. (3.22) to its implementation in the LES. When this source
term is tabulated (model M1TAB), the flame is predicted to stabilise at x ≈ 11D (as com-
pared to x ≈ 10D for model M1RES), which is closer to what observed in the experiments
and for model MLe1. As shown in Fig. 7.7, both models M1TAB and M1RES predict a
steeper increase of temperature along the centreline with respect to model M0, and in
better agreement with the experiments up to x ≈ 25D . However, both models underes-
timate the maximum temperature and mixture fraction values as compared to the ex-
periments. Similar considerations apply for the radial temperature profiles in Fig. 7.8.
This behaviour is consistent with the reaction rate contours observed in Fig. 7.6, where
one can observe that both models M1RES and M1TAB predict a maximum reaction rate
at the flame base about 25% higher than that predicted with model M0. It is interest-
ing to notice that the strongest reaction rate for models M1RES and M1TAB is found for
values of progress variable similar to that observed for model M0, but at slightly richer
conditions. This can only be associated to the different distribution of mixture fraction
due to the introduction of the source term, since the same thermochemical database is
used for models M0, M1RES and M1TAB. This results in a stronger mixing predicted by the
latter two, which can be observed from the steeper decay of mixture fraction along the
centreline observed in Fig. 7.7, and from the shorter jet core (see for example iso-line of
mixture fraction at 〈z̃〉 = 0.47 in Fig. 7.6). Overall, no significant differences are observed
in the predictions from models M1RES and M1TAB, except for the aforementioned lift-off
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height.

Final considerations are provided for model M2 of Tab. 7.2, which yields more sig-
nificant differences with respect to the other models. In this case, the flame stabilisation
point is predicted significantly more upstream, at x ≈ 5D , as compared to the other mod-
els, as can be observed in Fig. 7.6. Nevertheless, a very good agreement in temperature
and mixture fraction radial profiles, and their rms values, is still obtained at x ≥ 14D , as
observed in Fig. 7.8. Similarly to what observed for models M1RES and M1TAB, account-
ing for differential diffusion models at the resolved level leads to the prediction of steeper
axial gradients of temperature (Fig. 7.7) as compared to model M0, where differential dif-
fusion is only included through the thermochemical database. Furthermore, the flame
predicted by model M2 presents a longer inner branch burning at rich conditions with
respect to that predicted by the other models, as can be seen from the average reaction
rate contour plots in Fig. 7.6. The peak value of reaction rate at the flame base for model
M2 looks about the same of that predicted by models M1RES and M1TAB, where only the
mixture fraction transport equation is corrected. The more upstream flame stabilisation
location predicted by model M2 must therefore be explained by the combined correction
on progress variable and mixture fraction transport equations. In particular, further in-
vestigations (not shown) indicate that the correction in model M2 leads to a higher radial
mixture fraction diffusive flux, which slightly increases the local mixture fraction value
on the leaner side of the jet/coflow mixing layer (see Fig. 7.8). Moreover, the increased
progress variable diffusive flux modelled through the βC gradient in Eq. (3.25) enhances
the transport of progress variable across the flame, from products to reactants, leading to
the stabilisation of the flame more upstream. This aspect is better investigated through
the scatter plot analysis in the next section. Further sensitivity to the model parameters
can be found in Appendix B.3.

7.3.3. FLAME BURNING STATES

Scatter plots of temperature, reaction rate and progress variable as predicted by the five
LES models of Tab. 7.2 are shown in mixture fraction space in Fig. 7.9. The scatter plots
are colored by the axial distance from the nozzle exit, x/D = 0, in order to distinguish
between different regions in the domain. Conditional means are further reported in
Fig. 7.10 for easiness of comparison between the various models. One can notice for
all five models that equilibrium temperature is only reached at lean conditions (as also
seen in experiments [77]). A peak temperature of 1600 K is predicted by model MLe1,
consistently with the results described in Sec. 7.3.2 and in good agreement with exper-
imental measurements [77]. The models M0, M1RES, M1TAB and M2, including differ-
ential diffusion in the thermochemical database, predict lower temperature values than
model MLe1, in particular near stoichiometry and at rich conditions, which results from
the lower reaction rate peak values in the thermochemical database. Model M2 predicts
overall higher temperature values at stoichiometry and on the rich side, z̃ > 0.47. More-
over, burning states are found for this case up to z̃ ≈ 0.8, which is a result of the more
upstream stabilisation of the flame. This different behaviour for model M2 is a conse-
quence of the corrected diffusion flux in the progress variable equation, which enhances
the flux of progress variable across the flame front, from the outside (products) to the
core of the jet (reactants), leading to the corresponding higher values of progress vari-
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Figure 7.9: Scatter plots of temperature T̃ (top), progress variable reaction rate ¯̇ωc (centre) and progress vari-
able c̃, (bottom) versus mixture fraction z̃, coloured by the distance form the nozzle exit x/D . Only temperature
values for c̃ > 0.1 are shown to exclude unburnt conditions. Reaction rate values are only reported for the flame
region, identified as the region where 0.1 < c̃ < 0.9. Vertical dashed lines refer to the flammability limits and the
stoichiometric condition. Conditional averages (—), equilibrium flamelets temperature (—) and maximum re-
action rate in the flamelet database (—) are also shown.

able near the rich flammability limits as compared to the other models (see scatter plots
of progress variable). Note that the correction term is non zero also outside the flamma-
bility range. Also, fully burnt states are not observed on the rich side for all models due to
the the fact that quick turbulent mixing in the inner rich branch of the flame decreases
the mixture fraction values as the reaction progresses.

Scatter plots of reaction rate are reported for 0.1 < c̃ < 0.9 and only show values
higher than 2% of the maximum reaction rate in order to exclude points outsde of the
flame front. A bimodal behaviour is observed in the conditional mean of reaction rate
where the two peaks identify respectively the lean premixed flame burning mode at the
flame base (x/D ≈ 10, blue color) and the rich inner branch of the flame extending to an
axial location of x/D ≈ 20. The comparison between the conditional means of the mod-
els with (M0, M1TAB, M1RES, M2) and without (MLe1) differential diffusion (see Fig. 7.10)
reveals that the main difference in burning states is on the lean side, where the peak of
conditional mean is stronger and observed at higher values of z̃ in the case without dif-
ferential diffusion. On the contrary, the value and location of the peak on the rich side is
similar between the cases with and without differential diffusion. This also indicates that
the stronger effect on the flame burning modes is given by the thermochemical database.
In contrast, whether and how differential diffusion is taken into account at the resolved
level seems to have negligible effect on the lean side of the flame, while some influence
is observed on the rich side. In particular, including correction in the resolved diffusive
fluxes seems to overall move the peak of reaction rate in rich premixed mode towards
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leaner values, and this shift is less marked when corrections are applied to both fluxes
of mixture fraction and progress variable (model M2). This might be due to the fact that
model M2 predicts burning samples over a broader range of mixture fraction values in
the rich side as compared to models M1RES and M1TAB, as observed in Fig. 7.10.

Figure 7.10: Conditional averages of temperature, reaction rate and progress variable in mixture fraction space,
obtained from LES with models MLe1 (—), M0 (—), M1RES (· · ·), M1TAB (- -) and M2 (—) of Tab. 7.2. Vertical
dashed lines refer to the flammability limits and the stoichiometric condition.

7.4. SUMMARY
In the present chapter the effects of differential diffusion modelling (DD) within flamelet-
based LES with presumed FDF of turbulent hydrogen combustion was investigated. Two
representative cases were considered to evaluate the performance of DD models across
different combustion regimes: a fully premixed, turbulent, thermo-diffusively unstable
flame in a slot burner configuration, and a lifted partially premixed flame in a vitiated
coflow.

In the first case, differential diffusion effects were introduced both in the thermo-
chemical database and at the resolved LES level using two different correction strate-
gies, one limited to the mixture fraction, model M1, the other also involving enthalpy
and progress variable, model M2. These models successfully captured relevant features
associated with thermo-diffusive instability, including flame front wrinkling, curvature-
driven mixture fraction redistribution, and super-adiabatic temperature peaks. The sim-
ilarity of results between the two modelling approaches, suggests that for fully premixed
conditions (without enthalpy losses), a simple correction on the mixture fraction may be
sufficient.

The second case presented a more complex scenario. Here, turbulent fuel-oxidiser
mixing dominates the flame stabilization process, diminishing the relative impact of dif-
ferential diffusion. In facts, first and second order statistics of temperature and mixture
fraction are already in very good agreement with experimental measurements when dif-
ferential diffusion is not taken into account neither at resolved nor at thermochemistry
level. While the overall sensitivity to differential diffusion modelling is reduced com-
pared to the premixed case, some effects are observable. Including differential diffusion
only at thermochemical level does not affect jet/coflow mixing, but results in an overall
reduction of the reaction rate and a consequent reduction of the temperature gradients.
When the correction on the mixture fraction diffusion is included at the resolved level,
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via model M1, the jet/coflow inert mixing appears mildly enhanced and an increase in
the reaction rate at the flame base and temperature gradients is observed. When also
the diffusion flux of progress variable is corrected at resolved level, model M2, the in-
creased diffusion flux of progress variable from the products to the reactants causes an
upstream shift of the flame stabilisation point as compared to the other tested mod-
els. The models for differential diffusion assessed in the present study were originally
derived for premixed cases, where relatively small mixture fraction variations around
the nominal value and well within the flammability range are expected. The analysis
conducted in the present work suggests that additional treatment might be necessary
in partially-premixed cases where the mixture fraction spans values across the entire
flammability range.

In the present study the developed models were observed to qualitatively capture
the effects of coupling between differential diffusion and flame front curvature within a
perfectly premixed lean hydrogen-air flame. In the following chapter, the focus shifts on
the coupling between non-unity Lewis number effects and flame tangential strain rate,
and the predictive capability of the considered flamelet based LES with the implemented
DD models is assessed. For this reason, a bluff body fully premixed turbulent hydrogen
combustor is analysed, as the flame stabilises at significant tangential strain rate levels
originating at the bluff body base.
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FLAMELETS/PRESUMED FDF
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8.1. INTRODUCTION
As discussed in Sections 1 and 2 the application of flamelet based models to hydrogen
combustion presents challenges relative to differential diffusion effects. These can be
summarized as coupling with flame stretch leading to mixture fraction and enthalpy re-
distribution along the flame. Flame stretch can be caused by both curvature (induced
by turbulent eddies or thermodiffusive instabilities) and tangential strain rate due to in-
tense average velocity gradients or induced locally by turbulent structures. For hydrocar-
bon fuels studies like [239] and [285] have shown that the use of unstretched flamelets
for the thermochemical database remains robust even under localized extinction events,
as the effects of strain on quenching can be modelled by local interplay between reaction
and convection [240]. Diffusively neutral flames (L ≥ 0) are weakly affected by strain in
their consumption rate [54] and reaction rate reduction is only observed at high strain as
quenching starts to occur. However, very lean hydrogen-air mixtures can have a negative
Markstein length, which causes increasing reaction rate in response to positive tangen-
tial strain.

In the context of lean premixed hydrogen flames recent DNS studies [274] suggested
that mixture fraction is the main controlling parameters for the description of the ther-
mochemical states encountered in a thermo-diffusively unstable flame, rather than lo-
cal strain or curvature. On the contrary, the a priori analysis conducted by Böttler et al.

Parts of this chapter have been published in Combustion Science and Technology, 1–17. [284].
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[224] indicated that incorporating both strain and curvature variations in the flamelets
database is necessary to capture all the thermochemical states. Nevertheless, in [224],
the deviation of the reacting states predicted by the DNS from a flamelet database built
only using unstretched flamelets at different mixture fraction was mostly associated to
minor species, while smaller deviations were observed for main species, temperature
and reaction rate.

In light of the above studies, it remains unclear whether the combined effects of
strain and differential diffusion on the distribution of mixture fraction and reaction rate
peak can be captured by the sole effect of resolved strain in an LES, and starting from a
database of unstretched flamelets. To examine these aspects, the NTNU hydrogen un-
confined bluff-body burner [255], described in Chap. 4, is chosen as a test case configu-
ration. In particular, the work described in the present chapter aims to: (i) further val-
idate the flamelet framework developed in the previous chapters for a bluff body stabi-
lized hydrogen flame against available experimental data (PIV and OH*-chemiluminescence);
and (ii) evaluate the model’s ability in capturing differential diffusion and strain effects
on the flame’s behavior at the resolved level using a flamelet database built on unstrained
flamelets.

8.2. SET-UP AND METHODOLOGY
The premixed bluff-body stabilized hydrogen flame developed at the Norwegian Uni-
versity of Science and Technology (NTNU), introduced in Chap.4, is simulated here.
The operating conditions considered for the present study are summarized in Tab.8.1,
along with the laminar flame properties corresponding to the nominal equivalence ratio
φ= 0.4.

For this analysis, the flamelet-based LES model with presumed FDF closure detailed
in Sec.3.2 and benchmarked in Chap.6–7 is employed. This involves solving the Favre-
filtered equations for continuity, momentum, absolute enthalpy (sum of formation and
sensible enthalpies), controlling variables, and their subgrid-scale (SGS) variances. The
SGS turbulence is modeled using a one-equation approach, solving an additional trans-
port equation for the SGS turbulent kinetic energy kSGS [95], see Eq. 2.58. The dynamic
model described in Sec.3.2.2 and applied in Chap.6.2 is used for the SGS closure of the
progress variable variance equation.

The flamelet database consists of 300 premixed, unstretched flamelets computed at
varying equivalence ratios using the 1D solver CHEM1D [141], with Burke mechanism
[280]. The flamelet database is parameterized using a scaled progress variable c based on
the water mass fraction YH2O, and Bilger’s mixture fraction z[286]. Differential diffusion
effects are accounted for at the thermochemistry level via a mixture-averaged diffusion
model applied to the 1D flamelet solutions (see Eq.2.16). At the resolved level, these

Table 8.1: Operating conditions for the NTNU bluff-body burner.

φ ṁmi x [kg/s] Pth [kW] sl [m/s] δl [m] τ f [s]

0.4 2.287×10−3 3.5 0.21 6.5×10−4 0.0031



8.3. RESULTS AND DISCUSSION

8

129

Figure 8.1: Radial profiles of axial and radial velocity, and their RMS, at different axial locations. (LES with
Lek = 1: , LES with Lek ̸= 1: , Exp )

effects are included through model M2 (see Sec. 3.2.3 and Chap. 7), which introduces
corrections to the diffusive fluxes of both the controlling variables and absolute enthalpy,
following the approach in [125].

The domain is discretized using 2 million hexahedral cells, and the boundary layer is
refined to ensure a first cell center distance from the wall y+ < 1 in wall units [93]. The
quality of this mesh was assessed using the Cèlik criterion [287] in order to resolve at
least the 80% of the kinetic energy throughout the computational domain. Fig. 4.4 (right)
shows a cut plane of the computational mesh and summarizes the boundary conditions
applied in the simulations. At the domain inlet, a mass flow rate of ṁ = 0.00229 kg/s
with a value of mixture fraction of z = 0.0125 is imposed, which corresponds to the ex-
perimental equivalence ratio of φ = 0.4. Total atmospheric pressure is imposed at the
outlet.

The LES filtered equations are solved using the finite volume method in OpenFOAM
9. The Pressure-Implicit with Splitting of Operators (PISO) algorithm is employed for
pressure-velocity coupling, and temporal discretization uses an implicit Euler scheme.
Time integration is performed using constant time steps of 3 × 10−7 s and 6 × 10−8 s,
maintaining the Courant number below 0.5 in all cells.

8.3. RESULTS AND DISCUSSION

8.3.1. VALIDATION AND FLAME STRUCTURE

Comparisons between LES and experimental measurements of time-averaged and RMS
axial and radial velocity components at various streamwise (axial) locations are shown in
Fig. 8.1. Both the cases with and without differential diffusion are reported, showing no
significant differences in mean velocity flow field between the two models. The simula-
tions results align well with the experimental data, particularly in capturing the peaks of
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Figure 8.2: OH*-Chemiluminescence from experiments [255] (left) and midplane contours of mean heat re-
lease rate obtained from LES results with (centre) and without (right) differential diffusion effects. All plots are
normalized: experimental results have been normalized by their respective maximum OH*-Chem value, while
the numerical results have been normalized by the maximum value of the Le = 1 case.

both velocity components and RMS fluctuations. However, a significant overestimation
of the RMS of radial velocity is observed in the shear layer region at a height of approx-
imately y = 20 mm. This mismatch is attributed to an overestimation of combustion-
induced turbulence at the bluff-body base. Supporting this interpretation, the RMS of
radial velocity shows better agreement with experimental measurements in the corre-
sponding non-reacting case (not shown). Also, comparisons of OH*-Chemiluminescence
measurements with the time averaged normalized reaction rate from LES, shown in
Fig. 8.2, indicate that the LES accurately predicts both the shape and length of the flame.
It can be further observed that the location of highest reaction rate moves towards the
edge of the bluff-body and the flame gets shorter when differential diffusion effects are
included in the model, and the comparison with experimental data improves in this case.

Further insight on the effects of differential diffusion is presented next. For an un-
stretched premixed flame, a decrease in mixture fraction is expected in the preheat zone
ahead of the flame, followed by a re-increase in the flame region [153, 274]. This be-
haviour, categorized in Chap. 2 as a one-dimensional effect, is captured by the LES with
differential diffusion model, as demonstrated in Fig. 8.3 by the presence of a region of
mixture fraction with values around z̃ = 0.011, which are lower than the nominal value
z̃ = znom = 0.0125. In fact, since the resolved curvature in this region is small and the
positive resolved strain in the same region would increase the mixture fraction as com-
pared to an unstrained case [153], the observed low values of z̃ necessarily imply that
one-dimensional effects of differential diffusion are captured in the LES. Besides, the LES
with differential diffusion model also predicts a significant increase in mixture fraction
in the post flame region (c̃ > 0.5), above its nominal value. This increase is only possi-
ble due to the combined effects of stretch and differential diffusion (positive strain and
curvature), as documented in previous studies [153, 274, 282]. This implies that the LES
with unstretched flamelets thermochemistry can, at least qualitatively, mimic this inter-
play between resolved stretch and differential diffusion (two/three dimensional effect as
categorized in Chap. 2). As a consequence of this enrichment, the LES also predicts su-
peradiabatic temperatures, with peaks around T̃ = 1800K observed in the region of the
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Figure 8.3: Midplane contours of instantaneous filtered mixture fraction (left) and temperature (right) obtained
from the LES without (Le = 1) and with (Le ̸= 1) differential diffusion model.

flame anchoring point (Fig. 8.3, right). These peaks are found to correspond to values
of progress variable c̃ > 0.85. Consistently, a redistribution of the reaction rate field is
predicted with respect to the unity Lewis number case, with higher values concentrated
close to the flame anchoring point, also resulting in a shorter flame as previously ob-
served in Fig. 8.2.

The above analysis highlights significant effects of differential diffusion in the studied
configuration. Nevertheless, the details of how the current modelling framework based
on unstretched flamelets thermochemistry is capturing the interplay between stretch
and differential diffusion is yet unclear. Insights on this aspect are provided in the next
section.

8.3.2. AVERAGE RESOLVED STRETCH EFFECTS

In premixed flames, differential diffusion effects are tightly coupled with flame stretch
K . This can be split into contributions of flame front curvature k f and flame tangential
strain St as in Eq. 2.39. In particular, flame curvature induced either by turbulence or by
intrinsic thermodiffusive instabilities, is positively correlated with variations in mixture
fraction, such that a convex curvature towards the reactants causes mixture enrichment
upstream of the flame, while a cusp (concave towards reactants) produces a mixture frac-
tion decrease [149, 164]. Similarly, positive flame tangential strain produces a mixture
enrichment when coupled with differential diffusion [153]. The contours in Fig. 8.4 in-
dicate a region of intense positive tangential strain rate 〈S̃t 〉 ∼ 7500 1/s being generated
at the edge of the bluff body, where the flame anchors, which is due to the interaction
between the jet flowing around the bluff body and the region of hot gases recirculation.
The same figure reports radial profiles of mean flame tangential strain in progress vari-
able space for different axial locations. As one would expect, tangential strain decreases
downstream. Its peak location, found for mean progress variable values 〈c̃〉 > 0.8, is also
found to shift towards the product side as one moves downstream. The effect of mean re-
solved strain on mixture fraction is also visible in Fig. 8.4. Consistently with the study in
[153], higher levels of strain observed near the bluff body base limit the one-dimensional
differential diffusion effects of mixture fraction decrease in the low progress variable
region, and enhance its re-increase for higher values of c̃. This re-increase results in
overshoot of mixture fraction above 50% in the region of higher strain, as compared to
the nominal value. This in turns induces superadiabatic temperatures of the order of
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Figure 8.4: Top row, from left to right: Midplane contours of mean resolved tangential strain rate 〈S̃t 〉, mean
mixture fraction, 〈z̃〉, mean progress variable reaction rate, 〈 ¯̇ωc 〉, and mean temperature 〈T̃ 〉 obtained from
LES with differential diffusion model. Isoline of mean progress variable 〈c̃〉 = 0.8 is marked as a blue dashed
line ( ). Bottom row, from left to right: profiles of the same average quantities along the flame at the 4 axial
locations marked in the A1 contour plot: y = 0.5 mm ( ), y = 1.5 mm ( ), y = 2.5 mm ( ), y = 3.5 mm ( ).
The dashed line indicates the nominal mixture fraction value z = 0.0125.

〈T̃ 〉 ∼ 2000 K. This phenomenon, which is linked to the relative magnitude of convec-
tive transport with respect to diffusive transport of mixture fraction due to differential
diffusion in strained flames, is thus correctly captured by the LES at the resolved level.
It is worth to notice that curvature is limited in the region of high strain near the flame
anchoring point, as will be shown later. In the present configuration, unlike what was ob-
served by Berger et al. [274] for the slot burner also simulated in Chap. 7, strain appears
to dominate over curvature effects. The comparison of that combustion system with
the present bluff-body further suggests that thermodiffusive instabilities, which played a
major role in the slot burner [101, 274] for a similar equivalence ratio and massflow rates,
are somewhat suppressed by the significant strain at the bluff-body base. Figure 8.4 also
indicates that not only the peak reaction rate, but also the extent of the area underneath
the curve (which is proportional to the consumption speed in physical space), increases
in correspondence of regions of higher tangential strain rates (see radial profiles). This
is an expected effect of reacting mixtures at negative Markstein lengths [54], and sug-
gests that capturing the correct redistribution of mixture fraction might be sufficient, in
the context of flamelets combustion modelling, to predict the correct increase in reac-
tion rates. This is further confirmed by the fact that the flame shape and length, thus
the consumption speed, predicted by the LES when differential diffusion is included are
in better agreement with the experimental observations (see Fig. 8.2), than for the unity
Lewis number case. On the other hand, one has to keep in mind that strain effects on
reaction rate are also linked to enthalpy and radicals redistribution through the flame
front as indicated in the a priori analysis of [224]. In the latter, however, errors were ob-
served to remain below 10% in terms of major species, temperature, density and reaction
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rates when using an unstretched flamelets database as compared to strained flamelets,
with larger errors for minor species. Unfortunately, minor species mass fractions are not
available for the considered experimental database for comparisons. Note that errors on
minor species are commonly expected within flamelet-based approaches even for hy-
drocarbon flames, where additional transport equations and methods are often used to
improve the accuracy of their predictions (e.g. see [135]).

The above results suggest that effects of strain in lean hydrogen flames can be pre-
dicted with unstretched flamelets thermochemistry, at least as long as most of the strain
is resolved.

8.3.3. REACTING STATES

Figure 8.5 illustrates the joint probability density function of progress variable reaction
rate ω̇c and progress variable c̃ at a random timestep. Only points on the flame with
ω̇c > 1 are considered. Consistently with what observed by Berger et al. [274] for a jet
flame at the same equivalence ratio, differential diffusion effects (left) result in reaction
rate values higher than those found in an unstretched 1D laminar flame, which is due to
the effect of stretch on local enrichment. Since these states are significantly more abun-
dant than states where the mixture fraction gets leaner, the global conditional average,
〈ω̇c |c̃〉, is also significantly larger than the one associated to unstretched samples only
(red line), highlighting the significant effect of stretch on the reaction rate. Note that the
latter curve still presents values larger than those for the unstretched laminar 1D flamelet
(blue curve), due to the transport of mixture fraction from the enriched pockets from the
nearby regions with non-zero stretch. Figure 8.5 (left) also indicates that increasing lev-
els of tangential strain (dashed lines) yield an increase of conditional reaction rate, in
agreement with the trends observed in [153]. These effects are completely absent when
considering the case without differential diffusion (Figure 8.5, right), where the global
conditional average matches the one obtained using unstretched samples only. Also,
as expected, increasing levels of resolved strain does not affect the conditional reaction
rate.

Figure 8.6 shows scatter plots of filtered mixture fraction z̃ versus filtered progress
variable c̃, at a random timestep, coloured by mean stretch, strain and curvature re-
spectively. Global conditional averages as well as conditional averages obtained only
using samples at zero stretch, strain or curvature are also shown. Stretch and tangen-
tial strain are normalized by the chemical time scale τ f , and curvature is normalized
by the laminar flame thickness δ f , whose values are reported in Tab. 8.1. The plot on
the left indicates a strong correlation between positive values of stretch and mixture en-
richment. The global conditional average of mixture fraction versus progress variable
shows the typical profile of a strained premixed 1D flamelet in counterflow configura-
tion [153], as already observed in Fig. 8.4, with an initial decrease in mixture fraction
with respect to the nominal value followed by a reincrease and eventual overshoot. The
conditional average of unstretched reacting states, 〈z̃|c̃, K̃ = 0〉 (red line), is observed to
follow the profile of decreasing mixture for an unstretched 1D premixed flamelet (blue
line), confirming that stretch is driving the deviation between the conditional average
from LES states and unstretched flamelet values. Consistently with Fig. 8.5 and the re-
sults in [274], the values on the "unstretched" conditional average curve are higher than
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Figure 8.5: Joint probability density function of progress variable reaction rate versus progress variable at
a random timestep. Both cases with (left) and without (right) differential diffusion are shown. Solid lines
represent global conditional average 〈ω̇c |c̃〉 ( ), conditional average restricted to unstretched reacting states
〈ω̇c |c̃, K̃ = 0〉 ( ), and the reaction rate for an unstretched 1D premixed laminar flamelet at the same equiva-
lence ratio ( ). Dashed lines indicate the conditional averages at fixed levels of tangential strain St .

those for the unstretched 1D flamelet. The two rightmost graphs in Fig. 8.6 further re-
veal that stretch effects are primarily driven by tangential strain in the present configu-
ration, whereas curvature has a less pronounced influence. Indeed, one can notice that
the conditional average at zero curvature, 〈z̃|c̃, κ̃ f = 0〉 (red line, rightmost graph), aligns
with the global conditional average (black line). Furthermore, the conditional average
at zero strain, 〈z̃|c̃, S̃t = 0〉 (red line in the central graph), appears to align with the un-
stretched conditional mean (red line in the left graph). Nevertheless, flame curvature
still maintains a mild positive correlation with mixture fraction variations, consistently
with past observations [101, 274]. This milder influence of curvature effects as compared
to previous studies is partly due to the fact that only modest strain levels where observed
in these studies, an partly to the fact that the positive tangential strain itself at the flame
anchoring location might be limiting the onset of thermodiffusive instabilities (observed
instead in [274]), thus limiting the occurrences of strongly curved flame fronts [288]. As
a final remark, Fig. 8.6 (central graph) further illustrates the conditional mean at zero
curvature for increasing strain levels. This confirms the argument for Fig.8.5 that in-
creasing strain intensifies the local enrichment, as observed in [153] for laminar strained
flamelets, leading in turn to the increase of reaction rate.

To further characterize the influence of stretch, in Figure 8.7 the probability density
functions of resolved stretch, tangential strain and flame curvature, with and without
differential diffusion, are shown. One can notice that curvature has a zero mode (al-
though the mean remains slightly positive due to a mild skewness to the right), which
is believed to be the result of only turbulent eddies motion. On the contrary, the PDF
of strain indicates the presence of two peaks, which are believed in turn to correspond
to the effect of turbulent eddies and to the applied strain in the shear region where the
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Figure 8.6: Scatter plots of mixture fraction versus progress variable in the flame region. Colours represent
mean resolved normalized stretch (left), strain rate (center), and curvature (right). Global conditional averages
〈z̃|c̃〉 are marked as solid black line ( ). The nominal mixture fraction is marked with a black dashed line (
). The mixture fraction from 1D unstretched premixed flamelet at the same equivalence ratio is plotted with
a solid blue line ( ). Red lines ( ) indicate conditional averages obtained considering points at zero stretch,
strain and curvature, respectively. The dashed lines ( ) represent increasing levels of strain rate.

flame anchors (positive mode). This distribution is thus different to that observed in
[274] where only a peak around zero strain was observed. It is interesting to note that
the presence of differential diffusion causes an increase in the value of tangential strain
associated with this second peak (strain itself intensifies), as well as an increased num-
ber of occurrences at this value. This is linked to the stabilization of the flame closer to
the bluff-body edge characterized by higher strain levels and an overall shortening of the
flame, and indicates that the hydrogen flame ‘chases’ the high strain region, due to the
increase of reaction rate in response to strain.

Figure 8.7: Probability density function of resolved stretch, strain and curvature, showing the comparison be-
tween the unity Lewis number case ( ) and with differential diffusion ( ).

8.4. SUMMARY
The differential diffusion model M2 presented in Chap. 7, correcting for the diffusive
flux of mixture fraction, progress variable and enthalpy was used to investigate the cou-



8

136
8. DIFFERENTIAL DIFFUSION AND STRAIN COUPLING IN FLAMELETS/PRESUMED FDF

LARGE EDDY SIMULATIONS

pling between differential diffusion and stretch in bluff-body stabilized lean premixed
hydrogen flames. The LES was firstly validated against available PIV and OH∗ experi-
mental data, showing accurate predictive capabilities, already without differential diffu-
sion modelling. The differential diffusion model was shown to be able to predict the lo-
cal redistribution of mixture fraction in regions of non-zero strain at the bluff body base,
at the resolved scales. This redistribution was observed to cause a shift of the reaction
source term peak towards the flame anchoring point, resulting in a shorter flame com-
pared to the unity Lewis number case. Interestingly, the increased reaction rate induced
by positive flame tangential strain (due to negative Markstein length) was correctly cap-
tured by the sole use of unstretched flamelets thermochemistry. This requires that the
diffusive flux of the controlling variables is approprately corrected to account for differ-
ential diffusion and that most of the strain rate is resolved.

The LES framework benchmarked in the first part of this thesis was proven to give sat-
isfactory predictions of hydrogen turbulent flames under various combustion regimes.
Moreover, the implemented differential diffusion model was proven to give physical pre-
dictions of differential diffusion coupling with resolved curvature and strain rate. The
LES framework is subsequently employed for the numerical analysis of a practical swirl-
stabilized combustor, as presented in Part II.
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9
INVESTIGATION OF MIXING IN A JET

IN SWIRLING CROSS-FLOW

CONFIGURATION

9.1. INTRODUCTION
As discussed in Chap. 1, lean premixed combustion is a promising strategy to reduce fuel
consumption and NO emissions by lowering flame temperatures, thereby enabling more
sustainable combustion for gas turbines technology [289]. In particular, fuel-flexible
combustion systems, capable of operating on both carbon-based fuels and hydrogen
or any mixture of the two, have gained significant attention across various industries,
offering a broader operability range, even in scenarios where hydrogen is not consis-
tently available. These are the focus of the present study which investigates the TU Delft
swirl-stabilized combustor with axial air injection, introduced in Chap. 4, a laboratory-
scale technically premixed combustor suitable for advancing fuel-flexible combustion
systems in aeronautical applications [25].

Mixing quality is a critical parameter for achieving spatially uniform flame temper-
atures and, consequently, low NO emissions. Preliminary numerical studies revealed a
lack of mixture homogeneity at the combustion chamber inlet for the considered op-
erating chosen as reference in experiments [290–292]. Experimental measurements in
[68] highlighted that flame stabilization and NO emission trends vary depending on the
fuel composition and use of axial air injection (AAI), suggesting that non-uniform mix-
ing significantly influences both flame shape and emissions. This chapter focuses on
investigating the mixing process in detail.

The use of hydrogen based fuel, with its significantly higher flame speed compared
to hydrocarbon fuels, presents increased risk of flashback and thermoacoustic instabili-
ties when homogeneously premixed within the injector [293], as discussed in Chap. 1. To

Parts of this chapter have been published on International Journal of Hydrogen Energy 141 (2025): 176-192.
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mitigate these risks and ensure stable combustion with high hydrogen content, strate-
gies aim to minimize the volume of flammable mixture present in the injector. This is
typically achieved through late-stage fuel injection and rapid mixing. An example is
Lean Direct Injection (LDI) [37, 38], where fuel is injected directly into the combustion
chamber and mixes rapidly with abundant air, often in a swirling flow to improve flame
stability. Other approaches include partially premixed strategies with delayed hydrogen
injection [294–296], and technically premixed combustors featuring dedicated mixing
sections with flashback mitigation measures, such as in [49, 297] or within the TU Delft
swirl-stabilized combustor examined in this work [68].

A widely adopted method for achieving effective and quick mixing is the jet-in-crossflow
(JICF) configuration, where fuel is injected transversely into an oxidiser stream [298,
299], commonly seen for gas turbine injectors [300, 301]. Four characteristic flow struc-
tures typically arise in an axial JICF setup [302]: (1) horseshoe vortices originating from
the jet issuing base, (2) windward shear layer vortices due to Kelvin-Helmholtz instabil-
ity, (3) a far-field counter-rotating vortex pair (CVP), and (4) wake region downstream of
the jet, with upright vortical structures in the jet’s wake forming from cross-flow bound-
ary layer vorticity. Among these, the CVP plays a crucial role for jet-crossflow mixing by
entraining crossflow fluid into the jet [303, 304].

Mixing behavior in JICF configurations is strongly influenced by geometric param-
eters such as nozzle shape [305, 306] and injection angle [307], as well as flow param-
eters including the jet-to-crossflow density ratio S = ρjet/ρcrossflow, velocity ratio R =
Ujet/Ucrossflow, momentum flux ratio J = SR2, and Reynolds number Re [298, 308, 309].
Among these, J has been recognized as the dominant factor controlling mixing perfor-
mance [310, 311]. Effective mixing typically requires J > 25, and in some cases, J > 100
[310]. At very high J values, the jet behaves similarly to a free jet in static environment,
just slightly bent by the incoming crossflow, while at low J (J < 1), the jet tends to remain
attached to the wall, feature leveraged in film cooling applications [312, 313]. The high
diffusivity of light fuels such as H2 is expected to further impacts mixing dynamics [314].

Swirling crossflows, commonly used in modern gas turbines for flame stabilization
[58, 85, 301, 315], introduce additional complexity to the JICF mixing process. Unlike
axial flows, swirling flows involve a tangential velocity component and a radial pressure
gradient. Early investigations employing helium jets into swirling crossflows [316, 317],
used to replicate density effects of light fuels, revealed that swirl significantly reduces
jet penetration depth (by up to a factor five at a swirl number Sw = 2.25). However, he-
lium’s lower density compared to air leads to differential centrifugal effects that promote
outward air transport and inward transport of the fuel jet fluid, partially compensating
for reduced penetration [317]. For momentum flux ratios in the range 0.28 ≤ J ≤ 12.6,
jets were observed to follow spiral paths aligned with the swirl direction. More recent
studies [318] explored hydrogen jets in swirling crossflows, finding that increased swirl
number affects mixing by inducing central recirculation zones and modifying the shear
layer distribution, at the exit of premixing sections. Additionally, momentum flux ratio
was shown to influence both the penetration depth and the homogeneity of the resulting
mixture.

While both swirling flows and JICF configurations have been studied extensively in
isolation, the understanding of combined effects of swirl and jet in crossflow injection,
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particularly under fuel-flexible conditions, remains limited. In particular, no studies
have accounted for the effects of varying fuel densities on the mixing process, nor has
a systematic methodology been established to investigate these effects experimentally
and numerically. Understanding how fuel composition and injection parameters affect
mixture homogeneity conditions prior combustion is crucial for predicting NO emis-
sions and assessing flashback risk in technically premixed, swirl-stabilized combustors.

In the present chapter the mixing characteristics of the jet in swirling cross-flow con-
figuration in the dual-fuel (CH4/H2) technically premixed TU Delft combustor [68], is
analysed with LES, complementing the experimental work presented in [319]. In these
experiments, helium/air mixtures are employed as surrogates for CH4/H2 blends, with
adjusted helium-to-air ratios to match the density of the actual fuel mixtures. The mixing
process and velocity fields are visualized by seeding the fuel stream with droplets before
injection in the optically accessible mixing tube. The LES simulations validate this sur-
rogate approach and further characterize the mixing behavior and homogeneity levels
across different fuel compositions. A detailed decomposition of the transport processes,
including convection, molecular diffusion, and turbulent subgrid transport (diffusion),
is also presented to quantify their respective roles in mixture formation. These insights
support the interpretation of flame stabilization and emission trends observed in the
experiments of [68].

9.2. METHODOLOGY

9.2.1. JOINT EXPERIMENTAL AND NUMERICAL METHODOLOGY DESIGN
The present study investigates the fuel/air mixing process within the TU Delft swirl stabi-
lized combustor, which features a jet in swirling cross-flow fuel injection configuration.
A schematic of the set-up is provided in Fig. 4.5 in Sec. 4. The study focuses on the case
with geometric swirl number [256] of Sw,geom = 1.1 at the conditions outlined in [68],
where the burner operates under different CH4/H2 mixtures with a constant thermal
power P = 12kW and a constant mass flow rate of air ṁair = 5.38 g/s (see Tab. 9.1).

CH4/H2 reacting case at P = 12kW
Tag XH2 ṁH2 [lpm] ṁCH4 [lpm] LES dfuel [mm]
A 0 0 21.21 ✓ 3.50
B 0.4 11.17 16.76 ✓ 3.50
C 0.8 39.2 9.13 3.50
D 1 71.8 0 ✓ 3.50

Table 9.1: Fuel mixtures and injector diameters for the reference (CH4/H2) cases at p = 1 atm and T = 288.15 K

In the experimental campaigns conducted in [68], fuel-air mixing is studied using a
non-reactive surrogate gas to eliminate the complexities associated with handling reac-
tive gases. Helium has previously been proposed as a surrogate for H2. Although it does
not replicate fully the diffusive characteristics of H2 within oxidizers, previous results
suggest that it exhibits a similar global mixing behaviour [320]. Helium/air mixtures are
used as a surrogate for CH4/H2 mixtures, matching both the density and injection veloc-
ity of the jet [308], while maintaining the same fuel inlet diameter. Therefore, the helium
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He/air surrogate
Tag ṁHe [lpm] ṁair [lpm] LES Exp dfuel

As 11.01 10.58 ✓ 3.50
Bs 22.27 7.82 ✓ 3.50
Cs 42.87 2.25 ✓ 3.50
Ds 71.80 0 ✓ ✓ 4.07

Table 9.2: He/air mixtures and injector diameters for the surrogate cases at p = 1 atm and T = 288.15 K.

mole fraction in the surrogate fuel stream corresponding to a reference case with a given
hydrogen mole fraction of XH2 is computed as:

XHe = XH2

ρH2 −ρCH4

ρHe −ρAi r
+ ρCH4 −ρAi r

ρHe −ρAi r
(9.1)

To represent the 100% H2 case using helium (He) as a surrogate, it is not possible to
match the fuel density, since He is approximately twice as dense as H2. Therefore, to
maintain the same momentum flux ratio J , the volumetric flow rate of the fuel stream is
kept constant between H2 and He, and the fuel inlet diameter is increased when using
He. Tab. 9.1-9.2 show the fuel compositions for the reference cases (Tag A - D), exper-
imentally studied under reacting conditions in [68], and the corresponding fuel surro-
gates (Tag As - Ds) for the non-reacting experiments in [319].

The momentum flux ratio between transverse jets and swirling cross-flows Jswirl is a
relevant parameter for the presented analysis and is defined as follows [318]:

Jswirl =
ρjet ·U 2

jet

ρair ·U 2
air · (1+4 ·S2

w )
, (9.2)

where ρ is the density and U the axial velocity. In this chapter, Uair is taken as the bulk
velocity of the swirling air, due to the complex velocity distribution at the swirler outlet.

Fig. 9.1a shows the momentum flux ratio Jswirl by varying the percentage of H2 in the
fuel XH2 for the reacting cases (CH4/H2, blue line) and its surrogate (He/air, green dot-
ted line). It can be seen that the curves of the two mixtures are about overlapping, since
the density is kept constant between the fuel mixture and the surrogate fuel and the fuel
ports diameter is increased in the 100% He surrogated case Ds. For both, the momentum
flux ratio increases up to XH2 = 0.8, and afterwards drops again slightly. Fig. 9.1b shows
the corresponding Reynolds numbers. Due to the higher viscosity of Helium compared
to H2 and CH4, some discrepancies are observed in the Reynolds numbers between the
methane-hydrogen mixtures and their surrogate at the same value of Jswirl (blue and
green data). However, for all investigated cases, the flow remains in the laminar or tran-
sition regime. Therefore, the change in Reynolds number is not anticipated to affect the
mixing substantially.

The investigation of the mixing process in [319] is carried out within a combined
numerical and experimental framework. The experiments were performed in a replica
of the TU Delft partially premixed CH4/H2 swirl-stabilized burner [68], featuring the
same stainless steel axial swirler and an optically accessible mixing tube and combus-
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Figure 9.1: (a) Momentum flux ratio and Reynolds number (b) for CH4/H2 mixtures ( ) and the surrogate
conditions ( ) in the fuel stream.

Figure 9.2: Field of view for the optically accessible combustion chamber and mixing tube

tion chamber. Particle Image Velocimetry (PIV) data are available, and the mixing pro-
cess was analyzed using Mie scattering images acquired within the mixing tube. Only the
fuel stream was seeded, so the Mie scattering signal serves as an indicator of the mixing
level between fuel and air. Specifically, the surrogate fuel stream (He/air) was seeded
with DEHS droplets. Post-processing of the Mie-scattered images using particle count-
ing techniques described in [319] enabled visualization of the fuel–air mixing. The field
of view of the experimental measuring techniques is shown in Fig. 9.2

In the present chapter, the 100% helium case (Ds in Tab.9.2) is first simulated using
LES to validate the numerical model through comparison with experimental measure-
ments. Subsequently, LES is used to analyze cases with different CH4/H2 fuel compo-
sitions (cases A, C, and D in Tab.9.1). A comparison between case D and its surrogate
case Ds serves to evaluate the suitability of helium as a tracer to represent the macro-
scopic mixing behavior of hydrogen, thereby validating the experimental methodology
and identifying its limitations.

The numerical results provide detailed quantitative information on the fuel mass
fraction distribution within both the mixing tube and the combustion chamber. Mixing
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quality is analyzed for each of the investigated fuel mixtures, and the resulting trends are
compared with those obtained from the surrogate experimental cases. Further insight
into the mixing process is obtained by analyzing the individual terms in the mass frac-
tion transport equation, allowing assessment of the relative roles of convection, molec-
ular diffusion, and turbulent transport for the various species involved.

The mixing quality in both the experimental and numerical studies is evaluated using
the spatial unmixedness parameter Us, which quantifies the degree of non-uniformity in
fuel distribution across a given plane. It is defined as [321]:

Us (y) = 〈(C (x, y)−〈C (y)〉)2〉
〈C (y)〉 · (1−〈C (y)〉)

. (9.3)

In the present chapter, C represents the temporal average, while 〈C〉 denotes the spatial
average of the fuel concentration C . The numerator expresses the spatial variance of C ,
and the denominator normalizes this variance by the theoretical maximum. In the LES
simulations, C corresponds to the fuel mass fraction Yfuel, whereas in the experiments, it
corresponds to the particles concentration. Since three-dimensional data are not avail-
able from the experiments, the degree of mixing is evaluated using planar distributions
of C in both experimental and numerical datasets. The parameter Us ranges from 0 for a
perfectly premixed condition to 1 for a completely unmixed case.

In addition to this scalar metric, spatial distributions of the normalized fuel concen-
tration are used to visualize how the fuel is distributed across the measurement plane.

C∗(x, y) =C (x, y)/〈C (y)〉 (9.4)

C∗ is a useful parameter to compare cases with substantially different fuel compositions,
as the fuel mass fraction is locally normalized by its spatial average at each stream-wise
location.

LES MODELLING

The mixing process within the TUDelft combustor is simulated with Large eddy simula-
tion (LES) paradigm. The considered fluid is a multicomponent mixture whose com-
position, and therefore density, vary through the mixing process. To deal with non-
constant density, the Favre-filtered (density-weighted) formulation of the Navier-Stokes
equations (see Chap. 2, Sec. 2.9.1) is employed.

The dynamic viscosity for each species µk is calculated as a polynomial function of
the logarithm of temperature, T , using the species transport properties according to the
San Diego chemical mechanism in [143]. From the µk values, a simple mass fraction
based average is applied to determine the dynamic viscosity of the whole mixture, µ.
The subgrid-scale viscosity, µSGS , is modelled through a one-equation approach [95],
where an equation for the subgrid-scale turbulent kinetic energy kSGS is resolved, see
Eq. 2.58. This turbulence model is particularly well-suited for flows with anisotropic
turbulence, such as the present case involving swirling motion and transverse injection.
The solution of a transport equation allows to capture the dynamic behaviour of the
subgrid turbulence field with its spatial inhomogeneities and temporal variations.

To analyse the mixing process, an additional transport equation is resolved for the
mass fractions Yk of each species composing the mixture (i.e. N2, O2, H2, He, CH4).
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Setting to zero the source term associated to chemical reactions, the transport equation
reduces to a convection-diffusion equation:

∂(ρỸk )

∂t
+ ∂(ρũ j Ỹk )

∂x j
= ∂

∂x j

[(
ρDm

k + µSGS

Sct

)
∂Ỹk

∂x j

]
(9.5)

The effective diffusion coefficient on the right-hand side term consists of two contributes:
one representing species transport due to molecular diffusion and another accounting
for subgrid convective transport. The latter is modeled as an additional diffusion term
with a diffusion coefficient ρD t = µSGS /Sct . A constant SGS Schmidt number is used
for all the species, set to Sct = 0.7. A mixture-averaged model following Fick’s law ap-
proximation [149] is employed to determine the molecular diffusion coefficient of each
species k with respect to the mixture, see Eq. 2.15:

DM
k = (1−Yk )

ΣN
j ̸=k Xk /Dk j

, (9.6)

where Xk are the species mole fractions, and Dk j are the binary diffusion coefficients
for each species pair, expressed as a logarithmic polynomial function of temperature,
employing the transport parameters in the San Diego kinetic mechanism [143]. This
approach ensures that the diffusion coefficient of each species varies in time and space
according to the local mixture composition. Unlike the equi-diffusivity assumption, it
captures inter-species diffusion more accurately and accounts for its effects on resolved
scales mixing, including, for example, separation phenomena in multicomponent fuels.

An energy conservation equation is also solved, as no incompressibility assumption
is made. A filtered transport equation for the sensible enthalpy h̃s is therefore solved,
where the thermal diffusivity is computed analogously to the dynamic viscosity and
the turbulent Prandtl number is taken equal to Prt = 0.85. The equation set is closed
through the filtered ideal gas equation of state and the thermodynamic relation h̃s =∫ T̃

298.15K C̃p (T ′)dT ′, where Cp is the mixture’s specific heat at constant pressure, com-
puted through Janaf polynomials [143].
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Figure 9.3: Sketch of the computational grid
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The numerical domain, illustrated in Fig. 9.3, includes the combustion chamber, the
mixing tube, and the fuel ports, according to the geometry detailed in Chap. 4. The
swirler is excluded from the calculation to reduce the computational cost and a syn-
thetic turbulence generator [259] is employed to mimic the turbulent swirling flow de-
livered at the swirler exit, as described next. A hybrid structured/unstructured mesh-
ing approach is used, to exploit the advantages of hexahedral elements in terms of cell
skewness and non-orthogonality minimization, but retaining the flexibility of tetrahe-
dral cells to discretize the regions with more complex geometry. The mixing tube is
discretized through an O-grid where the hexahedral cells have a characteristic size of
∆cell = 0.3mm to 0.4mm. A non-uniform spacing is imposed to refine the wall region,
where the first cell height is set to∆wall = 0.16mm corresponding, adopting viscous scal-
ing [93], to y+

w all < 10 under fully developed flow. The O-grid extends to the combustion
chamber, maintaining a cell size of of ∆cell = 0.3mm to 0.4mm in the mixing tube exit
region, and merges with an additional annular structured block. An unstructured block
with tetrahedral cells with a characteristic size of ∆cell = 0.4mm is used in the region
connecting the fuel ports to the mixing tube. A wall refinement is obtained here through
hexahedral layers achieving a first cell height of ∆wall = 0.07mm. The total cell count is
4.45 M.

The mesh quality was assessed a-posteriori through Pope’s criterion [97], verifying
that the subgrid turbulent kinetic energy represented less than the 20% of the total tur-
bulent kinetic energy (resolved plus subgrid) kSGS < 20%T K E = 20%(Kres +kSGS ) in the
region of interest. Additionally, a mesh sensitivity analysis was conducted by perform-
ing an LES simulation of case Ds on a finer, fully block-structured grid containing 12.73
million hexahedral elements, which discretized the entire domain, including the swirler,
which corresponds to the one employed later in Chap. 10. A comparison of the predicted
time average velocity and species mass fractions fields (not shown) confirmed that the
LES results are mesh insensitive for macroscopic quantities.

The same simulation was used to characterize the turbulent flow field at the swirler
exit and provide accurate inlet conditions for the simulations where the swirler is ex-
cluded from the computational domain. Time-averaged fields of the three velocity com-

ponents U j and the six components of subgrid velocity variances (and covariances) u′
i u′

j
were extracted on a surface at an axial location of x = −60 mm and imposed as target
conditions to a synthetic turbulence generator [259], along with an integral turbulent
length scale of about lt ≈ 1/3Dh , where Dh ≈ 6mm is the hydraulic diameter of a sin-
gle swirler vane. The synthetic turbulence generator produces time-varying inlet veloc-
ity values at every face of the air inlet patch (see Fig. 9.3), ensuring that the first and
second-order time statistics of the generated velocity field match the prescribed target
values. The velocity field statistics obtained from the simplified geometry were com-
pared against those from a refined mesh with the swirler fully resolved. The comparison
confirmed that the synthetic turbulence method accurately reproduces the relevant tur-
bulent features in mixing tube and combustion chamber, thereby validating its use. A
constant mass flow rate at a temperature of T = 288.15K is applied at the fuel ports,
consistently with the considered operating conditions, reported in Tabs. 9.1-9.2. Zero
pressure gradient is imposed to every inlet. Zero normal gradient velocity and wave
transmissive pressure boundary conditions are imposed at the domain outlet to miti-



9.3. RESULTS

9

147

gate the reflection of pressure waves back to the swirler, with atmospheric pressure set
at a distance l = 3m from the combustion chamber outlet [322–324] . No-slip conditions
are applied to the velocity at the walls and zero-gradient to other quantities. In regions
where the wall refinement is insufficient to resolve the boundary layer, Spalding wall
functions are employed to approximate the subgrid turbulent viscosity [269]. As men-
tioned in Sec 9.2.1, the thermochemical properties of the considered species are taken
accordingly to the San Diego kinetic mechanism [143].

In the present set-up, preliminary LES showed a wide range of residence time val-
ues in the different regions of the computational domain, depending on the various flow
features, such as the recirculation zones originating in the combustion chamber, as de-
scribed more in details in Chap. 10. For this reason, each simulation is initialized from
an LES solution evolved for tchamb = 1.5s, which is the total amount of time necessary for
a fluid parcel to travel from the swirler ports to the outlet of the combustion chamber, in
order to obtain a fully developed air flow field. A smaller characteristic time tflow = 0.1s
is chosen, coinciding with the flow residence time at the mixing tube exit, at a location of
y = 25mm. Therefore, each LES is run for one characteristic time for further fuel stream
development after the initialization, and for additional 2 tflow to acquire statistics, for
a total of ttot = 0.3s. On the 4.45 M mesh, without resolving the swirler, a typical sim-
ulation requires 30’000 CPU-hours to compute one characteristic time tflow, compared
to the 50’000 required on the complete 12.73 M mesh including the swirler. The LES
settings are summarized in Tab. 9.3.

Parameter Value Parameter Value

ncells 4.45 M ∆cell 0.3–0.4 mm
y+wall < 10 Wall functions Spalding [269]

∆t 2×10−7 s Solver reactingFoam compressible
C F Lmax 0.5 Time integration Second-order implicit backward
ttot 0.3 s Subgrid turbulence model One-equation kSGS [95]
tflow 0.1 s Computational cost 30k CPU-hours/tflow

Table 9.3: LES simulation settings

9.3. RESULTS

9.3.1. FLOW FIELD ANALYSIS
Case Ds (surrogate case for XH2 = 1) is first simulated numerically and the predicted
velocity fields are compared to the experimentally measured flow field to validate the
numerical model. Fig. 9.4 shows contour plots of axial (U ) and transversal (V ) velocity
field in the mixing tube and combustion chamber, numerically predicted via LES and
experimentally measured via PIV.

In agreement with experiments, the LES is capable to correctly predict the vortex
break down at the transition from the mixing tube to the combustion chamber. As it
enters the combustion chamber, the swirling flow forms a jet opening under the effect
of the sudden cross section expansion and centrifugal forces.

The combined effect of adverse axial pressure gradient due to sudden cross section
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Figure 9.4: Average streamwise velocity flow field (a) and average transversal velocity flow field (b) in the mix-
ing tube and combustion chamber obtained experimentally by PIV (left) and numerically (right) for case Ds,
Tab. 9.2.

expansion and low pressure at the core, due to the swirling flow, induces the formation of
a central recirculation zone (CRZ). At the considered swirl number conditions, the CRZ
is not fully contained in the combustion chamber, but it is observed to form in the last
section of the mixing tube, which could not be captured via PIV because of the baseplate.
The LES predicts the location of the stagnation point at an axial location of y ≈ −5mm.
Even if not optically accessible, the PIV flow field suggests that the stagnation point is
located between −10mm < y <−5mm, coherently with the LES.

The axial and radial velocity fields predicted by the LES show the presence of sec-
ondary flow patterns at the mixing tube core (see Fig. 9.4 LES). A wake region with al-
most zero axial velocity and intense inward radial velocity forms downstream of the cen-
tral AAI duct at the swirler exit y ≈−60mm, as the high velocity stream from the swirler
vanes flows towards the mixing tube center to fill this low momentum region. The com-
bined effect of radial velocity due to this wake region and the centrifugal force due to
swirl gives origin to alternating regions of high and low axial and inward-outward radial
velocity, identifying secondary recirculating structures. The same features can be quali-
tatively observed from PIV measurements, in particular the presence of low axial velocity
at a location about y ≈−50mm, and the alternating radial velocity pattern.

Numerically computed and experimentally measured radial profiles of average ve-
locity in the combustion chamber are quantitatively compared in Fig. 9.5. A good pre-
diction of the peak values in both the axial and transversal velocity components is ob-
served. Close to the mixing tube outlet (y = 8mm), the LES correctly predicts the peak
axial velocity value within 9%, and the peak transversal velocity value within 6 %. The
jet opening is slightly underpredicted by the LES (LES = 22 ◦, Exp 25 ◦), as reflected in
the prediction of the radial location of the velocity peaks for both components across
all axial positions. Some asymmetry is noticed in the experimental values, which intro-
duces discrepancies with numerical results on the right side of the observed window.
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Figure 9.5: From left to right: radial profiles of axial (U) and transversal (V) velocity and variance of axial

(u′u′) and transversal (v ′v ′) fluctuating velocity components from LES ( ) and experiments ( ) at different
streamwise locations y (rows).

The backflow velocity along the centerline is also well predicted by the LES, with an un-
derestimation of its magnitude near the mixing tube exit at y ≈ 0 mm. Higher-order
statistics show good agreement, highlighting the LES’s ability to predict turbulence in-
tensity in the shear layers. The radial profile of the predicted axial velocity variance, u′u′,
qualitatively follows the distribution observed experimentally, with a correct prediction
of the radial location of the peak values. Close to the mixing tube exit, y = 2mm−8mm,
the LES predicts the peak velocity within 20% accuracy, while further downstream the
accuracy increases to 7%. For transverse velocity variance v ′v ′, the LES correctly pre-
dicts the three-peaks radial profile observed experimentally at the mixing tube exit. The
peak located on the centerline corresponds to the stagnation point upstream of the cen-
tral recirculation zone and is underpredicted by the LES by 15%. Shortly downstream, y
= 8 mm, the radial variance profile v ′v ′ transitions to a two-peak shape, corresponding
to the two branches of the opening jet. The LES correctly captures this shape from y =
25 mm on, but a peak on the centerline is still visible up to y = 10 mm, which is related to
differences in the prediction of the CRZ axial location and jet opening angle.

Overall, the LES appears capable to capture the main flow features, including the vor-
tex breakdown and the opening angle of the swirling jet, despite minor underpredictions
in the peak velocity values.

9.3.2. MIXING PROCESS ANALYSIS

The fuel injection and mixing processes are investigated in this section. In Fig. 9.6 the
development of the jet in swirling cross-flow structures is visualized through iso-surfaces
of helium mass fraction as predicted by the LES for the same case Ds. The injected fuel
stream is observed to follow a helical path as it mixes with the swirling flow. Interestingly,
the positive and negative axial velocity values on the iso-surfaces reveal the presence of
four counter-rotating vortex pairs, which consistently originate at the four fuel ports.
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Figure 9.6: Visualization of helium jets in swirling cross-flow structures in the mixing tube as predicted by LES
of case Ds by instantaneous iso-surfaces of helium mass fraction YHe = 0.25, colored by axial velocity ũ.

These structures, formed by the pressure difference between the windward and leeward
sides of the jet relative to the incoming swirling flow, are a characteristic feature of jets in
cross-flow, as widely documented in the literature [302, 318, 325].

Fig. 9.7a shows the normalized fuel concentration C∗ obtained from particle tracing
in the helium fuel stream for the case Ds. The highest scattering intensity is observed
at a location of y ≈ 50mm close to the fuel ports, where the fuel stream issues into the
mixing tube and penetrates the swirling flow towards the centreline due to its radial in-
jection momentum. The intensity magnitude and radial gradients of C∗ clearly decrease
in the streamwise direction as the fuel stream mixes with the swirling air stream. At
the end of the experimental field of view (y ≈ −15 mm), C∗ drops to about 1 near the
outer walls, while almost no particles are observed at the core, where C∗ is still around
0.5. This stratification results from the combined effects of particle convection towards
the center, driven by the radial injection momentum and associated to the jet in cross-
flow development, and outward transport caused by centrifugal forces and radial veloc-
ity components, as analyzed in subsequent sections.

The time averaged field of helium mass fraction YHe as predicted by the LES of case
Ds is also reported in Fig. 9.7b and compared to C∗ obtained from experiments. Coher-
ently with what observed through particle tracking, high values of helium mass fraction
are observed in correspondence of the fuel ports, with a decrease downstream as the
helium jets spread and mix with the swirling cross-flow.

Closely downstream of the fuel ports, the numerical results reveal a pattern of iso-
lated spots with high helium concentration, corresponding to the sectional view of the
helical structures shown in Fig. 9.6. The same spots cannot be observed as clearly from
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(a) (b) (c)

Figure 9.7: (a) Experimentally obtained C∗ of case Ds at Jl ow , (b) Helium mass fraction of case Ds at Jl ow (c)
H2 mass fraction of the reacting case D.

experimental imaging in Fig. 9.7a, possibly due to insufficient resolution to capture these
patterns. On the other hand, this could suggest an under-prediction of turbulent mixing
in the LES, and therefore a persistency of the coherent jet structures described in Fig. 9.6
up to an axial location of y ≈−30mm (memory effect) [326, 327]. In this regard, the LES
predicts a weaker mixing than experimentally visualized in the first part of the mixing
tube up to y ≈−30mm. Downstream, stratification becomes more pronounced than in
the LES, which may be due to the centrifugal separation effect. The particles tend to con-
centrate closer to the wall, having higher mass than the gas they track, for which instead
a transport equation is solved in the LES. As observed experimentally, a stratification of
fuel is evident between the mixing tube wall and the central lean core. This region ap-
pears wider in the LES predictions compared to the experiment up to y ≈−25mm. From
y ≈ −20mm the central unmixed core exhibits a similar width in both the LES predic-
tions and experimental measurements. The LES further predicts some mixture stratifi-
cation at the mixing tube exit, with helium mass fraction values of YHe ≈ 0.04 close to
the wall and YHe ≈ 0.0286 at the mixing tube core, which are about 10% higher and 21%
lower than the nominal value of 0.0362, respectively.

9.3.3. SUITABILITY OF HE AS A H2 SURROGATE

The time-averaged H2 mass fraction YH2 field, as predicted by the LES of case D, is also
reported in Fig. 9.7c and compared to the helium mass fraction field from case Ds, in
order to asses the suitability of Helium as a surrogate gas to predict the mixing behavior
of H2 in the present configuration. As already shown in Tab. 9.2, fuel ports in case Ds

have larger diameter than case D, to achieve the same fuel jet momentum. The two
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Figure 9.8: Radial plots of time averaged normalized fuel mass distribution C∗ (left) and fuel mass fraction
temporal rms normalized by its local time averaged value Yk,r ms /Yk (right). LES results for case A XH2 = 0 ( ),
case C XH2 = 0.8 (YCH4 ( ) and YH2 ( )), case D XH2 = 1 ( ) and surrogate case Ds ( ).

cases display very similar mixing features, such as the fuel jet penetration and spread
rate in the swirling cross-flow, the length of the lean core and mixture homogeneity at
the mixing tube exit, where the H2 mass fraction approaches its nominal value of 0.0184.
Higher stratification is observed for H2 in case D with respect to He in the surrogate
case Ds towards the mixing tube exit. This results in higher mass fraction values than
the nominal at the walls YH2 ≈ 0.022 and 30% leaner than the nominal value at the core
YH2 ≈ 0.013. This suggests a slightly worse mixing of the H2 case D as compared to the
surrogate case Ds with helium.

A more quantitative description of mixing process and comparison of the two cases
D and Ds is provided in Fig. 9.8 showing the radial profiles of time-averaged normalized
mass fractions of the fuel agent C∗ (left) and the rms mass fraction values (right) at differ-
ent axial locations. The pink lines represent case D (solid) and case Ds (dashed). Results
are azimuthally averaged and plotted against the radial coordinate r . In the upstream
part of the mixing tube y = −52mm, the profiles illustrate the radial penetration of the
fuel stream driven by the radial injection momentum. The rms profiles shows a peak
at a radial location r ≈ 8mm to 10mm, corresponding to the region of steepest radial
C∗ gradients and identifying the mixing layer between the fuel stream and the incoming
swirling air. At y = −42mm, the normalized mass fraction value of both helium (case
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Ds) and hydrogen (case D) reaches a peak of approximately C∗ ≈ 3 at a radial location
of r = 9mm, marking the most inward fuel reach due to radial injection momentum.
Further downstream, the profile spreads both inwards towards the mixing tube core and
outward towards the wall as the fuel mixes downstream. The peak radial location shifts
outwards, indicating fuel stratification towards the wall, while its magnitude decreases.
Consistently, the rms profiles display a double-peak structure from y = −43mm down-
stream. The inner peak, higher in magnitude, corresponds to the intense mixing layer
on the windward side of the fuel jet, where it interacts with the cross-swirling air flow.
In contrast, the outer peak, which has a lower rms value, corresponds to the less in-
tense mixing layer on the leeward side, where fuel spreads outward towards the wall.
Eventually, the mass fraction profile tends to approach C∗ = 1, as the mixture becomes
homogeneous. Consequently, the rms values diminish, and the double-peak structure
transitions into a single peak, eventually flattening out.

The Helium mass fraction profiles in case Ds (pink dashed line) closely match the
H2 profiles of case D (pink solid line), especially close to the mixing tube exit. At these
locations, case D shows slightly higher peaks of C∗ than case Ds suggesting more stratifi-
cation when using H2, consistently with the contour plots in Fig. 9.7c. At more upstream
locations (y = −36mm and y = −52mm), higher He normalized mass fraction values
with respect to H2 are observed in a region between 5 and 9 mm from the centreline,
suggesting a quicker penetration of helium towards the core of the swirling cross-flow,
as confirmed by the higher rms values of YHe than YH2 at these locations. This is possi-
bly associated to the overall slightly higher injection momentum of helium, as shown in
Fig. 9.1a, and may explain the ultimately more homogeneous mixture obtained for case
Ds.

In summary, the LES results for case Ds demonstrate strong validation of the numer-
ical model when compared to experimental data, showing accurate predictions of the
velocity field and reasonable agreement in describing the mixing process. Furthermore,
the numerical results from cases D and Ds confirm that helium serves as an effective sur-
rogate for H2 in replicating the mixing behavior under the present operating conditions,
thereby supporting the validity of the experimental methodology. Building on this val-
idation, the following section explores the impact of variations in fuel composition on
mixing characteristics, maintaining constant operational power and air mass flow rate,
through both numerical and experimental approaches.

9.3.4. EFFECT OF FUEL COMPOSITION ON FUEL-AIR MIXING

Fig. 9.9a presents the spatial unmixedness Us (Eq. 9.3) along the mixing tube for various
surrogate fuel compositions, determined from post-processed Mie-scattering images of
the cases in Tab. 9.2. The spatial unmixedness, calculated using Eq. 9.3, is evaluated at
multiple y-locations to assess mixture homogeneity and its streamwise evolution, which
reflects the rate of mixing. For cases As, Bs, and Cs representing CH4/H2 fuel mixtures
of increasing H2 content (0%, 40% and 80% H2 in volume, respectively), the unmixed-
ness at the most upstream location (y =−50mm) consistently measures approximately
Us ≈ 0.24. At y =−15mm, a distinct correlation between higher helium content and bet-
ter mixing quality is observed. At this location, cases As and Bs, representing a methane
mass fraction above 90 % in the fuel stream, yield nearly identical unmixedness values of
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(a) (b)

Figure 9.9: Spatial unmixedness at different y locations for different fuel compositions ( ) and its surrogates
( ): XH2 = 0 ( ), XH2= 0.4 ( ), XH2= 0.8 ( ) and XH2 = 1 ( ) calculated from experimental data (a) and
numerical data (b).

Us ≈ 0.055, while case Cs (representing 66% methane by mass) achieves a slightly lower
value of Us ≈ 0.05. In comparison, the full helium case (case Ds), which serves as a sur-
rogate for pure H2 fuel stream, exhibits the highest initial unmixedness value of Us ≈ 0.3
and experiences a more rapid mixing, with respect to the other tested fuel compositions,
reaching the lowest unmixedness value Us ≈ 0.025 at the tube exit.

The same analysis is performed using LES (Fig. 9.9b), simulating the actual CH4/H2

fuel mixtures (cases A, C and D) alongside with the 100% helium case (case Ds). The sim-
ulations confirm the experimental findings, clearly highlighting that higher H2 content
in the fuel stream corresponds to higher upstream unmixedness, close the fuel injection
ports, but it also promotes faster mixing along the tube, leading to a higher degree of
mixing. This behavior may be attributed to a more inward penetration of the fuel stream
towards the central core in the upstream regions, which increases unmixedness initially
but accelerates mixing and enhances homogeneity further downstream. This is con-
firmed by the results in Fig. 9.8, where close to the fuel ports location y =−50mm, higher
H2 content in the fuel mixtures results in higher C∗ values closer to the mixing tube core
(r ≈ 6mm to 10mm). Consistently, the inner rms peak, which identifies the mixing layer,
shows higher values with increasing H2 content and its radial location shifts closer to the
mixing tube axis. Fuel penetration is primarily influenced by the initial fuel jet radial mo-
mentum and fuel diffusion. Moreover, in a swirled configuration, centrifugal forces act
differently on two streams of different density, so that the air stream is pushed outwards
more than the lighter fuel stream. This effect is more pronounced upstream in the mix-
ing tube, where density gradients are stronger due to unmixedness, and it contributes to
better mixing for lighter fuels. At the mixing tube exit, case A (100% methane) exhibits
more significant fuel stratification, with a peak value C∗ ≈ 2, whereas case D shows a
more homogenous mixture with C∗ ≈ 1.

Both LES and experiments show that unmixedness decreases sharply between y =
−50mm and y =−30mm, followed by an asymptotic trend downstream, suggesting that
most of the mixing occurs in the upstream region of the mixing tube and residual un-
mixedness stratification persists further downstream. This is coherent with Fig. 9.8 where
the the C∗ and rms profile spread out between −52 mm to −36 mm while showing min-
imal changes downstream. Further mixing cannot occur due to balance between con-
vective centrifugal transport and inward diffusion as further clarified by LES results in
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the next section. Therefore, when fixing the air mass flow rate and power setting, strat-
ification appears inherent to the fuel properties and its injection momentum (which is
constrained by the operating conditions in the considered geometry).

Despite the similarities between LES and experiments, LES predicts lower unmixed-
ness values at the tube exit compared to experiments, suggesting better mixing perfor-
mance for all investigated cases. This discrepancy arises from differences in measure-
ment methods. While LES resolves the actual fuel gas distribution, experimental mea-
surements rely on seeding the fuel stream with droplets. The discrepancies between LES
and experimental data may be related to limitations of the DEHS droplets in represent-
ing the inertial and diffusive behavior of the gaseous fuel.

Nevertheless, both methods successfully capture the overarching trends, demon-
strating that higher H2 content consistently results in lower unmixedness values at the
tube exit and that most of the mixing takes place in the first half of the mixing tube. To
further explain the observed trends, a detailed analysis of radial fluxes in the transport
equations is conducted next, followed by a comparative budget analysis of the transport
terms across different fuel compositions.

9.3.5. RADIAL SPECIES FLUXES

Figure 9.10: Time averaged radial flux of Helium due to convective, molecular diffusive and turbulent diffusive
transport as computed from the LES of case Ds.

LES data in the mixing tube are further elaborated to provide a comprehensive overview
of the mixing mechanisms in the present set-up. To this scope, the helium case Ds is
taken as a reference and the radial fluxes of helium mass fraction are computed. With
reference to the filtered transport equation in Eq. 9.5, the radial fluxes are computed as:
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Figure 9.11: LES results for case A XH2 = 0 ( ), case C XH2 = 0.8 (YCH4 ( ) and YH2 ( )), case D XH2 = 1 ( )
and surrogate case Ds ( ).
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is linked to the local helium mass fraction and radial velocity com-
ponent values, while molecular diffusion J r

DM
and subgrid turbulent transport J r
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driven by the mass fraction gradients. Fig. 9.10 reports the contour plots of the time aver-
aged radial fluxes. The convective flux accounts for the majority of the transport near the
fuel ports (y =−52mm), where the initial jet momentum drives the fuel into the swirling
flow up to a radial location of x = 10mm. The secondary recirculating flow described in
Fig. 9.4 and the characteristic helicoidal fuel stream structures with counter-rotating vor-
tex pair (Fig. 9.6) give origin to peculiar alternating inward and outward convective flux
patterns. The radial velocity component is quickly redirected by the incoming swirled
cross-flow into stronger streamwise and tangential components, as the flow in the mix-
ing tube transitions to a homogeneously swirling state (Fig. 9.4). Consequently, the con-
vective flux decreases to a value below 0.05 at an axial location around y ≈−35mm, and
the inward (negative) convective flux fades. Further downstream, the inward compo-
nent is almost completely suppressed along with the weakening of secondary recircula-
tion zones (Fig. 9.4), leaving a residual outward flux from y =−30mm downstream. This
outward flux intensifies near the outlet, as the mixture must flow around the central re-
circulation zone located close to the mixing tube outlet, Fig. 9.4.

Analyzing the diffusion fluxes reveals that the molecular diffusion intensity is compa-
rable to that of turbulent diffusion (in the case of helium), emphasizing the importance
of accurately modeling molecular diffusion. At most locations (e.g. y > −50 mm), the
turbulent diffusion value is even smaller than the molecular diffusion, suggesting good
mesh resolution and low turbulence level due to the very low Reynolds numbers of the
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Figure 9.12: Local variation of hydrogen mass fraction in the fuel composition at a random time for case C.

fuel stream (Re ≈ 800). The diffusion flux patterns follow mass fraction gradients, with
the strongest intensity occurring in the shear layer. In particular, negative diffusive flux
(inwards) is observed towards inner radial regions, in correspondence of the windward
mixing layer between fuel jet and cross-flow, previously identified in Fig. 9.8 with the
inner rms peak and maximum mass fraction gradient. Analogously, at a streamwise lo-
cation of y ≈−45mm, positive diffusive flux, spreading fuel towards the outer boundary
layer is observed, which is associated with the leeward mixing layer. Consistently with
previous observations, most of the mixing appears to occur upstream of y = −30mm,
where convection and diffusion fluxes remain strong due to residual radial velocity com-
ponents (from fuel injection or recirculation) and significant fuel mass fraction gradients
are present. Downstream of y =−30mm, these gradients smooth out (as seen in Fig.9.8)
and the inward radial momentum dissipates, resulting in significantly milder mixing. At
these locations, the primary factor contributing to the described fuel stratification is the
predominance of outward convection (driven by the presence of the central recircula-
tion zone at the mixing tube exit), while diffusion diminishes due to the mitigated mass
fraction gradients associated to the increasingly homogeneous mixture.

9.3.6. RADIAL TRANSPORT BUDGET ANALYSIS

Next, a budget analysis is carried out to evaluate the strength of transport terms for dif-
ferent fuel compositions and compare them. Considering the time-averaged form of
Eq. 9.5, and assuming the time derivative is zero due to steady-state flow, the transport
terms given by the local divergence of species fluxes (−∇· Jk ) must balance, such that:

−Cv,k +DM ,k +DSGS,k = 0, (9.8)
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being −Cv,k , DM ,k and DSGS,k the species k transport terms appearing in Eq. 9.5 associ-
ated to convection, molecular and subgrid transport, respectively. Considering only the
radial contribution of the three radial fluxes to the transport budget of a species k, these
terms are computed as follows:
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The time averaged radial profiles of the budget terms in Eq. 9.9 are reported in Fig. 9.11
for different streamwise locations. These terms are normalized by the spatial average of
the fuel mass fraction at each y-location to express the transport terms relative to C∗,
thereby highlighting the relative significance of each term with respect to the local level
of unmixedness. Negative values of the budget term indicate that convection or diffu-
sion are transporting fuel away from a specific radial location, whereas positive values
represent transport towards that location.

Consistently with Fig. 9.10, at the fuel port exit, convection accounts for most of the
radial transport since the fuel is injected into the mixing tube with its initial radial mo-
mentum. Case A (blue line) exhibits the highest peak value of the convective transport
term due to the higher mass flow rate of methane compared to the other cases (see blue
line, left column last row in Fig. 9.11). However, cases with higher H2 content (yellow
line C and pink line D) exhibit a further fuel entry towards the center of the mixing tube,
as indicated by a more inward peak location in the convection profile and a wider distri-
bution of nonzero values extending further inwards. This behavior, consistent with the
trends described earlier (Figs. 9.8-9.9b), is associated with the higher fuel momentum in
these cases.

Further downstream, at y =−42mm, the convection term continues to transport fuel
radially inwards for all the cases, from r = 4mm (peak of negative budget value) to r =
8 mm to 9 mm (peak of positive budget value). As expected, the convection term has
lower values here than at the fuel ports, where the radial velocity due to the injection is
at its maximum. At this downstream location, convection is primarily driven by radial
velocity induced by the secondary recirculations described earlier (Fig. 9.4).

The diffusive transport (both molecular and turbulent) displays a double-peak pro-
file (middle and right column in Fig. 9.11), indicating fuel transport via diffusion from
r ≈ 9mm to 10mm (where the maximum fuel mass fraction appears, as shown in Fig. 9.8
and Fig. 9.7) both towards the mixing tube core (up to r = 4mm) and outwards into the
boundary layer, as previously described. Although diffusive transport is two orders of
magnitude weaker than convection, it still promotes fuel transport towards the center
at each streamwise location. Notably, in cases C and D, the molecular diffusion of H2

has similar magnitudes as turbulent diffusion, and between r = 4mm and r = 6mm, it
becomes comparable to convection.

Towards the mixing tube exit (y = −12mm and y = −5mm), the intensity of con-
vection is drastically reduced by an order of magnitude for all the cases. Here, radial
transport is primarily driven by outward radial velocity associated with vortex breakup
and the presence of the central recirculation zone (CRZ) at the tube exit (Fig. 9.4). At
this location, convection appears to promote stratification, while diffusion opposes it.
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In facts, H2 and helium (cases D and Ds) are less subject to outward radial convection
as compared to methane and H2/CH4 mixtures (case A and C) due to their lower den-
sity, while their molecular diffusion remains significant, ultimately displaying the lowest
levels of unmixedness and stratification.

Interestingly, Fig. 9.11 demonstrates how the species in a multicomponent fuel are
subject to different transport mechanisms. Specifically, in case C (XH2 = 0.8), hydrogen’s
diffusive transport (yellow dashed line) exhibits peak values approximately 50% higher
than methane’s diffusive transport (yellow solid line). Conversely, convective and tur-
bulent diffusion transport are nearly identical for the two species. The effects of these
differences in diffusivity are illustrated in Fig. 9.12, which shows the local drift in the
hydrogen-to-fuel mass fraction ratio relative to its nominal value at injection, thereby
highlighting the CH4/H2 separation within the fuel mixture. Hydrogen diffuses more
significantly than methane across the upwind and leeward mixing layers, both reaching
deeper into inner mixing tube core and forming a hydrogen-rich zone (red values) at the
boundary layer, where molecular diffusion dominates over turbulence. In this region,
the hydrogen percentage relative to the local fuel mass fraction is predicted to increase
by up to 25%. This highlights potential risks associated with boundary flashback when
employing methane-hydrogen fuel mixtures in the studied configuration.

9.4. CONCLUSIONS
The present chapter describes the numerical LES analysis of the mixing behaviour of a jet
in swirling cross-flow configuration representative of the injector of a lab-scale techni-
cally premixed, swirl-stabilized burner, complementing the experimental approach pro-
posed in [319]. In [319] Mie scattering images of the seeded fuel stream enable particle
count techniques to evaluate the degree of mixing, while Large Eddy simulations (LES)
solving species transport equations are used in the presented study to investigate the
problem numerically. The analysis focuses on the influence of fuel composition on the
mixing process. Mixing performance is evaluated using a spatial unmixedness param-
eter Us, and by examining the radial profiles of species mass fractions obtained from
numerical simulations. To represent CH4/H2 fuel mixtures, helium/air mixtures with
varying helium concentrations are employed, with the suitability of helium as a surro-
gate for H2 validated through numerical simulations. The key conclusions are as follows:

1. Helium is validated as a reliable surrogate for hydrogen for assessing macroscopic
fuel-air mixing trends in partially premixed swirl-stabilized injectors. A suitable
strategy to use helium is to keep the momentum flux ratio Jswirl constant. Due to
the higher helium density, equal jet momentum (at constant mass flow rate) has
to be achieved by adjusting the fuel inlet diameter.

2. In fuel blends of CH4 and H2, the higher diffusivity of H2 into air with respect to
CH4 can result in a H2 rich region at the mixing tube wall near the entrance in
the combustion chamber, exacerbating potential criticalities related to boundary
layer flashback.

3. For similar values of Jswirl, decreasing the density of the fuel stream improves mix-
ing. Convection dominates mixing near the injection ports, but it drives outward
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fuel stratification downstream, near the mixing tube exit. In contrast, molecular
diffusion transports fuel species across the jet’s windward and leeward shear lay-
ers, enhancing mixing towards the mixing tube center at all streamwise locations.
H2 and He undergo less downstream stratification because of their lower density
and higher molecular diffusivity compared to CH4, both improving mixing.

9.5. OUTLOOK & CONSIDERATIONS
The non-reacting results indicate that increasing the H2 content improves mixing in
fuel-flexible (CH4/H2) combustion systems with a jet-in-cross-flow configuration. En-
hanced mixing with higher H2 content could contribute to reduced NOx emissions, as-
suming constant adiabatic flame temperature, by lowering the operating equivalence
ratio. However, due to H2’s significantly higher flame speed, the flame may anchor fur-
ther upstream in regions where the fuel and air are less premixed, potentially increasing
NOx levels. As such, direct estimation of NOx from non-reacting mixing data alone is
challenging.

While non-reacting studies provide valuable trends, they may not fully capture the
behavior under reacting conditions. Nevertheless, they offer useful insights into mixing
characteristics and flame anchoring behavior. In the next chapter, reacting conditions
are investigated through flamelet model, where no direct transport equation for each
species is solved, and the influence of fuel stratification on flame stabilization and emis-
sions is investigated in details.
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LES ANALYSIS OF THE TU DELFT

SWIRL-STABILIZED COMBUSTOR

10.1. INTRODUCTION
This chapter focuses on the LES analysis of the TU Delft swirl-stabilized combustor [68]
under reacting conditions. Building upon the preliminary non-reacting simulations with
detailed species transport to assess mixing quality, presented in Chapter 9), this study
shifts the focus towards a computationally efficient, yet physically accurate modeling
strategy for hydrogen combustion under laboratory scale application conditions.

LES of swirl-stabilized technically premixed combustors have been extensively per-
formed for hydrocarbon fuels, both in laboratory scale configurations and setups close
to practical gas turbine applications. An extensive review of LES models, best practices
and state of the art of gas turbine test cases are given in [195]. Many of them have been
carried out using LES models solving for detailed species transport, which offers a very
high level of details in the description of a broad range of physical features, i.e. turbu-
lent mixing, heat loss, strain–flame interaction, and pollutant formation Among these
are for example the thickened flame model (TFM) with detailed (or reduced) chemistry,
which has been largely employed for the LES of swirled hydrocarbon combustors at con-
ditions relevant for gas turbines [87, 195, 328–330]. Alternatively, flamelet-based models
have also been successfully applied with advantages in terms of robustness and compu-
tational cost. For instance, the filtered tabulated chemistry (FTACLES) model [107], or
flamelet based chemistry tabulation with presumed FDF closures [65, 89, 136, 331], have
provided accurate predictions in swirl- stabilized combustors with hydrocarbon fuels.

In contrast, the LES study of hydrogen swirled combustors under practical operating
conditions is still at an early stage. This is firstly due to the fact that experimental test
cases have only recently been developed [58, 296, 297, 332]. Methane–hydrogen blends
are often used as intermediate cases to progressively approach the behavior of pure hy-
drogen flames [295], and these blends have been numerically investigated in several
studies [333, 334]. Secondly, extending LES to pure hydrogen flames remains particu-
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larly challenging due to the differential diffusion (DD) effects, as extensively reviewed
in Chaps. 1–2. It remains unclear whether in practical hydrogen combustors, includ-
ing swirl-stabilized configurations, differential diffusion effects are relevant under highly
turbulent conditions and different premixing levels (perfectly premixed, technically pre-
mixed, partially premixed), therefore requiring modelling at a resolved and subgrid level
in LES.

Early LES of swirl-stabilized technically premixed combustors burning pure hydro-
gen relied on detailed chemistry. In these approaches, differential diffusion effects can
be included at a resolved level by assigning an individual diffusion coefficient to each
species in their transport equation, based on local composition and thermochemical
state (see Sec. 2.1.2). Using this strategy, several recent studies have successfully sim-
ulated swirl-stabilized hydrogen flames with detailed chemistry and thickened flame
models (TFM) including differential diffusion [44, 58, 335]. In technically premixed cases,
with non perfectly homogeneous mixture, DD effects were found to be limited [44], al-
though influencing the local mixture composition and nitric oxide NO formation. In
contrast, fully premixed lean hydrogen swirl combustors have shown clear evidence of
thermodiffusive instabilities when simulated with thickened flame models and detailed
species transport, confirming the importance of DD modeling in these regimes [336].

As reviewed in Chapter 2 significant effort has gone into developing differential diffu-
sion models for flamelets-based LES at the resolved level [39, 133, 225], tested primarily
on canonical flames, and the need of subgrid models has been also addressed in liter-
ature [39, 282]. As a result, the application of flamelet-based LES to hydrogen swirled
combustors, relevant for practical applications, is still limited. In swirl-stabilized config-
urations, flamelet-based simulations of methane–hydrogen blends have neglected DD,
but nevertheless achieved good agreement with experiments [337]. Similarly, LES of
technically premixed swirl combustor fueled with 100% hydrogen [297] omitted DD ef-
fects but still reproduced experimental data with good accuracy, as turbulent mixing
dominated over molecular diffusion [178]. In the same experimental setup studied in
[178, 297], LES results obtained with a flamelet model neglecting differential diffusion
were compared against TFM simulations imposing species-specific diffusion coefficients
in [338]. The effects of differential diffusion were found to be secondary to turbulent
transport, in line with what observed in [44], but still noticeable in reacting regions. Re-
cent work [226, 227] has initiated a more detailed study of DD effects in flamelet-based
LES of lean perfectly premixed swirled hydrogen flames, showing good agreement with
experimental observations and the correct prediction of thermodiffusive instabilities,
whose prediction is fundamental for the correct description of stabilization and struc-
ture of these flames.

The study presented in this chapter contributes to this ongoing research by apply-
ing for the first time the in-house flamelet/presumed FDF LES model, developed and
validated in Part I of this thesis, for the analysis of the TU Delft swirl combustor intro-
duced in Chap. 4, operated with 100% hydrogen fuel. Previous investigations of this com-
bustor focused only on methane–hydrogen blends, employing either a thickened flame
model with detailed chemistry [290, 291, 339] or a flamelet/presumed FDF framework
[292].The LES model is firstly validated against experimental data at a baseline operat-
ing point, with low hydrogen content fuel blend, to assess its performance in predicting
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non-reacting and reacting flow fields, flame stabilization behavior, and NOx emissions,
partly explored previously in [292]. Next, the combustor is simulated at the same power
and air mass flow rate conditions as the baseline set point, but with 100% H2 fuel. This
case, which has shown propensity to flashback in experiments, is used to evaluate the
influence of heat loss modelling on flame stabilization near flashback conditions. In ad-
dition, an ultra-lean operating point at the same power setting with increased air mass
flow rate is numerically explored. The LES analysis of this regime, which has not yet
been experimentally studied, provides a preliminary assessment of flame stability lim-
its, emission characteristics, and the influence of mixture inhomogeneities under near-
extinction conditions.

The main objectives of this chapter are to:

• Quantitatively assess the effects of mixture stratification on flame anchoring, sta-
bilization, and NOx emissions;

• Characterize the flame stabilization in near-flashback conditions assessing the rel-
evance of heat loss modeling;

• Evaluate differential diffusion effects and their interaction with local flame strain
in technically premixed hydrogen flames, assessing their relevance compared to
turbulent mixing and fuel stratification in terms of temperature and emissions

The results obtained in this chapter contribute to a better understanding of hydro-
gen combustion dynamics in swirled configurations. The analysis further supports the
interpretation of experimental findings reported in [68] and provides detailed insights
that complement and extend the experimental database.

10.2. OPERATING CONDITIONS
The geometrical details and available experimental measurements of the TU Delft swirl-
stabilized technically premixed combustor were introduced in Chapter 4 and described
in [68]. For the present analysis, the swirler with geometric swirl number Sw = 1.1 is se-
lected, at a reference operating power of 12 kW and a total air mass flow rate of ṁair,tot =
5.38g/s, consistent with the experimental investigations by Link and co-workers [68, 113,
319], as well as previous numerical analyses [290–292, 339]. A summary of the operating
conditions for the simulated cases is provided in Tab. 10.1. An inlet temperature of 300
K and ambient pressure of 101325 Pa are assumed for all the simulations.

An operating condition featuring fuel composition of 25% H2 and 75% CH4 in volume
is selected (case 25H2) for model validation, given the improved flame stability observed
experimentally compared to the pure CH4 case. To achieve the 12 kW power output, a
fuel mass flow rate of ṁfuel = 0.228 g/s is imposed, resulting in a nominal equivalence
ratio of φnom = 0.65 and a corresponding mixture fraction of znom = 0.04, according to
Bilger’s definition [139] reported in Eq. 2.33. This configuration leads to an adiabatic
flame temperature of approximately 1980 K. For this fuel composition, the stoichiomet-
ric mixture fraction is zst = 0.053.

The same power and air mass flow rate set point is considered for the 100% H2 cases,
for consistency. At the nominal condition (100H2nom in Table 10.1) a fuel mass flow rate
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of 0.1 g/s is employed, resulting in a nominal equivalence ratio of φnom = 0.63. Exper-
imental observations indicated instability at this operating point, with a strong flash-
back propensity. Experimentally, a minimum axial air injection of 20% was necessary to
achieve a flashback-free flame at the considered operating conditions.

As will be discussed in Sec. 10.6, flashback is observed in the LES results for the nom-
inal case with 100% H2 (100H2nom of Tab. 10.1), when heat losses are not considered in
the model. In order to investigate a stable case at the 100% H2 fuel condition, further
LES are thus conducted where flashback is avoided by selecting an ultra-lean operating
point. This is achieved by maintaining a fixed power output (12 kW) while increasing the
air mass flow rate by 86%, which results in a nominal equivalence ratio of φnom = 0.34
and an adiabatic flame temperature of approximately 1390 K. Although no experimental
measurements are available for this condition, the analysis on the LES results is relevant
to assess flame stability, mixing efficiency and emission minimization under ultra lean
conditions in the investigated combustor.

A total of five LES is carried out. The case with 25% H2 content in the fuel blend
is simulated first in order to validate the flamelet model and get insights on the main
physical features of the combustor. Four additional LES are performed for the cases with
100% hydrogen fuel. First, the nominal case (100H2nom) is simulated neglecting differ-
ential diffusion modelling and focusing on the effects of heat loss. Next, a baseline LES
(100H2) is conducted for the ultra-lean operating condition, again neglecting differen-
tial diffusion and without axial air injection (AAI). To isolate the impact of AAI on mixing,
flame structure, and emissions, a third simulation (100H2AAI) is carried out for the same
ultra-lean condition, imposing 10% AAI. Finally, the ultra-lean case is simulated without
AAI but including differential diffusion modelling (100H2DD), enabling an evaluation of
its role in flame dynamics and emission characteristics.

Case 25H2 100H2nom 100H2 100H2AAI 100H2DD
ṁair,tot [g/s] 5.38 5.38 10.0 10.0 10.0
AAI [%] 0 20% 0% 10% 0%
ṁfuel [g/s] 0.228 0.1
P [kW] 12 12
XH2,fuel 0.25 1
XCH4,fuel 0.75 0%
φnom 0.65 0.63 0.34
znom 0.04 0.018 0.01
Tad,nom [K] 1980 1890 1390

Table 10.1: Operating conditions of the simulated test cases.

10.3. NUMERICAL SET UP
The in-house flamelet-based LES model with presumed FDF, described in Sec.3.2 and
previously applied in Chapters 6, 7, and 8, is here employed to simulate the TU Delft
swirl-stabilized combustor. The Favre-filtered Navier–Stokes equations, i.e. conserva-
tion of mass, momentum, and absolute specific enthalpy (sum of sensible and forma-
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tion enthalpies) are solved using the low-Mach number approximation and the finite
volume method within OpenFOAM v9. Additionally four Favre-filtered transport equa-
tions are solved within the combustion model for the two controlling variables (progress
variable c̃ and mixture fraction z̃) and their SGS variances. The PIMPLE algorithm is
used for the solution, where the pressure–velocity coupling is handled using the PISO
algorithm [281] and an external loop performing at least three iterations per time step is
used to solve scalar transport equations. Convective and diffusive terms are discretized
using second-order central schemes, and time integration is carried out with an implicit
Euler scheme. A constant time step of∆t = 1.0×10−6s is used, ensuring a maximum CFL
number below 0.1 throughout the swirler, mixing tube, and flame region. Subgrid-scale
stresses and scalar fluxes are closed using a one-equation model for subgrid viscosity µt

[95, 102, 176], as detailed in Chap.3.

Nitric oxide NO formation is investigated by integrating the transport model de-
scribed in Sec. 3.2.5 into the baseline flamelet framework. A transport equation for NO
mass fraction is solved, with the formation rates tabulated as a function of the control-
ling variables (progress variable and mixture fraction), and their SGS variances.

To assess the influence of heat losses on flame stabilization in near-flashback condi-
tions, the correction model described in Sec. 3.2.4, similar to that in [251], is employed,
imposing isothermal wall conditions and locally computing an enthalpy defect relative
to the adiabatic case. In Sec. 10.7.2, differential diffusion effects are examined in the
100H2DD simulation. For this purpose, the M2 model introduced in Chap. 7 and tested
under strained conditions in Chap. 8 is adopted, as it corrects for differential diffusion
terms in the transport equations of both controlling variables and enthalpy.

The one-dimensional solver CHEM1D [141] is used to construct the thermochemical
database from unstretched 1D premixed laminar flamelets. Approximately 300 flamelets
at a reactant temperature of 300K and atmospheric pressure are computed. The flamma-
bility range spans z ∈ [0.017,0.218] for the fuel blend case with 25% H2 (25H2), and
z ∈ [0.007,0.017] for all cases reported in Tab. 10.1 with 100% hydrogen fuel (100H2).
A scaled progress variable c based on combustion products of water mass fraction YH2O

and carbon dioxide YCO2 is used for the case with the fuel blend of 25 % hydrogen 75%
methane (in volume). For the pure hydrogen cases, a progress variable based on com-
bustion products, i.e. only YH2O, is also adopted to ensure consistency with the methane/hydrogen
blend case and the analysis and validation presented in Chap. 7 for partially premixed
hydrogen flames. This choice is further supported by previous studies on hydrogen
swirl combustors under globally lean conditions [178], where a detailed comparison
of different progress variable definitions showed that using YH2O provides a suitable
parametrization of the thermochemical quantities.

For the 100H2DD case of Tab. 10.1, a mixture-averaged transport model is used to in-
clude differential diffusion in the resolution of the 1D flamelets, as introduced in Sec. 2.
In all other cases, a constant unity Lewis number is assumed for each species. When heat
loss modeling is applied, 10 additional flamelet manifolds are computed with reactant
temperatures ranging linearly from 200K to 400K. These are used to derive a correction
factor for the reaction rate, as described in Sec. 3.2.4. For the 25H2 case, the GRI3.0
mechanism [142] is used, as the fuel is predominantly methane. and GRI3.0 is often
used in similar studies for methane fuel. For all cases involving 100% H2, the San Diego
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mechanism [143] is employed, as it was specifically developed and validated for hydro-
gen flames [340]. This choice aligns with previous studies on pure hydrogen swirled
combustion [58, 341] and ensures consistency with the analysis in Chapter 7, where the
mechanism was further assessed for partially premixed hydrogen flames. This is cou-
pled with the nitrogen chemistry mechanism employed in [44] for accurate prediction
of NO formation.

The computational domain, illustrated in Fig. 10.1, includes the combustion cham-
ber, mixing tube, and swirler, based on the geometry described in Chap. 4. A fully block-
structured hexahedral mesh is constructed using the software Pointwise [342]. This ap-
proach ensures fine resolution in the flame region and near-wall areas while minimizing
skewness, non-orthogonality and total cell count. This is crucial given the long resi-
dence times and associated computational cost, as discussed in the next section. A total
of Nθ = 236 points is distributed in the azimuthal direction while Ny = 180 points are
used in the axial direction for the combustion chamber, with 120 points concentrated in
the most upstream region of the combustion chamber (0 < y < 100 mm), see Fig. 10.1,
to refine the flame region. The typical mesh spacing in the flame region is ∆y ≈ 0.05
mm in the radial direction and ∆y ≈ 0.3 mm in the axial direction is achieved in the jet
and flame region. This corresponds to characteristic cell size of approximately 0.225 δ0

L
laminar flame thickness for the nominal 100H2 case of Tab. 10.1, 0.45 δ0

L laminar flame
thickness for 100H2nom case and 0.15 δ0

L for case 25H2. In the mixing tube Ny = 180
points are used axially to obtain a cell size of 0.25 mm. A wall-normal mesh spacing of
∆wall = 0.03 mm is used in mixing tube and combustion chamber base plate, achieving a
first cell center distance from the wall of y+ ≈ 5, in wall units [93], computed after steady
state flow is reached within the computational domain. This is defined as y+ = yuτ/ρ,
where y is the distance from the wall and uτ is the so-called friction velocity, computed
from the shear stress at the wall τwall as uτ =

√
τwall/ρ. In the swirler, a typical cell size

of 0.3 mm and wall-normal mesh spacing of 0.1 mm are used, achieving a wall first cell
height of y+ ≈ 8. The total cell count amounts to 12.7 M points. The Pope criterion [97]
is evaluated for case 25H2 of Tab. 10.1 under reacting and non-reacting conditions to
ensure a sufficient mesh resolution. This allowed to verify that at least 80% of the total
turbulent kinetic energy is resolved everywhere in the domain.

Preliminary LES results obtained with the flamelet/ presumed FDF model for the
non-reacting 25H2 case of Tab. 10.1 are compared to the results obtained on a coarser
mesh (4.45 M elements, excluding the swirler from the domain) for non-reacting mix-
ing studies described in Chap. 9. The comparison reveals that time averaged and rms
quantities are insensitive to mesh refinement, confirming grid-insensitive results. The
present analysis is carried out on the finer mesh 12.7 M.

The boundary conditions are specified as follows. At the domain inlets, mass flow
rates are specified according to Tab. 10.1. Mixture fraction values of z = 0 are imposed at
the swirler ports and at the AAI port and z = 1 at the fuel ports, both at 300 K. A zero-
gradient condition is used for pressure at the inlet. At the outlet, wave-transmissive
boundary conditions are applied to prevent spurious reflections of pressure fluctuations
and associated velocity field oscillations, prescribing atmospheric pressure at a far field
location of l∞ = 3 m downstream of the domain outlet [322–324]. A zero-gradient con-
dition is imposed for every other scalar at the outlet. No slip condition is imposed at the
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wall and Spalding wall functions are used for SGS viscosity [269]. Zero-gradient bound-
ary condition is imposed at the walls for every scalar, including pressure. All walls are
assumed adiabatic by default; however, to assess flame flashback sensitivity to wall tem-
perature in Sec. 10.6, a limit case with walls at 300 K is also simulated.

The computational cost is of 383 CPU hours per 1 ms of simulation, in a reacting
cases and 215.6 CPU hours per ms in non-reacting case. The choice of total simulation
times is described in the next section.

Ny=180

Δwall=0.03 mm

Ny=120

Nr=73

Ny=60

Nr=51

Nr=59

`

Nθ=59Δwall=0.5 mm

Δr=0.05 mm
Δy=0.3 mm

Δcell=0.3 mm

Δwall=0.1 mm

Nr=70

Figure 10.1: Planar section of the computational domain, discretized through a fully block-structured hexahe-
dral grid.

10.4. PRELIMINARY RESIDENCE TIME ESTIMATION
A preliminary analysis is conducted to evaluate the characteristic flow time scales within
the swirled combustor and to determine a suitable simulation time for flow development
and statistics acquisition. A first estimate of the combustion chamber flow-through
time, based on bulk velocity and average density, gives 1.34 s for case 25H2 under non-
reacting conditions and when combustion is included, thermal expansion reduces it to
0.22 s. However, the chamber flow presents complexities associated to the recirculation
zones. Therefore, a more accurate estimation of the flow-through time and residence
times within the various zones of the combustion chamber is obtained by solving the
filtered transport equation for the local flow age τ [343]:

ρ
Dτ̃

Dt
=∇· [(ρD+ µt

Sct
)∇τ̃]+ρ, (10.1)
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which takes the form of a convection/diffusion equation with an additional unity source
term. In the previous, D/Dt denotes the material derivative, D is the mass diffusion
coefficient, taken equal to the thermal diffusion coefficient α, µt is the subgrid viscosity
computed according to the turbulence model adopted in the LES and Sct is the SGS
Schmidt number, taken equal to 0.7.

Figure 10.2 shows instantaneous and average midplane contours of local flow age for
case 25H2 in both non-reacting and reacting conditions. For the non-reacting case, the
flow age at the combustion chamber exit is about τ ≈ 1.6 s, resulting in a longer flow
through time than what obtained via simple bulk velocity estimation. The analysis also
reveals the broad range of characteristic time scales across the combustion chamber.
Residence times are τ ≈150 ms in the central recirculation zone (CRZ), τ ≈ 550 ms in
the outer recirculation zone (ORZ), and similarly long downstream of the CRZ at y ≈ 50
mm. With combustion, the flow-through time decreases by about 80% to 300 ms due
to thermal expansion and estimates via bulk velocity are underestimated also for the
reacting case. A clear distinction between residence times in the various combustion
chamber between regions persists in the reacting case, with roughly τ ≈ 20 ms in the
CRZ and τ≈ 120 ms in the ORZ.

These results highlight some practical challenges for LES, related to the broad time
scales separation and the long residence time in some regions. Given the computational
cost of the LES code reported in the previous section, a complete flow through time for
the reacting case results in 115 K CPU hours, on the considered 12.7 M elements mesh.
To mitigate this high computational cost, a single non-reacting initialization run is per-
formed for about 1.5 s (323.4 K CPU-hrs), ensuring reasonably developed flow at the
exit and in the ORZ. Once a stable dowstream pressure and non-zero exit velocity are
reached, it is assumed that the slow downstream flow has limited influence on the near-
jet region of interest (in correspondence of the flame location). Accordingly, a charac-
teristic time for the jet region, taken as the residence time just downstream of the CRZ
at y = 100 mm, is adopted. For reacting cases, this gives τflow ≈ 50 ms. Reacting simula-
tions are therefore advanced for about ≈240 ms, corresponding to 1.5 τflow for ignition
washout and 3.3 τflow for statistics collection, at a cost of 92.7 k CPU-hours per case.

While this strategy reduces computational cost by neglecting the slow far-downstream
flow, the ORZ remains a critical region. Due to its long residence time and proximity to
the jet, accurate simulation of its development is essential for correctly capturing vortex
breakdown dynamics and flame stabilization in the central region, as further discussed
in Sec. 10.5.1.

10.5. 75% CH4 -25% H2 CASE

10.5.1. NON-REACTING CASE

The swirl-stabilized combustor is first simulated under non-reacting conditions to pro-
vide validation of the flamelet-based LES model on the present configuration. Operating
condition 25H2 from Table 10.1 is selected as the baseline case, featuring a fuel mixture
with 25% hydrogen and 75% methane by volume and a total air mass flow rate of 5.38 g/s,
the case is simulated without any axial air injection. Numerical and experimental anal-
ysis within the study presented in Chap. 9 indicated that, within the considered range



10.5. 75% CH4 -25% H2 CASE

10

169

(a) Non-reacting flow (b) Reacting flow

Figure 10.2: Midplane contour plots of instantaneous and average local flow age computed for case 25H2 of
Tab. 10.1.

of fuel injection momentum, the flow field in the combustion chamber is primarily gov-
erned by the air mass flow rate and the level of axial air injection, rather than fuel mass
flow rate and momentum. Therefore, the numerical results can be meaningfully com-
pared with the non-reacting experimental PIV measurements from case As in Chapter 9
and in [319], which shares the same air mass flow conditions but considers a surrogate
fuel mixture composed by helium and air with slightly different molecular properties.

The comparison between predicted and experimentally measured velocity fields is
shown through contour plots and radial profiles of time-averaged axial and transverse
velocities in Figs. 10.3-10.4. The LES reproduces with good qualitative agreement the
flow features observed experimentally, such as the jet opening angle, the central recircu-
lation zone (CRZ), and the outer recirculation zone (ORZ). However, the PIV results show
a slightly wider jet spread and the formation of the CRZ at a more upstream location than
what predicted numerically. In the experimental measurements, the leading edge of the
CRZ is located in correspondence of the mixing tube exit y = 0 mm, while in the LES it
is located around y = 5 mm. Moreover, the LES predicts a weaker CRZ with minimum
backflow velocities of 〈ũ〉 = −6 m/s at a location of y = 17 mm, 14% lower than the ex-
perimentally measured minimum velocity of −7 m/s at a location of y = 14 mm This
discrepancy may be attributed to a lower effective swirl number predicted by the LES,
possibly originating from geometric differences between the experimental hardware and
the simulated model. On the other hand, the jet opening, and hence the formation and
strength of the CRZ, could be influenced by the development of the ORZ and the flow
field in the region right downstream the CRZ, e.g. y ≈55 mm. As shown in Fig. 10.2,
these regions exhibits significantly higher residence times compared to the jet region
and a longer simulation time may be required for the LES to fully capture the flow de-
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Figure 10.3: Midplane contours (with streamlines in black) of axial (top) and transversal (bottom) average
velocity fields obtained from PIV measurements of the surrogate case corresponding to 0% H2 in Chap. 9(left)
and LES results for the non-reacting 25H2 case of Tab. 10.1 (right).

velopment there. However, was not possible due to computational limitations and the
current level of agreement is considered acceptable for the purpose of this study.

A quantitative comparison of the radial profiles further confirms the good agreement
between numerical predictions and experimental data. The axial velocity peak is accu-
rately predicted by the LES at each axial location considered in Fig. 10.4, with an over-
estimation error below 15%. The LES underestimation of the backflow velocity is visible
up to y = 10 mm. The under-prediction of the jet opening can be seen from the radial
location of axial and transversal velocity peak, which appears underestimated from the
LES. The value of transversal velocity peak is lower in the LES, another hint of an under-
prediction of swirl number, or correct development of the vortex breakdown. In the ORZ
the transversal velocity appears well predicted.

The predicted variances are also in reasonably good agreement with the experiments,
indicating that the turbulent characteristics of the swirling flow are well captured. Near
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Figure 10.4: Radial profiles of average velocity and velocity variance as predicted by LES ( ) of non-reacting
case 25H2 of Tab. 10.1 and measured by PIV ( ) for the surrogate case corresponding to 0% H2, in Chap. 9.

the exit of the mixing tube, the axial velocity variance exhibits a double-peak radial pro-
file. These peaks correspond to the inner shear layer, while the outer shear layer (OSL)
displays lower velocity variance values. The radial location of the variance peak in the
LES is closer to the centerline, if compared to experiments, resulting from the prediction
of a narrower CRZ. Peak values are underestimated near the mixing tube exit, but the
error diminishes further downstream. The transversal velocity variance features a triple-
peak profile near the exit. The two outer peaks correspond to the outer shear layer, while
the central peak is associated to lateral fluctuations of the CRZ leading point. This can be
associated with the interaction between the CRZ and the precessing vortex core (PVC),
as discussed in Sec. 10.5.3. Similarly to what observed in chap. 9 the presence of this cen-
tral peak persists in the LES up to y = 10 mm while the experiments show a decreasing
peak variance value at y = 5 mm, compared to the mixing tube exit y = 1 mm and the
absence of the central peak from y = 10 mm downstream.

The comparison of LES results for the non-reacting case against available experi-
mental data, showed overall good agreement, thereby providing confidence that the
LES model, with tabulated thermochemical mixture properties, correctly captures the
flow fields and turbulent features within the combustor. In particular, the processes
of fuel/air mixing, turbulence generation in the injector, and vortex breakdown within
the combustion chamber appear to be well represented. The observed discrepancies
are minor; however, further investigation is necessary, especially regarding simulation
time for ORZ development and a thorough verification of the geometrical consistency of
the manufactured hardware. Building on this foundation, the next section examines the
reacting case, leveraging the confidence gained in the model’s ability to reproduce the
turbulent flow field accurately.
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Figure 10.5: Midplane contours (with streamlines in black) of axial (top) and transversal (bottom) average
velocity fields obtained from PIV measurements and LES of case 25H2 of Tab 10.1 under reacting conditions.
The magenta isolines ( ) represents 10% of the maximum OF-PLIF signal in the experiments (left) and the 2%
of the maximum time-averaged reaction rate 〈ω̇c 〉 from LES (right).

10.5.2. REACTING CASE: FLOW FIELD AND FLAME TOPOLOGY

The test case 25H2 from Tab. 10.1 is simulated under reacting conditions. The predicted
flow field and flame topology are analyzed and compared against available PIV data and
OH-PLIF measurements provided by Link and coworkers, [319]. The velocity field ob-
tained from PIV measurements and predicted by LES is shown in Fig. 10.5. Compared
to the non-reacting flow fields reported in Fig. 10.3, the presence of the flame leads to
flow acceleration due to thermal expansion in both the streamwise and radial directions.
This, in turn, strengthens the recirculation zones, with the measured peak backflow ve-
locity in the central recirculation zone increasing from -7 m/s in the non-reacting case
to about -10.6 m/s in the reacting case. The CRZ in the reacting case appears longer
in the streamwise direction, and the point of minimum velocity is observed to move
downstream of 16 mm with respect to the non reacting case (now located at y = 30 mm),
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while the CRZ leading point shifts upstream towards the mixing tube, and it is not visible
within the PIV measurement window. Moreover, an increase in the transverse velocity
peak is observed, but an overall reduction of the jet opening angle, due to the increased
axial velocities in the reacting case, as compared to the non-reacting case. The LES cap-
tures these physical effects reasonably well, correctly predicting the increased axial and
transverse velocities, together with a stronger CRZ. A reduced jet opening angle is pre-
dicted, aligning well with experimental measurements. This can be traced by means of
the angle of outer shear layer, region of maximum velocity radial gradients. This can be
roughly visualized with the region of transition from zero to positive axial velocity and
from inwards to outwards radial velocity (white region in Fig. 10.5, bottom panels), and
corresponds to the location where the average streamlines bend from transversal to axial
direction. The computed streamlines also show very good qualitative agreement, with
the ones derived from experimental data.

Some differences are notable in the inner shear layer, (identifiable as the axial veloc-
ity inversion region, inner white region in Fig. 10.5, top row) and the CRZ development.
The LES predicts a narrower, and shorter central recirculation zone. The predicted point
of minimum back flow velocity (-9.5 m/s) is located at y = 17 mm, unaltered with respect
to the non reacting case, and 13 mm more upstream than experimentally measured. The
leading point of the CRZ is predicted at about y =2 mm, while it results outside of the
PIV measurement window in the experiment. Downstream of the CRZ, y ≈ 50 mm, PIV
shows a significant backflow region on the centerline U ≈ −6.5m/s, which in LES ap-
pears narrower in the radial direction and exhibits weaker backflow 〈ũ〉 ≈ −1 m/s. As
previously discussed for the non-reacting case, the correct prediction of the CRZ may
be affected by the full development of the flow in the outer recirculation zone (ORZ),
characterized by high residence time (see Fig. 10.2). This may require to run the LES for
longer time, which was not possible due to computational limitations.

Figure 10.6: Radial profiles of average velocity and velocity variance from PIV measurements ( ) and LES results
( ) for case 25H2 of Tab. 10.1 under reacting conditions.
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A quantitative comparison of measured and computed radial profiles of mean veloc-
ity is provided in Fig. 10.6. Excellent agreement between LES and PIV is observed in the
prediction of axial velocity peaks at y = 10 mm and transverse velocity peaks at y = 5 mm
and y = 10 mm, with errors below 10%. The position of the outer shear layer, identified
by the points of maximum radial gradient of axial and transverse velocity, is predicted
fairly well at all the considered axial locations. Similarly, the position of the inner shear
layer (ISL) is correctly captured up to y = 10 mm. At more downstream locations y ≥ 25
mm the relative radial distance between the average velocity peaks predicted by the LES
is underestimated in comparison to PIV measurements, due to the narrower predicted
CRZ, as previously observed in Fig. 10.5. The LES overestimates the axial jet velocity by
up to 45% in the region at the mixing tube exit (0 < y < 5 mm) and underestimates it
by up to 22% in more downstream regions (y > 25 mm). This discrepancies can be at-
tributed to differences between the flame anchoring location observed experimentally
and that predicted by the LES, as discussed next. The centerline backflow velocity is
underestimated by the LES at each considered axial location. According to PIV measure-
ments, the CRZ induces backflow velocities of about U ≈-6.7 m/s up to the very exit of
the mixing tube, whereas LES predicts zero axial velocity at the y = 0 mm and significant
backflow starting only from y = 10 mm.

Radial profiles of velocity variances are investigated next. PIV data shows that the
presence of the flame results in increased velocity variances in axial and transversal di-
rection in correspondence of the regions of inner and outer shear layers, when compared
to the results for the non-reacting case shown in Fig. 10.4. This effect is less pronounced
in the LES results, where the value of the peak velocity variance is approximately half of
what experimentally measured. The radial profile of transversal velocity variance pre-
dicted by LES displays a single central peak up to locations y = 5 mm, similarly to what
observed numerically and experimentally for the non-reacting case, see Fig. 10.4. Con-
versely, PIV measurements show that this central single-peak profile disappears under
reacting conditions and a double peak profile is observed at each streamwise location
within the combustion chamber. As mentioned in the previous section, the central peak
in transversal velocity variance is linked to the location of the CRZ leading point. Exper-
imentally, this point shifts significantly upstream under reacting conditions, exiting the
combustion chamber (y < 0 mm). Consequently, the central peak is absent in PIV data.
In the LES, however, the CRZ leading point remains near the mixing tube exit (y = 2 mm),
which explains why the central peak persists in the predicted profiles.

The flame shape and position is analysed comparing numerical results with experi-
ments. Experimentally, the flame is visualized by means of OH-PLIF intensity data avail-
able from the experimental campaigns in [68]. The OH-PLIF intensity normalized by
its maximum value IOH/max(IOH) is shown in Fig. 10.7 and an isoline marking 10% of
the maximum intensity value is superimposed to the PIV measured velocity fields in
Fig. 10.5. For LES, the reacting region is identified by an isoline of progress variable re-
action rate at 2% of its maximum value. As seen in Fig. 10.5, the flame brush displays an
M-shape in both LES and experiments, with an outer branch stabilized along the outer
shear layer and an inner branch stabilized within the CRZ. The predicted reacting region
in LES is qualitatively similar to the experiment. However, from LES results the flame
appears slightly longer than the one observed experimentally, reaching y = 48 mm com-
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pared to y = 38 mm in experiments, and appears narrower. While the flame predicted
by the LES follows the jet opening, remaining within the region delimited by the OSL,
the flame observed experimentally appears wider in the radial direction, exceeding the
outer shear layer and reaching radial positions of x =±40 mm.

Figure 10.7: Midplane contour plots (with streamlines in white) for reacting case 25H2 of Tab. 10.1: normalized
OH-PLIF signal intensity from experimental campaigns (top left), mean progress variable reaction rate (top
right) and mean OH mass fraction (bottom) from LES computations. The legend for the magenta solid line ( )
is defined as in Fig. 10.5.

Despite the similarity in flame shape, notable differences in flame structure exist
between the LES predictions and experimental observations. In Fig. 10.7, the highest
OH-PLIF signal intensity in the experiments is localized in the central recirculation zone
(CRZ), aligning with the inner shear layer. The OH-PLIF signal is significantly weaker
along the outer flame branch (along the outer shear layer), suggesting that the flame is
quenched at the rim of the mixing tube (y = 0 mm, x = ±12 mm), resulting in a lifted
flame with lift-off height of approximately y = 10 mm. In contrast, contour plots of
progress variable reaction rate and OH mass fraction from LES calculations (both shown



10

176 10. LES ANALYSIS OF THE TU DELFT SWIRL-STABILIZED COMBUSTOR

in logarithmic color scale to highlight the inner flame branch) indicate maximum reac-
tivity in the outer shear layer and significantly lower reactivity in the CRZ. In this case
the flame is attached to the mixing tube rim, resulting in intense OH production in this
region.

The discrepancy between the attached flame predicted by LES and the experimen-
tally observed lifted flame can be explained by mechanisms reported in the literature
for similar swirled configurations [44, 87, 170, 328, 339, 344], which highlights that the
high strain rate at the injector rim and heat losses at the combustor walls significantly
affect the flame structure and stabilization. Benard et al. [87] highlighted how for a 100%
methane fuel case the strain level at the injector rim controlled the amount of cooled
products recirculated towards the flame zone, determining extinction. On the other
hand, lean fuel-air mixtures with high hydrogen content can exhibit negative Markstein
length, which determines an increase of the consumption speed under strain and fa-
vors an attached flame [170, 344]. This is consistent with the experimental observations
shown in [68] for the present set up, where increasing hydrogen content in the fuel blend
lead to a decrease in the lift off height of the outer flame branch and an attached flame
under 100% hydrogen fuel conditions. As shown in Chap. 8, effects of strain on nega-
tive Markstein length mixtures can be partly captured at the resolved level, by means
of the differential diffusion models implemented in the baseline LES code (chapter 7).
Furthermore, the long residence time in the outer recirculation zone favors heat loss
from the combustion products to the quartz chamber walls (at a temperature of about
600 K) and base plate (which reaches temperatures between 450 K and 500 K during ex-
perimental measurements). As these gases get recirculated towards the flame base they
can quench the outer flame branch causing it to lift [344]. The absence of an accurate
model for heat loss in the in-house LES model and the uncertainties on the experimen-
tal thermal boundary conditions, hinders the correct prediction of the flame shape and
stabilization. The role of heat losses in this configuration, detailed in [339], may explain
the observed quenching of the outer flame branch in the experiment. An analysis on the
effects of heat losses is later presented in Sec. 10.6 for the 100% hydrogen fuel case.

In the experimental data, the inner branch forms a steeper angle, with the turbu-
lent flame brush following the inner shear layer, Fig. 10.7. The acquisition window for
OH-PLIF images extends only up to y = 5 mm, but based on the OH intensity and CRZ
structure shown in Fig. 10.5, the inner branch is likely to extend into the mixing tube,
following the inner shear layer. Whether combustion occurs along the centerline inside
the tube remains uncertain and depends on local fuel-air mixing, as discussed in the
following paragraphs, and hot gas recirculation. In the LES the inner flame brush aligns
with the inner shear layer and follows the zero axial velocity region around the CRZ lead-
ing point (see Fig. 10.5). From LES results the CRZ leading point and consequently the
inner flame branch appear entirely located downstream of the mixing tube, in contrast
with experimental observations. The inner branch appears thickened due to the intense
turbulent fluctuations in the CRZ leading point (as further discussed later in Sec. 10.5.4),
linked to the peaks in transverse velocity variance observed in Fig. 10.6 and the precess-
ing vortex core (PVC) interaction with CRZ, to be further discussed in Sec. 10.5.3. The
mismatch between LES and experimental results may stem from an underprediction of
recirculation strength and the CRZ position, consistent with observations from the non-
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reacting case. However, the flame structure and flow field, including CRZ position and
backflow intensity, are strongly interdependent. Therefore, the overall misprediction of
the flame on the outer branch may affect the predicted positioning of the CRZ, and con-
sequently the stabilization of the inner flame branch.

Figure 10.8: Midplane contour plots from LES results of 25H2 of Tab. 10.1 under reacting conditions: mixture
fraction (top left), mean progress variable reaction rate (top right), Temperature (bottom). Time averaged (left
halves) and instantaneous (right halves) quantities. Isolines of mixture fraction at nominal value znom = 0.04 (
), lean flammability limit zlean = 0.017 ( ), and progress variable reaction rate isoline at 2% of its maximum
value ( ).

Further insights into the stabilization mechanism can be derived from the instanta-
neous and time-averaged contour plots of mixture fraction, temperature, and progress
variable reaction rate as predicted by LES and reported in Fig. 10.8. In these plots, the
dashed contour line marks the nominal mixture fraction value of znom = 0.04 (φnom =
0.65), therefore enclosing regions of mixture richer than the nominal condition. A solid
magenta line indicates the flame region, similarly to the previous figures.

The mixture fraction plot confirms strong radial fuel stratification, with mixture richer
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than nominal (red color) accumulating near the mixing tube walls, as anticipated in
Chap. 9. The flame thus stabilizes in a non-uniform equivalence ratio field, which af-
fects its structure. In particular, the outer branch burns under conditions consistently
richer than the nominal mixture fraction, explaining the high reaction rates observed at
the mixing tube rim and the LES prediction of an attached M-flame, in contrast with the
experimental observations. The instantaneous reaction rate snapshot at a given time-
step (right-top panel, left) shows that the outer flame branch remains entirely within the
richer region, marked by the dashed isoline, up to a location of y = 25 mm. Similarly, the
instantaneous and average thermal field show temperature peaks around 2000 K at these
locations, which exceed the adiabatic flame temperature corresponding to the nominal
equivalence ratio ( 1927 K). These hot products at richer mixture fraction then mix with
colder products (T̃ = 1927 K) in the post flame region, i.e. the region enclosed by the
dashed line, located outside of the magenta iso-line. The outer branch can be viewed
as stabilizing in counterflow configuration against recirculated products at the nominal
adiabatic flame temperature and mixture fraction.

The inner flame branch exhibits significantly leaner composition than the outer flame
branch attaching to the injector rim. Fig. 10.8 (top-left) shows that, at the mixing tube
core, the mixture fraction at the combustion chamber inlet is below the lean flammabil-
ity limit zlean = 0.017, indicated by the green solid line. In this region combustion occurs
just above the flammability limit, as the flame receives richer fresh reactants from the
inner shear layer between the CRZ and the opening jet [318]. At about y = 5 mm, the
mixture becomes reactive enough to sustain combustion in the low velocity regions at
an effective mixture fraction of z̃ ≈ 0.03. Also on the inner branch the flame stabilizes in
counterflow configuration, supported by hot reacted products at mixture fraction close
to nominal values recirculated by the CRZ. In this region the temperature (T̃ ≈ 1500 K)
is lower than the nominal adiabatic flame temperature, and lower average temperature
gradients than in the outer branch are observed. For the same reason, the inner branch
displays an order of magnitude weaker reaction rate than the outer branch.

10.5.3. PRECESSING VORTEX CORE (PVC) DYNAMICS

The analysis of the time evolution of velocity and pressure fields reveals the presence
of a precessing vortex core (PVC), i.e. a helical vortical structure in precession motion
with respect to the combustor central axis, described in various studies in literature [85,
88, 178, 345–347]. This is visualized in Fig. 10.9 by means of a pressure isosurface of
p = 101200 Pa, colored by the local mixture fraction value z̃. The blue color indicates a
mixture fraction below 0.02, meaning that the vortex core contains almost pure air. The
helicoidal structure develops axially starting from the swirler exit at y = −60 mm and it
follows the jet opening in the combustion chamber. It is thus observed to wrap around
and interact with the central recirculation zone (CRZ) and the flame front within the
combustion chamber, which in Fig. 10.9 is identified by an iso-surface and a red iso-line
of progress variable c̃ = 0.5.

The precessing motion of the vortex core is tracked by means of time series of the
pressure field on a cross-section close to the mixing tube exit (y =−1 mm), and identify-
ing the location of the point of minimum pressure at each time step. The sine of the az-
imuthal coordinate of the pressure minimum θPVC is plotted as time series in Fig. 10.10,
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Figure 10.9: Three-dimensional representation of the PVC structure by means of instantaneous pressure iso-
surface at p̃ = 101200 Pa colored by the instantaneous mixture fraction value z̃ (blue central structure). The
flame surface is visualized by means of iso-surface and iso-line ( ) at progress variable c̃ = 0.5. Flame surface
coloured by: temperature values (left) and mixture fraction values (right).

blue line. The location of the minimum pressure point on the z−y cross plane precesses
around the mixing tube axis with a period of about TPVC ≈ 4.3 ms. The θPVC signal is ac-
quired at a sampling frequency of fs = 20 kHz over a time window of 75 ms, correspond-
ing to approximately 17 times the PVC precession period TPVC. The fast fourier transform
(FFT) analysis of the sin(θPVC) signal, reveals a clear dominant mode at a frequency of
fPVC ≈ 233 Hz, corresponding to a Strouhal number of St = fPVCDMT/Ubulk = 0.5, where
DMT is the mixing tube diameter and Ubulk is the bulk velocity in the mixing tube. This
value is reasonably close to the one computed in [290] and measured experimentally in
[348] for the non reacting case at the same air mass flow rate.

The pressure field on the cross section at y =−1 mm is phase averaged at a frequency
of 233 Hz and reported in Fig. 10.11. The precession motion of the point of minimum
pressure around the mixing tube geometrical axis at a radial coordinate of about 5 mm
is clearly visible at the considered frequency as its azimuthal location shifts by 90◦ at
the different cycle phases. This point of pressure minimum is associated with a point of
zero in-plane velocity (center of the swirling motion, identified by means of the phase-
averaged streamlines) located at a slightly inward radial location 3 mm. As the vortex
core precesses, it induces an azimuthal acceleration in the flow region between the clos-
est wall portion and the center of rotation, as seen from a reduced spacing between av-
erage streamlines, and a deceleration on the diametrically opposite sector.

As already noted in [339], the PVC is observed to induce periodic oscillation in the
mixture fraction field. The point of minimum mixture fraction is tracked and its az-
imuthal position is represented in time in Fig. 10.10, red line. A clear periodic oscilla-
tion exactly in phase with the location of minimum pressure is observed. In facts, due
to the jet in cross flow fuel injection, the mixing tube core presents the lowest mixture
fraction and it is mostly composed by air. With its precessing motion, this air core cre-
ates asymmetry in the mixture composition entering the combustion chamber, resulting
in oscillations in flame positioning, shape and temperature distribution. This is visible
from Fig. 10.9, where the flame front is visualized by a reaction rate isosurface colored
by mixture fraction (left) and temperature (right). The flame surface closest to the PVC
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Figure 10.10: Top panel: time series of the azimuthal location of the point of minimum gauge pressure ( ) and
mixture fraction ( ) at a location of y =−1 mm. Bottom panel: single sided normalized amplitude spectrum
of the sine of the azimuthal coordinate of the point of minimum pressure as a signal in time, obtained by fast
Fourier transform (FFT).

shows a decreased mixture fraction value (towards blue color) and reduced temperature
compared to the rest of the flame. In Fig. 10.11 this is clearly visualized by phase aver-
aged mixture fraction field at the mixing tube exit (y = −1 mm). A clear region of low
mixture fraction (with a value close to zero, indicating pure air) is observed to precess
at the same frequency of the pressure minimum and it trails in the azimuthal direction
behind the center of rotation visualized by the streamlines. A region of mixture fraction
richer than the nominal value znom is induced in the diametrically opposite sector.

Phase-averaged fields are also reported on the axial x y-plane in Fig. 10.12. From
contour plots of gauge pressure, the helical path of the PVC is visible starting from y ≈
−20 mm and developing in the combustion chamber, where it completes roughly one
visible turn. On the mid-plane section the helicoid structure appears as two low pressure
spots alternating on the left and right side of the central axis. A clear precession motion is
visible from the coherence of the phase averaged plots at the considered frequency. The
phase averaged streamlines visualize the vortical motion induced around the helical PVC
axis, as described thoroughly in [345]. In the central panel, the interaction of the PVC
with the CRZ is visualized. As seen in Fig. 10.9, the helical vortex core path wraps around
the CRZ in the combustion chamber as the jet opens. The shape of the CRZ is deformed
by the local velocity field induced by the PVC. The leading point of the CRZ is observed
to precesses in phase with the PVC which appears as an oscillating lateral motion on the
axial plane. This induces a periodic precessing motion in the flame inner branch, which
is bounded to stabilize on the inner shear layer.

As a result of the oscillating mixture fraction field, the temperature field presents a
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Figure 10.11: Cross-plane contours of phase-averaged (with respect to the PVC frequency of fPVC = 233 Hz)
fields of gauge pressure ∆p = p −patm (top panel) and mixture fraction z̃ (bottom panel) over a mixing tube
cross section located at y =−1 mm. Phase averaged streamlines are reported in white.

periodic behaviour, with high temperature regions following the helical path of the high
mixture fraction sections at the mixing tube exit shedding downstream in the combus-
tion chamber. This is observable in the bottom panel of Fig. 10.12, showing alternating
high temperature spots at 2000 K, higher than the nominal 1700, trailing downstream in
phase with the PVC motion. The vortical velocity field induced by the helicoidal struc-
ture induces a roll up of the flame around the vortex core, similarly to what described in
[88, 347].

This analysis highlights the origin of intrinsic periodic dynamics where the velocity
field couples with mixing and temperature field. The use of axial air injection, which will
be explored in sec. 10.7.1, was observed to fully suppress the PVC dynamics, resulting in
a symmetric flame.

10.5.4. REACTING STATES AND EMISSIONS
At the considered set point (25H2 of Tab. 10.1), the TU Delft swirled combustor does not
operate under uniform conditions. Instead the reacting mixture spans a broad range of
combustion regimes determined by the local mixing and turbulence levels in the differ-
ent zones of the combustor. Therefore, an analysis of the reacting states is carried out to
quantitatively characterize the combustion process together with the formation of nitric
oxide NO. The thermochemical states within the mean flame brush (0.1 < 〈c̃〉 < 0.9) are
retrieved from time-averaged LES results and plotted on the Borghi-Peters diagram [138]
in Fig. 10.13. The characteristic turbulent velocity is estimated as u′ =p

2/3 k, where the
local turbulent kinetic energy k is obtained from the resolved velocity fluctuations and
the subgrid-scale turbulent kinetic energy kSGS computed accordingly to the SGS turbu-

lent model: k = 0.5
3∑

i=1
〈(ũi −〈ũi 〉)2〉+ kSGS . A reference characteristic turbulent length
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Figure 10.12: Midplane contours of phase-averaged (with respect to the PVC frequency of fPVC = 233 Hz) fields
of gauge pressure∆p = p−patm (top row), axial velocity ũ (center row) and temperature T̃ (bottom row). Phase
averaged streamlines are reported in white.

.

scale is set to the mixing tube radius (lt = 12 mm), after visual inspection of instanta-
neous values of fluctuating velocity components in the flame region. The local laminar
flame speed and thickness are estimated from the one-dimensional unstretched pre-
mixed flamelet calculations at the local equivalence ratio and reactants temperature of
300K. The scatter plot is colored by mixture fraction: grey points represent the nomi-
nal mixture fraction value, while blue and red indicate leaner and richer compositions,
respectively.

A clear correlation is observed between the mixture fraction and the Karlovitz num-
ber. The lean reacting mixture (shown in blue in Fig. 10.13), associated with the inner
flame brush in the central recirculation zone and the inner shear layer (see Fig. 10.8),
reaches the highest Karlovitz numbers (K a ≃ 12000). This is due to the combination of
long chemical timescales, linked to the low equivalence ratio, and elevated turbulence
in the inner shear layer, with additional velocity fluctuations induced by the PVC. These
points in the CRZ also exhibit the highest turbulent Reynolds numbers (Ret ≈ 700). Con-



10.5. 75% CH4 -25% H2 CASE

10

183

versely, richer reacting mixture (shown in red in Fig. 10.13), corresponding to the react-
ing region in the outer shear layer, displays the lowest Karlovitz numbers (K a ≈ 2). At
these richest conditions (z ≈ 0.05), the flame reaches its minimum thickness, so that
lt ≃ 27.5δ0

L (vertical dashed line). These trends are consistent with the average flame
brush structures observed earlier from the average contour plots in Fig. 10.8: the inner
flame branch is broad and highly wrinkled due to strong velocity fluctuations in the CRZ,
while the outer flame branch attaching to the injector rim is thinner, due to both shorter
chemical time scales and lower turbulence intensity.

Figure 10.13: Reacting states computed from time-averaged LES results and reported on the the Borghi-Peters
diagram [138]. Data points are collected within the mean turbulent flame brush, identified by the progress
variable interval 0.1 < 〈c̃〉 < 0.9, and colored by the mean mixture fraction value 〈z̃〉. Black dashed lines ( ):
iso-line of turbulent Reynolds number Ret = 700 (oblique) and lt = 27.5 δ0

L limit (vertical).

The mixture inhomogeneity and its effect on the reacting states are further charac-
terized by means of the joint probability density function (JPDF) of temperature and
mixture fraction across the flame front (0 < c̃ < 1) at a random time step, reported in
Fig. 10.14. Conditional mean values of temperature over mixture fraction are also plot-
ted for different intervals of progress variable in black. The significant stratification of
reactant mixture fed into the flame is evident at low progress variable, where the mixture
fraction spans a wide range of values around the nominal condition, from z̃ = 0.011 up
to z̃ = 0.062, exceeding the stoichiometric value. As the reaction progresses, the mix-
ture fraction distribution narrows towards the nominal value, with fully reacted states
concentrated in the range z̃ ∈ [0.03− 0.05], see the highest JPDF values (shown in red
in Fig. 10.14) for c̃ → 1, leading to a range of temperature values in the products T̃ ∈
[1450,2150]K . This is due to the fact that the stratified mixture at different equivalence
ratios and reaction progress levels continues to mix while burning along the inner and
outer shear layers.

Most reacting states are observed to burn leaner then the nominal mixture fraction
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Figure 10.14: Joint probability density function (JPDF) of temperature T̃ and mixture fraction z̃ at a represen-
tative time instant. Adiabatic flame temperature versus mixture fraction computed from unstretched laminar
premixed 1D flamelets is reported as a blue line ( ). The dashed and solid vertical white lines indicate the
nominal mixture fraction value znom = 0.04 and the stoichiometric condition zst = 0.053, respectively. Condi-
tional means of temperature versus mixture fraction at different progress variable values 〈T̃ | z̃〉c̃=c∗ are also
reported as black solid lines.

value, as indicated by the highest JPDF values (on the left of the dashed line, Fig. 10.14),
and they correspond to the points in the inner flame branch. Here, ultra-lean fresh gases
from the mixing tube core mix with partially reacted products from richer regions via
the inner shear layer or recirculated within the CRZ (see Fig. 10.8). Consequently, both
mixture fraction and progress variable increase across the flame in this region, with fi-
nal temperatures remaining below the nominal adiabatic value of 1927 K. Conversely,
the outer flame branch, associated with mixture fractions richer than nominal, shows
fewer occurrences, i.e. lower JPDF values. In this region, the mixture enters the flame
under significantly richer conditions than the nominal equivalence ratio (up to z̃ = 0.06,
φ̃= 1.14 ). As combustion proceeds, the mixture fraction decreases due to recirculation
of products at lower mixture fraction from the ORZ towards the flame, and continuous
mixing with the leaner jet core, see Fig. 10.8 top-left. These richer samples yield localized
temperature peaks at the flame base near the mixing tube rim, exceeding the nominal
adiabatic flame temperature by up to 250 K, consistently with observations in Fig. 10.8.
Similar distributions of reacting states have been reported for other technically premixed
combustors in the literature [44, 338]. However, in those cases, the stratification pattern
is reversed, with the lean branch located on the outer side due to coaxial fuel injection
near the mixing tube axis.
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Figure 10.15: Average (left halves) and instantaneous (right halves) midplane contour plots of nitric oxide mass
fraction YNO (left panel) and source term ω̇NO (right panel), as computed with LES of case 25H2 of Tab. 10.1.
Line legend is as for Fig. 10.8.

The described inhomogeneities in mixture composition and the presence of local-
ized temperature peaks significantly influence the formation of nitric oxide NO. Fig. 10.15
presents both time-averaged and instantaneous contours of nitric oxide mass fraction
YNO and formation/consumption rate ω̇NO. The highest formation rates are found along
the outer flame branch (see right panel), where the mixture fraction is the richest and
peak temperatures above 1800 K enable NO formation through the thermal (Zeldovich)
pathway [43, 44, 328]. In this region, the non-zero source term extends beyond the
outer magenta line, highlighting the continued NO formation within the products in the
the post-flame region. Because of its long chemical timescales, NO is convected down-
stream as it forms along the outer flame branch and a maximum YNO between y ≈ 15−30
mm and x = −25 mm in the time-averaged fields. This region is encompassed by the
dashed line, signifying products richer than the nominal mixture fraction value. Out-
side the dashed line, these rich products with high NO content mix with gases at the
nominal mixture fraction, causing NO concentration to decrease. In contrast, the inner
flame branch shows negligible NO formation, about an order of magnitude lower than in
the outer branch. This is due to the leaner mixture composition and lower temperature
which falls below 1800 K (see Figs 10.8-10.14), hindering the thermal NO formation.

It is important to note that, although a transport equation is solved for NO, its reac-
tion rate is still retrieved from flamelet tabulation. The flamelet database is generated
from 1D premixed flamelets where NO is absent from the reactants. The sink term in the
database, arises from the presence of NO in upstream flame region, as seen in Fig. 3.2,
which starts to form on the flame front and diffuses towards the reactants [135, 191]
In reality, NO formed under varying composition conditions and recirculated into the
CRZ can significantly influence the real local formation or consumption, a process that
would require detailed chemistry mechanisms to be fully captured [328, 349]. Never-
theless, LES based on flamelet tabulation provides a reasonable representation of the
underlying physics.
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Figure 10.16: Left: scatter plots of nitric oxide mass fraction versus mixture fraction, colored by conditional
progress variable values. Lines: ( ) conditional mean 〈ỸNO|z̃〉, ( ) equilibrium YNO as computed from pre-
mixed unstretched 1D flamelets. Center: scatter plots of nitric oxide mass fraction versus progress variable,
colored by conditional mixture fraction values. Lines: ( ) conditional mean 〈ỸNO|c̃〉. YNO values along a
premixed unstretched 1D flamelets at stoichiometry ( ) and nominal equivalence ratio ( ) are reported as
reference. Right: Same as center for NO source term ω̇NO.

The NO concentration is further examined in relation to the reacting states using an
instantaneous plot of NO mass fraction versus mixture fraction, colored by the condi-
tional progress variable, shown in Fig. 10.16 (left). In the outer flame branch, where the
mixture is richer and exceeds stoichiometric conditions (right of the white solid line),
peaks of ỸNO ≈ 8×10−4 are observed. These rich reacting samples, however, do not reach
the high YNO theoretical equilibrium value (derived from 1D flamelet computations and
marked as a blue line), because mixing with recirculated products at lower mixture frac-
tion, temperature, and NO concentration in the ORZ interrupts complete NO formation.
Conversely, leaner samples (to the left of the white dashed line) at high progress vari-
able exhibit NO levels above equilibrium. These are associated to the recirculation of
NO formed in richer regions into the leaner inner flame branch via the CRZ, in line with
the mechanism described in [349].

Figure 10.16 (center) shows instantaneous ỸNO values as a function of the progress
variable c̃, colored by conditional mixture fraction z̃. Results from an unstretched 1D
flamelet at the nominal equivalence ratio are included as a blue dashed line for compar-
ison. Results highlight that mixture inhomogeneities introduce scatter in the NO distri-
bution, leading to values significantly above those predicted for a flamelet at the nominal
equivalence ratio. A clear correlation of NO concentration with mixture fraction is evi-
dent across all progress variable values. In richer samples, an exponential increase of NO
with c̃ becomes pronounced, particularly for c̃ > 0.8 (high-temperature conditions), as
the higher flame temperatures enable NO formation via Zeld’vich pathway [43, 44, 329].
Flamelet results at stoichiometry are also shown for reference (blue solid line). The con-
ditional average of NO versus progress variable (magenta line) closely follows the nomi-
nal 1D flamelet prediction up to c̃ ≈ 0.5. Deviations appear beyond c̃ ≈ 0.5−0.8, due to
the exponential increase in NO formation at richer mixture fractions. Closer to the prod-
ucts c̃ → 1, the values remain slightly below the flamelet equilibrium level at the nominal
equivalence ratio. This indicates that overall emissions are governed primarily by flame
regions burning at nominal or leaner equivalence ratios, where NO is even consumed in
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the CRZ, while the rich outer regions show high NO concentration but without reaching
the high theoretical equilibrium value associated to the thermal pathway. Secondly, al-
though mixture inhomogeneities generate local peaks of NO, they do not strongly affect
the final product concentrations, which remain close to the equilibrium value predicted
at the nominal equivalence ratio.

The instantaneous NO source term, ω̇NO, is shown in Fig. 10.16 (right) as a function
of the progress variable, colored by conditional mixture fraction. The conditional aver-
ages of ω̇NO over progress variable closely follow the predictions from a 1D unstretched
laminar flamelet at the nominal equivalence ratio, similarly to what observed for YNO.
However, the peak in ω̇NO at c̃ ≈ 0.9 is lower than the corresponding flamelet value, re-
flecting the dominant influence of the inner flame branch, which burns significantly
leaner than nominal conditions. Mixture fraction stratification introduces substantial
scatter around these values, with local peaks in both formation and consumption rates
that exceed those predicted for the nominal case. For reference, the reaction rate of a
1D flamelet at stoichiometry is included as a blue line. The plot also confirms that NO
consumption occurs at low progress variable across a range of mixture fractions, as qual-
itatively observed from Fig. 10.15. Near stoichiometric conditions (z̃ ≈ 0.054), a negative
peak of about 17% of the maximum positive formation rate is observed.

Nitric oxyde concentration measurements are available from a gas analyser placed
on the centerline at the combustion chamber outlet, obtained within the experimental
campaigns in [68]. To gain a global measure of the NO emissions from the LES for the
present configuration a control cross plane is selected at a location y = 100 mm, where
the residence time is about τ= 50 ms, which ensures at least two flow-through times at
this location during the available simulation time. LES results about NO emissions at the
control plane are summarized in Tab. 10.2. An average NO concentration of 14.23 ppm
is computed at the control section. This results in just a 12% overestimation with respect
to the experimentally measured value of 12.67 ppm (±0.53 standard deviation), which
can be considered a reasonably good agreement according to the state of the art in NO
prediction through LES [44, 328]. Both experiments and simulation result in NO emis-
sion below the equilibrium values of XNO,nom = 18 ppm, which can be due to the fact that
large portion of the flame burns leaner than the nominal condition within the CRZ. At the
same time, the overestimation in the LES could be due to the prediction of a fully react-
ing rich outer flame branch, which is completely quenched by heat loss and strain in the
experiments. The emission index is computed as EINO = ṁNO/ṁfuel = 0.351[gNO/kgfuel]
and the values are in line is in line with numerical and experimental analysis of analo-
gous technically premixed swirled combustors in literature [44, 297, 328]. The NO con-
centration adjusted at 15% O2 is also computed resulting in 5.546 ppm, close to the ex-
perimental values obtained in [68] for the present setup.

Overall, the presented analysis highlights the broad range of combustion regimes
within the TU Delft combustor at the investigated operating conditions. Inhomogeneity
in fuel-air mixedness leads to localized scatter in NO formation and NO concentration
peaks, but overall the emissions levels remain close to those predicted for a flame at the
nominal equivalence ratio, with a slight dominance of the lean burning regions reducing
the overall emission. For the considered operating conditions, the outer flame branch is
suppressed in experiments due to heat losses. Nevertheless, the LES results highlight
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the critical role of the rich outer flame branch in pollutant formation and emphasize
the sensitivity of emission levels to flame positioning and fuel stratification. These in-
sights are particularly relevant for design: for example, higher operational wall tempera-
tures may enable flame reattachment [344], leading to increased emissions, which must
be accounted for in combustor development. Similarly, increasing the hydrogen con-
tent leads to a sustained outer flame branch (with possible reattachment),as shown in
[170] and in [68] for the present set-up, which tends to burn under richer conditions
and lead to higher emissions levels, as observed experimentally in [68]. In this context,
the present numerical analysis provides a framework for interpreting such experimen-
tal trends and emphasizes the need to accurately model fuel-air mixing, heat loss and to
experimentally characterize thermal boundary conditions when investigating emissions
in technically premixed swirled combustors.

Case Exp [ppm] XNO [ppm] NO@15%O2 [ppm] ṁNO [g/s] EINO [gNO/kgf]
25H2 12.67±0.53 14.23 5.546 8.00×10−5 0.351

Table 10.2: NO emissions data as experimentally measured through gas analyzer on the ceterline at combus-
tion chamber exit [319] and numerically predicted at a control plane y = 100 mm for case 25H2.

10.6. 100% H2 CASE: NEAR-FLASHBACK CONDITION
In this section the focus is on the 100% hydrogen fuel case at the nominal thermal power
and total air mass flow rate (case 100H2nom of Tab. 10.1). Experimental campaigns in [68]
showed that increasing hydrogen content in the fuel mixture leads to a flame burning
more strongly on the outer branch and approaching reattachment at the mixing tube
rim, in line with [170, 344]. In particular, the selected operating condition displayed
high flashback propensity at a geometric swirl number of 1.1, so that a minimum of 20%
axial air injection (AAI) was required to prevent flashback.

The LES simulation of case 100H2nom does not predict a stable flame, despite ap-
plying the same AAI level as in the experiment, and flashback is observed. Figure 10.17
shows the time sequence of a flashback event as predicted by the LES, visualizing mid-
plane contours of instantaneous temperature and mixture fraction. Midplane contours
of the difference between the ninstantaneous axial velocity ũ and the local value of the
theoretical unstretched laminar flame speed (reconstructed from the local mixture frac-
tion z̃) is also reported as a simple evaluation of favorable conditions for upstream flame
propagation. As previously described for case 25H2 of Tab. 10.1, fuel stratification makes
the outer flame branch the most reactive region, and this persists in the case with 100%
hydrogen fuel as seen in the central row. The green iso-line (top row) identifies the lean
flammability limit, showing that the entire boundary layer region at the mixing tube wall
consists of flammable mixture, while an air core is visible along the centerline (due to
axial air injection). At the mixing tube rim, the flashback event is initiated by flow veloc-
ity fluctuations induced by periodic vortex shedding associated with Kelvin–Helmholtz
instability [57, 60, 62], visualized by the negative axial velocity values observed at the
mixing tube rim (bottom row). Although the flame speed is lower than the average axial
flow velocity, instantaneous drops in axial velocity and temporary reversed flow allow
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Figure 10.17: Time sequence of a flashback event in case 100H2nom of Tab. 10.1. Midplane contours of in-
stantaneous temperature (top row) and mixture fraction (central row), where white color corresponds to the
nominal mixture fraction value. The bottom row reports midplane contours of the difference between in-
stantaneous axial velocity ũ and the theoretical local laminar flame speed S0

L reconstructed a posteriori based
on local mixture fraction value, reported as a reference for upstream flame propagation potential. The lean
flammability limit isoline zlean = 0.007 is reported in green ( ).

the flame to propagate upstream along the wall (see t = 0.0 ms−2.0 ms in Fig. 10.17, top
and bottom row), similarly to what described in [57, 70]. As it moves upstream, the flame
alters the flow field: strong axial acceleration is induced by thermal expansion, exacer-
bated by the confinement within the mixing tube. This flow acceleration in the boundary
layer exceeds the core velocity imposed by axial air injection (AAI), significantly modify-
ing the flow field and mixing features within the mixing tube. The previously stable, not
ignitable, lean jet core gets suppressed, the fuel reaches the centerline region and the
entire mixture in the mixing tube becomes flammable from y = −20 mm downstream
(see t = 6.0 ms in Fig. 10.17). At this point, the flame front propagates upstream through
the entire cross-section. The full flashback event lasts approximately 8 ms.
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Due to the discrepancy between LES results and experiments, which did not show
flashback events, the effect of heat loss modelling is investigated. As discussed in Chap. 1,
heat losses play a crucial role in boundary layer flashback. In the baseline LES model, the
reaction rate ω̇ is set to zero at the wall, but this is insufficient to properly capture the in-
teraction between velocity gradients, chemical reactions, and quenching distance that
determines boundary layer flashback [60, 62]. To address this, the correction model de-
scribed in Sec. 3.2.4 is used to investigate the effects of heat losses at the wall on flame
stabilization and flashback. Isothermal walls at a limit case temperature of 300 K are
imposed.

Figure 10.18: Left: midplane contour plot of instantaneous enthalpy defect ∆h̃ with respect to the adiabatic
case when isothermal wall at 300 K is imposed. Right: midplane contour of relative reaction rate reduction

with respect to the adiabatic case ∆ω̇c /ω̇
Ad
c corresponding to the enthalpy defect conditions reported on the

left, resulting from the heat loss model described in Sec. 3.2.4. Iso-lines corresponding to 2% of the maximum
reaction rate are reported in magenta ( ) to visualize the flame front.

Figure 10.18 (left) shows instantaneous contours of enthalpy defect ∆h̃, computed
as the difference between the local enthalpy value h resulting from the transport equa-
tion, and therefore subject to non-adiabatic wall conditions, and the theoretical tabu-
lated adiabatic enthalpy hAd, only depending on the local mixture composition. The
enthalpy flux through the walls cools the combustion products in the outer recircula-
tion zone, which are then recirculated to the flame base. The results are consistent with
those presented in similar studies [87], showing a typical maximum enthalpy defect of
-1e6 J/kg. A mixing layer is formed between the high-enthalpy mixture from the mixing
tube and the lower enthalpy products cooled at the wall. The right panel of Fig. 10.18
shows the reaction rate reduction relative to the adiabatic case ∆ω̇/ω̇Ad, resulting from
the local enthalpy defect. Only the outer flame branch attaching to the mixing tube rim
is significantly affected by the enthalpy loss, while the rest of the flame remains within
the region where the enthalpy defect is zero. When the flame (visualized with the ma-
genta reaction rate isoline as in Fig. 10.8) stabilizes upstream in the exit section of the
mixing tube y ≈ −15 mm, the reaction rate is reduced by up to 50% at the wall. Some
milder effects are visible downstream, where cooled products interact with the flame at
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locations around y = 20 mm.

When the heat loss model is enabled, the flame does not show the flashback events
observed for the adiabatic case. However, the flame still exhibits the tendency to propa-
gate upstream into the boundary layer at the mixing tube wall and periodic oscillations
are observed in its axial position, within the exit section of the mixing tube, as shown in
the time sequence in Fig. 10.19. This phenomenon can be seen as a mild intermittent
flashback, as described in literature [71, 72]. Similarly to what observed for the adiabatic
case, an instantaneous local decrease in axial velocity, linked to Kelvin-Helmotz insta-
bility, allows the flame to propagate up to 15 mm upstream inside the tube (in about
0.5 ms), see Fig. 10.19 t = 0.0 ms−0.25 ms, bottom row. However, due to the imposed
iso-thermal walls, the temperature difference between the reacting mixture and the wall
induces a heat flux that reduces the reaction rate (as shown in Fig. 10.18, right). Due to
this reduced reactivity, the axial velocity exceeds the flame speed again, and the flame is
pushed back out of the mixing tube. It can be seen how in absence of complete flashback,
the mixture fraction field remains stable, with lean non-ignitable mixture at the mixing
tube core and constant value z̃ ≈ 0.023 at the mixing tube wall. The evolution in time
of the most upstream flame front location, yf, is plotted in Fig. 10.20. Oscillations with
an amplitude of approximately 10 mm and a period of ≈ 1 ms are clearly visible, along
with longer-period oscillations (≈ 10 ms) shifting the flame from being entirely outside
the mixing tube (y = 0) to upstream positions up to y =−20 mm. On average, the flame
tip stabilizes at a location of y = −10 mm. This is further analyzed using Fast Fourier
Transform, and the spectrum of the yf − 〈yf〉 signal is shown in Fig. 10.21. The spec-
trum confirms the presence of a distinct peak at f = 1090 Hz (Strouhal number St = 2.33,
based on mixing tube diameter and bulk velocity), and additional lower-frequency con-
tent between 40 and 80 Hz (St = 0.086–0.17) at comparable amplitudes.

The presented LES analysis confirms that the considered operating condition is highly
prone to flashback, consistently with experimental studies, reporting that even a small
reduction in AAI or a slight increase in thermal power can trigger sudden flashback. The
analysis further shows that heat loss plays a decisive role in flame stabilization near the
flashback limit. When heat loss is modelled, the LES no longer predicts flashback, un-
like in the adiabatic case. Consistently, wall temperatures remains below 500 K in the
experimental setup (adiabatic walls cannot be representative of real conditions), which
can explain the absence of flashback in the measurements. Moreover, the periodic os-
cillations of the flame tip at the mixing tube exit predicted by the LES appear physically
plausible. However, it remains unclear whether the flame in the experiment stabilizes
fully downstream or fluctuates within the mixing tube, due to limited optical access.
More accurate predictions and meaningful comparisons with experimental data would
require a more detailed characterization of thermal boundary conditions, or conjugate
heat transfer simulations [44].

The results identify the mixing tube rim as the critical point for boundary layer flash-
back initiation, favored by fuel stratification (investigated in the previous section and
in Chap. 9). To mitigate the risk of flashback, strategies aiming at the reduction of the
equivalence ratio in the boundary layer can be explored. These are for example air in-
jection into the boundary layer and coaxial fuel–air injection, both proposed for similar
swirled combustor configurations [44, 49, 297]. As will be discussed in the next section,
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Figure 10.19: Time sequence of the oscillatory flame stabilization dynamics (intermittent flashback) obtained
when isothermal walls at 300 K are imposed and the heat loss model is enabled. Midplane contours of in-
stantaneous temperature (top row) and mixture fraction (central row), where white color corresponds to the
nominal mixture fraction value. The bottom row reports midplane contours of the difference between instan-
taneous axial velocity ũ and the theoretical local laminar flame speed S0

L reconstructed a posteriori based on
local mixture fraction value, reported as a reference for upstream flame propagation potential.

the negative Markstein length of lean hydrogen–air mixtures may further increase local
reaction rates in response to the flame tangential strain rate at this location, exacerbating
flashback risk.

To summarize, this analysis underlines the need to incorporate wall heat loss in the
LES model and to experimentally characterize the thermal boundary conditions in or-
der to accurately predict flame stabilization, position, structure, and consequently emis-
sions. For less reactive mixtures, such as the case with 25% H2 of Tab. 10.1, neglecting
these factors could lead to incorrect predictions of flame anchoring and shape (e.g. an
M flame with an attached outer branch), as detailed at the previous section, while for
highly reactive mixtures with pure hydrogen, it could discriminate between predicting a
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Figure 10.20: Time series of the axial position yf of the flame tip.

Figure 10.21: Single sided normalized amplitude spectrum of the axial coordinate of flame tip, obtained by fast
Fourier transform (FFT).

stable flame or flashback.

10.7. 100% H2: ULTRA-LEAN CONDITION

Although the inclusion of heat loss modelling in the LES enabled the prediction of a sta-
ble flame without flashback for the nominal case 100H2nom of Tab. 10.1, the flame still
exhibited unstable anchoring, with periodic oscillations in its position within the mix-
ing tube. To further explore stable operation with 100% H2 fuel, the analysis focuses on
the operating point 100H2 of Tab. 10.1, where the total air mass flow rate is increased
by 85% with respect to the nominal case. This adjustment leads to a stable flame at
the same power output under ultra-lean conditions, with a nominal equivalence ratio
of φnom = 0.34. Such a strategy offers the potential for minimal fuel consumption and
reduced NOx emissions, leveraging the full benefits of lean hydrogen combustion. Since
no experiments have been performed under these operating conditions, the LES pro-
vides a first assessment of ultra-lean combustion within the TU Delft combustor, with
particular emphasis on the effects of axial air injection on mixing, thermal fields, and
emissions. Moreover, this stable case offers the possibility to assess the relevance of
differential diffusion effects on the flame structure within a technically premixed swirl-
stabilized combustor.
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10.7.1. FLOW FIELD AND FLAME STRUCTURE: EFFECT OF AAI
When the air massflow rate is increased (case 100H2 of Tab. 10.1), a stable combustion
without flashback nor flame tip fluctuations is predicted by the LES. The reduced flame
speed, due to the lower equivalence ratio, increased axial velocity, and steeper velocity
gradients in the boundary layer prevent the boundary layer flashback observed in the
nominal case. As a result, the flame anchoring and overall structure remain qualitatively
similar to the 25H2 case, described in Sec. 10.5.2. The contour plots in Fig. 10.22 (left)
show a velocity field and flame shape qualitatively similar to those in Figs. 10.5(right).
Overall, higher axial velocities are observed due to the increased air mass flow rate, lead-
ing to a narrower jet opening angle. The central recirculation zone (CRZ) is reduced
both radially and axially.The flame shape, identified by isolines at 2% of the maximum
reaction rate, maintains the characteristic M-shape with two branches: an outer branch
stabilized along the outer shear layer, and an inner branch stabilized within the CRZ,
forming a distributed average turbulent flame brush. Compared to the case with 25% H2

fuel blend (25H2 case of Tab. 10.1), the flame is approximately 10 mm shorter (about 40
mm long), despite the increased bulk velocity, due to the higher reactivity of the 100%
hydrogen fuel.

Figure 10.22: Midplane contour plots (with streamlines in black) of mean axial (top) and transversal (bottom)
velocity component from LES of the ultra-lean 100% hydrogen case with 0% AAI (left) and 10% AAI (right),
corresponding to case 100H2 and 100H2AAI of Tab. 10.1, respectively. The flame brush is identified with isoline
at 2% of the maximum progress variable reaction rate 〈ω̇c 〉 ( ).

The influence of AAI on the 100% H2 flame under ultra-lean conditions is examined
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next using LES results of case 100H2AAI of Tab. 10.1, where 10% of the total air is sup-
plied through AAI. The computed velocity field is compared to the case with 0% AAI in
Fig. 10.22. One of the main effects of AAI is a net decrease in swirl number as part of the
air enters the centerline without swirling. This affects the vortex breakdown, resulting
in a smaller CRZ with lower backflow velocity. The stagnation point at the base of the
CRZ shifts downstream compared to the case without AAI ( from y = 4 mm to y = 15
mm) pushed by the increased axial momentum on the centerline. At the same time the
peak backflow velocity is halved from -8 m/s to -4 m/s. The centerline velocity recovers
positive values right downstream of the CRZ at around y = 30 mm, reducing the CRZ
length from 46 mm to about 15 mm. Consequently, flame position, shape and anchor-
ing are also affected. As shown by the magenta iso-line, the flame is approximately 15
mm longer than in the case without AAI, and the inner branch stabilizes further down-
stream, as a result of the increased centerline axial momentum and the downstream-
shifted CRZ. The resulting flame shape is qualitatively similar to the one observed ex-
perimentally for the nominal 100% H2 case with 20% AAI (case 100H2nom of Tab. 10.1)
reported in [68]. Interestingly, the use of 10% AAI at the considered operating conditions
is observed to suppress the formation of PVC and the associated flame fluctuations (not
shown).

Figure 10.23: Midplane contour plots of mean mixture fraction (left) and temperature (right) from LES of case
100H2 (left half) and 100H2AAI (right half), of Tab. 10.1. Iso-lines legend is as in Fig. 10.8.

The impact of AAI on fuel-air mixing is highlighted in Fig. 10.23, which shows mid-
plane contour plots of time-averaged mixture fraction and temperature. At 0% AAI, the
results show similarities with those from case 25H2 of Tab. 10.1 (reported in Fig. 10.8).
Indeed, fuel stratification is observed near the mixing tube walls where the mixture frac-
tion reaches z ≈ 0.015. The mixture fraction isoline at the nominal value z = 0.01 iden-
tifies the region where the richer mixture (in red) mixes with products at nominal mix-
ture fraction in the outer shear layer and with mixture leaner than nominal conditions
across inner shear layer. This stratified region with richer mixture extends up to y =
60 mm. Closer to the centerline, the mixture fraction remains below the flammability
limit up to y = 5 mm in the combustion chamber, as visualized by the green solid line,
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and it increases only via recirculation of richer mixture through the CRZ. The central
flame branch stabilizes in correspondence of the threshold where the mixture becomes
flammable. The thick inner average flame brush appears to burn below the nominal
mixture fraction in the CRZ. These mixing patterns are reflected in the thermal field.
The nominal adiabatic flame temperature of 1370 K is reached in the outer recirculation
zone (ORZ). The outer flame branch, burning under richer conditions exhibits temper-
atures exceeding the nominal adiabatic flame temperature close to the mixing tube rim
while the inner branch shows lower temperatures. Here, the the nominal temperature
value is reached only around y = 60 mm after mixing with richer products. The outer
flame branch displays sharp temperature gradients, while the inner flame branch ex-
hibits more diffuse gradients due to lower reaction rate and intense turbulence, which
contribute to a thicker average flame brush, similarly to what discussed in Sec. 10.5.2.

Figure 10.24: Joint probability density function (JPDF) of time averaged temperature 〈T̃ 〉 versus average mix-
ture fraction 〈z̃〉 from LES of case 100H2 (left) and 100H2AAI (right) of Tab. 10.1. The adiabatic flame tempera-
ture versus reactants mixture fraction computed from unstretched laminar premixed 1D flamelets of hydrogen
air mixtures is reported as a blue line ( ). Vertical dashed white line and solid black line mark the nominal
mixture fraction value znom = 0.011 and the stoichiometric condition zstoich = 0.028, respectively. Conditional
means of time averaged temperature versus mixture fraction at different progress variable values 〈T̃ | z̃〉c̃=c∗
are also reported as black solid lines.

Axial air injection alters both mixing and thermal fields, notably increasing fuel strat-
ification, as shown in Fig. 10.23 (left). At y = −10 mm, a central core of air with low
mixture fraction is visible, where fuel penetration is minimal. In contrast, the fuel tends
to remain confined within the near-wall region in the mixing tube, which increases the
mixture fraction value. As a result, the central core remains below the lean flammability
limit up to the CRZ leading point now shifted 20 mm downstream by AAI. Here the mix-
ture enters the flammability range due to mixing with richer pockets of reactants within
the CRZ.

The increased fuel stratification leads to a longer flame and thicker turbulent flame
brush in the flame region stabilizing within the CRZ. Here, lower temperatures and broader
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temperature gradients are observed when AAI is used. Moreover, a longer portion of the
outer flame branch burns at conditions reacher than nominal. In fact, the mixing layer
between the richer outer portion of the jet with the leaner jet core is now elongated, due
to the weaker recirculation within the CRZ. When AAI is applied, the rich zone enclosed
by the z = 0.011 isoline (dashed black line) extends further downstream compared to
the case without AAI. This indicates that stratification in product composition and tem-
perature (post-flame region, downstream the magenta line) persists, and that mixing
between rich and lean products from the outer and inner flame branch, respectively,
occurs over a longer axial distance.

Figure 10.25: Midplane contour plots of time averaged nitric oxide mass fraction (left) and formation rate
(right) from LES of case 100H2 (left halves) and 100H2AAI (right halves) of Tab. 10.1. Iso-lines legend is as in
Fig. 10.8.

Figure 10.24 shows the joint PDF of time averaged temperature 〈T̃ 〉 and mixture
fraction 〈z̃〉. In the 0% AAI case (left), fully reacted samples (c̃ = 1) are concentrated
around the nominal mixture fraction z̃ ≈ 0.011 at the nominal adiabatic temperature of
1370 K, with scatter in a range of z̃ ∈ [0.009,0.013] due to fuel stratification. The high-
est PDF values are observed at samples leaner than nominal (left of the dashed line)
down to z = 0.005, corresponding to the points upstream of the CRZ below the flamma-
bility limit. Here the lean reactants mix with partially reacted hotter samples, so that
progress variable, temperature and mixture fraction increase simultaneously. Equilib-
rium temperatures near 1200 K are then reached for mixture at z̃ = 0.009. Samples be-
tween z̃ ∈ [0.013,0.015] result in the maximum peak temperature of 1580 K, but they do
not reach the corresponding equilibrium temperature, since their mixture fraction de-
creases to the nominal value as they react, due to mixing with leaner reactants from the
jet core and products at the nominal z̃ from the ORZ.

With 10% AAI, the range of fully reacted samples shifts to richer values z ∈ [0.01,0.018],
which reach equilibrium temperatures up to 1700 K, about 100 K higher than in the case
without AAI. This occurs due to the fact that the richer mixture reacting in the outer
flame branch mixes with products at the nominal mixture fraction from the ORZ over
a longer axial distance, and can therefore reach the equilibrium temperature at higher



10

198 10. LES ANALYSIS OF THE TU DELFT SWIRL-STABILIZED COMBUSTOR

Figure 10.26: Scatter plots of time averaged nitric oxide mass fraction versus progress variable, colored by
conditional mixture fraction values from LES of case 100H2 (left) and 100H2AAI (right) of Tab. 10.1. Lines: ( )
conditional mean 〈ỸNO|c̃〉, YNO values along a reference premixed unstretched 1D flamelets at stoichiometry
( ) and nominal equivalence ratio ( ).

values of local equivalence ratio. The increased reactants stratification induced by AAI
is visible at low progress variable from the wider mixture fraction range extending to as
lean as z̃ = 0.0016. A linear-like tail appears in the joint PDF plot at the leanest values, in-
dicating mixing between sub-flammability limit samples and partially reacted richer and
hotter products at the CRZ base. At z = 0.008, as the lean flammability limit is crossed,
strong reaction is sustained.

The differences in mixing and peak temperatures influence NO formation. Figure 10.25
shows midplane contours of time-averaged NO mass fraction (left) and formation rates
(right), for the 0% AAI case (left column) and the 10% AAI case (right column). With AAI,
the NO formation rate increases in the outer flame branch due to increased fuel strati-
fication. Moreover, the flame length is increased by the use of AAI and NO forms over a
longer outer flame branch, compared to the case without AAI. This results in higher NO
concentrations in the richer products from the outer flame branch (see the region en-
compassed by the black dashed line) when AAI is employed.Notably the NO consump-
tion observed for the baseline case 25H2 is not present, due to the absence of hydrocar-
bon fuel.

Plots of time averaged NO mass fraction versus progress variable, colored by the con-
ditional mixture fraction value are shown in Fig. 10.26. Differently from the 25% H2 case
(see Fig. 10.16), an exponential trend of NO with progress variable is not observed, which
is instead visible from the 1D flamelet data at z = 0.02 reported as a blue line for com-
parison. This is due to the very lean burning condition, which results in average peak
temperature below 1800 K and suppression of NO formation via thermal pathway. This
represents a promising outcome for stable ultra-lean hydrogen combustion within the
present set up. At such lean conditions the NNH and N2O formation pathways for NO
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become dominant [44] and they still present high sensitivity to the mixture composition.
In both cases (0% and 10% AAI) the conditional average of ỸNO over c̃ (see magenta line)
largely exceeds the NO values for a reference 1D premixed flamelet at the nominal equiv-
alence ratio (dashed blue line), due to the presence of richer mixture. In the 0% AAI case
(left), data points cluster around z̃ = 0.013 (green color), with scatter in NO values cor-
related with mixture fraction variations. The case with 10% AAI (right) shows a steeper
NO increase with progress variable, especially at c ≈ 0.9, due to the presence of mixture
burning at richer conditions and reaching higher temperatures.

To evaluate global NO emissions in the two cases, a control cross section at y = 100
mm is considered, as per the 25H2 case, and results are reported in Tab. 10.3. The NO
concentration in ppm and emission index EINO appear reduced by two and one order of
magnitude, respectively, compared to the baseline case with 25% hydrogen in the fuel
blend. This can be primarily traced back to the suppression of thermal NO formation by
operating at ultra lean conditions and containing the peak temperatures below 1600K.
Also, prompt NO formation mechanism is absent as no hydrocarbon is present in the
fuel [191]. However, the emission level is 71% above the ultra low theoretical NO equilib-
rium value (0.07 ppm) calculated for a 1D premixed flamelet at the nominal equivalence
ratio, highlighting the detrimental effect of mixture inhomogeneity on NO formation,
even at very lean conditions. Employing 10% AAI results in a 60% increase in NO emis-
sions (in volumetric ppm), due to the decreased fuel/air mixing and the increased peak
temperatures at the flame base attaching to the mixing tube rim.

Case XNO [ppm] NO@15%O2 [ppm] ṁNO [g/s] EINO [gNO/kgf]
100H2 0.216 0.0954 2.79×10−6 2.79×10−2

100H2 AAI 0.346 0.1536 4.00×10−6 4.00×10−2

100H2DD 0.241 0.11 3.17×10−6 3.17×10−2

Table 10.3: NO emissions data as predicted by LES at a control plane y = 100 mm for all the 100% hydrogen
cases considered in the present study.

The presented analysis highlights the critical contribution of the outer flame branch
to NO formation due to its sensitivity to mixture composition even when thermal NO
is not the dominant pathway. Differently from the baseline case 25H2, experiments
with increasing hydrogen content reported flames burning more and more on the outer
branch. Depending on the operating conditions, increasing NO emissions were ob-
served with increasing AAI, which may be now explained with a decrease in mixing qual-
ity, in light of the presented results.

10.7.2. EFFECT OF DIFFERENTIAL DIFFUSION
Next, the effects of differential diffusion (DD) are examined in the TU Delft combustor
under ultra-lean conditions. Among the main DD effects in premixed flames is the redis-
tribution of enthalpy and mixture fraction under flame stretch (curvature or strain) [154],
as reviewed in Chap. 2. To identify regions of high stretch, Fig. 10.27 shows contours of
time-averaged and instantaneous flame-tangential strain rate from LES of the ultra-lean
100% hydrogen case with 0% and 10% AAI. Both inner and outer flame branches stabilize
against recirculated products (from the CRZ or ORZ), in a manner that shares similarities
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Figure 10.27: Midplane contour plots of time averaged (left halves) and instantaneous (right halves) strain rate
tangential to the flame front for the 100% H2 case without AAI (left) and with 10% AAI (right), corresponding
to case 100H2 and 100H2AAI of Tab. 10.1, respectively. Iso-lines legend is as in Fig. 10.22.

with a counterflow configuration. Along the centerline, products are recirculated within
the CRZ, which forms a stagnation point for the incoming reactants. The CRZ acts as an
aerodynamic obstruction, forcing the fresh mixture to flow around it and generating a
region of high positive tangential strain rate near the stagnation point. As a result, the
mixture accelerates at the mixing tube exit through the cross-section area left free from
the CRZ (see Fig. 10.22), producing elevated tangential strain rates at the mixing tube
rim. Similar behavior has been observed in swirled combustors [87, 170, 328], as well as
in slot-burner and bluff-body stabilized flames [53, 74, 350], as discussed in Chap. 8. At
these conditions, Fig. 10.27 shows moderate mean tangential strain rates, with peaks on
the order of 104 s−1 at the rim and lower values (∼ 0.4 s−1) inside the CRZ. Instantaneous
fields reveal fluctuations in local strain rate produced by turbulent eddies, with peaks
exceeding the mean value. The addition of axial air injection (right) reduces both mean
and peak strain rates due to the smaller CRZ and weaker backflow, as described in the
previous section.

When differential diffusion is modeled, the coupling between strain rate and mixture
fraction redistribution is captured, consistently with results for the bluff-body-stabilized
burner discussed in Chapter 8. This is visible in Fig. 10.28, where contours of aver-
age mixture fraction (left) and temperature (right) are compared for the baseline 0%
AAI with (right half) and without (left half) differential diffusion modelling. When dif-
ferential diffusion is considered, a clear local enrichment is observed near the mixing
tube rim, where the flame, already burning at conditions richer than nominal z ≈ 0.015
(φ≈ 0.52) due to fuel stratification, reaches mixture fraction values of z ≈ 0.02 (φ≈ 0.7).
This enrichment region correlates spatially with the zones of high tangential strain in
Fig. 10.27, and leads to higher local product temperatures compared to results without
DD modelling. These high-temperature products (up tpo 2000K), formed at the flame
base, subsequently mix with lower z products downstream (outside the magenta flame
brush isoline).
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Figure 10.28: Midplane contour plots of mean mixture fraction (left) and temperature (right) from LES of the
ultra-lean 100% H2 case without differential diffusion modelling (left halves) and with differential diffusion
modelling (right halves), corresponding to cases 100H2 and 100H2DD of Tab. 10.1, respectively. The mean
turbulent flame brush is visualized by magenta isoline ( ) of reaction rate at 2% of its maximum value.

The flame appears overall slightly shorter when differential diffusion is modelled, as
the reaction rate is enhanced in the outer flame branch in response to the positive tan-
gential strain rate, due to the negative Markstein length of the hydrogen lean mixture. In
contrast, minimal differences are observed in the inner flame branch, where the mixture
fraction remains unchanged. This is attributed to the strong turbulent mixing of lean
reactants near lean blow-off limit with partially reacted products, which dominates over
diffusive transport.

The instantaneous joint probability density function (PDF) of temperature versus
mixture fraction is shown in Fig. 10.29 and provides quantitative insight into the effects
of differential diffusion. Focusing on the bottom of the distribution, at c̃ ≈ 0, it is ob-
served that the mixedness of the reactants is not significantly influenced by differential
diffusion. At this location, corresponding to unreacted conditions (T̃ = 300 K), the range
of mixture fraction values remains between z̃ ∈ [0.005,0.02], centered around the nomi-
nal value of z̃ = 0.011. This indicates that differential diffusion does not noticeably alter
the initial fuel-air mixing upstream of the flame. However, as the reaction progresses
toward higher temperature and progress variable values, the inclusion of differential dif-
fusion leads to noticeably richer mixture fractions, in the outer branch region. When
differential diffusion is included, the points richer than nominal (corresponding to the
outer flame branch) undergo further enriching extending to z̃ ≈ 0.033, exceeding the
stoichiometric value. These richer samples cause increased peak temperatures, reach-
ing up to 2300K (versus a maximum 1900 K equilibrium temperature at z̃ ≈ 0.019 in the
baseline case). In the range z̃ ∈ [znom,0.025], the conditional average temperature for
c = 0.99 generally follows the equilibrium flame temperature curve from flamelets com-
putations. However, super-adiabatic temperatures are observed in this region when dif-
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Figure 10.29: Joint probability density function (JPDF) of instantaneous temperature T̃ versus mixture fraction
z̃ from LES of the ultra-lean 100% H2 case without differential diffusion modelling (left) and with differential
diffusion modelling (right), corresponding to cases 100H2 and 100H2DD of Tab. 10.1, respectively. Lines: ( )
adiabatic flame temperature versus reactants mixture fraction computed from unstretched laminar premixed
1D flamelets of hydrogen air mixtures, dashed white line nominal mixture fraction value znom = 0.011, ( )
stoichiometric condition zstoich = 0.028. Conditional means of temperature versus mixture fraction at different
progress variable values 〈T̃ | z̃〉c̃=c∗ are also reported as black lines.

ferential diffusion is modelled, consistently with findings in [338]. These occur due to
hotter enriched samples coming from the outer flame branch attaching to the mixing
tube rim, where the strain levels are the highest.

Further characterization of the reacting states is provided by Fig. 10.30, which shows
the joint PDF of mixture fraction z̃ versus progress variable c̃ at a representative timestep.
In the baseline case without DD modelling, the conditional average 〈z̃|c̃〉 (magenta solid
line) roughly aligns with the nominal mixture fraction values, with some deviation as
reaction progresses. The scatter in mixture fraction around the nominal value is solely
caused by the imperfect fuel-air mixing described in the previous section. Differential
diffusion induces mixture fraction values exceeding z = 0.02 and surpassing the stoi-
chiometric threshold beginning around c = 0.5. Despite this increased scatter, the con-
ditional average remains close to the nominal value, indicating that the majority of the
sample population (i.e., high JPDF values) is not significantly altered. Most of the mix-
ture fraction variations remain governed by turbulent mixing and initial stratification,
while the contribution of differential diffusion and strain-induced redistribution remains
secondary in the considered configuration. This differs from the fully premixed cases
discussed in Chapters 7 and 8, where mixture fraction variations were entirely driven by
differential diffusion, which thus played a dominant role even in the presence of turbu-
lence.

To assess the direct influence of strain on mixture fraction variations, the average
mixture fraction conditioned on progress variable is further analyzed at three different
instantaneous tangential strain rate levels (S̃t = 10000,20000,30000s−1), shown as ma-
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Figure 10.30: Joint probability density function (JPDF) of instantaneous mixture fraction versus progress vari-
able from LES of the ultra-lean 100% H2 case without differential diffusion modelling (left) and with differential
diffusion modelling (right), corresponding to cases 100H2 and 100H2DD of Tab. 10.1, respectively. Lines: ( )
nominal mixture fraction value z = 0.011, ( ) conditional average of mixture fraction versus progress variable
〈z̃ | c̃〉. Conditional means of mixture fraction versus progress variable at different tangential strain rate levels
〈z̃ | c̃〉S̃t=St∗ are also reported in the right panel: ( ) S̃t = 10000 s−1, ( ) S̃t = 10000 s−1, ( ) S̃t = 30000

s−1.

genta lines in different dash styles. A clear correlation emerges: higher strain levels result
in increased peak mixture fractions, particularly at c ≈ 0.8. When c → 1, the conditional
mixture fraction rapidly decreases and the trend is inverted: lower strain levels corre-
spond to locally higher conditional mixture fraction values. These observed trends in
mixture fraction distribution as a function of strain are consistent with laminar counter-
flow flamelet calculations at different strain rates, as reported in [39, 53, 351], and with
results from turbulent premixed hydrogen flames [225].

The impact of differential diffusion modelling on NO formation is shown in Fig. 10.31,
reporting average contour plots of nitric oxide mass fraction YNO and formation rate
ω̇NO. When differential diffusion is included, the peak NO mass fraction value increases
from 2.5×10−7 to 6×10−7 at the flame base, which is due to the local enrichment pro-
duced by the positive flame-tangential strain rate. The higher amount of NO is then
convected downstream and its concentration across the post-flame region of the outer
flame branch increases with respect to the case without differential diffusion. Fig. 10.31
(right) shows high NO formation rates over a broader area in the outer branch, extend-
ing up to y = 20 mm, when DD modelling is enabled. The inner branch is only mildly
affected, with a slightly enhanced NO formation rate.

Instantaneous plots of NO mass fraction versus progress variable colored by the con-
ditional mixture fraction value are reported in Fig. 10.32. In the baseline case (without
differential diffusion), stratified regions near z = 0.02 produce most of the NO, peak-
ing at 1.3×10−6 at c = 0.95. These rich products are recirculated in the CRZ (as seen in
Fig. 10.31), resulting in NO values around 0.5×10−6 at low mixture fraction and progress
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Figure 10.31: Midplane contour plots of mean NO mass fraction (left) and formation rate (right) from LES of
the ultra-lean 100% H2 case without differential diffusion modelling (left halves) and with differential diffusion
modelling (right halves), corresponding to cases 100H2 and 100H2DD of Tab. 10.1, respectively. The mean
turbulent flame brush is visualized by isoline of reaction rate at 2% of its maximum value ( ).

variable. When differential diffusion is included, NO values exponentially increasing
with progress variable are observed, due to the richer and hotter mixture at the flame
base enabling NO formation via thermal pathway. The peak NO value at c = 0.95 rises to
8×10−6, corresponding to near-stoichiometric samples (z = 0.03 orange points), match-
ing the NO level for a premixed flamelet at stoichiometry (marked as a blue line). The
amount of NO recirculated in the CRZ is also increased, leading to higher NO values at
low progress variable and mixture fraction as compared to the baseline. At c → 1, NO
levels decrease, as mixing with leaner products reduces the final emission levels. The av-
erage NO mass fraction at c = 1 increases by 44 % compared to the baseline, highlighting
the importance of including differential diffusion modelling for accurate emissions pre-
diction. On the other hand, even the case without differential diffusion shows NO levels
exceeding those predicted for a 1D flamelet at the nominal mixture fraction (dashed blue
line), which further highlights the dominant role of stratification.

The ỸNO values conditioned over progress variable at different strain rate levels show
consistent trends with what shown in Fig. 10.30: higher strain levels lead to higher NO
peaks at c̃ = 0.9 by inducing local enrichment. As c̃ → 1, high-strain cases exhibit a
sharper drop in NO than low-strain ones, highlighting an effect of NO decreasing with
strain at high progress variable, in line with recent studies on strained laminar premixed
flamelets [253]. The unstrained conditional average (dashed black line) aligns closely
with the global conditional average (solid magenta line),indicating that while differential
diffusion and strain affect local NO production, their overall impact on total emissions
is moderate.

The secondary role of differential diffusion and strain on global NO emissions is
verified by examining the emissions data at the y = 100 m control plane, reported in
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Figure 10.32: Scatter plots of istantaneous NO mass fraction versus progress variable, colored by conditional
mixture fraction valuesfrom LES of the ultra-lean 100% H2 case without differential diffusion modelling (left)
and with differential diffusion modelling (right), corresponding to cases 100H2 and 100H2DD of Tab. 10.1,
respectively. Lines: ( ) conditional mean 〈ỸNO|c̃〉, YNO values along a reference premixed unstretched 1D
flamelets at stoichiometry ( ) and nominal equivalence ratio ( ). Conditional means of ỸNO over progress
variable at different tangential strain rate levels 〈ỸNO | c̃〉S̃t=St∗ are also reported in the right panel: ( )

S̃t = 10000 s−1, ( ) S̃t = 10000 s−1, ( ) S̃t = 30000 s−1.

Tab. 10.3. Enabling differential diffusion modelling results in 12% higher NO emissions
(in volumetric ppm). In contrast, the application of 10% AAI, without differential diffu-
sion, showed a 60% increase compared to the baseline ultra-lean 100% H2 case without
differential diffusion and 0% AAI (case 100H2 of Tab. 10.1), which confirms the dominant
effect of turbulent mixing and stratification over enrichment caused by differential dif-
fusion and strain. Although the absolute emission levels remain extremely low, and such
variations may not significantly impact the overall combustor performance assessment,
this analysis provides insight into the relative importance of mixture fraction variations
driven by turbulent mixing versus those due to differential diffusion and strain, at the
considered set point.

Overall, the results presented in this section highlight that differential diffusion ef-
fects are highly localized and primarily associated with regions of elevated strain rate,
which require sufficient resolution to be accurately captured. In contrast to fully pre-
mixed lean flames, where differential diffusion, strain, and curvature are the main drivers
of mixture fraction fluctuations and temperature peaks (see for example Chapters 7-
4.3), the technically premixed configuration considered here shows a different behav-
ior. In this case, the influence of differential diffusion on mixture fraction redistribution,
flame structure, and emissions is secondary compared to the dominant role of turbulent
mixing and fuel stratification in generating mixture fraction and temperature inhomo-
geneities, as well as NO emissions.

Similarly, thermodiffusive instabilities were not observed, due to the mixture inho-
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mogeneities controlled by turbulent mixing. Previous studies have reported thermod-
iffusive instabilities in fully premixed lean hydrogen swirl-stabilized flames [170, 226],
which suggests that under conditions of more uniform premixing, differential diffusion
effects must be carefully considered, as thermodiffusive instabilities can become a rele-
vant in flame stabilization and structure.

The outer flame branch, which attaches to the rim of the mixing tube, remains the
most critical region in terms of thermal loads, flashback risk, and emissions. This arises
from the relatively high equivalence ratio caused by stratification, combined with addi-
tional local enrichment induced by strain and differential diffusion. Experimental obser-
vations for the present setup [68] revealed that increasing the hydrogen content in the
fuel leads to reattachment of the outer flame branch, with the flame transitioning from
a V-shape to an attached M-shape. In light of the LES results, the increased reaction rate
under positive tangential strain at the mixing tube rim, due to the negative Markstein
length of very lean hydrogen mixtures, plays a role in this stabilization mechanism, as
also noted in [170, 352]. This effect is qualitatively captured by the employed differential
diffusion model, through the prediction of induced local enrichment.

10.8. SUMMARY
The TU Delft swirl-stabilized combustor was numerically investigated using the in-house
flamelet-based LES model with presumed FDF closure. A power setting of 12 kW and a
swirl number of 1.1 were considered. The LES results were validated against available
experimental data under both non-reacting and reacting conditions for a fuel mixture
of 25% hydrogen and 75% methane, in volume. Very good agreement was observed in
the non-reacting case, between the LES results and PIV measurements. However, the
central recirculation zone (CRZ) strength and size were underpredicted, possibly due to
subtle discrepancies between the simulated and actual swirler geometry. For the react-
ing case, an acceptable agreement was achieved in the flow field, capturing the flame’s
overall influence. While the flame shape and volume were qualitatively well predicted,
the LES produced a fully attached M-flame burning strongly along the outer shear layer,
whereas experiments showed flame quenching near the mixing tube rim and a lifted
outer branch. The flamelet model was then used for the first time to investigate full
hydrogen operation within the swirled combustor. A near-flashback set point was inves-
tigated, followed by a flashback-free operating point under ultra-lean conditions. This
second case was used to assess the effects of 10% AAI addition and differential diffusion
modelling on flame stability, structure, and emissions.

The main findings can be summarized as follows.

Mixing
In all investigated cases, 25% or 100% hydrogen, non-negligible fuel stratification was
present. This resulted in a core of lean mixture (below the flammability limit) along the
mixing tube centerline and a richer region at the mixing tube wall. Such stratification
introduced significant scatter in composition, temperature, and emissions, with distinct
burning characteristics between the inner and outer branches of the flame, which sta-
bilizes in an M-shape. The richer region near the mixing tube wall presents risks for
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flashback events, especially in 100% H2 operations. The outer flame attachment point
was also critical in terms of thermal loads and emissions. Mixing is affected by intrinsic
PVC dynamics, studied for the 25% case, revealing a core precession at 233 Hz corre-
sponding to a Strouhal number of 0.5. Due to stratification, the PVC induced periodic
regions of higher and lower mixture fraction which cause flame oscillations and affect
the thermal field. The addition of 10% AAI was observed to suppress PVC dynamics in
the ultra lean 100% H2 case. However, AAI enhanced stratification affecting temperature
and emissions peaks.

Heat Losses

The results suggest that heat losses play a non-negligible role in flame stabilization, con-
sistent with literature on swirl-stabilized combustors. Neglecting heat loss in simula-
tions consistently led to the prediction of an attached M-flame, in contrast to the de-
tached flame observed experimentally. This can contribute to the misprediction of the
flow field and overestimations of temperature peaks and emissions in LES. Moreover, es-
pecially for highly reactive mixtures containing pure hydrogen, the inclusion of heat loss
modelling may be discriminant between the prediction of stable flame operation and
flashback. In the 100% H2 fuel case, the LES predicts flashback when using adiabatic
thermal boundary conditions at the walls, while a flame stabilizing at the mixing tube
rim is obtained when imposing isothermal walls at Twall = 300 K and modelling reac-
tion rate reduction due to heat loss, in better agreement with experimental observations.
However, the resulting flame displayed oscillations in its stabilization point upstream of
the mixing tube exit and pressure fluctuations at 1000 Hz and 80 Hz. This behavior is
physically plausible, but full comparison with experimental data remains limited with-
out validated heat loss models and thermal boundary condition characterization.

Emissions

NO emissions were evaluated across all cases. For the baseline case with 25% hydrogen
in the fuel blend (case 25H2 of Tab. 10.1), numerical results showed excellent agreement
with experimental measurements. NO emissions were 20% lower than the theoretical
equilibrium value from a 1D flamelet at the nominal equivalence ratio, likely due to lean
combustion and NO reburning within the CRZ. Compared to experiments, LES slightly
overpredicted NO ppm emissions, possibly due to mismatches in flame anchoring; the
LES predicted a fully attached outer branch, burning richer than nominal conditions,
whereas experiments showed heat loss quenching the attachment point, reducing NO
formation. Fuel stratification was identified as a key contributor to NO emission scatter
due to its effects on mixture composition and peak temperatures, which favor thermal
NO formation.

Under ultra-lean 100% H2 conditions at nominal equivalence ratio φnom = 0.34, NO
emissions dropped by two orders of magnitude compared to the baseline while retaining
a stable flame, supporting the effectiveness of lean premixed combustion technology.
This reduction was mainly due to the absence of prompt NO and, more significantly, the
suppression of thermal NO as average maximum temperatures remained below 1600
K. Nevertheless, even in 100% H2 cases, emissions remained highly sensitive to mix-
ing. Due to stratification, NO emissions were 71% higher than the equilibrium value
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at nominal equivalence ratio, computed from 1D premixed flamelets. Employing 10%
AAI further increased fuel stratification, raising local temperatures (up to 1800 K) partly
reintroducing thermal NO formation, and overall resulting in 60% higher computed NO
emissions.

Differential Diffusion
The differential diffusion model accurately captured the interaction between flame tan-
gential strain rate and differential diffusion. An average strain rate of approximately
1×104 s−1 was found at the flame base in correspondence to the injector rim, while only
0.4×104 s−1 was present in the CRZ. AAI was found to lower the strain levels. The com-
bined effect of differential diffusion and strain produces an enriching effect at the mix-
ing tube rim resulting in 20% higher instantaneous peak temperatures and overall 12%
global NO emissions. These results suggest that under current conditions, differential
diffusion effects are secondary to turbulent mixing, which dominates mixture fraction
scatter, temperature peaks, and emissions. However, accurate modeling of differential
diffusion remains essential in view of developments towards better premixed scenarios,
where strain and the possible onset of thermodiffusive instabilities can significantly in-
fluence flame speed, temperature and flashback propensity [226, 227].
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CONCLUSIONS AND FUTURE WORK

11.1. SUMMARY AND CONCLUSIONS
Nowadays, most of the power generation worldwide relies on fossil fuel combustion.
Developing more sustainable combustion technology is essential for a non-disruptive
energy transition to renewable sources, by allowing the continued use of existing infras-
tructure (such as stationary gas turbine power plants), and decarbonizing hard-to-abate
sectors like heavy-duty furnaces and aeronautics. Hydrogen is a promising alternative
energy carrier due to its high energy density, carbon-free combustion, and potential for
production from renewable energy. Developing robust and cost-effective Large Eddy
Simulation (LES) models for hydrogen combustion is a fundamental step towards de-
signing novel efficient, safe and sustainable combustion systems. Among the available
LES combustion models, flamelets-based approaches are very robust and cost effective,
and have been proven to provide accurate results in the analysis of hydrocarbons flames.
However, their extension to hydrogen combustion is still at an early stage, primarily due
to the need to properly model differential diffusion effects within the flamelet frame-
work, where the detailed transport of the set of chemical species is reduced to the trans-
port of a low number of controlling variables.

During the course of the present research, the combustion community has made
substantial progress in providing new experimental and numerical data for the study
of hydrogen combustion. At the beginning of the work, a limited number of reference
laboratory turbulent premixed hydrogen flames were available. Since then, major efforts
have been directed towards the development of turbulent hydrogen combustors, both
for validating numerical tools and for enabling practical applications. This has often
involved transitioning from CH4-fueled systems to H2/CH4 blends, and designing new
burners equipped with flashback prevention systems.

On the numerical side, an increasing number of simulations detailed chemistry started
to be performed to study of the physics of laminar premixed hydrogen flames, partic-
ularly focusing on thermodiffusive instabilities and response to stretch. Moreover, in-
creasing DNS data have become available in literature, with the specific aim of clarifying

209
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the role of differential diffusion in premixed hydrogen flames under turbulent conditions
and of supporting the development of predictive LES models for design purposes. In
parallel, new model formulations to account for differential diffusion in flamelet-based
approaches have been proposed for laminar cases. Their first applications within LES
are now being explored and the work within the present thesis represents one of the ear-
liest attempts.

The present research work took place within this rapidly evolving field and con-
tributed along two main directions:

• Part I: Development and testing of LES flamelet models for hydrogen combus-
tion. The thesis presents one of the first attempts to incorporate differential diffu-
sion effects into flamelet-based LES models. These models were applied to a range
of configurations, including partially premixed, fully premixed, and strained pre-
mixed hydrogen flames, demonstrating their potential and limitations.

• Part II: Contribution to experimental combustor development. The research also
supported the design and characterization of a laboratory-scale, fuel-flexible hy-
drogen burner. The burner was tested across the full transition from CH4 to pure
H2, and LES analyses provided new insights into mixing, combustion and emis-
sions features, some of which were not immediately accessible through experi-
ments alone. This setup further enabled the investigation of differential diffusion
effects under practically relevant conditions.

A detailed summary and overview of the new findings is presented next for the vari-
ous chapters of the present thesis.

PART I: DEVELOPMENT OF FLAMELET MODELS FOR TURBULENT HYDROGEN

COMBUSTION
At the beginning of the present research one of the few well-documented laboratory
scale test cases for hydrogen combustion was the partially premixed lifted hydrogen
flame in a hot coflow [77], which provided extensive experimental measurements and
was therefore selected as the initial test case for the present study. This test case features
a wide range of physical phenomena, including lifted flame aerodynamic stabilization,
turbulent mixing of fuel with hot oxidizer and partially premixed combustion mode. The
initial analysis, presented in Chap. 5, employes Large Eddy Simulations (LES) using a
transported filtered density function closure via Eulerian Stochastic Fields (ESF) with
fully detailed chemistry (FC-ESF). This approach minimizes modeling assumptions and
allowed for an in-depth investigation of flame stabilization mechanisms. The FC-ESF
model shows excellent agreement with experimental measurements in terms of velocity,
mixture fraction, major species, and temperature. Both the flame lift-off height and over-
all flame length are well captured, although a slight underprediction of the lift-off height
is noted, highlighting the sensitivity of flame stabilization to inlet turbulence, as further
discussed in Appendix B. The analysis provides insight into the stabilization mechanism,
controlled by local velocity and turbulent fuel/air mixing. The analysis of the Takeno in-
dex reveals that the flame base anchors in a lean premixed mode, while downstream, a
richer premixed core is observed, with excess fuel burning in partially premixed mode
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with the abundant oxydizer in the coflow. A recently proposed hybrid approach combin-
ing flamelet-based thermochemical tabulation (flamelet generated manifold FGM) with
ESF-based subgrid closure (FGM-ESF) is tested on the lifted hydrogen flame. Despite re-
lying on premixed flamelet chemistry, the hybrid FGM-ESF approach closely replicates
the results obtained with the fully detailed chemistry model, with correct prediction of
temperature and major species in agreement with experiments. The model well captures
the stabilization mechanism and flame index distribution. However, some discrepan-
cies are observed in the prediction of intermediate species, particularly OH, which is
more sensitive than temperature and major species to chemistry modelling and flame
stabilization location. Further investigation of the instantaneous burning states reveals
that the FGM-ESF model tends to overpredict reaction rates in the rich flame core and
near-stoichiometric regions, as compared to fully detailed chemistry. It is shown by
a-posteriori analysis that a corrective factor for the progress variable reaction rate, ac-
counting for the use of a scaled progress variable and the dependence of the scaling term
on mixture fraction in partially premixed combustion, restores the correct burning state.
This is therefore adopted in the subsequent applications of flamelets-based LES with
scaled progress variables, ensuring consistency in partially premixed conditions even
when the thermochemical database is based solely on premixed flamelets.

Chapter. 6 focuses on the development of a flamelet-based model combined with a
presumed filtered density function (FDF), which increases modeling assumptions with
respect to the FGM-ESF model tested in Chap. 5, but significantly reduces computational
cost. This part of the study addresses the closure of the subgrid-scale (SGS) progress vari-
able variance, controlling the shape of the presumed FDF and influencing the filtered
reaction rate. The investigation regards the parameter βc , appearing at the denomina-
tor of the subgrid scalar dissipation rate (SDR) of the progress variable, a sink term in
its SGS variance transport equation. This parameter needs fine tuning or can be esti-
mated using a dynamic procedure based on the scale similarity assumption. A novel
test-filtering method using a Fourier-like differential equation is proposed, and results
are compared to those obtained using the standard algebraic filtering approach, explic-
itly evaluating a Gaussian filter shape. Results on the hydrogen partially premixed flame,
previously investigated in Chap. 5, show that when turbulence intensity is sufficiently
high and the LES is well-resolved on a block-structured mesh, both the algebraic and
differential filters predict similar reacting flow fields. Predictions are in very good agree-
ment with experimental data, confirming the accuracy of the dynamic model. However,
on unstructured meshes, the non-orthogonality can introduce numerical noise in the
evaluation of filter coefficients with the algebraic approach. In such cases, using the
algebraic test-filter leads to an underprediction of the flame lift-off height. This is at-
tributed to an underestimation of the modeling constant βc , resulting in reduced SGS
variance and increased reaction rates. In contrast, the differential filter successfully re-
covers the correct flame position. To further assess the robustness of the dynamic ap-
proach, a methane bluff-body flame at lower turbulence intensity is analyzed under per-
fectly premixed conditions. The algebraic test filter is observed to produce a bimodal
distribution of βc across its imposed bounds, leading to underpredicted SGS variance
and a flame with overly laminar characteristics. Meanwhile, the differential test-filter
provides a more meaningful distribution of βc , resulting in a wrinkled flame structure
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that better matches experimental observations. These findings suggest that the pro-
posed differential test-filter is more versatile than its algebraic counterpart, capable of
handling a wider range of mesh types and turbulence intensities with only a marginal
increase in computational cost. As a result, the dynamic SGS model with the differential
filter is adopted for subsequent LES analyses.

In Chapter 7 the flamelets-based LES model with presumed FDF is further devel-
oped focusing on the implementation of models for differential diffusion. A turbulent
fully premixed hydrogen flame in a slot burner configuration under thermo-diffusively
unstable conditions is analyzed first, to isolate the effects of differential diffusion. Two
models accounting for differential diffusion at the resolved level are compared: one ap-
plies corrections to the mixture fraction equation only, while the other applies correc-
tions to the mixture fraction, progress variable, and enthalpy equations. Results show
that both models can capture the coupling between flame curvature and mixture frac-
tion redistribution, leading to flame self-wrinkling and super-adiabatic temperatures.
Despite the differences in formulation and implementation, both models predict sim-
ilar magnitudes of super-adiabatic temperature peaks and broadening of the mixture
fraction range. This suggests that, for fully premixed flames at low strain levels and with-
out enthalpy variations beyond the ones caused by differential diffusion, correcting only
the mixture fraction field may be sufficient. Effects of differential diffusion are then in-
vestigated on the partially premixed lifted hydrogen flame in vitiated coflow, analysed in
the previous chapters, as it is characterized by features closer to real combustor applica-
tions. Results indicate that first and second order statistics of temperature and mixture
fraction are already predicted in very good agreement with experimental measurements
even without accounting for differential diffusion, either at the resolved or thermochem-
ical level. This is because turbulent mixing ahead of the stabilization point dominates,
causing more significant variations in the mixture fraction field than the ones caused by
differential diffusion effects. Moreover, the flame burns in partially premixed mode over
the entire flammability range, while differential diffusion effects are typically relevant at
lean premixed conditions. Including differential diffusion only at thermochemical level
does not affect this mixing, but results in an overall reduction of the reaction rate and a
consequent reduction of the temperature gradients. When the correction on the mixture
fraction diffusion is included at the resolved level, the jet/coflow inert mixing appears
mildly enhanced and an increase in the reaction rate at the flame base and temperature
gradients is observed. When corrections are also applied to the progress variable diffu-
sion at the resolved level, the increased flux from products to reactants shifts the flame
stabilization point upstream compared to the other tested models.

The differential diffusion model correcting for each controlling variable and enthalpy
is selected for further testing and analysis, as described in Chap. 8. It is tested under
fully premixed conditions on a bluff body stabilized flame to isolate and investigate the
coupling effect between differential diffusion and flame tangential strain. Also in this
case, the baseline flamelet LES (without differential diffusion) models shows very accu-
rate results, in the comparison of velocity and reaction rate with PIV and OH∗ chemi-
luminescence experimental data. The differential diffusion model successfully predicts
the local redistribution of mixture fraction in regions of high flame tangential strain rate
near the bluff body base. This redistribution causes a shift in the reaction source term
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peak towards the flame anchoring point, producing a shorter flame, compared to the
unity Lewis number case and improving agreement with experiments. Interestingly, the
model captured the increase in reaction rate caused by positive strain (as an effect of
the negative Markstein length) by the sole use of unstretched flamelets for the thermo-
chemistry database. These findings demonstrate that in the LES context an unstretched
flamelet database is effective in mimicking the peculiar physics of lean premixed hydro-
gen flames that exhibit coupling between strain, curvature and differential diffusion, at
least at the investigated conditions, characterized by relatively moderate stretch levels.
This requires most of the strain and curvature to be resolved and the use of an appropri-
ate correction for mixture fraction diffusive flux.

In summary, the studies presented in Part I of this thesis demonstrate the robustness
and accuracy of LES models based on premixed flamelets for the simulation of hydrogen
flames across different turbulence conditions, in both premixed and partially premixed
modes.

The key findings can be summarized as follows:

• Hybrid FGM-ESF approach: Despite relying on premixed flamelet tabulation, the
developed hybrid model accurately reproduces the results of the detailed chem-
istry approach for a partially premixed hydrogen flame, both in terms of flame
stabilization mechanisms and major species concentrations. This confirms the
robustness of flamelet-based approaches for turbulent hydrogen combustion and
their promising predictive capability in conjunction with FDF closures.

• Dynamic SGS variance modeling: A novel strategy based on a differential test fil-
ter is developed for the dynamic evaluation of the βc parameter to model the sub-
grid scalar dissipation rate of the progress variable. The approach is shown to be
more robust and versatile than the algebraic test filter, particularly on unstruc-
tured meshes and across different turbulence regimes.

• Effects of differential diffusion:

– In highly turbulent, partially premixed hydrogen flames burning across the
full flammability range, turbulent air-fuel mixing dominates, making explicit
modelling of differential diffusion within LES only marginally relevant for
predicting the main flame features.

– In lean premixed hydrogen flames, differential diffusion significantly affects
the flame structure even under the investigated turbulence conditions. Ded-
icated modeling describing the coupling between differential diffusion and
stretch (strain and curvature) is therefore essential to capture the relevant
flame features.

• Differential diffusion modelling:
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– The two models correcting for the resolved diffusive flux of the controlling
variables, extended to the LES context, effectively capture differential diffu-
sion effects in turbulent premixed hydrogen flames, including thermodiffu-
sive instabilities and superadiabatic temperature peaks.

– The models correctly reproduced the increased reaction rate in response to
positive tangential strain (associated with negative Markstein length), by cap-
turing the local mixture enrichment.

– In fully premixed turbulent hydrogen flames, correcting only the mixture frac-
tion diffusive flux yielded results equivalent to correcting for mixture frac-
tion, progress variable, and enthalpy. Nevertheless, further development of
a model correcting for all variables enables the inclusion of a wider range of
thermochemical states in the database, for example those arising from com-
bined effects of differential diffusion, strain, and heat losses.

PART II: LES STUDY OF A SWIRL-STABILIZED COMBUSTOR
The second part of the present dissertation focuses on the analysis of a laboratory scale
swirl-stabilized lean technically premixed combustor, a low technology readiness level
(TRL) representation of a fuel-flexible combustion chamber for aeronautical applica-
tions.

In Chapter 9, the mixing features of fuel injection as jet in swirling cross-flow config-
uration in the TU Delft combustor are analyzed in non-reacting conditions. Large Eddy
Simulations (LES), solving species transport equations, are employed to study the mix-
ing process numerically. These simulations complemented the experimental work pre-
sented in [319], which utilized Mie scattering with a seeded fuel stream to visualize the
mixing process and applied particle counting techniques to quantify mixing quality. The
study examined how fuel composition, specifically CH4/H2 blends, affects fuel-air mix-
ing. In the experiments, helium/air mixtures were used as surrogates for CH4/H2 blends
to represent different hydrogen concentrations in the fuel stream. LES results validate
this experimental methodology, confirming helium as a reliable surrogate for hydrogen
in assessing macroscopic mixing behavior in the considered set-up, provided the mo-
mentum flux ratio between the fuel and swirling air streams is maintained constant. For
CH4/H2 blends, the higher diffusivity of H2 leads to hydrogen enrichment near the mix-
ing tube wall, especially close to the inlet of the combustion chamber. This localized
enrichment may be critical for the risk of boundary layer flashback. On the other hand,
for a constant momentum flux ratio, fuels with lower density (i.e., higher hydrogen or
helium content) result in more effective mixing. Convection tends to promote stratifi-
cation near the mixing tube exit, close the central recirculation zone, as fuel is pushed
towards the mixing tube wall. However, molecular diffusion acts across the windward
and leeward shear layers between the fuel jet and the swirling cross flow, redistribut-
ing fuel towards the centerline and enhancing radial mixing throughout the streamwise
direction. Due to their lower density and higher diffusivity, both hydrogen and helium
exhibit reduced downstream stratification compared to methane, contributing to more
homogeneous fuel-air mixtures.

The flamelets-based LES model with presumed FDF developed in Part I is applied to
analyse the TUDelft swirl-stabilized combustor under reacting conditions, as described
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in Chap. 10. Validation against a 25% hydrogen–75% methane case shows good agree-
ment with experimental velocity fields and qualitatively accurate flame structures. While
LES predicts a fully attached M-flame burning along the outer shear layer, experiments
showed flame quenching near the mixing tube rim and a lifted outer flame branch. The
model is then used to study 100% hydrogen operation, exploring both a near-flashback
condition and a stable set point without flashback. The latter serves to assess flame sta-
bility, structure, and emissions at at ultra-lean conditions, focusing on the effects of axial
air injection. Moreover, this set point offers the possibility to investigate the effects of
differential diffusion modelling within a practical technically premixed hydrogen com-
bustor. The results highlight the significance of imperfect mixing. Both cases with 25%
and 100% hydrogen (in volume) in the fuel blend exhibit fuel stratification, as antici-
pated in the non-reacting studies. This stratification results in a very lean inner branch
and richer outer branch, representing a critical point for boundary layer flashback, es-
pecially in 100% H2 operations. Precessing vortex core (PVC) dynamics are found to
produce periodic modulations in the mixture fraction field resulting in flame oscilla-
tions. In ultra-lean 100% hydrogen operation, 10% AAI suppresses PVC dynamics and
stabilizes the flame, but at the cost of increased stratification and NO emissions. Heat
losses are observed to substantially affect flame stabilization. Simulations without heat
loss modelling consistently predict an attached M-flame, while a detached flames was
observed experimentally. This discrepancy can lead to mispredictions in the flow field
and overpredicted temperatures. In the pure hydrogen fuel case, heat loss modelling
discriminates between the prediction of stable operation or flashback, which also high-
lights the role of non-adiabatic walls on flame stabilization mechanism within the exper-
imental setup. The LES model captures NO emissions accurately for the 25% hydrogen
case, in comparison with experimental measurements, showing peak NO formation at
the injector rim due to locally richer conditions. For the ultra-lean 100% hydrogen case
(φnom = 0.34), NO emissions dropped by two orders of magnitude due to suppressed
thermal NO and lack of prompt NO, supporting the effectiveness of ultra-lean hydrogen
combustion in the present set-up. However, NO remains sensitive to composition in-
homogeneity, and the use of AAI, induces further fuel stratification, which contributes
to increased emissions. Differential diffusion effects, although less dominant than tur-
bulent mixing, influence local flame behavior. High tangential strain rates at the injec-
tor rim, combined with differential diffusion, enrich the local mixture, increasing peak
temperatures and NO by 12% compared to the case where differential diffusion mod-
elling is not included. Compared to the turbulent partially premixed flames explored in
part I, however, effects are non-negligible, as overall this combustor operates at glob-
ally lean premixed, although stratified conditions. Differential diffusion modelling re-
mains therefore necessary in the development of lean perfectly premixed hydrogen com-
bustion, as strain and possible thermodiffusive instabilities can increase consumption
speed and flashback propensity, together with temperature peaks, and emissions as an-
ticipated in other studies in literature [226, 227].

In summary, the LES flamelet model provides detailed insight into the combustion
physics of the TUDelft swirl-stabilized burner. Despite some mispredictions, the LES
analysis helps to clarify the relevant combustion mechanisms, complement experimen-
tal data, and guide technological improvements.
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The key findings from Part II can be summarized as follows:

• Mixing:

– LES simulations show that imperfect premixing occurs in the analysed setup
for both non-reacting and reacting conditions. This was confirmed by par-
allel experimental work on non-reacting cases [319]. The analysis also vali-
dates helium/air mixtures as reliable surrogates for CH4/H2 blends in non-
reacting experimental studies, provided that the fuel–air momentum flux ra-
tio is maintained constant.

– Fuel stratification is observed at all the investigated hydrogen concentrations
in the fuel blend (0%, 40%, 100% in non-reacting cases; 25% and 100% in re-
acting cases). Due to the fuel injection in swirled crossflow configuration,
the fuel tends to remain confined near the premixing tube walls at the stud-
ied injection momentum value. Non-reacting studies indicate that higher H2

content reduces stratification due to its lower density (less outwards radial
convection at the mixing tube exit upstream of the CRZ) and higher diffusiv-
ity.

– Mixture inhomogeneity directly affects flame structure and leads to scatter
in composition, temperature, and emissions. The flame takes an M-shape,
with the outer branch burning richer than nominal conditions and the inner
flame branch burning leaner. This makes the flame branch attaching to the
injector rim particularly critical for flashback risk (especially in the pure H2

case), for thermal loads, and for NO emissions, particularly under ultra-lean
hydrogen conditions.

• Heat losses:

– Heat losses significantly influence flame stabilization. Neglecting them leads
to fully attached M-flames instead of the detached V-flames observed exper-
imentally. In the nominal case with 100% H2, excluding or including heat
losses distinguishes between predicting flashback or a more stable flame at-
taching to the injector rim, in better agreement with experiments. This indi-
cates that, under conditions close to flashback, the relatively low temperature
of injector components prevents flashback in the experimental setup.

• Emissions:

– For the case with 25% H2 in the fuel blend, LES predictions match measured
NO emissions, confirming the adequacy of the implemented NO model for
the analysed globally lean regime. Fuel stratification is identified as the main
driver of scatter in NO concentration as it alters mixture fraction distribution
and peak temperatures. In each investigated case, most NO is produced at
the flame base, in the outer branch attached to the injector rim. In the case
using 25% H2, mixture inhomogeneities mainly cause local variations in NO



11.2. FINAL CONSIDERATIONS, FUTURE WORK AND RECOMMENDATIONS

11

217

formation, while they do not affect global emission levels which remain close
to equilibrium values corresponding to a premixed flamelet at the nominal
operating equivalence ratio.

– In the ultra-lean case, using 100% H2 at φnom = 0.34 decreases NO emis-
sions by two orders of magnitude compared to the case with 25% H2 inthe
fuel blend, due to suppressed thermal NO (temperatures < 1600 K) and ab-
sent prompt NO. This demonstrates the potential of the TUDelft combustor
of leveraging the wide flammability range of hydrogen to achieve stable lean
flames with ultra-low NO emissions.

– At ultra-lean conditions with 100% H2, the very low NO emission levels re-
main sensitive to mixture inhomogeneity. Unlike the 25% H2 case, stratifica-
tion causes NO to exceed the equilibrium value corresponding to the nomi-
nal equivalence ratio by 71%, due to richer zones at the flame base. Adding
10% AAI further increases stratification and local temperatures (∼1800 K),
reintroducing thermal NO and increasing emissions by 60% compared to the
case without AAI. This highlights that improved mixing can further reduce
emissions even at already low-NO levels achieved with ultra lean combus-
tion.

• Differential Diffusion (DD):

– The DD model, correcting for diffusive fluxes of the controlling variables and
enthalpy, captures the interactions between flame-tangential strain rate and
differential diffusion. The LES shows maximum positive average and instan-
taneous strain rates at the injector rim and milder levels close to the stagna-
tion point in the CRZ. Axial air injection is observed to reduce strain levels.

– At the mixing tube rim, the combined effects of strain and DD enriches the lo-
cal mixture and increase peak temperatures by 20%. Compared to cases with-
out DD modelling, global NO emissions increase by 12%. The flame branch
within the CRZ is unaffected, due to local mixture inhomogeneity (close to or
below the lean flammability limit) and high turbulence levels.

– Under the present turbulent, stratified conditions, DD effects are secondary
to turbulent mixing regarding peak temperatures and emissions. However,
accurate DD modelling remains important for more premixed cases, where
thermodiffusive instabilities, well documented in literature for lean premixed
swirled combustors operating with hydrogen [226, 227], can significantly af-
fect flame speed, temperature, and flashback propensity.

11.2. FINAL CONSIDERATIONS, FUTURE WORK AND RECOMMEN-
DATIONS

Based on the findings of this research, recommendations are provided for future studies
in hydrogen combustion physics and LES modeling. In addition, final considerations are
drawn regarding the current experimental setup, its potential for technological develop-
ment, and guidelines for future experimental investigations.
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Hydrogen combustion physics and LES modeling:

• The necessity of subgrid-scale models for thermodiffusive (TD) instabilities is to
be further investigated, starting from DNS analysis. Currently, flame self-wrinkling
and flame surface generation due to TD instabilities can only be captured at the re-
solved scale. However, thermodiffusive instabilities originating at sub-filter scales
may necessitate SGS models to account for unresolved flame surface generation.
Similarly, the effect of unresolved flame tangential strain rate should be examined.
Small-scale turbulent eddies, despite their short lifespans, can induce high strain
rates [56], potentially enriching the mixture and enhancing reaction rates at scales
below the LES filter width. A suitable SGS model might be needed to account for
this contribution.

• The studies in Chapter 8 showed that resolved strain and differential diffusion ef-
fects could be qualitatively captured by correcting the diffusive fluxes of control-
ling variables and using an unstretched flamelet manifold. Further investigations
should evaluate the quantitative accuracy of this approach, and define the strain
rate regimes where it remains valid. The potential benefits of incorporating strain
rate as a parameter in the manifold and identifying an appropriate controlling
variable should also be explored.

• The differential diffusion models used in this work were originally developed for
premixed flames with limited mixture fraction variation near the flammability lim-
its. However, the present analysis suggests that in partially premixed regimes,
where the mixture fraction spans the entire flammability range, an extended treat-
ment may be necessary. This could involve introducing two mixture fraction pa-
rameters: one for fuel-air mixing and another to capture differential diffusion ef-
fects (e.g., flame index approach [225]).

• The heat loss modelling presented in Chapter 10 needs further validation. Future
work may consider a five-dimensional manifold using an enthalpy-based control-
ling variable to account for heat loss [135]. This would allow a more accurate rep-
resentation of thermochemical states under enthalpy defect, particularly under
the joint effect of differential diffusion and heat loss. Due to the increased man-
ifold dimensionality, implementation challenges such as memory management
and interpolation strategies will need to be addressed.

• The implemented NO modeling strategy would also benefit from refinement and
validation. In particular, redefining a progress variable for NO reactions may be
necessary to better capture NO formation in stratified flames near stoichiometric
conditions. In such regimes, where NO kinetics are significantly slower than the
main reaction progress, the progress variable based on major product species may
no longer provide an adequate description, as NO keeps forming after the main
reaction reaches equilibrium. Approaches employing a different progress variable
for NO chemistry or modifying the main one may be explored.

• Recent DNS studies have explored the range of turbulence levels (Karlovitz num-
bers) at which thermodiffusive instabilities remain relevant in lean hydrogen pre-
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mixed flames [61, 168]. Similar DNS studies can be extended to examine the com-
bined effects of strain and turbulence, as well as the interplay between mean and
instantaneous strain, thermodiffusive instabilities, and turbulence [353]. Such in-
vestigations would contribute to a more comprehensive understanding of turbu-
lent hydrogen combustion physics and support the development of specific LES
models.

• The investigation of hydrogen combustion physics has so far focused primarily on
atmospheric conditions. Recent literature [158] indicates that high pressure am-
plifies thermodiffusive instabilities in turbulent lean hydrogen flames, resulting in
thinner, faster, and more wrinkled flame fronts. This can have significant impli-
cations for LES, particularly concerning grid resolution, subgrid-scale modelling,
and the role of differential diffusion under turbulence. A deeper understanding of
these mechanisms is essential for developing reliable LES models and supporting
hydrogen-based combustor design under gas turbine–relevant conditions

• Recent studies [354] suggest that curvature-induced thermodiffusive instabilities
have only localized effects on NO emissions and do not substantially influence
global emissions. In contrast, laminar flame simulations [253] show that the com-
bined effects of strain and differential diffusion can suppress NO formation. DNS
investigations [353] report similar trends for highly strained turbulent flames, where
bulk strain significantly affects NO production, while local curvature and strain
fluctuations have a negligible impact. Further investigation and understanding
of these phenomena are important for advancing low-NOx hydrogen combustion
and for the refinement of LES models.

Considerations for technological development :

• The LES study in Chap. 10 proved the promising application of ultra-lean hydro-
gen premixed combustion to leverage its wide flammability limit and achieve sig-
nificantly low NO emissions. It is advised to extend the experimental campaigns
towards ultra-lean conditions in order to confirm experimentally the flame stabil-
ity, the low NO emission levels and the effect of axial air injection. This will also
allow further validation of the LES model.

• Further developments to improve mixing are advised in order to lower peak tem-
peratures and NO emissions, especially in the ultra lean case with pure hydrogen,
and reducing the risk of boundary layer flashback. In general, the development of
strategies to achieve even quicker mixing will allow to reduce the size of premixing
section and reduce the volume of flammable mixture in the injection components,
less critical for flashback. Strategies such as axial fuel injection or adjustable cross-
flow momentum (as discussed in [319]) can be considered. However, careful as-
sessment is advised, more uniform premixing in the case with pure hydrogen may
also lead to more relevant differential diffusion effects in the use of pure hydro-
gen fuel, increasing flashback risk due to coupling with flame strain or promoting
thermodiffusive instabilities.
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• Accurate experimental characterization of thermal boundary conditions is essen-
tial for the correct prediction of flame stabilization and flashback and for validat-
ing heat loss modeling approaches. Flashback requires continued attention, espe-
cially with the case with 100% H2. While a stable flame was observed in experi-
mental campaigns [68], further investigation is needed to assess if a temperature
increase in the injection components would result in flashback or if the flame sta-
bilizes at the injector rim with periodic upstream propagation (intermittent flash-
back).

• For the investigated conditions the current geometry results in significantly low
flow velocities within the combustion chamber. The resulting high residence times
lead to elevated NO levels, as observed both numerically and experimentally: in
each investigated case, the equilibrium NO value for the nominal equivalence ra-
tio was reached or exceeded. Moreover, the numerical analysis highlighted the
large separation in characteristic timescales between the injector and the various
regions in the combustion chamber, which leads to a non-optimal use of compu-
tational resources in LES. For the current injector size and airflow rate, reducing
the combustion chamber length to reduce the overall flow-through time would
simplify LES simulations and improve comparability between experimental and
numerical results. Similarly, increasing the confinement ratio (e.g., by reducing
the chamber diameter) would shorten residence times in the outer recirculation
zone (ORZ), lowering heat losses at the wall and reducing the timescale separation
between the jet (and CRZ) and the ORZ. This would allow simulation times long
enough for a detailed description of the effects of the ORZ on the jet development.
Alternatively, a larger injector operating at higher mass flow rates and power levels
could be explored. In the pure hydrogen case, where high flashback propensity
was observed, increasing the air mass flow rate within the swirling flow would re-
sult in lower flashback risk. This was partly investigated in the LES by increasing
the air mass flow rate, which, however, had the dual effect of increasing momen-
tum and decreasing the equivalence ratio.

• The LES study confirmed the presence of intrinsic hydrodynamic instability (i.e.,
PVC), high flashback propensity and potential intermittent flashback. Given this,
an alternative strategy such as micromixing, specifically targeting the combustion
properties of hydrogen, could be beneficial, since flashback is intrinsically im-
peded and thermoacoustic instabilities can be dampened. However, this approach
requires dedicated studies on wall effects and heat losses, and its application is
limited to gaseous fuels, complicating kerosene integration. Other concepts, such
as lean direct injection (LDI) or rich–quick quench–lean burning (RQL), already
investigated for kerosene, present significant drawbacks with hydrogen. LDI is in-
trinsically flashback-free, but the extremely high reactivity of hydrogen can result
in attached flames stabilizing at stoichiometric or rich conditions. Similarly, the
high reactivity of hydrogen and its resistance to heat loss (cooling) are expected to
make quenching in the RQL concept highly challenging, again leading to locally
stoichiometric combustion with unacceptable NO levels and thermal loads.

Among these options, it was demonstrated within the TU Delft combustor that
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lean premixed combustion with swirl stabilization remains a promising strategy.
Fuel flexibility with hydrogen/methane blends has been proven both numerically
and experimentally, while numerical studies confirmed stable, ultra-lean opera-
tion with very low NO emissions. Hydrodynamic instabilities can be mitigated
through axial air injection (AAI), and flashback risks minimized by optimizing mix-
ing, controlling the axial momentum of the reacting mixtures (by controlling air
mass flow rate and with AAI), and operating ultra-lean. Unlike LDI or RQL, this
strategy allows precise control over the global equivalence ratio (provided fine tun-
ing of fuel injection and AAI), consistently avoiding stoichiometric or rich condi-
tions. Moreover, future integration of kerosene, extending multi-fuel flexibility,
appears feasible [27]. The findings of this research, including detailed characteri-
zation of velocity fields, residence times, mixing features, and stratification effects
in the mixing tube, provide valuable insights for the future design of kerosene in-
jection strategies, enabling optimal mixing and stable operation.
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A.1. MESH SENSITIVITY FOR THE LIFTED FLAME IN HOT COFLOW
Turbulence resolution is among the most sensitive aspects for the Cabra flame (test case
A), as it affects the jet/coflow mixing and the intensity of the shear layer, ultimately deter-
mining the correct prediction of the jet flow features and flame stabilization. Moreover,
the Cabra flame exhibits a strong sensitivity to the imposed turbulent boundary condi-
tions. A mesh sensitivity is carried out in this section to provide some evidence on the
above points. Note that by meaning of Pope’s criterion (Fig. 6.1 in the main text) the 3M
cells unstructured mesh has a degree of refinement which is comparable to the 1M cells
block-structured grid in the region of the flame, as 80% of the turbulent kinetic energy is
resolved in both cases.

In Figs. A.1-A.2 the sensitivity of the computed statistics to the mesh refinement is
reported for both the block-structured (BS) and unstructured (US) meshes. Note that,
due to time limitation and limited resources, we have performed the additional simula-
tions for the non-reactive case, implying comparisons with experiments are meaningful
only upstream of the flame front (about x = 11D). The following observations are made:

• For the BS mesh, for which the 1M cells case yields already a good match with
experiments, the predicted turbulent flow field appears to be almost insensitive to
the mesh refinement.

• Refining the unstructured mesh from 3M to 8M cells does not lead to substantial
differences in the turbulent velocity and temperature fields prediction, while some
improvement is observed from the mixture fraction radial profiles. This suggests
that numerical diffusion plays a stronger role on the US mesh as one would expect.

• The rms level at 1D obtained using the US meshes is under-predicted as compared
to experiment, which leads to incorrect mixing further downstream. Given the
strong sensitivity of the studied flame to the turbulence level upstream, the value
of l0 imposed at the inlet was changed in the simulations presented in Section 6.3

247



A

248 A. APPENDIX A

Figure A.1: Radial profiles of time averaged (left) and rms (right) axial velocity at different axial locations from
experimental measurements (symbols) and LES: 1M cells BS mesh (—), 3M cells US mesh (- -), 8M cells BS
mesh (—), and 8M cells US mesh (- -). All simulations refer to an integral length scale reported at the inlet of
l0 = 0.07D .

Figure A.2: Radial profiles of time averaged mixture fraction (left) and temperature (right) at different axial
locations from experimental measurements (symbols) and LES. Legend is as for Fig. A.1.

in order to ensure that the lift-off height would remain about the same as for the
BS mesh in the reacting flow case.

Further indication of the effect of numerical diffusion is illustrated in Fig. A.3, show-
ing instantaneous contours of velocity field at two transversal locations, x = 0D (nozzle
exit), and x = 1D . Results show that at x = 0D , where the synthetic turbulence con-
ditions are imposed, similar turbulent characteristics are obtained on block-structured
and unstructered meshes. Nevertheless, differences are clearly observable one diam-
eter downstream, which is a result of stronger numerical diffusion in the unstructured
mesh case and imposed integral length scale. This results suggest that to obtain the same
level of turbulence resolution of the block-structured mesh one has to further refine the
mesh in the unstructured case. This additional refinement is however not performed in
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Figure A.3: Instantaneous velocity field at x = 0D (top) and x = 1D (bottom) for different meshes.

this study since the objective is to compare algebraic and differential test-filters, which
is performed at a fixed LES filter size. Nevertheless, the analysis above indicates that
one has to be mindful when interpreting results obtained from block-structured and un-
structured meshes.
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B.1. CABRA FLAME: SENSITIVITY TO INLET TURBULENCE

The Cabra flame, in particular its lift-off height, was observed to be very sensitive to the
turbulent inlet conditions [260]. For this reason a preliminary analysis is carried out to
ensure an accurate prediction of the jet spreading rate and its mixing with the coflow.
Measured axial and radial rms velocity profiles, u′ and v ′, reported in [260], are used
as input parameters for the synthetic turbulence model [259] at the inlet. A sensitivity
analysis on the imposed integral length scale ℓ0 is carried out, together with an investi-
gation of the effects caused by the velocity rms intensity on jet spreading and turbulent
mixing. The imposed integral length scale is varied between 7% and 50% of the nozzle
diameter D , and the rms intensity is varied from the measured value (characterized by
a peak of 20% of jet bulk velocity) to 5% of this value. Mean temperature and mixture
fraction centreline profiles are compared to experimental measurements [77] in Fig. B.1.
The region upstream of the flame stabilisation location, x ≤ 10D , is dominated by the
mixing of the fuel stream with the coflow, which affects the distribution of mixture frac-
tion and rms velocity and in turn the flame lift-off height. Results show that reducing
velocity rms and integral length scale at the inlet causes a weaker jet spreading rate and
a slower jet/coflow mixing. This results in a longer potential core, which is indicated by
the less steep decay of mixture fraction along the centreline. A similar effect of the rms
intensity was observed in [260]. Nevertheless, the effect of inlet rms is observed to be
mild as compared to that of the integral length scale at the inlet ℓ0. For ℓ0 = 0.5D in
particular an overprediction of the mixing intensity is observed, resulting in the mixture
fraction quickly falling within the flammability range and a consequent stabilisation of
the flame significantly more upstream as compared to the experiments. A good match
with the measurements is observed instead for ℓ0 = 0.07D . This condition is thus used
for the simulations in the present study.
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Figure B.1: Centreline profiles of mean and rms temperature and mixture fraction. Symbols: experimen-
tal measurements from [77]. Lines: LES results obtained using the following conditions at the nozzle inlet:
max(urms) = 20 m/s, ℓ0 = 0.07D (—); max(urms) = 20 m/s, ℓ0 = 0.5D (—); max(urms) = 1 m/s, ℓ0 = 0.15D (—).

B.2. CABRA FLAME: SENSITIVITY TO KINETIC MECHANISM

A parametric analysis is performed here to investigate on the effects of the chosen kinetic
mechanism in the flamelet database on the flame lift-off height and the predicted statis-
tics in the LES. Fig. B.2 shows the contour plots of the water-based scaled progress vari-
able reaction rate in the progress variable and mixture fraction space resulting from 1D
flamelets computation, as described in Sec. 7.1.1. The following kinetic mechanisms are
compared: DRM19 [277], Li et al. [278], Ó Conaire [279], and San Diego [270]. The peak
reaction rate value for each flamelet and from each mechanism is also plotted against
mixture fraction in Fig. B.2. When the assumption of species equidiffusivity is used, Li
et al. and Ó Conaire mechanisms result in lower reaction rate peak values with respect
to DRM19 and San Diego, and the peak location is found at slightly richer conditions
than in the other two mechanisms. The San Diego mechanism gives the highest reaction
rate values for the lean flamelets, followed by DRM19 that gives the highest values on
the rich side. As compared to San Diego mechanism, Li et al. and Ó Conaire give similar
values on the rich side and lower values for lean flamelets. When differential diffusion is
included, the reaction rate values are observed to increase on the rich side and decrease
on the lean side as compared to the equidiffusivity case, with the peak shifting towards
richer conditions. Also, the range in progress variable space with non-zero reaction rate
is narrower for the lean flamelets and wider for the rich ones. Differences are further
observed in the reaction rates predicted by the various mechanisms when differential
diffusion is taken into account. In particular, the DRM19 mechanism yields a higher
increase of maximum reaction rate on the rich flamelets when differential diffusion is
included as compared to the other mechanisms. On the lean side, Li et al. and Ó Conaire
mechanisms exhibit the weakest reaction rate.
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Figure B.2: Left: contour plots of water-based scaled progress variable reaction rate in the c − z space for a
jet/coflow flamelet database with the reactants conditions reported in Tab. 4.1. Calculations obtained with
unity Lewis number (top) and mixture averaged diffusion model (bottom), using different kinetic mechanisms.
The stoichiometric condition zst = 0.474 is marked as a horizontal white dashed line Right: maximum reac-
tion rate value versus mixture fraction from flamelet computations obtained using San Diego [270] (—), Ó
Conaire [279] (—), Li et al. [278] (—) and DRM19 [277] (—) mechanisms. Solid and dashed lines refer respec-
tively to the cases without and with differential diffusion. The stoichiometric condition zst = 0.474 is marked
as a vertical black dashed line

Figure B.3: Centreline profiles of mean and rms temperature and mixture fraction . Symbols: experimental
measurements from [77]. Lines: LES results obtained using San Diego [270] (—), Ó Conaire [279] (—), Li et
al. [278] (—) and DRM19 [277] (—) mechanisms. Solid and dashed lines refer respectively to the cases without
and with differential diffusion modelling.

The aforementioned differences in the flamelets database affect the flame character-
istics in the LES. This can be appreciated by looking at the average and rms centerline
temperature profiles in Fig.B.3. The lower reaction rates observed for Li et al. and Ó
Conaire mechanisms in the unity-Lewis number case result in an overestimation of lift-
off height (identified in the figure by the steep increase of centreline temperature) and
consequently lower temperatures at downstream locations. San Diego and DRM19 yield
instead similar predictions, with the former predicting the flame anchoring point slightly
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Figure B.4: Radial profiles of time averaged and rms values of temperature and mixture fraction. Legend as for
Fig. B.3.

more upstream (see also radial average and rms temperature profiles in Fig. B.4). When
differential diffusion is included in the database, different trends are observed for the
various mechanism. San Diego and DRM19 mechanisms yield a more upstream predic-
tion of the flame anchoring point (see Figs. B.3 and B.4), which is due to the higher reac-
tion rate at rich conditions observed for these mechanisms in Fig. B.2. An overprediction
of the flame lift-off height with respect to the unity Lewis number case is observed in-
stead when Li et al. and Ó Conaire mechanisms are used. This is due to the fact that
these mechanisms yield the lowest reaction rate values for the lean flamelets. Overall,
the San Diego mechanism is observed to yield the best match with experimental results
and is therefore used in the present work for the analysis presented in the main text.

B.3. SENSITIVITY TO THE DIFFERENTIAL DIFFUSION MODEL VARI-
ABLES

The strategies to model differential diffusion at the resolved scales presented in the main
text were originally developed for DNS of laminar flames. When applied to the LES
framework, the filtering operation and the use of the presumed FDF can result in an
attenuation of the correcting terms responsible for the controlling variables redistribu-
tion. These are the mixture fraction source term in models M1RES and M1TAB, and the
gradients of the parameters β j in model M2. For this reason, a sensitivity analysis of
model M2 is carried out by increasing the magnitude of parameter βz in Eq. (3.29) by
a factor of four. This sensitivity analysis may also provide an overview of the expected
trend associated with the use of a subgrid model for the differential diffusion/flame cur-
vature interaction, imposing increased resolved diffusive fluxes. The case with increased
βz (renamed here as M2a to avoid confusion) is compared to the baseline case M2 of
Table 7.1 discussed in the main text.
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Figure B.5: Midplane temperature contours from DNS [53] (left), LES M2 model of Table 7.1 (centre) and LES
M2a case with increased βz value in Eq. (3.29) (right).

Figure B.6: Midplane mixture fraction contours form DNS [53] (left), LES M2 model of Table 7.1 (centre) and
LES M2a case with increased βz value in Eq. (3.29) (right).

For the premixed flame, the increase in the mixture fraction diffusive flux correction
leads to a significantly stronger development of thermodiffusive instabilities. As can be
observed from the temperature contour plots in Fig. B.5, the flame front appears more
wrinkled in case M2a as compared to case M2, with formation of more pronounced
cusps and occurrence of higher superadiabatic temperature peaks. Consistently, con-
tour plots in Fig. B.6 show lower mixture fraction values upstream of the flame front front
for case M2a (increased value ofβz ), and in the presence of cusps, as well as higher values
of mixture fraction downstream of the flame front, in correspondence of convex flame
front curvature towards the reactants. This leads to a broader range of mixture fraction
values in closer agreement to the one observed in the DNS [53]. The comparison of the
scatter plots in Fig. B.7 (bottom) confirms that the reciprocal interaction between the
higher mixture fraction diffusive flux (caused by higher values ofβz ) and increased flame
wrinkling leads to a broader mixture fraction range in the burning states, as compared
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Figure B.7: Scatter plots of filtered temperature versus filtered mixture fraction (top) and mixture fraction ver-
sus filtered progress variable (bottom) obtained from the LES of the premixed slot burner using LES model M2
of Table 7.1 (centre) and LES model M2a with increased βz value in Eq. (3.29) (right). Only values within the
flame, identified using 0.1 < c̃ < 0.9, are considered. Lines as in Fig. 7.5.
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Figure B.8: Left: Radial profiles of time averaged and rms values of temperature. Symbols: measurements [77].
Lines: LES results with models M2 of Table 7.2 (—) and M2a case with increased βz value in Eq. (3.29) (—).
Right: Mid-plane contours of time-averaged (top) temperature, and averaged filtered reaction rate (bottom)
obtained from LES using the models M2 and M2a. Lines as in Fig. 7.6.
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to the baseline case. In particular, model M2a shows overall leaner zero curvature burn-
ing states and all the mixture fraction values of the unstretched laminar flamelet (blue
line) are reached, in correspondence of highly negative flame front curvatures. More-
over, model M2a predicts richer states associated with positive curvature throughout the
progress variable range and in particular more towards the products c̃ > 0.5. The scat-
ter plots of temperature (top row) show that richer reacting states predicted in case M2a
are responsible for the higher aforementioned temperature peaks. The stronger mixture
fraction diffusive flux couples with flame front curvature, enhancing the mechanism of
flame wrinkling, as observable from the higher values of curvature magnitude.

The same analysis is repeated for the partially premixed lifted flame, although the
sensitivity to the parameter βz is milder than in the premixed case. The temperature
and averaged reaction rate contour plots in Fig. B.8 show that a 4 times increment in βz

results in an upstream shift of the flame base of about 2D . The same behaviour can be
observed from the radial profiles in Fig. right. This sensitivity highlights the relevance
of the mixture fraction diffusive flux. In facts, even if turbulent mixing remains predom-
inant for the studied lifted flame, an increased mixture fraction diffusive flux enhances
the inert jet/coflow mixing upstream of the flame and can cause a significant redistribu-
tion of mixture fraction on the flame front, which in turns leads to an upstream predic-
tion of the flame stabilization point.
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