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Summary of TNF16 and Planning for TNF17 
Robert Barlow and Christian Hasse 
 
The TNF16 workshop (International Workshop on Measurement and Computation of Turbulent 
Flames) was held at Politecnico di Milano on 20-21 July 2024 as one of five co-located satellite 
workshops of the Combustion Institute International Symposium.  Sessions on the first day were held 
jointly with the Premixed Turbulent Flames (PTF) workshop, such that the agenda included a blend of 
TNF-style curated sessions and PTF-style individual talks on connected topics.  The combined 
attendance was of over 150. 

This summary briefly outlines the scope and history of the TNF series, the contents of the six TNF-lead 
topical sessions, some key discussion points as expressed in Christian Hasse’s summary from the final 
TNF session, and steps being undertaken to prepare for TNF17 in 2026. 

The TNF16 Proceedings and the proceedings from all previous TNF workshops may be downloaded 
from tnfworkshop.org.  Summaries and presentation slides for the TNF16 sessions are included, along 
with TNF poster abstracts, while the slides and abstracts for the PTF contributed talks are available 
from the PTF website. 

IMPORTANT NOTE:  Results presented at the TNF Workshop may represent work in progress.  
It would be inappropriate to quote or reference unpublished information from the 
proceedings without first checking with the authors for permission and for the latest 
information on results and references. 

 

TNF Scope and History 
The TNF workshop focuses on fundamental issues of turbulence chemistry interactions in gaseous 
flames.  The objectives are to: 

 Establish a library of well-documented flames that advance fundamental scientific 
understanding of turbulent combustion and are appropriate for testing and extending models 
for complex combustion systems. 

 Provide a framework for collaborative comparisons of refence data from experiments and DNS 
with modeled results from LES. 

 Identify priorities for further experimental and computational research. 

One TNF legacy – among others – is the availability of instantaneous and averaged thermochemical 
states from Raman/Rayleigh experiments that are crucial for turbulent combustion model 
development and validation.  Up to TNF14 in Dublin (2018), a wide range of flames with different 
modes (premixed, stratified, partially premixed, non-premixed) and regimes (Re, Da, Ka number) were 
investigated mostly for CH4, with only small excursions to DME and very early (before 2000) also to 
H2.  TNF sessions evolved around data sets from target flames, and the numerical results from different 
groups were compared to experimental data.  Preliminary and work-in-progress results were 
submitted.  The open workshop atmosphere allowed discussions on the physics of the flames and how 
the models could be improved.  Modeling results usually improved substantially from workshop to 
workshop, and new experimental configurations were discussed to challenge the models.  

In Vancouver (2022), as a practical response to a lower overall attendance due to lingering effects of 
the COVID pandemic, all sessions were held jointly with the PTF workshop.  There were substantially 
fewer TNF-style discussions on burners and model deficiencies.  Interest had decreased for pure 
hydrocarbon target flames, and there was only one session on the Darmstadt Multi Regime Burner.  
Despite the large interest in H2 and NH3 as carbon-free fuels, experimental data were not yet available; 
only first DNS data for premixed H2 flames had been generated.  While this did not allow for a TNF-
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style comparison, the discussion session on modeling was very intense and engaging.  That clearly 
showed the need for new reference data sets. 

 

TNF16 Topical Sessions 

A major development between 2022 and 2024 was that several new data sets for flames of carbon-
free fuels became available.  This allowed a return to one of the central activities of the TNF workshop 
series – collaborative comparisons of measured and modeled results for selected target flames.  Joint 
TNF/PTF sessions were also part of the TNF16 program, which combined TNF-style curated sessions 
with PTF-style contributed individual talks on connected topics.  The six TNF-lead topical sessions are 
briefly outlined below.  

Fundamentals of Premixed Hydrogen Flames 

This was a return topic from the Vancouver workshop that is of great current interest to the turbulent 
flame community.  The session aimed to give a comprehensive review, assembled by Thomas 
Howarth, of new research on both laminar and turbulent flames that has occurred since the Vancouver 
TNF/PTF workshop and to highlight some currently unanswered questions.  Corresponding references 
are listed in the session summary.  Brief descriptions of available data sets on turbulent lean premixed 
hydrogen flames, from both DNS and experiments, were also presented. 

The review of turbulent H2 flames and the subsequent discussion were very engaging and identified 
several open scientific questions especially for lean H2 flames.  These include among others: 

 How does the thermo-diffusive instability (TDI) interact with turbulence?  Is the interaction 
synergistic? 

 How does the interaction of turbulence and TDI change for high Ka numbers? 
 What are the governing parameters?  Ze, Ka, Pe and/or others? 
 How to model flames under high pressure.  Do the observed differences between high- and 

low-pressure laminar flames carry over to turbulent flames? 

This non-exhaustive list clearly demonstrates the need for TNF-style target flames from experiments 
and DNS to systematically address these scientific questions. 

 

Chemical Kinetics for Ammonia Combustion 

Ammonia is a “hot” topic as a potential alternative fuel or hydrogen carrier.  However, in spite of the 
long history of research on the chemical kinetics of ammonia as a NOx reduction additive and, more 
recently, on ammonia as a fuel, there are still significant areas of disagreement among the numerous 
kinetic models for ammonia combustion that have been published in recent years.  This is especially 
true for the kinetics of pollutant formation, which is a key challenge for ammonia combustion 
technologies.  This is a relevant topic for the TNF community because it is essential to have reliable 
kinetic models in order to conduct informative comparisons of measurements and simulations of 
turbulent flames.   

In this session, Peter Lindstedt provided some background on ammonia chemistry and an overview of 
the current state of kinetic mechanisms, with attention to appropriate criteria for assessing kinetic 
models and areas of uncertainty.  The role of flame data in kinetic model validation and some ways in 
which the TNF community might collaborate with kinetic modelers were also addressed.  The second 
part of the session, presented by Gaetano Magnotti, examined the potential for TNF-type diagnostic 
tools to contribute toward the development and validation of kinetic models for ammonia, with the 
main focus being on multi-scalar experiments in laminar flames, including both published examples 
and possible future experiments. 
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Looking forward, there are current uncertainties for some key fundamental reaction sequences and 
these will need to be addressed by the kinetics community.  Thus, chemical mechanisms for DNS and 
LES are likely to evolve over the next years, and needs to be considered in the planning of the 
numerical work. 

Comparisons on the HYLON Burner 

The HYLON burner, which was developed under a large EU project, uses a swirled hydrogen-air 
injection system within a model gas turbine burner geometry.  This session, presented by Thierry 
Poinsot and Thierry Schuller, introduced this ongoing project to the TNF/PTF audience by reviewing 
the burner design features and its extensive experimental characterization, and by summarizing 
comparisons of those measurements with results from twenty-five modeling groups that had 
computed two selected flame cases operated at 1 bar and featuring different modes of flame 
stabilization.  The next phase of this project will use a new version of the burner (HYLON2) to extend 
the studies to elevated pressure up to 10 bar, with experimental measurements being carried out at 
KAUST.   

Comparisons on Piloted Ammonia Jet Flames 

The objective of the session was to compare recent experimental measurements (from KAUST) and 
numerical simulations of a series of turbulent partially-premixed H2/N2/NH3-air flames stabilized on 
the Sydney piloted burner.  Following the example of the Sandia piloted methane flame series, three 
cracked-ammonia flames (labeled D, E, F) were measured, with jet Reynolds numbers of 24000, 32000, 
and 36000, corresponding to 59%, 79%, and 89% of the global blowoff condition.  These flames are 
characterized by varying levels of local extinction and effects of differential diffusion, both of which 
present challenges to numerical simulations.  Nine teams were involved in the simulations, which were 
preliminary at this stage because the experimental data had been released only a few months before 
the workshop.   

Overall, this dataset was deemed interesting by the TNF community, and the large number of groups 
involved despite the short time available for the simulation promises that in-depth analysis, 
conditioned on the type of models used, will be possible.  To go further with the analysis, significant 
improvement of the mixture fraction field will be necessary prior to analyzing the effect of different 
turbulence-combustion models.  Velocity measurements, especially in the near field, would be 
desirable to help converge to common and more detailed boundary conditions for all the simulations. 

AI/ML for Turbulence-Chemistry Interaction 

ML for combustion was introduced as a TNF focus topic in 2022.  Since then, various ML methods have 
been adopted and extended by the combustion community to address problems of turbulent 
combustion modeling and experimental analysis.  This session reviewed recent advances with the goal 
for connecting the broad field of ML to TNF/PTF-related problems.  The session was divided into three 
topics:  1) Background and nomenclature on ML for combustion:  2) Recent developments of ML 
methods for turbulent combustion modeling:  and 3) Applications of ML methods to extract 
knowledge form experimental data.  The presentations included nine contributions from the TNF and 
PTF community.   

The next key challenges involve: data, benchmarks, and metrics; common models, methods, and 
approaches; and best practice.  It was suggested to identify benchmark problems for ML-applications 
following the TNF approach.  This will allow to evaluate ML-based approaches, e.g., for manifold 
parameterization or combustion modeling in general.  There is interest in sharing ML-models through 
TNF/PTF infrastructure and by this establish best practice guidelines for ML-model selection, ML-
training, and ML-evaluation.  The need for diverse data sets accessible to the combustion community 
was also discuss, and the BLASTNet database (https://blastnet.github.io) was offered as a repository 
for data contributed by workshop participants and the broader combustion community.   
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Flame-Wall Interaction 

Flame-wall interaction (FWI) has been a TNF topic since 2014.  Experimental and numerical work 
initially focused on side wall quenching of laminar and turbulent, premixed CH4/air flames.  The scope 
was broadened in 2022 to include interaction of flame with cooling air near a wall and FWI within a 
crevice.  This TNF16 session provided and update on experimental and numerical efforts, identified 
common findings and key challenges from different FWI studies, and outlined next steps for FWI 
research.  There have been significant recent activities involving H2 and NH3.  With these new fuels, 
an expanded scope with active walls and safety, and the corresponding new configurations, there is a 
good opportunity to bring experiments and simulations closer together in the spirit of the TNF 
tradition.  With respect to hydrogen, it was noted that the near-wall chemical kinetics of rich hydrogen 
flames is a key area to be addressed before TNF17.  A detailed summary of the FWI session is included 
in the proceedings. 

Future Target Flames – Experiments and/or DNS 

The availability of reference data on carbon-free fuels has substantially improved over the last two 
years.  TNF-style comparisons were presented for the Hylon burner and the KAUST piloted NH3/H2 jet 
flames, and both HYLON2 and the KAUST piloted flame are likely targets for the next workshop.  
Several more potential target cases were introduced during the workshop, including experimental 
data sets from Sydney, KAUST, TU Darmstadt, and others, as well as several DNS datasets, mainly for 
premixed hydrogen flames.  This session simply outlined all the potential candidates for collaborative 
comparison with simulations, while next steps for selecting specific target cases for TNF 17 were 
addressed in the final discussion session and are outlined below.   

 

Key Points and Decisions 

Turbulent H2 and NH3 flames at atmospheric and pressurized conditions are still poorly understood, 
and turbulence chemistry interaction models are still in the early stages.  The dynamics of hydrogen 
flames change substantially under pressure, so the extrapolation of atmospheric results to technically 
relevant conditions is more challenging than previously for hydrocarbon flames.  Experiments and DNS 
for pressurized flames remain a formidable challenge that needs to be coordinated between TNF16 
and TNF17.  The increasing availability of high-quality experimental and numerical data sets for 
hydrogen and ammonia flames will allow for TNF-style comparisons at TNF17, aiming to first break 
and then advance the models. 

Flashback and flame-wall interaction continue to be relevant topics in the TNF scope.  Effusion cooling 
and active walls are to be considered in the future.  The availability of reliable NH3 kinetics and H2 near-
wall chemistry remain open issues.  The selection of chemical mechanisms for TNF target flames 
should be coordinated to ensure a consistent comparison at TNF17.  

The TNF community expressed its strong commitment to return to the more original TNF format with 
discussion evolving around target flame data sets.  In contrast to previous workshops, this will feature 
not only experimental but also numerical DNS data sets.  It is expected that more target flame sessions 
will be required for TNF17 compared to TNF15 and TNF16.   

 

Next Steps for TNF17  

1. Provide an overview of experimental target flames and data sets  
Coordinators: Dreizler, Hasse (TU Darmstadt) 
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TU Darmstadt will prepare brief descriptions (one-pagers) for their experimental configurations as 
examples.  These will include short descriptions of the setup, the employed diagnostics, and the data.  
Target flame descriptions can include both available data and future data with an approximate date 
when it can be shared with the TNF community.  Data can also include supporting numerical data, e.g., 
detailed flow conditions from an inflow-LES. 

This description can be used as templates for other groups to describe their target flames.  These 
descriptions will be shared among the TNF participants and eventually be published on the TNF 
website.  

Research Data Management has become an important aspect for most funding schemes and 
recommended data repositories may vary within the TNF community.  It was decided that data will be 
made available by the individual groups using their preferred platform.  The data will be assigned a 
DOI as a unique identifier.  New DOIs will be continuously added to the experimental one-pager and 
published on the TNF website. 

2. Provide an overview of DNS target flames and data sets 
Coordinator: Attili (University of Edinburgh) 

Similarly to the experimental data, University of Edinburgh will prepare a one-pager for the DNS 
configurations.  Following this template, TNF participants working on DNS are invited to provide the 
description of their own configurations.  The aim is to identify a sequences of DNS configurations with 
increasing complexity, e.g., flame in a box  flame in a temporally evolving shear layer  shear flame. 

Sharing the descriptions and the data will follow the approach outlined above for the experimental 
data. 

3. Aligning experimental/DNS work with modeling/LES between TNF16 and TNF17 
Coordinators: Dreizler, Hasse (TU Darmstadt) 

The one-pagers for experiments and DNS will be shared with the TNF community interested in model 
turbulent combustion model development and LES.  These groups will indicate which flames they will 
be working on for TNF17.  This information will be helpful for both the experimental and DNS groups 
to better plan their next steps.  

The planning should be available spring 2025 and should be updated towards the end of 2025 around 
the submission deadline for the 41st Symposium.  

4. Chemical kinetics for TNF target flames 
Coordinators: Stagni (Politecnico di Milano), Magnotti (KAUST) 

The current uncertainty in NH3 kinetics and near-wall H2 kinetics is a challenge for a consistent 
comparison of experiments/DNS and LES.  It is expected that mechanisms will improve in the near 
future and new versions will be released.  

NH3:  When comparing to DNS data, the same mechanism should be used in LES.  When comparing to 
experimental TNF data, a few suitable TNF-preferred mechanisms will be identified and suggested for 
LES use.  The suggestions will be shared with the TNF community and be published on the TNF website.  
The TNF community can also support the mechanism development with thermochemical states from 
Raman/Rayleigh/LIF in laminar counterflow flames.  This can also include data at higher pressures of 
up to 5 bars at KAUST. 

H2 near-wall:  Several TNF participants indicated their interest to discuss the issue with colleagues, 
e.g. from Material Sciences.  

Feedback concerning NH3 and H2 near-wall should be given to A. Stagni, who will summarize potential 
next steps.  
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PTF Workshop – Contributed Titles 
20 – 21 July 2024,  Politecnico di Milano, Milan, Italy 
Presentation slides are available on the PTF website 

 
Joint TNF/PTF Session Talks on Saturday: 

Mathew Yao Decomposition of the turbulent flame speed in lean premixed hydrogen flames 

Francesco Creta Modeling aspects of thermodiffusive instabilities in filtered simulations 

Martin Rieth Premixed hydrogen-enriched flames in intense sheared turbulence and their scaling 

Andrei Lipatnikov Experimental support of leading point concept (lean H2/NH3/O2/N2) 

Jackie Chen DNS study of NOx formation and flame structure in low-emission ammonia rich-
quench-lean combustion 

Haiou Wang Rayleigh-Taylor instability induced turbulence in lean hydrogen/air premixed 
flames 

Sina Kheirkhah Effects of combustion progress variable, Lewis number, and Karlovitz number on 
the scalar dissipation rate models of turbulent premixed flames: An experimental 
study 

Bruno Savard DNS of a laboratory lean H2/CH4 low-swirl flame impinging on a wall 

Swetaprovo Chaudhuri  Introducing two novel combustors: a fuel-flex combustor (burning H2 and/or CH4) 
and a self-decarbonizing combustor (burning H2 generated in-situ from CH4) 

Separate PTF Session Talks on Sunday Morning: 

Thomas Howarth Role of enthalpy transport in premixed hydrogen flames 

Fokion Egolfopoulos Local Effects in Turbulence-Flame Interactions: Assessing the Validity of 
Fundamental Assumptions 

Andy Aspden Premixed regime diagram revisited 

Hai Wang Detonation cells arise from microscopic jetting 

Mark Frederick Reactive Transverse Waves in Near-Limit Detonations 

Jackie Chen DNS of nonequilibrium chemistry effects in planar detonation waves, and on 
pressure scaling of turbulent burning rate in premixed hydrogen blends 

Aaron Skiba High-Fidelity Measurements of Local Induction Lengths in Ethylene-Air 
Detonations at Atmospheric Conditions 

Adam Steinberg Supersonic swirl flames 

PTF Talks on Sunday Afternoon (Open to TNF Participants): 

Vishal Acharya Turbulent burning velocity measurements of lean CH4/H2 blended flames 

Paul Ronney Jet-stirred reactors for turbulent premixed flame and chemical kinetics studies 

Friedrich Dinkelacker Ignition of a biogas engine with an active pre-chamber - numerical and 
experimental study 

Swetaprovo Chaudhuri  How "mixing" affects propagation and structure of intensely turbulent, lean, 
hydrogen-air premixed flames 

Simone Hochgreb Simultaneous OH PLIF and Rayleigh measurements in hydrogen-methane-air 
flames: quantifying the role of instabilities and turbulence. 

 Analysis of characteristics obtained from 3D measurements of spherically 
expanding turbulent flames 
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Lean premixed hydrogen flames - some updates since Vancouver

Thomas Howarth, Michael Gauding, Xu Wen, Hongchao Chu, Lukas Berger, Edward Hunt,
Martin Rieth, Andy Aspden, Heinz Pitsch

Lean premixed hydrogen flames are of great interest to the turbulent flame community, and this presentation
aims to give a comprehensive review and of new research that has occurred since the last TNF/PTF workshops in
Vancouver in 2022 and give some ideas of currently unanswered questions.

Laminar flames

In 2D lean premixed hydrogen flames, domain confinement limits the overall consumption speed of the flame [2]
up to domain sizes of lx ≈ 100lF . Mean local flame speed enhancement (i.e. stretch factor) is unaffected by the
confinement. In 3D flames [12], a similar effect is seen, with confinement also causing larger curvature values locally
in the flame. Reaction rates are also increased, due to larger fluctuations in mixture fraction compared to the
equivalent 2D flames. Due to strong fluctuations in local species concentrations and temperature compared to the
representative 1D flamelet, thermodiffusive instability can strongly impact chemistry. In the case of nitrogen oxides,
experiments observed trace amounts of NOx even when the adiabatic flame temperature was far below temperatures
associated with thermal NO production [3]. This was demonstrated to be related to the effect that thermodiffusive
instability has on the NNH pathway, with thermal NO essentially not contributing to the production [13]. Lean
premixed hydrogen flames experience both hydrodynamic instability and thermodiffusive instability. Hydrodynamic
instability in these flames only serves to enhance flame surface area generation, whereas thermodiffusive instability
enhances both flame surface area and local flame speed fluctuations [1]. When combined, the instabilities act together
to generated both additional flame surface and enhanced local flame speeds.

To model mean local flame speeds (i.e. stretch factors), a few different approaches by different groups have been
suggested. Firstly, based on a second-order coefficient (ω2 = −(B1 + β(Leeff − 1)B2 + PrB3)) from linear stability
analysis [10], the stretch factor can be modelled in 2D and 3D flames through [7, 8]

I2D0 =
sF
sL

=

{
exp(0.057ω2) if Π < Πc

1 + 0.22ω2 otherwise
I3D0 =

{
exp(0.08ω2) if Π < Πc

1 + 0.47ω2 otherwise
(1)

for a critical normalised pressure Πc. Alternatively, the flame speeds could be modelled through a Peclet number [11]

Pe =
|∂YH2

∂x u|1D,max

| 1ρ
∂
∂x

(
ρ
WH2

Wm
DH2

∂XH2

∂x

)
|1D,max

(2)

which, when combined with the Zel’dovich number, also demonstrates a satisfactory correlation with both overall
consumption flame speed and stretch factor. Peclet number also identifies a similar low- and high-pressure regime
to the ω2 formulation.

Turbulent flames

Given that freely-propagating flames propagate locally with a different flame speed to the 1D equivalent flamelet,
non-dimensional quantities relating to the turbulent flame (e.g. Damköhler and Karlovitz number) should also be
constructed using these values [8]. By doing so, flame structure is far more consistent and suitable for modelling than
with quantities normalised through 1D speeds and thicknesses. Turbulence enhances the mean local flame speed even
further, and this can be modelled through a combination of ω2 and freely-propagating Karlovitz number

Iturb0

I3D0
= 1 + 0.26 exp (−0.038ω2)

√
KaF . (3)

Effects on mean local flame speed originate from turbulence-flame interaction on the flame scale, and so Karlovitz
number satisfactorily parameterises this. This can be demonstrated through simulations with larger integral length
scales, and correspondingly larger Damköhler number, which permit the same mean local flame speed but larger
turbulent flame speed through area enhancement. Having a low fuel Lewis number does increase the flame area,
however the effect is far smaller than the converse effect found at high Lewis number which drastically suppresses
flame surface area [9].

1
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In hydrogen flame kernels at engine relevant conditions, the stretch factor is seen to stabilise at a value similar
to that found in the planar flame under laminar conditions. However, the addition of turbulence triggers the
thermodiffusive response of the flame much sooner in time, but at a similar radius. Additionally, hydrogen flame
kernels experience a much larger throughput of surface area compared to the iso-octane equivalent, i.e. more area
was both generated and destroyed [6]. For these flames, ignition in different regions of turbulence resulted in
different behaviour, and this originates from the difference in small-scale motion, and not local flow intensity or large
scale motion, in agreement with other studies [5]. Tangential strain rate is seen as an important quantity for the
understanding and modelling of turbulent flames, and seems to naturally scale with Kolmogorov length scale in both
non-reacting and reacting flows. The alignment of said strain rate with the flame had previously been shown to be
sensitive to the Lewis number. However, it was found that once dilatation was considered, that tangential strain
rate values and alignments in the solenoidal component of the velocity field are insensitive to the Lewis number [4].

References

[1] L. Berger, M. Grinberg, B. Jürgens, P. E. Lapenna, F. Creta, A. Attili, and H. Pitsch. Flame fingers and
interactions of hydrodynamic and thermodiffusive instabilities in laminar lean hydrogen flames. Proceedings of
the Combustion Institute, 39(2):1525–1534, 2023.

[2] L. Berger, K. Kleinheinz, A. Attili, and H. Pitsch. Characteristic patterns of thermodiffusively unstable premixed
lean hydrogen flames. Proceedings of the Combustion Institute, 37(2):1879–1886, 2019.

[3] R. Cheng, D. Littlejohn, P. Strakey, and T. Sidwell. Laboratory investigations of a low-swirl injector with H2
and CH4 at gas turbine conditions. Proceedings of the Combustion Institute, 32(2):3001–3009, 2009.

[4] H. Chu, L. Berger, M. Gauding, A. Attili, and H. Pitsch. Effects of dilatation and turbulence on tangential
strain rates in premixed hydrogen and iso-octane flames. Journal of Fluid Mechanics, 981:A5, 2024.

[5] H. Chu, L. Berger, T. Grenga, M. Gauding, L. Cai, and H. Pitsch. Effects of turbulence on variations in
early development of hydrogen and iso-octane flame kernels under engine conditions. Combustion and Flame,
255:112914, 2023.

[6] H. Chu, L. Berger, T. Grenga, Z. Wu, and H. Pitsch. Effects of differential diffusion on hydrogen flame kernel
development under engine conditions. Proceedings of the Combustion Institute, 39(2):2129–2138, 2023.

[7] T. Howarth and A. Aspden. An empirical characteristic scaling model for freely-propagating lean premixed
hydrogen flames. Combustion and Flame, 237:111805, 2022.

[8] T. Howarth, E. Hunt, and A. Aspden. Thermodiffusively-unstable lean premixed hydrogen flames: Phenomenol-
ogy, empirical modelling, and thermal leading points. Combustion and Flame, 253:112811, 2023.

[9] E. Hunt and A. Aspden. Thermodiffusively-unstable lean premixed hydrogen flames: Length scale effects and
turbulent burning regimes. Submitted to Combustion and Flame, 2024.

[10] M. Matalon, C. Cui, and J. Bechtold. Hydrodynamic theory of premixed flames: effects of stoichiometry, variable
transport coefficients and arbitrary reaction orders. Journal of fluid mechanics, 487:179–210, 2003.

[11] M. Rieth, A. Gruber, and J. H. Chen. The effect of pressure on lean premixed hydrogen-air flames. Combustion
and Flame, 250:112514, 2023.

[12] X. Wen, L. Berger, L. Cai, A. Parente, and H. Pitsch. Thermodiffusively unstable laminar hydrogen flame in a
sufficiently large 3D computational domain–Part I: Characteristic patterns. Combustion and Flame, 263:113278,
2024.

[13] X. Wen, L. Berger, L. Cai, A. Parente, and H. Pitsch. Thermodiffusively unstable laminar hydrogen flame
in a sufficiently large 3D computational domain–Part II: NOx formation mechanism and flamelet modeling.
Combustion and Flame, 265:113497, 2024.

2

TNF16 Workshop Proceedings 20 20-21 July 2024, Milan, Italy



Institute for Combustion Technology |
Source: L. Berger et al (2022) Comb. Flame (244)

Outline of the Session: Fundamentals of Premixed Flames of H2 and H2 Blends

• Update on thermodiffusive instabilities of hydrogen 
flames (Howarth)

• PTF talks (Yao, Creta)

• TNF talks: Sharing of combustion data
(Rieth, Aspden, Gauding, Li, Dawson)

• Discussion

Lean premixed hydrogen flames –
some updates since Vancouver

Thomas Howarth, Michael Gauding, Xu Wen, Hongchao Chu, Lukas Berger, 
Edward Hunt, Martin Rieth, Andy Aspden, Heinz Pitsch

Institute for Combustion Technology
RWTH Aachen University
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Outline

What’s new since the last workshop? Focussing on physics, rather than modelling

• Laminar flames
• 2D vs. 3D

• NOx formation

• Interaction between hydrodynamic and thermodiffusive instability

• Flame speed scaling in laminar flames

• Turbulent flames
• Karlovitz number definition

• Flame speed scaling in turbulent flames

• Turbulent length scale effects

• Lewis number effects

• Flame kernel behaviour

• Role of tangential strain rate

• Some open questions

Institute for Combustion Technology |Thomas Howarth | TNF/PTF joint session
[1] Wen, Berger, Cai, Parente & Pitsch, CNF 263 (2024) 113278

Laminar flames – 2D vs. 3D

• In 2D, domain confinement limits overall consumption speed of the 
flame [1]

• For 𝜑 = 0.4, 𝑇௨ = 298𝐾, 𝑝 = 1𝑎𝑡𝑚, this is seen up to 𝐿௫ ≈ 100𝑙

• In 3D, similar effect seen [2] 

• Stretch factor (mean local flame speed) unaffected

• Domain confinement also causes larger curvature values

• Reaction rates increased, but trends nearly identical to 2D

• Higher mixture fraction values found
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[1] Day, Bell, Gao & Glarborg PCI 33 (2011) 1591-1599 [3] Cheng, Littlejohn, Strakey & Sidwell PCI 32 (2009) 3001-3009
[2] Wen, Berger, Cai, Parente & Pitsch CNF 265 (2024) 113497

Laminar flames – NOx formation

• Thermodiffusive instability influence NNH reaction pathway due to accumulation of H radical [1,2]

• 90% of NO formed in positively-curved regions [2]

• For 𝜑 = 0.4, 𝑇௨ = 298𝐾, 𝑝 = 1𝑎𝑡𝑚:

• Thermal NO produces less than 1% of NO

• Overall NOx production very low ( < 1ppm)

• In agreement with experiments [3]

Institute for Combustion Technology |Thomas Howarth | TNF/PTF joint session
[1] Berger, Grinberg, Jürgens, Lapenna, Creta, Atilli & Pitsch PCI 39 (2023) 1525-1534

Laminar flames – DL and TD instability interaction

• Hydrodynamic and thermodiffusive
instability act together to generate 
flame surface area

• Reaction rates unaffected by 
hydrodynamic instability

• Mean local flame speed only affected 
by TDI

TNF16 Workshop Proceedings 23 20-21 July 2024, Milan, Italy



Institute for Combustion Technology |Thomas Howarth | TNF/PTF joint session
[1] Howarth & Aspden, CNF 237 (2022) 111805
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Laminar flames – Mean local flame speed models

• Categorically different behaviour each side of the most-unstable-surface

• Same function form, but higher coefficients in 3D

• Consistent with findings from earlier

Institute for Combustion Technology |Thomas Howarth | TNF/PTF joint session
[1] Rieth, Gruber & Chen, CNF 250 (2023) 112514 

Laminar flames – Mean local flame speed models

• An alternative to 𝜔ଶ is a Peclet number [1]

• Quantifies disparity between convective and diffusive fluxes

• Suggests a quantity relating to underlying thermo-chemistry to 
improve correlation

• Multiplication by Zel’dovich number improves correlation

• Tested across many conditions (laminar and turbulent)
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[2] Rieth, Gruber & Chen, CNF 250 (2023) 112514 

Laminar flames – Mean local flame speed models

• How do different models compare?

• Cases from [1] considered

• Considering 𝜔ଶ [1], 1/𝑃𝑒, 𝑍𝑒/𝑃𝑒 [2] and 
𝜖 [3].

• Closely correlated

• All identify two regimes (low/high-
pressure)

Institute for Combustion Technology |Thomas Howarth | TNF/PTF joint session
[1] Howarth, Hunt & Aspden, CNF 253 (2023) 112811

Turbulent flames – Karlovitz number definition

𝜑 = 0.4, 𝑇௨ = 300𝐾, 𝑝 = 1𝑎𝑡𝑚 𝜑 = 0.4, 𝑇௨ = 300𝐾, 𝑝 = 6𝑎𝑡𝑚 𝜑 = 0.2, 𝑇௨ = 700𝐾, 𝑝
= 20𝑎𝑡𝑚

𝜑 = 0.4, 𝑇௨ = 700𝐾, 𝑝
= 40𝑎𝑡𝑚

𝐾
𝑎

ி
=

4
𝐾

𝑎


=
4

𝐾𝑎ி = 1.7 𝐾𝑎ி = 0.22 𝐾𝑎ி = 1.48 𝐾𝑎ி = 0.92
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Turbulent flames – mean local flame speed

• Apparent 𝐾𝑎ி dependence; can formulate empirical model local flame speed accounting for 𝜔ଶ and 𝐾𝑎ி

• Some uncertainty in 𝑠ி; better to measure reference speed and scale through 𝐾𝑎ி

a) Function of 𝐾𝑎ி b) Model 𝑠௦ in terms of 𝑠 

Institute for Combustion Technology |Thomas Howarth | TNF/PTF joint session

Turbulent flames – turbulent length scale effects

• Study: Fix Karlovitz number and move to larger length scales (i.e. Da)

• Right: local flame speed; Below: flame-speed/curvature JPDFs

• Local flame properties depend on 𝜔ଶ and 𝐾𝑎ி

• Independent of length scale

• General premise: 𝑠் = 𝑠௦𝜓

• Reference flame speed 𝑠௦(𝜔ଶ, 𝐾𝑎ி)

• Flame surface area enhancement
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Turbulent flames – turbulent length scale effects

• Good agreement with Damköhler’s small-scale turbulence limit (dashed line)

• Considered different reference quantities
• L most compelling, but F (and S) give similar measures of error

• DNS lacks range of scales necessary (all Da ∼ 1)

• Model constants different to the literature
• Is it hydrogen? Or just the way quantities are measured?

Institute for Combustion Technology |Thomas Howarth | TNF/PTF joint session

Turbulent flames – Lewis number effects

• Using the same mechanism

• Artificially alter the Lewis number of the fuel

• Four constant values 𝐿𝑒 = 0.35,0.7,1.0,2.0 

• 𝐾𝑎 = 1,4,12

• Fixed length scale ratio Λி = 2.4

• Local flame properties

• Right: Mean local flame speed

• Below: Flame-speed/curvature JPDFs
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Turbulent flames – Lewis number effects

• There is a Lewis number effect; area increases with decreasing Lewis number

• Not that much different for 𝐿𝑒 ≲ 1; more pronounced for 𝐿𝑒 > 1

• Interpretation is a volume-filling-surface concept
o There’s only so much flame surface are can fit in a given volume

Institute for Combustion Technology |Thomas Howarth | TNF/PTF joint session

Turbulent flames – Flame kernel behaviour

[1] Chu, Berger, Grenga, Wu, Pitsch, PCI 39 (2023) 2129-2138

• At engine relevant conditions 𝜑 = 0.4, 𝑇௨ = 800𝐾, 𝑝 = 40𝑏𝑎𝑟, 𝐾𝑎 =
4.4

• Stretch factor (mean local flame speed enhancement) of 4

• Stretch factor in equivalent laminar case 1.5 – 2

• Intense burning triggered earlier by turbulence

• Larger throughput for area – more production and destruction of area 
in low Lewis number cases
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Turbulent flames – Tangential strain rate insensitivity

[1] Yeung, Girimaji & Pope, CNF 79(1990) 340-365
[2] Chu, Berger, Gauding, Atilli & Pitsch, JFM 981 (2024) 

• Tangential strain rate of material 
surfaces in incompressible 
turbulence scales with 
Kolmogorov time scale, 𝑎௧𝑡ఎ ≈

0.28 [1], aligns with most 
compressive strain rate

• Driven by solenoidal component 
of turbulence [2]

• This result is insensitive to the 
choice of fuel – the same for 
iso-octane (high Le) and 
hydrogen (low Le)

IC8H18 H2

Institute for Combustion Technology |Thomas Howarth | TNF/PTF joint session

• Laminar flames:
• Why is there a high-pressure and low-pressure regime?

• Why are characteristic length scales in high-pressure laminar flames smaller than in low-pressure flames, even 
after normalisation by mean local thicknesses? 

• Turbulent flames:

• Range of validity of I~ 𝐾𝑎ி - decrease seen at extreme turbulence level

• An empirical model of I~ 𝐾𝑎ி suggests that the mean local enhancement is proportional to speed scales on 
the Kolmogorov scale, however, this is inconsistent with a strain-based argument that it should be 
proportional to time scale ratios instead. How can this be addressed?

• Both laminar and turbulent flames:
• What happens near 𝜔ଶ = 0?

• How much faith can we have in mechanisms where the effects are very strong?

Open questions
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Sandia/SINTEF DNS Data

NH3/H2/N2-air
40% NH3, 45% H2, 15% N2 

1 atm 10 atm
0.45
750

300-600
500-1100

Fuel
Pressure

ɸ
Tu

Ka
Ret

Temporally evolving shear layerTemporally evolving shear layer ammonia/hydrogen

Publications
1. Rieth et al., Enhanced burning rates in 
hydrogen- enriched turbulent premixed flames 
by diffusion of molecular and atomic hydrogen, 
C&F 2022.
2. Rieth et al., A direct numerical simulation 
study on NO and N2O formation in turbulent 
premixed ammonia/hydrogen/nitrogen-air flames
PROCI 2023.

Sandia/SINTEF DNS Data

H2-air
1 atm                                           10 atm

low Re   med Re   high Re           low Re   med Re   high Re
0.3
750

Pressure

ɸ
Tu

Ka
Ret

Temporally evolving shear layerTemporally evolving shear layer hydrogen (new data not yet published)

90          130        180 90          130        180
300          700       1200 300          700       1200 

10 atm, high Re 10 atm, low vs high Re
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Sandia/SINTEF DNS Data

Statistics

 Characterization of initial conditions (velocity 

statistics, flame location, etc.)

 Global quantities vs time (I0, sc, FSD)

 1D statistics as function of y at different times 

(e.g., T, HRR profiles, U’)

 Conditional means as function of progress 

variable at different times

 PDFs of flame features (e.g., |C|, curvature) at 

different times

H2-air NH3/H2/N2-air

• Turbulent premixed flames in maintained turbulence
• Howarth et al. CNF 111805 (2022) & 112811 (2023)

DNS turbulent flame-in-a-box

Aspden, Howarth & Hunt
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M. Gauding, L. Berger, T. Howarth, H. Pitsch

Institute for Combustion Technology
RWTH Aachen University, Germany
m.gauding@itv.rwth-aachen.de

Direct numerical simulations 
of turbulent premixed 
hydrogen/air flames in a slot 
burner configuration [1] 

Vorticity Fuel H2 Heat Release Temperature

[1] L. Berger et al. (2022), Combustion and Flame 244

Institute for Combustion Technology | M. Gauding, L. Berger, T. Howarth, H. Pitsch
[1] L. Berger et al. (2022), Combustion and Flame 244

Turbulent premixed hydrogen flames: case setup

Walls 𝐻 = 8mm

DNS of turbulent hydrogen/air flames in slot 
burner configuration

• Jet flow: 𝜙 = 0.4 , 𝑇௨ = 298 K, 𝑝 = 1 bar, 
𝑅𝑒 = 11,000,  𝐾𝑎 = 25

• Inflow: auxiliary turbulent channel flow
• Coflow: burned gas (laminar)
• Flow solver CIAO: higher-order semi-

implicit finite difference code
• Detailed chemistry (9 species, 46 

reactions)
• Soret effect considered
• Different Lewis numbers for each species

𝑢୨ୣ୲ = 24 m/s (hydrogen/air)
𝑢ୡ୭୪୭୵ = 3.6 m/s (burned hydrogen/air)

𝐿𝑒 ≠ 1
with instabilities

instabilities
suppressed (Le=1)

Two cases [1]: 
𝐿𝑒 ≠ 1 (left) and 𝐿𝑒 = 1 (right)
Analysis of thermo-diffusive instabilities
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[2] L. Berger et al. (2022), Combustion and Flame 244

Turbulent premixed hydrogen flames: data available

Temperature
Progress
variable

Turbulent
kinetic
energy

Surface
density

Enstrophy Fuel H2

Heat 
release Temperature

Mean quantities

Post-processed data

Instantaneous three-dimensional fields

- Velocity, temperature, density, species, etc.

- Processed fields (𝑆ௗ, 𝜅, 𝐾, 𝐾், etc.)

- 60 independent snapshots

- 80 TB of data, shared via 
s3 identifier on Coscine [1]

Institute for Combustion Technology | M. Gauding, L. Berger, T. Howarth, H. Pitsch
[1] L. Berger et al. (2024) submitted to the Journal of Fluid Mechanics

Turbulent premixed hydrogen flames: case studies

Model development: 
analysis of irreducible errors

LES: a posteriori analysis of combustion models [1]
 Analysis and modeling of thermo-diffusive instabilitiesOptimal estimator analysis: 

modeling the progress variable variance [1]
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Turbulent premixed hydrogen flame: case setup
𝑳𝒆 ≠ 𝟏𝑳𝒆 = 𝟏

48𝐻 (mm)

4824𝑈୨ୣ୲ (m/s)

7.23.6𝑈ୡ୭୪୭୵ (m/s)

0.240.17𝑠 (m/s)

374714𝑙ி (µm)

90180𝜂 (µm)

3570Δ୫ୣୱ(µ𝑚)

26.38.5𝐿୪ୟ୫ୣ/𝐻

11,000𝑅𝑒୨ୣ୲

30, 20, 4.615, 12.5, 4.6
𝐿௫

𝐻
,
𝐿௬

𝐻
,
𝐿௭

𝐻

3300, 1062, 5121792, 1024, 512𝑁௫, 𝑁௬, 𝑁௭

Dataset: 
Turbulent bluff-body stabilised H2-flame(s) 
James Dawson and Eirik Æsøy
Norwegian University of Science and Technology

Email:
james.dawson@ntnu.no
eirik.asoy@ntnu.no

25 mm x 25 mm FoV
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Current dataset: Geometry*

For new datasets:
• Vary bluff body diameter
• Open or confined flames
• Add swirl

* CAD drawings available

30

15 m/sMean reactants velocity: U

13,000Reynolds number, ReD –
based on bluff body diameter, D.

0.4Equivalence ratio, Φ

2.258 g/sAir mass flow: mair

0.0292 g/sFuel mass flow: mH2

298 KUnburned reactant temperature, Tu

1 barPressure, P 

3.5 kWPower

Geometry and operating condition
Current dataset: Operating conditions
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Diagnostics and overview of dataCurrent dataset: Measurements
2D-PIV (cold and hot)
• 2000 vector fields, sampled at 1kHz (cold), 10 

kHz (hot)
• Resolution (window size) dx =  0.25 mm 

(cold), 0.4 mm (hot)
• FoV approx. 45 x 55 mm

OH-PLIF (high speed YAG, Sirah credo dye)
• 2000 images, sampled at 10kHz, resolution dx 

= 0.089 mm
• Excitation frequency: 283.57 nm
• FoV approx. 45 x 55 mm

OH*-Chemiluminescence
• Line-of-sight OH*, same specs as OH-PLIF

Flame OH-PLIFCurrent dataset: Example data
𝑈𝑈(𝑥, 𝑡) 𝑢′

PIV
(hot)

OH-PLIF

𝑄(𝑥, 𝑡) 𝑄 𝑞′

OH*
Chemi.

𝑄∗(𝑥, 𝑡) 𝑄∗ 𝑞∗ᇱ

Note: 
We have not yet 
analysed the data 
in detail.

Simulation cases:
Four groups have 
been in contact 
about the data. 

No results that we 
are aware of yet.
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New datasets: Feedback/suggestions?
Planned for August:
• Two equiv. ratios: 0.4, 0.35?,  two Re (or vary Ka?)
• Maximise resolution (eg. FoV: 25 x 25 mm) to capture 

thermodiffusive effects

Planned for late 2025/early 2026:
• Effect of pressure
• Ze/Pe scaling

Mechanical Engineering  |  Reactive Flows and Diagnostics |  Andreas Dreizler 34

D A R M S T A D T  H Y D R O G E N  F L A M E S

Coflow

Pilot
Jet

TURBULENT JET BURNER

Lean H2/air jet flames
Geometry H2 Flames

RamanPIVOH-LIFKaFUjet (m/s)ΦjetCase

50500.4H100P040U050

2601000.4H100P040U100

5451500.4H100P040U150

7302000.4H100P040U200

76901000.3H100P030U100

1001000.45H100P045U100x
(m

m
)

20

80

60

40

140

120

100

0

x/D=
7

RamanPIV
OH-
LIF

Ujet (m/s)ΦjetNH3:H2:N2Case

500.840:45:15AHNA45P080U50

501.240:45:15AHNA45P120U50

501.640:45:15AHNA45P160U50

Lean and rich NH3/H2/N2-air jet flames 

2D09 4H03

S. Shi et al. 𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝐹𝑙𝑎𝑚𝑒, under review
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TNF Session:  Chemical KineƟcs for Ammonia CombusƟon 

Coordinator:  Peter Lindstedt  

 

 

 

(Summary to be added) 
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Summary: AI/ML for Turbulence-Chemistry Interaction  

Matthias Ihme, Stanford University, mihme@stanford.edu  

Alessandro Parente, Université libre de Bruxelles, Alessandro.Parente@ulb.be  

 

 

Following the 2022 TNF workshop, the session on AI/ML for Turbulence-Chemistry Interaction 

was the second TNF session on the topic intersecting machine learning and artificial 

intelligence with turbulent combustion.  Since 2022, various ML methods have been adopted 

and extended by the combustion community to address problems of turbulent combustion 

modeling and experimental analyses.  The main applications of ML for combustion tasks 

involve:  

• Accelerating combustion simulations and experimental analysis 

• Creating knowledge and gain physical insight  

• Formulating hybrid closures for improved fidelity simulations 

• Developing reduced-order models and digital twins  

In this session, we reviewed recent advances with the specific goal of connecting the broad 

field of ML to TNF/PTF-related problems.  We solicited contributions from the TNF and PTF 

research community, resulting in a total of nine contributions. 

 The session was split into three topics: (i) background on ML for combustion, (ii) ML 

for turbulent combustion modeling, and (iii) ML for experimental combustion analysis.  The 

first section provided a succinct overview of the different ML techniques to find a common 

nomenclature within or combustion community.  

 The second section reviewed recent developments of ML-methods for application to 

turbulent combustion modeling, focusing on integrating supervised ML methods for 

regressing multi-dimensional reaction-transport manifolds, the use of ML techniques to 

accelerate turbulent reacting flow simulations, the construction of reduced-order manifolds, 

and embedding uncertainty quantification into ML combustion models.  Other model 

developments included the identification of reduced manifolds that are either obtained from 

principal component analysis or derived as latent spaces from auto encoder projections, 

which provide access to non-linear parameterization of reduced state-spaces.  The 

acceleration of high-fidelity combustion simulations (DNS and LES) was also addressed by 

employing on-the-fly reduced-order state-space representations using time-dependent basis 

functions and in-situ closure models for flame-surface density using high-order terms in the 

parameterization of filtered flame front displacement terms.  

 The third section was concerned with discussing applications of ML methods to extract 

knowledge from experimental data and the use of ML methods for experimental analysis.  

Supervised and unsupervised learning methods were applied to a comprehensive set of data 

from Adelaide’s jet-in-hot-coflow experiments, which has been a benchmark dataset of TNF, 

to generate temperature fields from OH/CH2O PLIF measurements.  These results showed 

that standard ML architectures have matured to the point where these techniques can be 

utilized to extract physical information about fuel sensitivities and flow conditions from 

sparse data.  Other presentations discussed progress towards developing ML-augmented 

diagnostics for feature extraction as open-source tools to accelerate the analysis of 

experimental measurements. 

 In regard to developing foundational ML models for turbulent premixed and non-

premixed combustion applications, the need for diverse data accessible to the broader 

combustion community was discussed.  A community-driven effort towards achieving this 
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goal was discussed through the BLASTNet database (https://blastnet.github.io), which offers 

access to several terabytes of data from high-quality DNS to support various ML tasks.  

Contributions from workshop participants and the broader combustion community were 

encouraged with the incentive of joint co-authorship of this community-driven enterprise that 

has been supported through the NSF Pathways to Enable Open-Source Ecosystems program. 

 

References: 

• Ihme, Chung, Mishra, “Combustion machine learning: Principles, progress and 

prospects.” Progress in Energy and Combustion Science, 91, 101010, 2022, 

https://doi.org/10.1016/j.pecs.2022.101010 

• Ihme, Chung, “Artificial intelligence as a catalyst for combustion science and 

engineering.” Proceedings of the Combustion Institute, 40, 105730, 2024, 

https://doi.org/10.1016/j.proci.2024.105730 

• Chung, Akoush, Sharma, Tamkin, Jung, Chen, Guo, Brouzet, Talei, Savard, Poludnenko, 

Ihme, Turbulence in Focus: Benchmarking Scaling Behavior of 3D Volumetric Super-

Resolution with BLASTNet 2.0 Data, Advances in Neural Information Processing 

Systems 36 (NeurIPS 2023) Datasets and Benchmarks Track. 
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TNF Machine Learning

Coordinator: Matthias Ihme and 

Alessandro Parente

Contributions

• Imperial College (Stelios Rigopoulos)

• Université Libre de Bruxelles (Alessandro Parente)

• TU Magdeburg (Cheng Chi, Dominique Thevenin)

• University of Stuttgart (Fabian Hampp)

• Tsinghua University (Zhuyin Ren)

• University of Melbourne (JenZen Ho, Mohsen Talei)

• University of Adelaide/University of South Australia (Jordan Kildare, Paul Medwell, 
Michael Evans) 

• NREL (Shashank Yellapantula)

• KAUST (Hong Im)
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Overview and objecties

• Machine learning for Combustion @ TN/PF
• Background on Combustion ML

• ML for turbulent combustion modeling
• Stelios Rigopoulos
• Cheng Chi, Dominique Thevenin
• Hong Im
• Shashank Yellapantula
• Alessandro Parente 
• Jackie Chen [presentation]
• JenZen Ho [presentation]

• ML for experimental analysis
• Jordan Kildare [presentation]
• Fabian Hampp [presentation]

• Discussions

3

Machine learning methods for combustion

Machine learning

Q-learning
State-action-reward-
  state-action
Deep Q-learning
Deep deterministic
  policy gradient

Semi-supervised learning

Reinforcement learning Generative approaches

Generative adversarial
  network
Variational autodecoders
Boltzmann machine

Gaussian mixture models
K-means
Mean shift
Spectral clustering

Unsupervised learning

Clustering Dimensional reduction

Principal component
  analysis
Factor analysis
Autoencoder
Stochastic neighbor 
  embedding

Logistic regression
Classification trees
Random forests
Neural networks
Support vector machines

Supervised learning

Classification Regression

Linear regression
Regression trees
Random forests
Neural networks
Gaussian processes

Input Output

Label

Input Output Input Output

Reward

Relate labeled input to unknown output  Identify pattern and discover structures Learn from partially labeled da ta or through 
interaction with environment

- Representation of fuel properties, thermochemical
  response functions, and potential energy surfaces
- Parameterization of combustion manifolds
- Prediction of risk occurrence and critical events
- Combustion-closure modeling 

- Characterization of combustion regimes
- Identification of low-dimensional manifolds
- Discovery of structures and coherent features  
- Detection of anomalies and faults
- Signal processing 

Q-learning
State-action-reward-
  state-action
Deep Q-learning
Deep deterministic
  policy gradient

- Optimization and control of combustion systems
- Data augmentation and data generat ion
- Generative combustion modeling
- Robust combustion modeling
- Operation with incomplete  data 

ApplicationsApplicationsApplications
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Data in combustion science and engineering

5

Ihme, Chung, and Mishra, Prog. Energy Combust. Sci. 91, 101010, 2022

Complexity

Challenges 

Sparse data (limited to specific operating conditions, fuels, and geometries)

Lack of data for complex combustion conditions

Data accessibility

Combustion ML Tasks 

• Accelerate combustion simulations and experimental analysis

• Create knowledge and gain physical insight 

• Formulate hybrid closures for improved fidelity simulations

• Develop reduced-order models and digital twins 
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ML for experimental analysis

- Physical understanding

- Discovery of structures, 

combustion regime, and coherent 

features

- Construction of low-order models 

for control-oriented applications

- Data-generation

ML for combustion modeling

- Parameterization of combustion 

manifolds 

- Data augmentation and data 

generation

- Combustion-closure models 

- Physical embedding to reduce 

computational cost

Combustion ML Tasks 

ML for combustion 
modeling
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ML for combustion-model closure and accelerating 
simulations

• Stelios Rigopoulos

• Cheng Chi, Dominique Thevenin

• Hong Im

• Shashank Yellapantula

• Zhuyin Ren

• Jackie Chen [presentation]

• JenZen Ho [presentation]

9

Accelerating combustion simulations

Identification and parameterization of 

combustion manifolds

Model developments

Combustion regime Classification

Uncertainty quantification 

Stelios Rigopoulos, Thomas Readshaw, 
Tianjie Ding, William P. Jones

Machine Learning Tabulation of Chemical Kinetics 
for Turbulent Combustion Simulations
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ANN Tabulation of Chemical Kinetics

• Real-time integration of chemical kinetics can consume the majority of the required computational 
time in many methods for reacting flow simulation, including:

• ANNs are trained with an abstract problem and attain generalization sufficient for application to 
families of turbulent flames

11

Case study Single species 

MLPs

HFRD Dataset 

origin

MMLP Element 

cons.

Main objective / feature

Laminar flamelets X X flamelet X Whole range of strain 

rates

1D premixed flames X X flamelet X Premixed flames, whole 

range of equiv. ratios, 

differential diffusion

Sandia flames D-F X X flamelet X Turbulent diffusion 

flames, local extinction

Sydney flame L X X flamelet Single vs. multiple species 

MLPs

Sydney flame HM1 X X flamelet X Varying fuel composition, 

heat loss

Cambridge/Sandia Swirl 

Burner, cases 5-6

X X premixed X Turbulent premixed flame 

(stratified)

1D premixed flames (CH4, 

C3H8)

X X premixed X Test element 

conservation method

Sydney swirl flame SMA2 X X flamelet X NOx prediction, 

recirculation

Sandia DME flames X X flamelet X Biofuel
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Case 1: Sandia flames D-F

Flame and simulation details:

• Partially-premixed, piloted turbulent CH!/Air flame.

• LES-PDF simulation, 8 stochastic fields, 3 million cells, "# = 1$s.
• Full GRI 1.2 mechanism, 31 species

• ANNs vs VODE solver

13

Sandia D

x/D = 7.5

x/D = 30
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Case 3: Bluff body 

swirl flame SMA2 (NOx

formation)

15

Speed-up ratio for the reaction step ranging from 12x – 56x, depending 

on size and stiffness of the mechanism, complexity of ANN architecture 

and method elements involved (MMLP, element conservation)

Cheng Chi, Dominique Thevenin

Scientific machine learning for combustion 
simulation acceleration, model development, and 
combustion modes classification
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ML for combustion simulation acceleration

[1] Chi et al., Combust. Flame 226 (2021) 467-477.                [2] Chi et al., Combust. Flame 245 (2022) 112325.

Problems with detailed kinetic mechanism:
• Reduced time step is needed for stiff reactions (ODEs)

• Transport equations increase with species number.  

FMNNDC

Simulation 

with detailed 

chemistry

ANN

Simulation with 

ANN surrogate 

model

+

Direct 

integration

Training step (single)

Model usage step (multiple)

On-the-fly ANN for kinetic integration [1]

Update 

thermochemical 

state space

Tr
a

n
sf

e
r 

le
a

rn
in

g

Determine 

ANN model 

validity region

Flamelet Manifold Neural Networks for flame tabulation [2]

Premixed flames with unity Lewis number:

Mass conservation Atom conservation

Peak value weighting
Flame front 

weighting

Mass conservation

Premixed flames with detailed molecular diffusion:

P
h

y
si

cs
 i

n
 s

a
m

p
li

n
g

Physics in training

cheng.chi@ovgu.de
17

ML for classifying local combustion mode

* Work in progress

% %& %

Deep autoencoder

Sensitivity Jacobian '% = (%)
(%%

Principal component obtained from 

*+ = -
./02-. 3(456(4789

Principal component

Local combustion mode

Local combustion mode 

identification: :0 =/5 ;308<>5
/5 ;308<?55 3 8 5
Reaction contribution by @
principal components

Diffusion contribution by 

@ principal components

AB

...

...

B

A9B

IG

EX

FP

ANN for combustion 

model classification

Premixed flame (Le = 1) under 

single working condition.

For wider working conditions 

and considering differential 

diffusion, more inputs are 

needed (eg. atom mass 

fractions, P, Tu, …)

cheng.chi@ovgu.de
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Hong Im

Construction of Reduced order modeling through 
ML methods

19

PCA-DNN for LES Application

PC-transport Approach:

A is!the!basis!matrix!(ns PCs)!

Aq is!the!truncated!basis!matrix!(q!PCs)!

Z!!principal!component!scoresJ.C. Sutherland and A. Parente, Proc. Combust. Inst., 32 (2009)

(ns!!transport!equations)

(q transport!equations)

dimension 

reduction

• Principal Component Analysis (PCA) allows for identifying

the direction of  maximum variance in the data

(q!<<!ns )

Extended manifold

• To account for the NH3/H2 ratio change

Baseline manifold               Extended manifold

Single NH3/H2 ratio (1.716)

NH3(Vol.) H2(Vol.) N2(Vol.)

0.563 0.328 0.109

Different NH3/H2 ratios 

(1.716, 1.802, and 1.886)

• Only 2 PCs are required in the extended

      manifold as well

20

Abdelwahid et al., 2023, C&F, 253, 112781.
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The CSP Solver: Principles

Physics-based adaptive solver (CSP)

21

local ROM free of fast scales

explicit integration with large time 

steps

system evolves on a slow manifold

…but projection basis requires the 

eigensystem of Jacobian

expensive if N is large

Malpica Galassi et al., 2022, J. Comp. Phy., 451, 110875

CSP-ANN solver

• ANN used to retrieve the Jacobian eigenvectors

• Integration accuracy is high

• Only the slow dynamics is resolved

• M represents the adaptivity (how many fast scales, locally)

• Timesteps are larger compared to CVODE

22

Malpica Galassi et al., 2022, J. Comp. Phy., 451, 110875
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Homogeneous reactor, NH3 (36 species mechanism)  

Full system: N = 37 (species + T)
Latent system: q = 27 (PCA scores)

23≈

Combined CSP-PCA Solver – Latent Jacobian

Malik et al., 2024, 40th PROCI, PPP (M08)

D-E FD9E FDGE FD!E F

F IJ-EF IJ9EF IJGEF IJ!E
KD3#8
K# = IJ4 = LM D # , # = NN3D3#88

D-, D9, � , DE
= OPQ RSTUV 3DW, LM, #-, #9, � , #E8

D+EX- = D+E Y Z
E

EX-
NN3D+E8 K#

Neural ODE for chemical kinetics:

AutoEncoder + 
Neural ODE for 

chemical kinetics:

AutoEncoder:

D-D-D9
D[

Input

\|

\|

]^_`]^_`^_`]]
D-)D-D9)

D[)

\|
aD-
|
aD9

Outpu
t

Bottleneck Layer

Encoder:

aD = LM3D8
Decoder:
D)
= Lb3 aD8

]+E

Neural ODE for stiff chemical kinetics

24

Vijayarangan et al., 2024, Energy and AI, 15, 100325.
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1. Stiffness: Due to large spectrum of eigenvalues

2. Latent space: Stretches the dynamics and reduces the stiffness

3. Integrate the latent dynamics with larger time step compared to

other stiff solvers

 !"#$ %&'[()*% ] + ',"-.()*% /
H2-Air Mechanism

Tinit = 1000K 2 3 = 140

Ignition

Stiffness Reduction & Time Step Improvement

Latent state

Physical state

25

Vijayarangan et al., 2024, Energy and AI, 15, 100325.

Graham Pash, Malik Hassanaly, Bruce 
Perry, Michael Mueller & Shashank 
Yellapantula

Quantifying Uncertainty in ML Combustion Models
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Progress Variable Dissipation Model
• Unresolved progress variable dissipation rate 

6789:;: = < >?8 @A B C <D?8 @ EA
B

• Sink term in AFGH equation

• Parameterizes strain in some strained FGM models

• Simple “linear relaxation” models are inaccurate for reacting flows; 6789:;: =

IJ
EL AFGH

• Approach [1]: use a deep neural network to regress 6789:;: against known physically 
important inputs: 

6789:;: = MNN. EA9 AFGH9 D?8 9 < >?8 @A B9 @ EA
B
9 O9 P9 Q9 � /

• Data from filtered DNS of planar premixed flames at varied Ka [2]

• DNN provides robust predictions across conditions and fuels in a-priori tests

• Even correctly predicting negative values that are impossible in physical models

[1] S. Yellapantula, B. A. Perry, R. W. Grout. Proceedings of the Combustion Institute 38 (2020) 2929-2938.

[2] B. Savard, G. Blanquart, Combustion and Flame 180 (2017) 77-87.

678R7SGU

DNS
DNN

Lin. Relax.

NREL    |    28

Progress Variable Dissipation Model
• Unresolved progress variable dissipation rate 

6789:;: = < >?8 @A B C <D?8 @ EA
B

• Sink term in AFGH equation

• Parameterizes strain in some strained FGM models

• Simple “linear relaxation” models are inaccurate for reacting flows; 6789:;: =

IJ
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important inputs: 

6789:;: = MNN. EA9 AFGH9 D?8 9 < >?8 @A B9 @ EA
B
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• Data from filtered DNS of planar premixed flames at varied Ka [2]

• DNN provides robust predictions across conditions and fuels in a-priori tests

• Even correctly predicting negative values that are impossible in physical models

[1] S. Yellapantula, B. A. Perry, R. W. Grout. Proceedings of the Combustion Institute 38 (2020) 2929-2938.

[2] B. Savard, G. Blanquart, Combustion and Flame 180 (2017) 77-87.

678R7SGU

DNS
DNN

Lin. Relax.

1. How universal is this model across regimes & fuels

2. Can we quantify uncertainty in the predictions made by this ML model?

3. How do we propagate this uncertainty through forward reacting flow simulations?
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Forms of Uncertainty

High Epistemic Uncertainty

Low Aleatoric Uncertainty

High Aleatoric Uncertainty

Low Epistemic UncertaintyEpistemic

• Reducible with additional data

• DNS data availability in phase space

• Extrapolatory uncertainty

Aleatoric

• Irreducible with additional data

• Dependent on model features that we include

• Influenced by coarse-graining/filtering

NREL    |    30

Bayesian Neural Network (BNN)

BNN modeling epistemic uncertainty.

BNN modeling epistemic and aleatoric uncertainty.

Aleatory

• Typically, Gaussian processes modeling is used

1. Intractable  !
" training and  !

#

prediction

• Bayesian neural networks (BNNs) are an 
attractive alternative

1. Flexible model form

2. Training amenable to big data regime

3. Quick to evaluate on-line

Epistemic & AleatoricEpistemic Only

Pash, Graham, Malik Hassanaly, and Shashank Yellapantula. "A Priori Uncertainty Quantification of Reacting 

Turbulence Closure Models using Bayesian Neural Networks." arXiv preprint arXiv:2402.18729 (2024).
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Results – Physical Space
Lower Karlovitz Number Flame 

Filter width = 4 !DNS
Filter width = 16 !DNS

NREL    |    32

Results – Physical Space
Lower Karlovitz Number Flame 

Filter width = 4 !DNS
Filter width = 16 !DNS

Epistemic Aleatoric Epistemic Aleatoric

1. Higher Uncertainty at larger filter widths

2. Higher Epistemic and Aleatoric uncertainty for higher Karlovitz number flames
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Kamila Zdybał, James Sutherland, 
Alessandro Parente

Augmenting filtered flame front displacement 
models for LES using machine learning with a 
posteriori simulations

33

2. Parameterisation by PCA-

GPR/ANN/…

PC transport framework

1. Training data

3. Multi-scale simulations

Cheap function 

evaluations 

Expensive function 

evaluations 
34WIPP poster Eva Munōz Salamanca
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2. Parameterisation by PCA-

GPR/ANN/…

PC transport framework

1. Training data

3. Multi-scale simulations

The quality of the 

manifold is key

35

The manifold changes significantly with the scaling, 
and so the results 

standard 
deviation

range 
scaling

pareto 
scaling

vast scaling
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How can we assess the quality of the manifold a 
priori?

"
#

($)

"
#

($)

E. Armstrong, J.C. Sutherland, CTM 25 (2021) 646-668

PC1

PC1

PC2

PC2

37

We have constructed a cost function based on integrating the 

penalized ""

We have constructed a cost function based on integrating the 
#

(($$)) curve

"
#

($)

"
#

($)

%%

K. Zdybał, E. Armstrong, J.C. Sutherland, A. Parente, Cost function for low-dimensional manifold topology assessment, Scientific Reports (2022)
14496

K. Zdybał, J.C. Sutherland, A. Parente, Manifold-informed state vector subset for reduced-order modeling, PROCI 39 (2023) 5145-5154.
Distinguished paper, Numerical Combustion Colloquium

PROCEEDINGS OF

THE COMBUSTION INSTITUTE
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ScalingScaling

& % &

A priori assessment of the effect of scaling on manifold 
quality  

39

Selected 
state 

variables

Projected source terms

Inputs

Temperature, 
pressure, density…

'*+

',
= convection-. / diffusion-. / source-.

'*0

',
= convection-1 / diffusion-1 / source-1

Dimensionality 
reduction

*+

*0

We can build QoI-aware projections using a QoI-aware 
auto encoder 

K. Zdybał, A. Parente, J.C. Sutherland, Patterns 11 (2023) 100859.
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NonlinearNonlinear Nonlinear Nonlinear

Inputs Outputs

Projection

Linear

Nonlinear regression

The combination of linear and non-linear projections 
results in “better” manifolds

41

The combination of linear and non-linear projections 
results in “better” manifolds
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The auto-encoder projections show higher quality 
compared to PCA-based ones 

PCA

Autoencoder

10

15

20
25

43

The QoI-aware autoencoder shows potential for optimal 
PV definition, variable selection, …
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The QoI-aware autoencoder shows potential for optimal 
PV definition, variable selection, …

45

Accelerating DNS of reacting flows with on-the-fly 
ROM: time-dependent bases with CUR 
decomposition (TDB-CUR)

Jackie Chen, Kisung Jung, Cristian Lacey, 
Hessam Babaee
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Jen Zen Ho, Mohsen Talei, Davy Brouzet, 
Wai Tong Chung, Pushan Sharma, 
Matthias Ihme

Augmenting filtered flame front displacement 
models for LES using machine learning with a 
posteriori simulations

47

FFFD Fundamentals

For LES, the filtered transport equation for ! can be written as:

" #$ %!
"& + ' ( #$)*! , #$-. %! = /012 + ' ( $"2'!3

The RHS is modelled by the Filtered Flame Front Displacement (FFFD) term:

/012 + ' ( $"2'! = $45 '!
                                    = $45 6 '!

For algebraic models of FSD, '! 3 we model FSD using wrinkling factor, 7 = '2
' #2 . 

Generally,

7 = 8 .9: 3 ; <
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Methods

• A turbulent jet case with Re = 5,300 [1] was filtered 
using a Gaussian filter with ; = ><?3@<>3A<> B3
where B is the thermal flame thickness. 

• Dataset: 550 cross-sections through the midplane. 

• The models were trained on 0.8 flowthrough times, 
CDE, worth of data. After ><?CDE, ><ACDE was used as 
the testing dataset.

• Only points from ><AF G ! G ><HI were extracted 
(J ?>K maximum HRR in 1D) to avoid bias 
towards the unburned and burnt gas region.

49

Turbulent jet DNS domain [1].

[1] D. Brouzet, M. Talei, M. Brear, B. Cuenot (2021). The impact of chemical modelling on turbulent premixed flame acoustics,Journal of Fluid Mechanics, 1-33, 915. 

Direct FFFD Modelling

• In LLLM , '! , ! space, Region C (high FFFD and |'!|, low !) appears from the large spread of $45 .

• Region F shows that the FFFD can be negative, which cannot be predicted by any FSD model since 

'! N > and $O4P J >.

• Model 4, which uses a random forest ML algorithm to direct model FFFD shows that it is capable of 

predicting these regions.
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Importance of variables

• Importance of each variable can be found by randomly permuting a 

single feature value and finding the decrease in accuracy.

• Resolved curvature term is most important, followed by filtered 

progress variable, '! , filter size, and subgrid turbulence intensity. 

The top two features are not usually used in algebraic FSD models.

51

A posteriori simulations

• LES of the turbulent jet is run using the 
ML model for the flame location (><AF G! G ><HI) and Charlette model 
otherwise.

• Two simulations were run:
•

9
Q = ><@A? (DNS-like)

•
9
Q = ><A?

• Ran for 2 flowthrough times with no 
stability issues or visible physical 
inconsistencies.

52

DNS-like mesh results
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A posteriori simulations

• The scatter plot shows the distribution of 
points in the FFFD - |'-c| space. The black 
points are the results from the points 
using Charlette’s model.

• ML model predicts lower FFFD for large 
|'-c| values, and is able to predict the high 
FFFD, high |'-c|, and low %! region in the a 

priori plots

• However, the negative FFFD regions are 
less well-predicted and will be the subject 
of future work.

53

Conclusions

• ML models have been used to model and study FFFD.

• A priori study show
• The resolved curvature term and ! is important

• Modelling FFFD directly gives a better flame representation in the '! , '! , !
space.

• A posteriori simulations show
• The ML model trained on predicting FFFD directly preserves the better flame 

representation in the '! , '! , ! space, though some discrepancies occur from a 

priori to a posteriori.

• ML models for the combustion source term can be stable even for relatively simple ML 
models.
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ML for experimental 
analysis

Presentation

• ML-methods for experiment analysis 
• Jordan Kildare: Intrinsic flame characteristic encoding through temperature prediction 

from combustion scalar measurements

• Fabian Hampp: Transferable and general DNN-based object detection models to 
segregate signal from background in imaging-based diagnostic data

• Discussion
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Intrinsic flame characteristic encoding through
temperature prediction from combustion scalar 
measurements

Jordan Kildare, Paul Medwell, Michael 
Evans

57

58

• Subject of numerous studies

Ø>35 unique flame conditions

• Emulates recirculation of exhaust gases 
required to achieve MILD combustion

• Measurements include:

ØOH planar laser-induced fluorescence 
(PLIF)

ØCH2O-PLIF

ØTemperature (via Rayleigh scattering)

Jet-in-hot-coflow burner
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Model architecture

59

Model detailsModel details
• Multi-scale U-Net architecture

• Leaky rectified linear unit (LeakyReLU) activation functions:

R S = T S3
,US3

S N >
S G >

• Adam optimizer

• Ideal for attention models

• L2 regularization

• Reduces over-fitting and increases robustness

• Learning rate scheduling

• Manages learning rate to ensure convergence
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Machine learning model

OH-PLIF

CH2O-PLIF

Spatial layer

Inputs

Multi-scale U-
Net model

Target

Outputs

Encoder Decoder

Skip connections

Bottleneck

Compare
Update

Tmeasured

Tpredicted

4150 total images for training

520 total images for 

validation

61

• Principal 
component 
analysis output 
at U-Net 
bottleneck

• Investigate 
whether model 
is encoding 
flame features

…

62

Model analysis – PCA of bottleneck
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Model analysis – PCA of bottleneck

• First two PCs of bottleneck
• Distinct clustering of fuels 

in PC space
• Based on dummy inputs:

ØPC1 CH2O signal 
dominated

ØPC2 OH signal 
dominated

• Ethylene and methane 
clusters affected more by 
OH than other fuels

• DME strongly CH2O  signal 
dominant

CH2O

OH

63

• Downstream precursor 
development notable 
for DME and ethanol

• Little to distinguish non-
oxygen containing fuels

64

Clusters by height 
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• Distinct clusters 
for DME within 
height regions

• Suggestive of 
unique flame 
features upstream

• Dependence on 
precursor 
development for 
flame 
characteristics

• Predominantly 
1250K cases in 
ethylene 

ØUniqueness of 
1386K cases 
not apparent

65

Clusters by coflow T 

• Minimal differences in 
ethanol and DME

• Two branch 
appearance for 9% 
ethylene

• 11% ethylene isolated

ØDistinct difference 
in flame 
phenomenology

• 3% shows minor 
branching, but 
primarily constant PC1

66

Clusters by O2 level
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Classification of flame features via MLP
• Classification based on different experimental conditions

• 3 hidden layer multi-layer perceptron, 4-16-4 size

• Classification performance consistent with experimental 
observations

ØEthanol low dependence on O2 for flame features

ØEthylene low dependence on axial location for flame 
features

Fuel Species VWXYZ[\ Coflow O2 ]^_^` x/D

All 99% 91% 76% 98% 93%

Ethylene - 100% 93% 89% 71%

Ethanol - 91% 67% - 100%

DME - 90% 93% - 100%

67

Classification accuracy in testing 

dataset

Conclusions
• Model capable of predicting temperature fields with accuracy 

comparable to experimental methods

• Principal component analysis of latent space reveals coherent 
patterns related to each fuel

• Patterns in PC space are supported by experiments

• Classification of points in PC space also in agreement with 
experimental observations
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ML-augmented 
diagnostics for 
feature extraction

Fabian Hampp

16th TNF, Milan, Italy, 20-21.07.2024

Research Field

20/07/2024Fabian Hampp   - ML-augmented diagnostics for feature extraction   - University of Stuttgart   - IVLR 2

Realising clean and fuel-

flexible combustion from

H2, NH3 to liquid fuels

Sooting flame Clean and fuel flexible

combustion

TBs of Data

Laser-based diagnosticsFundamental understanding

and advanced manufacturing to

optimise injector and burner

hardware
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Preparation

ExperimentData Analysis

Estimated Time Saving Potential

Requirements Saving Potential

Problem Definition and Motivation

20/07/2024Fabian Hampp   - ML-augmented diagnostics for feature extraction   - University of Stuttgart   - IVLR 3

Common time requirements for laboratory work

q High-level statistics: Object detection, 

binarization and conditional statistics

q Preparation time difficult to reduce

q Experiments are rather efficient

q Data analysis is usually extensive

q More powerful hardware / resources

q Autonomous / hands-off data analysis

q General applicable & transferable tools

Ø Rethink data analysis equivalent to open 

source CFD Tools (e.g. OpenFoam)

80

60

40

20

0

ML-augmented Diagnostics | Framework

20/07/2024Fabian Hampp   - ML-augmented diagnostics for feature extraction   - University of Stuttgart   - IVLR 4

ML 

framework

Experiments Raw data Inference

Statistical analysis

Simulations

IVLR Model
Dataverse

Training

data

IVLR Object Dataverse

Experimental Simulated Generative Background
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ML-augmented Diagnostics | IVLR Dataverse

20/07/2024Fabian Hampp   - ML-augmented diagnostics for feature extraction   - University of Stuttgart   - IVLR 5

IVLR Dataverse

Droplet

database

Soot

database

Flow field

database

Flame, ...

database

Spray 

model

Soot 

model

Flow field

model

Flame, ...

model

q Data handling tools

q Training scripts

q Inference modules

q Statistical analysis tools

Objects dataverse

(annotated training data)

Model dataverse

(Trained models)

Framework dataverse

(Open source code)

EDACS Framework

Online WiP Future

Towards Open Source Data Analysis Framework (for Combustion Science)

20/07/2024Fabian Hampp   - ML-augmented diagnostics for feature extraction   - University of Stuttgart   - IVLR 6

Vision: „OpenFOAM equivalent“ for Data Analysis

Next steps:

q Continue building-up data and model repositories

q Seek funding (DFG - Research Software Infrastructure, 

phase I):

q Object repositories with annotated training data

q Model repositories for ML-augemented segregation

q Develop software from (re-)train models, over

evaluation tools to implementable software module

q Phase II         Vision

Needs analysis questionnaire

(2-5 min)
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ML-enabled ensemble predictions for forced 
ignition with hybrid stochastic physics-embedded 
deep-learning framework

Wai Tong Chung, Charlelie Laurent, 
Donatella Passiatore, Matthias Ihme

75

ML-enabled ROMs for forced ignition 

76

• Reliable ignition for space propulsion
• Stricter success criteria

• Repeatable ignition sequence

• Laser ignition

• Stochastic ignition
• Turbulent mixing

• Variations in laser energy 

Mastorakos, Prog. Energy Combust. Sci., 35, 2009

Strelau et al., AIAA 2023

Successful

Ignition

Failed

Ignition

WT Chung, C Laurent, D Passiatore, M Ihme Ensemble predictions of laser ignition with a hybrid stochastic physics-embedded deep-learning framework

Proceedings of the Combustion Institute 40 (1-4), 105304
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Background: reliable ignition

77

• Reliable ignition for space propulsion
• Stricter success criteria

• Repeatable ignition sequence

• Laser ignition

• Stochastic ignition
• Turbulent mixing

• Variations in laser energy 

• Challenge
• Statistical characterization needed 

for robust deployment 

• Expensive testing/modeling

Ensemble Experiments Ensemble Simulations

ML-SDE for Reduced-Order Modeling

78

• Sparse (153) ignition tests
• ~19,000 frames of 2D Schlieren measurements 

• 3D Inert LES data 
• 220M-Cell Grid, Smagorinsky Model

• Instead of learning ensemble behavior, 
focus on learning kernel growth behavior

Sparse

Measurements

Single, 

Inert Simulations

+

(ii) Collect Flowfield

Statistics from Simulations

… … …

(i) Extract Kernel Segment from

Experimental Schlieren Measurements

Step 0: Prepare Data
work, we represent
flowfields of ignited

For Each Timestep, Iteratively Repeat:

ML (Ŷ
n

, u , u
0
, Z , Z

0
) (3)

ˆ Y . The ML

) = f ML (Ŷ
n

, u ,

condition Ŷ Y

pressure wave that
deposition. Each of the

manually inspected

with42

puts

and non-ignited
measurements (see

spatio-temporal evolution

…

Input: Output:

Step 2: Evolve Kernel Centroid with SDE

Step 1: Evolve Kernel Geometry with ML
) = f ML (Ŷ

n
, u , u

0
, Z , Z

0
) (3)

condition Ŷ Y . The ML

Ŷ
n + 1

(x , t

with an initial

For Each Timestep, Iteratively Repeat:

Use as Input for Next Iteration

U-Net

51

wY
n

(x
u , u

0
, Z , Z

dt x p = up + u
0
p dW ,

u p =
R

Ŷ u dY/
R

Ŷ d
R R

Fig. 2: SDE-ML framework for modeling stochastic igni-
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Instantaneous Results

79

Successful

Ignition

Failed

Ignition

SDE+ML approach can model indirect ignition and consider kernel geometry

consists
pre-

of
component,

out-

in-
pre-

accu-
leading

ML
Fig. 3: Comparisons of ignition kernel predictions from the

Strelau et al., AIAA 2023

Ensemble Results

80

Fig. 4: Mean kernel position trajectory from ensemble SDE-

Fig. 5: Comparison of normalized ignition delay i g distri-

butions from SDE-ML predictions against measurements.

Ignition TimingVelocity

*Velocity vectors from time-averaged LES
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Probability Maps – out-of-distribution 

81

Fig. 6: SDE-ML predictions of ignition probabilityignition probability Pi g maps. Ensemble-averaged experimentalEnsemble-averaged experimental Schlieren measurements(along*Ignition boundaries are where Pig transitions below 1

"No physics” Extrapolation

Summary

82

• In presence of sparse datasets, employ domain knowledge to define suitable 
learning tasks

• Hierarchical SDE-ML model
• Only learn ignition kernel growth behavior as a function of mixture and velocity fields

• Model ignition kernel transport with SDE

• Opportunities
• Use ML-model to statistically characterize ignition in presence of sparse ensemble data

• Captures distinct ignition modes and kernel geometry effects,  as well as ignition timing and kernel 
trajectory

• SDE-ML model can generate a spatially coherent ignition probability map at affordable cost: 9 s for 
inference per trajectory, 2 hours of training on 4 V100 GPUs

WT Chung, C Laurent, D Passiatore, M Ihme Ensemble predictions of laser ignition with a hybrid stochastic physics-embedded deep-learning framework

Proceedings of the Combustion Institute 40 (1-4), 105304
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Discussion

R E S E A R C H  O P P O R T U N I T I E S  
A N D  N E E D S

Discussions: Combustion ML @ TN/PF 

• Key challenges
• Data, benchmarks, and metrics
• Common models, methods, and approaches

• Best practice

• How to integrate ML in TN/PF? 
• Establish database and metrics
• Experimental configurations to consider

• TNF configurations and problems

• Tools, methods, best practice
• Foundational ML models 
• Develop best practice for ML-model selection, ML-training, ML-evaluation
• Integrate domain-knowledge into Combustion ML
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Machine learning for combustion

Feature extraction Dimensionality reduction

Improving knowledge and 

description of turbulent 

reacting flows

Reducing the cost of large-

scale combustion 

simulations

Retrofitting, optimising, 

troubleshooting, sensing 

and design

Data-enhanced models 

and closures

Reduced-order models and 

digital twins

Developing adaptive 

combustion closures and 

chemistry models

Physics-based, data-driven approaches

86

Hybrid models

interpretable, explainable 

and generalisable

Feature extraction

Dimensionality reduction
New closures

Multi-fidelity ROMs 
Digital twins 

Use of data
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BLASTNet Dataset

87

• Addresses gap in 3D multi-
physics turbulent flow physics 
data.

• Latest version:
• 35 configurations 

• 4.8 TB

• 44 full-domain samples

• 6 to 29 channels (velocity, pressure, 
temperature, and chemical species)

• ML-ready format

• Shared on Kaggle

Data contributed by numerous institutions:

https://blastnet.github.io

Community-driven ML-enabled dataset
• BLASTNet aims to curate 100 different reacting DNS flow 

configurations

• Extension to incorporate experimental data

• Provides tutorials for sharing and accessing data, ML-samples

• Stores metadata in consistent JSON format

• Provides standards and guidelines for shared data

• Hosts discussion forum for user support and community 
feedback

• BlastNet should be built out even more, including data from 
TNF/PTF

• better lossy data reduction tools that guarantee error bounds on 
PD and QoI are needed. 

• More high-quality data with greater diversity is needed that is 
accessible to train and assess ML-based models.

• include statistical quantities (means, variances, etc.) associated 
with a given dataset for validating ML-based models
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2023 FLAME AI Challenge

89

Participants

• 49 Competitors

• 37 Teams

• 673 Entries

Combustion ML @ TN/PF

• Combustion ML-specific challenges 
• Interpretability and explainability

• Quantifying uncertainties of combustion ML models 

• Evaluation out-of-distribution predictions 

• Integrating domain knowledge in combustion ML

• Computational complexity and accuracy
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Combustion ML @ TN/PF

• Benchmark problems for ML-applications
• Combustion-regime identification

• Manifold parameterization

• Combustion modeling 

• TN/PF participation 
• ML-model benchmark

• Share ML-models through TN/PF infrastructure

• Establish best practice 

91

Discussions: Combustion ML @ TN/PF 

• Key challenges
• Data, benchmarks, and metrics
• Common models, methods, and approaches

• Best practice

• How to integrate ML in TN/PF? 
• Establish database and metrics
• Experimental configurations to consider

• TNF configurations and problems

• Tools, methods, best practice
• Foundational ML models 
• Develop best practice for ML-model selection, ML-training, ML-evaluation
• Integrate domain-knowledge into Combustion ML
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Flame-Wall Interaction -- Summary 
Coordinators: Andreas Dreizler and Christian Hasse 

 
Flame-wall interaction (FWI) has been a topic since TNF12 in 2014.  A side wall quenching 

(SWQ) geometry was introduced in TNF13 in 2016 as a first target flame, for which the 

available experimental data has been continuously expanded for laminar and turbulent flow 

conditions.  A fully premixed flame is anchored at a ceramic rod generating a V-shaped flame 

brush where one of the two branches is interacting with a temperature-controlled wall.  This 

setup has been investigated in a series of experimental and numerical studies.  Based on the 

SWQ configuration, further, especially numerical, setups for high-resolution simulations were 

devised. 

 

In 2022 during TNF15, the scope of the FWI session was broadened.  Investigations of the 

interaction of flames with cooling air near walls (FCAI – flame cooling air interaction) and FWI 

in a crevice were integrated, going beyond generic SWQ configurations.  FWI for zero-carbon 

fuels (H2, NH3) and their mixtures with hydrocarbons are gaining more and more interest.  

Safety aspects such as flashback, which is inextricably linked to flame-wall interaction, are 

also becoming increasingly important.   

 

The primary aim of FWI and FCAI studies is to gain a deeper understanding of the near-wall 

dynamics of laminar and turbulent flames.  Combustion in enclosed chambers, in many cases 

cooled by near-wall air flows, is of great technical relevance, as the walls represent boundary 

conditions that have a significant impact on the physico-chemical processes and the micro- 

and macrostructure of the flame in the boundary layer.  Strong heat losses lead to thermal 

flame quenching and incomplete combustion results in the formation of primary pollutants 

such as carbon monoxide (CO) and unburned hydrocarbons (UHC).  Mixing with cooling air 

needs to be considered in many applications.  To understand these processes, the influence 

of walls and effusion cooling on the flame dynamics and in particular turbulence-chemistry 

interaction as one of the primary fields of interest in the TNF workshop must be studied. 

 

Based on the previous TNF workshops and recent research efforts, the objective of the FWI 

session at TNF16 was threefold: 

 

1. Provide an update on recent numerical and experimental efforts  

2. Identify common challenges and findings from the different FWI studies 

3. Identify the next steps for further studies of FWI 

 
1. Update on experimental efforts 
Results were provided by three groups (Coria Rouen, France; University of Edinburgh, UK; TU 

Darmstadt, Germany). 

 

The Coria group provided an update on measurements on the test case introduced at TNF15.  

The scope is to study the interaction between premixed flames and cooling air near walls 

(FCAI).  At atmospheric pressure, a rod-stabilized CH4/air V-flame interacts with an oil-cooled 

wall that is shielded by a cooling air film.  Blowing ratios between film and main flow are 

varied between 0.1 and 4.  The experimental data base contains wall temperatures, CO 

imaging, flow velocities, and flame visualization.  Post-processed data include information on 
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near-wall flame stretch.  Investigations have been expanded to investigate more realistic FCAI 

configurations and to study the durability of metallic walls exposed to realistic 

thermochemical conditions imposed by flames.  

 

The Edinburgh Group contributed four studies. The first is in cooperation with TU Darmstadt 

using the generic SWQ burner, operated at 1 bar and turbulent lean DME-air conditions.  

Using highly resolved velocimetry, the flame vortex interaction is studied in detail that was 

identified to transport hot exhaust gases very close to the wall upstream into the yet 

unburned mixture.  Using Reynolds decomposition, it is shown how vortical structures 

interact with the premixed flame during a HOQ-scenario.  The vortex presses the flame very 

close to the wall enhancing heat transfer.  In turn the flame quenches and transitions into a 

SWQ-scenario.  During this flame vortex interaction, the afore-mentioned transport 

mechanism is active, causing locally high CO2 mole fractions at rather low temperatures. 

 

Using the same burner in the second study recent advances of the 1D CARS approach were 

highlighted.  Combined with thermographic phosphor thermometry and OH-PLIF, 

instantaneous wall-normal temperature gradients are now available.  Combined with PIV, for 

the turbulent case, scalar fluxes become accessible, which is a great step forward.  

 

The third study is on SWQ-like FWI in a fixed volume chamber, mimicking a geometry similar 

to an IC engine.  Using cinematographic chemiluminescence and wall temperature imaging, 

the differences between stoichiometric methane and lean hydrogen-air combustion are 

highlighted. The hydrogen case shows clear evidence of thermodiffusive instabilities evolving 

during flame propagation in the crevice.  

 

Finally, as a potential new topic for the TNF, FWI during flame spread on PMMA surfaces was 

discussed.  In first of its kind experiments, wall temperatures were measured by 

thermographic phosphor imaging showing the onset of pyrolysis ~1 mm ahead of the flame 

front.  Temperature measurements were possible even beneath flame in the burning region.  

 

The Darmstadt Group contributed studies classified into passive and active walls.  For passive 

walls, the generic SWQ configuration was extended to an enclosed setup.  Pressure effects 

were compared between 1 and 3 bar.  The study was finalized and documented in three 

publications (see slides).  Data are available upon request.  As continuation of the generic 

SWQ configuration, lean hydrogen/air flames are currently investigated but no data was 

shown at the TNF16. 

 

For active walls, the generic SWQ facility was equipped with a wall providing effusion cooling 

through different holes.  This is as well ongoing work, and results are expected for TNF17.  

Like the Edinburgh group, the Darmstadt group started work on boundary layer flames and 

pyrolysis/combustion of polymer samples.  As a starting point, different variants of active 

walls have been designed mimicking the pyrolysis of a polymer.  Secondary fuel is injected at 

very low momentum ratios upstream or downstream of the quenching point of a rod-

stabilized V-flame quenched at the wall.  In contrast to the pyrolysis of a polymer, this 

configuration provides much better-defined boundary conditions (secondary fuel flow rate, 

fuel composition, thermal boundary conditions) as needed for comparison to numerical 

simulations.  Compared to the previous FWI studies, as an additional complexity the local 
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equivalence ratio varies, and depending on the configuration, a near-wall boundary layer 

flame develops.  This is new ground for the FWI discussed in the TNF. 

 

Key Messages and Challenges for experiments close to passive and active walls 

The experimental investigations are summarized in the following key messages.  

 

KM1-exp:  For passive walls and hydrocarbon fuels, many studies exist for laminar and 

turbulent flow conditions under atmospheric conditions and for elevated pressures.  In 

addition to extensive experimental data sets, individual phenomena such as flame vortex 

interaction in the region of the extinction point have been investigated.  Experimental FWI 

studies for H2/NH3 mixtures are currently being investigated in a similar way as previously for 

hydrocarbon fuels, such that new data for TNF17 can be expected. 

 

KM2-exp:  The investigation of flames on active walls has been intensified.  Two main 

directions have developed:  1) Flame Cooling Air Interaction (FCAI); and 2) flame propagation 

or boundary layer flames in the context of fire safety.  For FCAI, data exist for generic and 

complex geometries, which are available in publications.  With regard to fire safety, 

experiments are at an early stage, and it needs to be decided whether this is an appropriate 

future topic for the TNF. 

 

KC1-exp:  The challenge for laser optical measurement techniques, particularly for partially 

premixed flames, is to measure the local mixture fraction as an additional variable.  This is 

equally important for FCAI and boundary layer flames. 

 

KC2-exp:  Regarding canonical FWI/FCAI geometries, there is a need to further develop these 

for the requirements resulting from H2 or H2/NH3 fuel mixtures.  This should include the 

aspect of flashback for H2-containing mixtures. 

 

KC3-exp:  Experimental and numerical studies are usually carried out separately.  In the 

future, in the spirit of the TNF tradition, a closer exchange should take place and experimental 

configurations with the corresponding data sets should be used more intensively for 

comparison with numerical simulations. 
 

2. Update on numerical efforts 
In total, there were 13 contributions from 12 groups for various configurations:  RWTH 

Aachen University (Germany), Aalto University (Finland), Beihang University (China), TU Berlin 

(Germany), CERFACS (France), TU Darmstadt (Germany), SINTEF/NTNU (Norway), University 

of Magdeburg (Germany), University of Melbourne (Australia), Newcastle University (UK).  In 

several cases, the work from different groups included collaborations with other universities 

and industrial partners.  Only the affiliation of the main PI is listed here. 

 

Considering the increased variety of fuels and configuration studied, the numerical 

contributions were categorized as shown in Figure 1.  On the one hand, a distinction was 

made between three FWI configurations (abscissa):  1) classic head on quenching (HOQ) and 

side wall quenching (SWQ) for passive walls;  2) active walls;  and 3) safety.  These 

configurations were considered for a variety of fuels divided into three categories (ordinate):  

TNF16 Workshop Proceedings 180 20-21 July 2024, Milan, Italy



 

 

1) CH4 and other hydrocarbons;  2) NH3/H2 as non-carbon fuels;  and 3) mixtures of (1) and 

(2).  

 

 
Figure 1: Classification of numerical contributions for the TNF16 FWI session. The different 

configurations are placed on the abscissa, the fuels investigated are indicated on the 

ordinate. 

This wide scope of FWI did not allow for a direct “TNF-style” comparison due to the lack of 

an isolated aspect such as multi regime combustion.  But several findings and challenges 

(see below) could be identified based on the following key observations 

 

1. New fuels and mixtures:  FWI for H2/NH3 and their mixtures with hydrocarbons differs 

significantly from hydrocarbons, even in simple geometries. 

2. Beyond standard FWI:  There is significant interest in technically relevant FWI/FACI 

scenarios that are more complex than previously considered HOQ/SWQ setups.  These 

include effusion cooling and active walls with polymers.  New areas such as safety, 

especially flashback, are particularly challenging for zero-carbon fuels. 

3. Increase in number of DNS studies:  Most of the numerical contributions used DNS 

rather than LES.  This reflects the current lack of knowledge on FWI and FCAI, 

especially for new fuels. DNS as a numerical experiment is crucial for model 

development.   

 
 
In the following a brief summary of the individual contributions is given structured along the 

configurations, see the abscissa in the above figure.  The ordering corresponds to the attached 

slides. 

 

 

 

2.1 Head-on Quenching/Side-wall Quenching 

 

The TU Darmstadt group performed turbulent direct chemistry (DC) simulations of FWI of a 

side-wall quenching flame in a channel flow.  A stoichiometric CH4/air flame was considered.  

The focus was on the flame vortex interaction mechanism that appears at the flame tip close 
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to the wall in the boundary layer.  The vortex pushes burnt gas to the wall and the flame 

propagates over the burnt gases.  This leads to a mixing of fresh and (cooled down) burnt 

gases and to the characteristic near wall flame dynamics with finger formation.  This mixing 

process can be included in a flamelet model.  When used in a fully coupled manner, 

considering this mixing process improves LES predictions substantially.  Part of the work is 

published in Combustion and Flame (10.1016/j.combustflame.2023.112923).  

 

The Melbourne group performed turbulent DNS of CH4/air FWI in channel flows under 

intense turbulence.  The focus of this study was the comparison of different wall 

temperatures, here 300 and 800 K.  They could show that turbulence has a substantial 

influence on FWI.  Another aspect was the flame orientation during quenching, concluding 

that 1D head on quenching can be largely representative of the FWI in terms of flame 

orientation in the presence of intense turbulence.  

 

The Montréal group performed DNS of a laboratory lean H2/CH4/air low-swirl flame impinging 

on an inclined wall.  The DNS is derived from an experimental setup.  They could demonstrate 

a complex flame wall interaction scenario, where the wall heat flux influences the flame 

structure.  Very lean flames can be sustained, potentially by back-support.  The products are 

not fully reached and more CH4 slip is observed compared to H2.  

 

The Newcastle group provided a database for turbulent oblique flame-wall interaction, the 

focus is on a parametric variation of the fuel Lewis number LeF.  Three different mixtures were 

studied:  pure CH4 (LeF =1.0), a 25%/75% mixture of H2 and CH4 (LeF =0.6) as well as a mixture 

of 90% C2H6 and 10% CH4 (LeF =1.4).  A second DNS database has been made available for 

turbulent head-on quenching at different Reynolds numbers for stoichiometric CH4/air 

flames.  Both isothermal and adiabatic walls were considered. 

  

The RWTH Aachen group performed a turbulent DC simulation of a lean premixed CH4/H2/air 

turbulent jet flame with FWI, considering 0%, 10%, and 20% H2.  The jet Reynolds number of 

the simulation is 5500, the pressure is 4 bar, and the considered wall temperature 1000 K.  An 

increased H2 content leads as expected to shorter flame lengths.  The joint PDF of the progress 

variable and the CO mass fraction shows that the conditional mean gets closer to the 

unstretched flame limit with increasing H2.  This needs to be further explored in the future.  

 

The CERFACS groups studied the influence of chemical schemes for H2 flames impacting on 

cold walls.  Previous studies observed for rich flames substantial heat release near the wall.  

In the CERFACS implementation, the maximum heat release at the wall increases with refined 

meshes and there seems to be no limit.  They could show that in their simulations this heat 

release is directly coupled to the H radical at the wall.  They introduced the Infinitely Fast 

Heterogeneous Catalysis Model (IFHC), which adds three wall reactions and brings the H 

radical to zero at the wall.  The heat release is substantially lowered.  The group stresses that 

this is problem should be revisited by chemistry and catalysis experts.  The work is published 

in Combustion and Flame (10.1016/j.combustflame.2024.113328) 

 

The NTNU/SINTEF group in collaboration with the TU Darmstadt group showed first results 

of the DNS of a turbulent anchored V-flame, two lean H2 flames at 2 bar were considered.  
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Differential diffusion plays an important role and superadiabatic conditions are observed near 

the wall.  The analysis of the turbulent dataset is still ongoing. 

 

The Aalto group studied FWI of premixed laminar NH3/air flames enriched with H2.  They 

could show that the quenching distance decreases and maximum absolute wall heat flux 

increases with increasing the blending ratio, the equivalence ratio, the wall temperature, and 

the pressure.  More details can be found in their Combustion and Flame paper 

(10.1016/j.combustflame.2024.113444).  This work is currently extended to 2D scenarios, 

where also the formation of pollutants (NO and N2O) is analyzed. 

 

The Magdeburg group contributed a database on head-on quenching of H2/air and NH3/H2/air 

flames in a turbulent channel flow.  The focus is on differential diffusion effects, the near-wall 

pollutant formation and the flame dynamics.  Selected results show that flame/wall and 

flame/flame interactions result in an accumulation of N2O and consumption of NO.  Results 

for the flame dynamics reveal that the major reason for flame thickening is the zero-diffusion 

flux boundary condition.  For turbulent flames with high Da numbers, the effect of wall 

turbulence is negligible, while for flames with low Da number, the flame thickness decreases 

due to the laminarization near the wall.  The results are partially published in the Proceedings 

of the Combustion Institute (10.1016/j.proci.2024.105276) and the European Journal of 

Mechanics – B/Fluids (10.1016/j.euromechflu.2023.05.008). 

 

 

2.2 Active Walls 

 

The TU Darmstadt group performed DC simulations of laminar flame-wall (FWI)/Flame-

effusion-cooling-air (FCAI) interaction considering stoichiometric methane/air flames.  A 

simplified numerical setup was developed, and a variable volumetric cooling air inflow was 

studied.  Depending on the inflow rate, superposition of FWI and FCAI effects occurs.  Three 

different interaction regimes have been identified:  1) Heat loss dominated, i.e. FWI is the 

main mechanism;  2) mixing dominated, i.e. dilution by air is the main mechanism for FCAI;  

3) both FWI and FCAI are relevant.  The work has been published in the Proceedings of the 

Combustion Institute (10.1016/j.proci.2024.105453). 

 

2.3 Safety  

 

The Beihang group performed an LES for flashback of a lean H2/CH4 flame.  In a previous study 

with a thickened flame approach, they could show that two flashback scenarios can occur, a 

large-scale flame tongue and flashback due to flame bulges.  The focus of this work is the 

influence of differential diffusion.  To this end, two flamelet tables with unity and non-unity 

Lewis number were built and employed in the LES.  The flashback speed predicted with 

differential diffusion is close to the experimentally observed one while the unity Lewis 

number prediction is substantially lower.  Further, the flame tongue with differential diffusion 

is more wrinkled and the flow field is inversed at an upstream location.  This wrinkling is 

argued to be responsible for the higher flame speed.  

 

The CERFACS group contributed their initial results for the studies of high-pressure hydrogen 

jet flames impacting on walls.  This work is complementary to experimental studies conducted 
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at IMFT.  The LES of the choked H2 jet is currently work in progress and aims to investigate the 

auto ignition, the flame stabilization in the shock system, the effect of the crossflow and FWI.  

Since this is a high-speed flow, the wall treatment will be another topic of interest.  

 

The TU Berlin group looked at flashback of lean turbulent hydrogen flames, the corresponding 

experimental data was provided by TU Delft (not published yet).  They looked at the transition 

process from an unconfined flame to confined boundary layer flashback.  Curvature plays a 

substantial role in the transition; another finding is that the adverse pressure gradient in the 

confined state facilitates the upstream propagation.  A more detailed analysis revealed that 

flashback is triggered by a low velocity streak caused by a lift-up mechanism, which transports 

low velocity fluid away from the wall. 

 

 

Key Findings and Challenges – numerical FWI and FCAI 

The reported numerical results can be summarized in one key message (KM1-num) and three 

key challenges (KC1-num, KC2-num, KC3-num). 

 

KM1-num:  Advanced near-wall combustion models for hydrocarbon are available for 

laminar and turbulent FWI.  Flamelets for hydrocarbon fuels show good results if properly 

chosen; the parameterization depends on the complexity of the configuration, e.g. active vs. 

passive walls. Reduced order models can be constructed from canonical flames - but these 

are more complex, e.g. head on quenching (HOQ).  If near-wall turbulent mixing is resolved in 

LES, extended flamelet models are adequate. 

 

KC1-num: Near-wall chemistry for H2/NH3 and mixtures.  While there is a substantial body of 

knowledge for hydrocarbon fuels, homogeneous and heterogenous (catalytic) reactions at/close to 

the wall should be (re)visited for H2.  This also applies for NH3 where even less is known.  To this end, 

cooperation with materials science and chemistry is being sought.   

 

KC2-num:  Near-wall combustion and pollutant models for H2/NH3 and mixtures. In contrast to 

hydrocarbons, reduced order models for H2/NH3 are not yet available.  These will be developed based 

on DNS datasets.  Further validation requires experiments that are not yet available.  

Several open scientific questions can be identified including: 

• Can canonical configurations such as HOQ be used for reduced order models?  

• Near-wall stratification/superadiabatic conditions/pollutants: Are these imposed by the main 

flame or are these caused by near-wall processes or both?  

• What are the main processes that lead to CO and NOx (incl. N2O) near wall emissions? 

 

KC3-num:  Safety and especially flashback for H2/NH3 and mixtures.  Turbulent flashback scenarios 

for H2 are only partially understood.  

• Differential diffusion was shown to be highly relevant near the wall.  The impact on the 

occurrence of flashback requires further research.  

• Multiple flashback scenarios could be identified for the laminar case.  Current DNS and 

experimental data do not allow to draw definite conclusion about the turbulent case.  This is 

an area where further research is urgently needed. 

• The impact of several phenomena on flashback needs to be understood, this includes at least 

the uncertainty in the near wall chemistry (see above) and conjugate heat transfer. 
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3. Towards TNF17  
As mentioned in KC3-exp, experimental and numerical studies are usually carried out 

separately. With the new fuels, an expanded scope with active walls and safety, and the 

corresponding new configurations, there is a good opportunity to bring experiments and 

simulations closer together in the spirit of the TNF tradition.  There is a unique opportunity 

for the development of LES models by the availability of DNS data sets in combination with 

experimental data gained with multi-parameter diagnostics from various configurations, 

including one- and two-sided FWI, passive and active walls, atmospheric and elevated 

pressures, premixed and partially premixed mixtures, and various carbonaceous and non-

carbonaceous fuels. 
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5

2/ Flame-cooling air interaction (FCAI)

Optically accessible combustion test bench for 
near-wall combustion

Improved wall
thermal 
management

Flame-turbulence 
interactions leading to 
enhanced flame stretch 

Near-flame & isolated CO

(OH & CO PLIF)

Flame topology 
modification

Parameter Value

Thermal power (kW) 18 75

Wall temperature (K) 320 620

gas temperature (K) 285 500

Main flow velocity (m/s) 1.3 5.5

Reynolds number (-) up to 18,000

Isotropic turbulence 8 10% 

Fuel CH4 / H2

Combustion premixed

6

2 FCAI EXP / CFD
Mimic the FCAI case with high-fidelity numerical simulations (LES)
Obtain non-accessible scalars to better understand near-wall flame dynamics & CO emissions

Joint work w/ TU Berlin (M. Casel, A. Ghani) 

Lip 
region

AVBP solver (LES)
NSCBC boundary conditions
CFL<0.8
Injection of mean & turbulent properties

2D simulation
2.5M cells
Local refinement near wall & slot
(8 cells in the flame front)

Wale model + TFM on the right branch
Lu13 reduced mechanism 

Cold flow Ignition

First EXP/CFD comparisons
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Institute for Multiscale
Thermofluids

FWI during flame spread on PMMA surfaces

University of Edinburgh
Phosphor thermometry, CH* imaging

23

Institute for Multiscale
Thermofluids

24

PMMA samples 200 x 50 x 12 mm3

Surface temperature (phosphor thermometry) and 
CH* imaging

Gd3Ga5O12:Cr,Ce 

2 µm coating thickness

Downward flame spread Burnford et al. Fuel 365 (2024)
Morrisset et al. Proc. Combust. Inst. 40 (2025)
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FWI STUDIES AT TU DARMSTADT

27

Passive walls

FWI at elevated pressure (finished)

FWI for H2/air flames at 1 bar (WIP)

1 

2 Active walls

Flame-wall-effusion cooling air interaction 1 bar (WIP)

Boundary layer flames and pyrolysis of polymer samples 1 bar (WIP)

PASSIVE WALLS

28

Flame-wall interaction at elevated pressure
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PASSIVE WALLS

35

Flame-wall interaction for H2/air flames

Configuration adapted from previous CH4 and DME/air flames

Work-in-progress

40
 m

m

water/oil

ACTIVE WALLS

36
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RESULTS STRATIFIED BOUNDARY-LAYER FLAMES

41

Mean OH-PLIF signals (normalized)

Change of flame topology by 
secondary fuel supply

Greifenstein et int. Dreizler; Experiments in Fluids (2024) 65:7

(a) (b) (c) (d)

z 
[m

m
]

passive active

RESULTS STRATIFIED BOUNDARY-LAYER FLAMES

42

Equivalence ratio in axial direction for 0.1 and 0.3 mm from the wall

NO-LIF data only in yet non-reacted gas up to 2 mm from the flame

Dashed lines: simulation from STFS (C. Hasse et al.)

Greifenstein et int. Dreizler; Experiments in Fluids (2024) 65:7

(a)

(b) (c)

(d)

z [mm]

TNF16 Workshop Proceedings 206 20-21 July 2024, Milan, Italy



RESULTS STRATIFIED BOUNDARY-LAYER FLAMES

43
Greifenstein et int. Dreizler; Experiments in Fluids (2024) 65:7

Solid lines: EXP
Dashed lines: SIM

T

CO2

Wall-parallel temperature & CO2

profiles

Increasing flowrate of secondary 
fuel shifts the thermochemical states 
toward lower temperatures and 
lower CO2 mole fractions

Dashed lines: simulation from STFS 
(C. Hasse et al.)

RESULTS STRATIFIED BOUNDARY-LAYER FLAMES

44

CO2-T-Scatter plots

Color indicates z-coordinate

Thermochemical state strongly 
changed by secondary inflow

Lines: simulation from STFS (C. 
Hasse et al.)

Greifenstein et int. Dreizler; Experiments in Fluids (2024) 65:7

100 µm

300 µm
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SUMMARY

47

Thank you for your kind attention

Benchmark configurations ready to be used in a TNF-style manner

Passive walls: 

SWQ-type configuration, open and at elevated pressure, two-wall passage

SWQ-H2/air flame-wall interaction is WIP

Active walls: 

Flame-effusion cooling-air interaction: enclosed available, open w/ H2 is WIP

Stratified boundary layer flames: available, more data to come

Polymer near-wall combustion: WIP any interest by the TNF/PTF community?
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CO emissions in turbulent premixed methane/hydrogen CO emissions in turbulent premixed methane
jet flames interacting with isothermal walls

Kai Niemietz, Heinz Pitsch
Institute for Combustion Technology
RWTH Aachen University
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[1] K. Niemietz et al., Proc. Combust. Inst. 39 (2) (2023) 2209–2218.
[2] L. Cai et al., Proc. Combust. Inst. 37 (1) (2019) 639–647.

Methodology

27

J Turbulent jets

o Jet Reynolds number Rej = 5,500

o Jet exit velocity uj = 73.5 m/s

o Jet slot height hj = 1.2 mm

o Temperature Tu = 673 K

J Pilot

o Pilot exit velocity up = 20 m/s

o Pilot slot height hp = 3·hj = 3.6 mm

o Burnt exhaust gas Tp = Tb = 1782 K

J Pressure p = 4 atm

J Wall temperature Tw = 1000 K

J Methane/hydrogen/air mixture

o Pure methane presented at last TNF[1]

o 10%vol and 20% vol H2 in the fuel

o Equivalence ratio O ≈ 0.5

J Chemistry

o Finite rate skeletal methane mechanism
25 species, 155 reactions[2]

o Detailed diffusion model

J Domain

o 100 hj x 12 hj x 6 hj

o 120 mm x 14.4 mm x 7.2 mm

o 6060 x 1440 x 360 cells = 3.1 billion cells

Isothermal Wall
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Laminar burning velocity: 5#$! @ CBA-+ ST.U
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Preliminary results from ongoing simulations 
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Instantaneous temperature fields

7 Shortened flame length with increasing hydrogen 
content

o Higher reactivity of the fuel

!Reduced flame-wall interaction?
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JPDF of CO mass fraction and progress variable

7 Conditional mean closer to unstretched flamelet 

with increasing H2

o Higher flame speed compensates slower chemistry 
from lower temperatures? 

o Reduced FWI causes less non-flamelet combustion?

KC2
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Flame wall interaction (FWI): the limits of present chemical schemes 
for H2 flames impacting cold  walls and a model to fix this (IFHC)

L. DeNardi, O. Vermorel, Q. Douasbin, T. Poinsot CERFACS

30[1] Gruber et al. (JFM, 2010)

H2/Air

2 3 456
Pin = 1 bar

Tin = 750 K

7" 3 869:

7" 3 869:

Pout = 1 bar

! Most groups studying FWI with H2 know that unexpected heat release 
rates are observed at walls [1]. One example in the DNS of Gruber et al.
! This problem occurs for all chemical schemes we tested [2]

Loïc De Nardi - denardi@cerfacs.fr [2] De Nardi et al. (CNF, 2024)

CS
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[2] L. De Nardi, Q. Douasbin, O. Vermorel, and T. Poinsot, “Infinitely Fast 
Heterogeneous Catalysis Model for Premixed Hydrogen Flame-Wall 
Interaction,” Combustion and Flame, vol. 261, p. 113328, Mar. 2024, doi: 
10.1016/j.combustflame.2024.113328.

! The problem comes from the H radical at the wall. 
It can be fixed using a model we called IFHC, 

which brings !̀ to 0 at the wall: 

! Infinitely Fast Heterogeneous Catalysis (IFHC) [2] 
activates these reactions ON THE WALL

"# $ % & #a%

# $ %# & #a%

'# $ %a & "#a%

! Eliminating H at the wall is sufficient to fix the 
problem

A model for premixed 
H2 FWI: IFHC

Loïc De Nardi - denardi@cerfacs.fr

32Loïc De Nardi - denardi@cerfacs.fr

1D HOQ simulation: comparing 
solutions with and without IFHC [2]

Number of cells per flame thickness 
'$

()

)
X
YZ[
\ * +,-

! Without IFHC, the problem is ill posed: 
refining the mesh leads to values of 
maximum heat release on wall which 
never stabilize when mesh is refined

! With IFHC, the problem becomes well-
posed and the heat release rate on the 
wall converges.  Careful: it still does not 
go to zero !

The IFHC fixes the problem but this is probably an 
issue which should be tackled in the future by 
chemistry and catalysis experts
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A simple test case is the unsteady interaction of a 1D premixed flame 
impinging on a wall: 1D Head On Quenching [3]. Diagnostic: maximum 
heat release rate reached on the wall during the interaction

Isothermal wall 

(bcdd ) (efghi

Fresh gases
(efghi )

*++,
-efghi
) +./0

Burnt gases
(jkflm

1bcdd ) +. 1edcng 2

Periodicity

3o

Periodicity

[3] Schönfeld and Rudgyard (AIAA, 1999)
[4] Poinsot and Lele (JCP, 1993)

4o

Verification of IFHC model for 1D H2/Air FWI 

[5] Saxena and Williams (CNF, 2006)
[6] Burke et al. (IJHE, 2010)

Performed with both San Diego [5] and 
Burke [6] schemes 
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Context: leak of high pressure H2 tank in a 
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IMFT experimental setup for flame wall interaction:
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LES with AVBP (CERFACS):

: KC3
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Preliminary results
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Summary:  Piloted Ammonia Jet Flame: Experimental Results and IniƟal Model 
Comparison 

Coordinators:  Gaetano Magnoƫ and Hong Im 

The objecƟve of the session was to compare recent experimental measurements and numerical 
simulaƟons of a series of parƟally premixed, H2/N2/NH3-air, turbulent flames.  The flames were 
stabilized over the Sydney inhomogeneous piloted burner, modified by removing the inner fuel-pipe 
and using the full length of the burner to guarantee uniform mixing between fuel and air, as in the 
original Sandia/Sydney piloted flame.  The burner was operated with a mixture of 43% simulated 
cracked ammonia and air, with an equivalence raƟo Φ = 3 in the central jet.  A pilot flame (a mixture 
of 43% simulated cracked ammonia and air, with an equivalence raƟo Φ = 0.9, and power of 520 W) 
ensures flame stabilizaƟon over a wide range of Reynolds numbers, and a co-flow air velocity of 0.8 
m/s provides a controlled boundary condiƟon.  Experimental data (Raman/Rayleigh, OH and NH2) were 
obtained for three flames with central jet Reynolds numbers of 24000 (Flame D), 32000 (Flame E), and 
36000 (Flame F) corresponding to 59%, 79%, and 89% of the global exƟncƟon Reynolds number.  

The flame series offers several challenges to numerical simulaƟons.  The large amount of hydrogen in 
the mixture may require the inclusion of differenƟal diffusion effects, especially in the near field of 
Flame D.  Flame E and Flame F are designed to challenge the models in predicƟng localized exƟncƟon 
events.  Laminar counterflow burner simulaƟons show a complex flame structure, with three heat 
release peaks, corresponding to the peak in OH, temperature, and NH2. Experimental results show that 
for Flame F exƟncƟon starts from the lean side (drop in OH at the mixture fracƟon of peak OH) and 
then propagates to the rich side (drop in NH2 at the mixture fracƟon corresponding to peak NH2).  Re-
igniƟon follows the same paƩern, starƟng from the lean side, 6 diameters from the nozzle, and 
propagates to the rich side at the axial locaƟon 15 diameters downstream.  In Flame E, reigniƟon is 
faster, and there is no region with exƟncƟon limited only to the rich side. 

Nine teams were involved in the simulaƟons of Flame D: KAUST/HUST, Loughborough 
University/Imperial College, Peking University (PKU), Stanford University, Paris Seclay/CNRS (EM2C), 
Zhejiang University (ZJU), University of StuƩgart/University of Sydney, Argonne NaƟonal Lab, and 
Kyoto University/Zhejiang University (KYU/ZJU).  Five groups used OpenFOAM, and five used in-house 
codes (PIPER, YALES2, CharlesX, an inhouse LES solver for ZJU, and an in-house DNS code from 
KYU/ZJU).  All the simulaƟons were LES, except for a DNS (KYU/ZJU) and a URANS 
(Loughborough/Imperial).  Several combusƟon modelling approaches were employed including 
tabulated chemistry, moment closure models, and stochasƟc parƟcle methods.  Most simulaƟons 
employed the Stagni chemical kineƟcs model (31 species), and the remaining used the KAUST 
mechanism, an updated mechanism from Lindstedt, the Okafor mechanism, and the Shrestra 
mechanism.  Molecular transport was modeled using a mixture average approach (3 simulaƟons), a 
unity Lewis number approach (3 simulaƟons) and assigned Schmidt (0.7), and turbulent Schmidt 
number (0.4 or 0.7).  The temporal and spaƟal schemes are 2nd order in Ɵme and space for five of the 
simulaƟons, 3rd order for the Stanford simulaƟon, 4th order for the YALES 2 and for the DNS simulaƟons, 
and first order in Ɵme, second order in space for the Lboro/IC and the PKU simulaƟons.  

Previous simulaƟons of the Sandia piloted jet flame series, were sensiƟve to the boundary condiƟons.  
Velocity measurements were not available for this series, and strategies to simulate the turbulence of 
the central jet included 10% random fluctuaƟon, turbulent-library-based methods, and velocity 
fluctuaƟons from Sandia flame D, rescaled to the new bulk velocity.  The pilot was modeled with a 
uniform velocity (6.8 m/s) and equilibrium combusƟon products, except for the EM2C simulaƟon 
where the pilot holes were simulated.  

All the simulaƟons were at a preliminary stage, as the data were released only a few months before 
the workshop, and therefore it is not possible to obtain definite conclusions from this iniƟal exercise.  
The comparison of mixture fracƟon profiles in physical space shows that all simulaƟons fail to capture 
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the early decay observed in the experiments at X/D=1 . All the simulaƟons show a unity mixture 
fracƟon (no mixing) unƟl 3 mm, whereas the experiment shows a decay aŌer 2.5 mm.  SimulaƟons 
match the experiments in predicƟng the locaƟon of peak rms of mixture fracƟon representaƟve of the 
shear layer between the fuel jet and the pilot flame.  UncertainƟes in the provided boundary 
condiƟons could be responsible for the mismatch in the profile, but it is worth noƟng that turbulence 
level cannot be the sole responsible, as the three experimental mixture fracƟon profiles at x/D=1 are 
perfectly overlapped, despite a factor 2 difference in the Reynolds number.  Similarly, the asymmetry 
in the pilot, affects the pilot region, but does not significantly alter the experimental mixture fracƟon 
distribuƟon at the first axial locaƟon.  Further downstream, simulaƟons conƟnue to underpredict the 
mixing up to x/D=15.  At z/D=30 the spread among simulaƟons is large, and most simulaƟons have 
underpredicted mixing, except for the EM2C and the KYU/ZJU simulaƟon that overpredict it.  Overall, 
none of the simulaƟon was able to mimic the experimental profile at all heights.  Further comparisons 
in physical space are dominated by the mismatch in the mixture fracƟon profiles, and therefore the 
rest of the presentaƟon focused on results in mixture fracƟon space.  The PKU and KYU/ZJU correctly 
capture the measured superadiabaƟc temperature at x/D=1, which is missed by other simulaƟons 
including differenƟal diffusion (KAUST, Loughborough), and by the simulaƟons using unity Lewis 
number.  At Z/D=2 and above, all the simulated temperature profiles agree reasonably well with the 
experiments, although some discrepancies remain for the ITV and IITK simulaƟons.  Profiles of H2 and 
NH3 reveal that the simulaƟons systemaƟcally overesƟmate H2 and underesƟmate NH3.  The simulaƟon 
from PKU appears to be in beƩer agreement.  OH profiles are reasonably well captured.  Note that the 
measured OH in the rich region is probably an arƟfact of the measurements, possibly caused by other 
radicals associated to ammonia combusƟon (NH2, N2H2, ….). 

Fewer groups (KAUST, ZJU, PKU, ITV and Loughborough) aƩempted the simulaƟon of Flame F.  In 
physical space, all simulaƟons underpredict the mixing, as already observed for Flame D.  In mixture 
fracƟon space, experimental temperature profiles are dominated by localized exƟncƟon, that appears 
as early as X/D=2. All simulaƟons underesƟmate the amount of localized exƟncƟon, with presumed 
PDF models performing generally worse.  PKU and ITV simulaƟons perform relaƟvely well in predicƟng 
localized exƟncƟon at Z/D=6 and Z/D=10, but underpredict it closer to the nozzle.  Experiments show 
that localized exƟncƟon start on the lean side, characterized by a drop in the OH at Z/D=2 that only 
appears at X/D=4 for the PKU model.  PDF distribuƟons of NH2 shows generally narrower distribuƟons 
in the simulaƟon but correctly predict the appearance of NH2 in lean samples, in the presence of 
localized exƟncƟon.    

Overall, this dataset is deemed interesƟng by the TNF community, and the large number of groups 
involved despite the short Ɵme available for the simulaƟon promises that in-depth analysis, 
condiƟoned on the type of models used will be possible.  To go further with the analysis, most 
numerical simulaƟons must be consolidated, and a significant improvement of the mixture fracƟon 
field is necessary prior to analyzing the effect of different turbulence-combusƟon models.  Velocity 
measurements, especially in the near field, would be desirable to help converge to common and more 
detailed boundary condiƟons for all the simulaƟons.  
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TNF Session:  Possible Future TNF Target Cases 
 
Coordinators:  Robert Barlow, MaƩ Dunn, Gaetano Magnoƫ 
 
Summary 
The purpose of this session was to present a brief overview of a number data sets that might be 
considered as target cases for the next TNF Workshop.  The list includes the HYLON configuraƟons and 
the KAUST piloted flames of cracked ammonia, which are already expected to targets for 2026.  Several 
configuraƟons, including both experimental and DNS data sets, were introduced during earlier 
sessions, and several addiƟonal configuraƟons from Sydney University, KAUST, TU Darmstadt, and DLR 
StuƩgart were introduced during this Future Targets session.  Most cases burn H2 or NH3/H2 blends. 
 
All candidates were categorized according to fuel and combusƟon mode, as shown below and in the 
final two slides of the presentaƟon. 
 
Hydrogen, Premixed 
 
 
 
 
 
 
 
 
 
 
 
 
Hydrogen, MulƟ-Mode 
 
 
 
 
 
Ammonia, All Modes 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion of the selecƟon of cases to be used for collaboraƟve comparisons was deferred to the Final 
Discussion, during which a process for distribuƟng informaƟon and polling community interest was 
outlined.   
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Page 21The University of Sydney

Sydney cracked ammonia jet in hot coflow cases

Narrowed down a large parameter space of cracked ammonia 
flames to ~12 flames 

Narrowed down a large parameter space of partially premixed 
NH3/CH4 (40% NH3, 60% CH4) flames to 3 flames 

OH measured and easily computed from simulations

Alternate paradigm for model validation

Present trends of LH varying TC and % cracked for validation,
rather than scatter plots and mean and rms profiles

Page 22The University of Sydney

Sydney lean premixed H2 jet in hot coflow

Utilise the Sydney premixed jet in hot coflow previously 
developed for lean CH4+air 

Consider the case of a lean premixed H2 jet issuing into a hot 
coflow of the same equivalence ratio

System defined by a single progress variable

Incorporate compressibility
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Final geometry of the HYLON TNF v2 injector

3

Diameter annular channel: 18 mm
Diameter central channel: 6 mm
Thickness central channel: 2 mm
Size central channel deflector: 1.5 mm
Recess central injector: 4.3 mm

Swirl number air flow: 0.9
Swirl number hydrogen flow: 0.9

Width combustion chamber: 78 mm
Lenght combustion chamber: 149 mm
Contraction ratio exhaust: 0.51

a) Verifications with caliper measurements b) X-Ray tomography of the injector

X-Ray picture CAD picture

Validation of the manufactured geometry

4
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Raman/Rayleigh/OH/NO-LIF at 1 bar 

7

FLAME
(SLM) (SLM)

P
(Watts) (m/s) (m/s)

A 85 15 0.42 2696 12.5 9.5 4003.1 517.6

L 170 30 0.42 5393 25 19 8006.2 1035.2

Flame A Flame L

Preliminary results for axial location 3

8

Flame A Flame L
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High-pressure flames

11

The injector both anchored and lifted flame stabilization regimes 
(and some other interesting cases!)

Partially cracked ammonia jet flames at 
elevated pressure 
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Sydney inhomogeneous burner with 
ammonia in the fuel blend

Sydney inhomogeneous burner: background

Tang et  al CNF Vol 244 2023

24

Designed to target role of fuel stratification

TNF target flame using CH4 as fuel

FJ-5GP-Lr75-80

Barlow et al. Combustion and 
Flame 162, 3516

Meares et al. Proceedings of the 
Combustion Institute 35 (2), 1477-

1484
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Sydney inhomogeneous burner: 
NH3/H2=60:40

Tang et  al CNF Vol 244 2023

27

Effect of recess length

4.76, Pilot 114 W

Lr=25/U=41 (Re=13399, 70% Reextinction )

Lr=300/U=41 (Re=17816, 54% Reextinction ) 

Polarization separation for improved fluorescence 
suppression 

Data collected. Expected availability to modelers Spring 2025 

Sydney inhomogeneous burner: 
methane addition

Tang et  al CNF Vol 244 2023

28

Effect of methane addition

Lr=15, Pilot 800W

CH4:NH3=8:2, U=42 (Re=14322, 77% 
Reextinction )

CH4:NH3=6:4, U=32 (Re=10910, 80% 
Reextinction )

Effect of recess length 

Lr=300 CH4:NH3=6:4, U=31 
(Re=10569, 80% Reextinction )

Polarization separation essential for 
fluorescence suppression 

Data collected. Expected availability to 
modelers Spring 2025 
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Bluff-body stabilized flames 

Bluff-body ammonia burner

30

Evaluate the role of the products recirculation in 
partial cracking of ammonia 

Raman/Rayleigh data available for variable 
cracking ratios

Initial design was limited in momentum ratio by 
max air flow-rate

Unable to burn pure ammonia 

Ø=4.6
Ø=50.8

Ø=150

Wire 
mesh

Coflow
Fuel

Coflow

Alfazazi et al, CNF Volume 258, 
Part 2, December 2023, 113066
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Summary and Closing Discussion TNF 16 
Back to the Future – Towards TNF17 
Christian Hasse (TU Darmstadt) 
 
This is a summary for the TNF16 workshop, which was partially held together with the Premixed 
Turbulent Flames (PTF) workshop at Politecnico di Milano on 20-21 July 2024.  

TNF Scope and History 

The TNF workshop focuses on fundamental issues of turbulence chemistry interactions in gaseous 
flames. The objectives are to: 

 Establish a library of well-documented flames that advance fundamental scientific understanding 
of turbulent combustion and are appropriate for testing and extending models for complex 
combustion systems. 

 Provide a framework for collaborative comparisons of refence data from experiments and DNS 
with modeled results from LES. 

 Identify priorities for further experimental and computational research. 

One TNF USP/legacy is – among others – the availability of instantaneous and averaged 
thermochemical states from Raman/Rayleigh that is crucial for turbulent combustion model 
development and validation.  Up to TNF14 in Dublin in 2018, a wide range of flames with different 
modes (premixed, stratified, partially premixed, non-premixed) and regimes (Re, Da, Ka number) were 
investigated mostly for CH4, with only small excursions to DME and very early also to H2.  TNF sessions 
evolved around data sets from target flames, and the numerical results from different groups were 
compared to experimental data.  Preliminary and work-in-progress data was submitted.  The open 
discussion atmosphere allowed discussions on the physics of the flames and how the models could be 
improved.  Modeling results usually improved substantially from workshop to workshop, and new 
experimental configurations were discussed to challenge the models.  

At TNF15 in Vancouver in 2022, there was substantially fewer TNF-style discussions on burners and 
model deficiencies.  The interest decreased for pure hydrocarbon target flames, and there was only 
one session on the Darmstadt Multi Regime Burner.  Despite the large interest in H2, experimental 
data were not yet available, only first DNS data had been generated.  While this did not allow for a 
TNF-style comparison, the discussion session on modeling was very intense and engaging.  That clearly 
showed the need for reference data sets. 

At TNF15 joint sessions with the PTF workshop were organized or the first time as a practical response 
to lower overall attendance due to lingering effects of the COVID pandemic.  The PTF workshop aims 
to have presentations on particular topics, not on data sets and comparisons.  Joint TNF-PTF sessions 
were also part of the TNF16 program as a combination of TNF-style topical discussions and PTF-style 
talks on premixed H2 flames, chemical kinetics, AI/ML.  

Topics at TNF16 

The TNF16 topics can be categorized into four groups. More details can be found in the attached slides. 

1. Target flames – Experiments and/or DNS 
2. Turbulent combustion models 
3. Kinetic mechanisms including diagnostics 
4. ML, community tools and data sharing 
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1. Target flames – Experiments and/or DNS 

The availability of reference data has substantially improved over the last two years.  Data were 
presented for the Hylon and Hylon2 (incl. KAUST measurements) burner, the KAUST Piloted NH3/H2 
Jet Flames, the Darmstadt McKenna and MRB (H2, NH3/H2 flames), and the NTNU lean H2/air burner. 
Several additional potential target flames were presented on the second day.  TNF-style comparisons 
were presented for the Hylon burner and the KAUST Piloted NH3/H2 Jet Flames. 

With the availability of different DNS data sets, the TNF community discussed options to use these 
data for model development and validation.  As a result, it was suggested to plan for a sequence of 
cases with increasing complexity.  

Finally, near wall flames continue to be of interest for the TNF community.  New aspects such as active 
walls (effusion cooling, polymers in wall) will be considered in the future.  Near-wall H2/NH3 flames 
under pressure are particularly relevant for safety, in particular flashback is a topic of interest.  

2. Turbulent combustion models 

The review of turbulent H2 flames and the subsequent discussion were very engaging and identified 
several open scientific questions especially for lean H2 flames.  These include among others: 

 How does the thermo-diffusive instability (TDI) interact with turbulence?  Is the interaction 
synergistic? 

 How does the interaction of turbulence and TDI change for high Ka numbers? 
 What are the governing parameters?  Ze, Ka, Pe and/or others? 
 How to model flames under high pressure.  Do the observed differences between high- and low-

pressure laminar flames carry over to turbulent flames? 

This non-exhaustive list clearly demonstrates the need for TNF-style target flames from experiments 
and DNS to systematically address these scientific questions. 

3. Kinetic mechanisms including diagnostics 

The availability of reliable kinetic mechanisms for NH3 was already addressed at TNF15.  Peter 
Lindstedt gave a comprehensive review on NH3 kinetics.  There are current uncertainties for some key 
fundamental reaction sequences and these need to be addressed by the kinetics community.  Thus, 
chemical mechanisms for DNS and LES are likely to evolve over the next years.  This needs to be 
considered in the planning of the numerical work. 

It is crucial for the TNF community to agree on a small number of mechanisms to allow for consistent 
comparisons.  This will be addressed between TNF16 and TNF17, see below.  

Another topic of relevance is the near-wall chemistry of rich H2 flames.  This was discussed in the FWI 
session.  This topic will also be addressed before TNF17, and suggestions are expected to be released. 

4. ML, community tools and data sharing 

The field has advanced significantly, evidenced by the first coupled a posteriori applications as 
compared to the previous a priori analyses.  The next key challenges are: 
 Data, benchmarks, and metrics 
 Common models, methods, and approaches 
 Best practice 
It was suggested to identify benchmark problems for ML-applications following the TNF approach.  
This will allow to evaluate ML-based approaches, e.g., for manifold parameterization or combustion 
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modeling in general.  There is interest in sharing ML-models through TNF/PTF infrastructure and by 
this establish best practice guidelines for ML-model selection, ML-training, and ML-evaluation. 
 
Final discussion and decisions 

Turbulent H2 and NH3 flames at atmospheric and pressurized conditions are still poorly understood, 
and turbulence chemistry interaction models are still in the early stages.  The dynamics of hydrogen 
flames change substantially under pressure, so the extrapolation of atmospheric results to technically 
relevant conditions is more challenging than previously for hydrocarbon flames.  Experiments and DNS 
for pressurized flames remain a formidable challenge that needs to be coordinated between TNF16 
and TNF17.  The increasing availability of high-quality experimental and numerical data for target 
flames will allow for TNF-style comparisons at TNF17 aiming to first break and then advance the model. 

Flashback and Flame-Wall Interaction continue to be relevant topics in the TNF scope.  Effusion cooling 
and active walls are to be considered in the future. 

The availability of reliable NH3 kinetics and H2 near-wall chemistry remains an open issue.  The use of 
chemical mechanisms for TNF target flames should be coordinated to ensure a consistent comparison 
at TNF17.  

The TNF community expressed its strong commitment to return to the more original TNF format 
(back to the future) with discussion evolving around target flame data sets.  In contrast to previous 
workshops, this will feature not only experimental but also numerical DNS data sets.  It is expected 
that more target flame sessions are required for TNF17 compared to TNF15 and TNF16. Consequently, 
the number of PTF-style mini-symposia organized as shared TNF-PTF sessions might decrease due to 
time restrictions.  

The following four next steps were agreed upon to prepare for TNF17. 

Next Steps for TNF17  

1. Provide an overview of experimental target flames and data sets  

TU Darmstadt will prepare brief description (one-pager) for their experimental configurations.  That 
includes a short description of the setup, the employed diagnostics and the data.  This can include 
both available data and future data with an approximate date when it can be shared with the TNF 
community.  Data can also include supporting numerical data, e.g., detailed flow conditions from an 
inflow-LES. 

This description will be used as template for all other groups to describe their target flames.  These 
descriptions will be shared among the TNF participants and eventually be published via the TNF 
website.  

Research Data Management has become an important aspect for most funding schemes and 
recommended data repositories may vary within the TNF community.  It was decided that data will be 
made available by the individual groups using their preferred platform.  The data will be assigned a 
DOI as a unique identifier.  New DOIs will be continuously added to the experimental one-pager and 
published on the TNF website. 

Coordinators: Dreizler, Hasse (TU Darmstadt) 
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2. Provide an overview of DNS target flames and data sets 

Similarly to the experimental data, University of Edinburgh will prepare a one-pager for the DNS 
configurations.  Following this template, TNF participants working on DNS are invited to provide the 
description of their configuration.  The aim is to identify a sequences of DNS configurations with 
increasing complexity, e.g., flame in a box  flame in a temporally evolving shear layer  shear flame. 

Sharing the descriptions and the data will follow the approach outlined above for the experimental 
data. 

Coordinator: Attili (University of Edinburgh) 

3. Aligning experimental/DNS work with modeling/LES between TNF16 and TNF17 

The one-pagers for experiments and DNS will be shared with the TNF community interested in model 
turbulent combustion model development and LES.  These groups will indicate which flames they will 
be working on for TNF17.  This information will be helpful for both the experimental and DNS groups 
to better plan their next steps.  

The planning should be available spring 2025 and should be updated towards the end of 2025 around 
the submission deadline for the 41st Symposium.  

Coordinators: Dreizler, Hasse (TU Darmstadt) 

4. Chemical kinetics for TNF target flames 

The current uncertainty in NH3 kinetics and near-wall H2 kinetics is a challenge for a consistent 
comparison of experiments/DNS and LES.  It is expected that mechanisms will improve in the near 
future and new versions will be released.  

NH3:  When comparing to DNS data, the same mechanism should be used in LES.  When comparing to 
experimental TNF data, a few suitable TNF mechanisms will be identified and suggested for LES use. 
The suggestions will be shared with the TNF community and be published on the TNF website.  The 
TNF community can also support the mechanism development with thermochemical states from 
Raman/Rayleigh/LIF in laminar counterflow flames.  This can also include data at higher pressures of 
up to 5 bars at KAUST. 

H2 near-wall:  Several TNF participants indicated their interest to discuss the issue with colleagues, 
e.g. from Material Sciences.  

Feedback concerning NH3 and H2 near-wall should be given to A. Stagni, who will summarize potential 
next steps.  

Coordinators: Stagni (Politecnico di Milano), Magnotti (KAUST) 
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TNF15 IN VANCOUVER 

Mechanical Engineering  |  Simulation of reactive Thermo-Fluid Systems  |  Christian Hasse 5

HOW I REMEMBER IT
Substantially less TNF-style discussion on part icular burners and model deficiencies 

Possible reasons
Interest decreased for pure hydrocarbon target flames. One session on Multi 
Regime Burner 
Large interest in H2, but experimental data not available. First DNS data appearing
NH3 discussion, outlook on technology. Planning for experiments, first DNS datasets
Further discussion on compressible and multi -phase combustion

In short: The largest interest for the future was in H2 and also NH3. But the 
experimental target flame data was not yet available and only a few DNS data 
sets appeared. The discussion on modeling was very intense and engaging.

FROM TNF15 TO TNF 16 

Mechanical Engineering  |  Simulation of reactive Thermo-Fluid Systems  |  Christian Hasse 6

IMPORTANT TOPICS IDENTIFIED AT TNF15
1. Transport processes/differential diffusion in turbulent flames (esp. new fuels)
2. Experimental and DNS configurations that build on TNF heritage
3. Consolidated chemistry for NH3 use in DNS and LES

ad 1+2 
identif ication of target datasets - HIT and shear driven turbulent cases. 

the understanding clearly evolved over the last two years. 
DNS for data validation now clearly established
Modeling of subfilter behavior of instabilities ==> first papers at the symposium
In addit ion to pure H2/NH3 fuel mixtures CH4/H2 and NH3/H2 are clearly relevant; 
many studies investigate variable mixing rat ios

ad 3:
to be discussed further see the next slides
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TNF16 
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TNF AND PTF JOINT SESSIONS IN 2022 AND 2024
TNF aim: discussion evolve around datasets 
PTF aim: more presentations on particular topics

WHAT IS THE SITUATION IN 2024?
Joint sessions as a combination of TNF-style topical discussions and 
PTF-style talks on premixed H2 flames, chemical kinetics, AI/ML
Joint discussion on H2 target flames 
Joint session on FWI
TNF discussion KAUST Piloted NH 3/H2 Jet Flames
TNF discussion on future target flames

FUTURE OF TNF

Mechanical Engineering  |  Simulation of reactive Thermo-Fluid Systems  |  Christian Hasse 8

TNF15: Severe lack of H2 and NH3 target flames and data
TNF16: Hylon Burner, Kaust Piloted NH3/H2 Jet Flame + many more data sets 
(Darmstadt,  NTNU, ..) are becoming available
TNF16: 
Target flame discussion for TNF17 (and who can deal with high pressures)

Opportunity to have a more original TNF-style workshop in 2026 if we want that.. 

I personally would like to re-introduce more TNF-style discussions
Turbulent combustion models for H2, NH3 and fuel blends will rely on high-quality 
target flame data either from experiments or DNS
Open TNF discussion was key to advance understanding and models there are a 
lot of open questions for H2 and NH3

discussion at the end 
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TNF16 
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FOUR TOPICS

1. Target flames  Experiments and/or DNS

2. Turbulent combustion models

3. Kinetic mechanisms including diagnostics

4. ML, community tools and data sharing

TARGET FLAMES EXP
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Situation has improved significantly in the last two years 
Hylon and Hylon2 (incl. KAUST measurements)
KAUST Piloted NH3/H2 Jet Flames
Darmstadt McKenna/MRB (H2, NH3/H2)
NTNU lean H2/air

Flames discussed in the previous session (RB, GM, MD, BD)
Hylon and Hylon2 (incl. KAUST measurements)
Pressurized NH3/H2 flame
Sydney inhomogeneous inlet with NH 3/H2 with recessed inlet
Bluff-body NH3 burner (available and future version)
Sydney Inhomogeneous inlets H 2/N2 
Sydney hot coflow burner NH3/H2
Partial ly premixed CH4/NH3 cases
Lean premixed H2 in hot coflow
more candidates by Rob (DLR FLOX)

sorted by Rob: premixed multi-mode non-premixed
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HYLON
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TNF-style discussion of the main characteristics
attached and detached flames: flames A-D 
selection target flame named A and L
premixed, non-premixed and edge flames

HYLON
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TNF-style comparison of 
experimental and numerical data

Sequence from cold flow field 
cold mixing hot conditions

26 groups have begun working on 
the case

Outlook for Hylon2:
Higher pressure
New geometry

Turbulent combustion model will become even more important at 
high pressure, cannot resolve the 30µm flame thickness
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TARGET FLAMES DNS

Mechanical Engineering  |  Simulation of reactive Thermo-Fluid Systems  |  Christian Hasse 15

Different DNS configurations have been shown
Flame-in-a-box
Temporally evolving shear layer
Shear flame 
Suggestion: Modelers should look at a succession of cases 

Things to discuss
1. Do we have DNS for DNS configurations or is it becoming realistic to 

perform DNS of "close-to-the-target flame" conditions (Ze,Ka,Pe
geometry)? 

2. If we want to use succession of DNS data do we need to align them 
(transport, chemistry etc.)? 

3. Can we define a TNF-DNS set similar to a target flame?
4. Who could lead/organize this? Do we need a small working group?

TARGET FLAMES EXTENSIONS

Mechanical Engineering  |  Simulation of reactive Thermo-Fluid Systems  |  Christian Hasse 16

Other topics of interest an updated view on flame wall interaction

1. Flame wall interaction for H2 and NH3 pressure?
2. Flashback for H2 and NH3 pressure?
3. Effusion cooled walls
4. Polymers in walls

Things to discuss
1. What is the interest to look at these topics 1-4? 
2. Can we agree on a target flame?
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FOUR TOPICS

1. Target flames  Experiments and/or DNS

2. Turbulent combustion models

3. Kinetic mechanisms including diagnostics

4. ML, community tools and data sharing

TURBULENT H2 COMBUSTION MODELS 
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A NON-EXCLUSIVE LIST OF IMPRESSIONS/QUESTIONS

Topic has advanced substantially over the last two years
Predicting the laminar flame speed enhancement is the tricky part (TDI).
Synergistic (is it synergistic?) effect of turbulence and TDI not fully 

The combustion model becomes very important at higher pressures.
High-pressure is very challenging both in experiment and simulation. 
But it is also extremely important.
What is high pressure?
Already laminar flames significantly differ between low and high p. 
Higher reactant temperatures must be considered. 
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TURBULENT H2 COMBUSTION MODELS 
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A NON-EXCLUSIVE LIST OF IMPRESSIONS/QUESTIONS

Interaction of turbulence and TDI at high turbulence levels not entirely 
clear, influence of especially high pressure, high Ka number.
It is not clear what the impact of chemistry/uncertain reactions for very 
lean conditions can be on TDI.
Flashback driven by fine scale effecs, hot walls, Soret effect.
DNS: Do we need detailed transport models or are constant non-unity 
Le-numbers sufficient. Does it matter for model development
What are the governing parameters? Ze, Ka, Pe and/or others? 

My summary: We need TNF-style target flames from experiments and 
DNS to systematically address these 
Discussion: Things to add?

TNF16 
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FOUR TOPICS

1. Target flames  Experiments and/or DNS

2. Turbulent combustion models

3. Kinetic mechanisms including diagnostics

4. ML, community tools and data sharing
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NH3 KINETICS
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The need for NH3 kinetics was already discussed at TNF15
Review of NH3 kinetics by Peter Lindstedt
Chemical kinetic mechanisms for ammonia are advancing rapidly.
An exceptionally wide range of chemical mechanisms have been 
produced.

Kinetic model

Species concentration 
Ignition 

delay time

Laminar 
burning 
velocity

Overall 
meanPyrolysis

Oxidation
Thermal 
DeNOx

Mean
High T

Intermediat
e T

Low T

NUIG_2023 0.741 0.778 0.841 0.894 0.909 0.833 0.842 0.888 0.854
KAUST_2023 0.734 0.763 0.903 0.890 0.910 0.840 0.820 0.897 0.852
KAUST_2021 0.734 0.759 0.887 0.890 0.901 0.834 0.823 0.894 0.851
Polimi_2023 0.687 0.769 0.850 0.883 0.908 0.819 0.822 0.888 0.843
Polimi_2020 0.715 0.737 0.848 0.885 0.906 0.818 0.817 0.892 0.842
Mei_2021 0.673 0.759 0.848 0.850 0.921 0.810 0.818 0.882 0.837
Polimi_2022 0.715 0.736 0.848 0.869 0.906 0.815 0.801 0.892 0.836

Thomas_2022 0.636 0.769 0.848 0.834 0.898 0.797 0.814 0.889 0.833

Mei_2020 0.633 0.736 0.851 0.811 0.917 0.790 0.819 0.891 0.833
Manna_2022 0.708 0.720 0.887 0.848 0.910 0.814 0.823 0.833 0.823
Lindstedt_2023 0.707 0.689 0.832 0.865 0.898 0.798 0.821 0.841 0.820
Shrestha_2021 0.678 0.685 0.815 0.797 0.712 0.737 0.818 0.890 0.815
Gotama_2022 0.589 0.748 0.825 0.845 0.731 0.748 0.804 0.880 0.810
Marshall_2023 0.718 0.712 0.829 0.840 0.892 0.798 0.793 0.831 0.807
Glarborg_2018 0.624 0.699 0.809 0.816 0.892 0.768 0.823 0.810 0.801
Han_2020 0.095 0.752 0.843 0.831 0.859 0.676 0.810 0.899 0.795

Otomo_2018 0.652 0.591 0.808 0.858 0.819 0.746 0.805 0.818 0.790Girhe et al. 2024

NH3 KINETICS
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Summary (for a more complete version see slides by P. Lindstedt)
There are current uncertainties for some key fundamental reaction 
sequences and these need to be addressed
Inaccurate validation data poses a problem when assessing model 
performance.
Accurate speciation data is king and the prospects for fundamental 

gradually improving
Flames are not suitable for determining chemical kinetic data. There 
is, however, a major role for accurate flame data use in the context of 
validation.
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FOUR TOPICS

1. Target flames  Experiments and/or DNS

2. Turbulent combustion models

3. Kinetic mechanisms including diagnostics

4. ML, community tools and data sharing

REVIEW OF ML FOR COMBUSTION
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ML for combustion modeling and experimental analysis
Review of contributions from 10 groups -- similar challenge as in FWI due to very 
different object ives
In summary, the f ield has advanced significantly. M. Ihme -

Key challenges
Data, benchmarks, and metrics
Common models, methods, and approaches
Best pract ice
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Turbulent lean premixed hydrogen flames at high pressure and high
temperature

Sofiane Al Kassar, William Lauder, Geveen Arumapperuma, Antonio Attili∗

Institute for Multiscale Thermofluids, School of Engineering, University of Edinburgh, Edinburgh EH9 3FD,
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Premixed hydrogen flames are susceptible to thermo-diffusive instabilities, which manifest themselves with
super-adiabatic temperatures and alternating regions of enhanced reactivity and extinction in highly curved regions
of the flame surface. They lead to complex patterns and up to a five-fold increase of flame speed in laminar
conditions [1–3]. In the turbulent regime, they interact synergistically with the flow field and cause even larger
effects [4, 5]. In this work, the effect of elevated pressure and temperature on thermodiffusive instabilities in
turbulent hydrogen flames is investigated using large-scale Direct Numerical Simulations (DNS). A 3D DNS of a
turbulent lean premixed hydrogen/air jet flame, at a jet Reynolds number of 11000, has been performed using an
elevated pressure of 20 atm and a temperature of 700K in the unburned mixture, similar to the typical conditions
of gas turbines for electricity production. The results are compared with a low-pressure/low-temperature DNS
similar to that presented by Berger et al. [4]. The two flames have the same Reynolds number and a very similar
Karlovitz number to isolate the effect of increased temperature and pressure. It is worth noting that the increase
of pressure tends to enhance thermodiffusive effects and the instability, while the increase of temperature has the
opposite effect [2, 3]; therefore, it is of interest to investigate the simultaneous change of the two parameters to
support the extrapolation of data from ambient conditions to gas-turbine settings.

Figure 1: Visualisation of the temperature field in a 2D slice for the DNS of the flames at low and high pressure.

A comparison of the temperature field in the two cases is shown in Fig. 1. The temperature field is similar, with
superadiabatic temperatures that exceed the temperature in the coflow, in both cases; however, the low-pressure
case shows slightly higher temperature overshoots, in particular in the finger regions typical of thermodiffusively
unstable flames. On the other hand, the high-pressure case shows a smaller size for the typical structures related to
the thermodiffusive instability, consistently with the analysis in both the linear and non-linear regimes for laminar
flames at high pressure [2, 3].

Figure 2 shows the joint probability density function (jPDF) of the progress variable C with the normalised
temperature T and the mixture fraction Z, the corresponding conditional means, and the solution in 1D laminar
unstretched freely propagating flames at the same conditions. It is observed that the scatter is smaller in the high
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pressure conditions, while the deviation of the conditional means from the 1D solution is larger for the high-
pressure case. This suggest that the impact of turbulence on the local burning behaviour is weaker in the high
pressure case, probably due to a different impact of curvature on the local burning rate, while the overall mean,
which has been shown to be strongly related to the mean turbulent strain by Berger et al. [5], is more affected
at high pressure. This last observation is quantified more clearly in Fig 3, which shows the deviation of mixture
fraction from the 1D solution. For the high-pressure case, the mean mixture fraction deviates more from the 1D
solution compared to the low-pressure flame.

It is concluded that thermodiffusive instabilities are enhanced at elevated pressures and temperature. The
relative increase of the average mixture fraction in the turbulent flames compared to the mixture fraction in a
laminar 1D flame, which is a reliable measure of thermodiffusive effects, was found to be larger in the high-
pressure/high-temperature case in comparison to that at low pressure and low temperature. These observations
suggest that the synergistic interactions between thermodiffusive instabilities and turbulence is enhanced at high-
pressure conditions.

Figure 2: Joint probability density functions of the
progress variable C with the normalised tempera-
ture T and the mixture fraction Z for the two flames
at low and high pressure. The lines are conditional
means for the 3D DNS and for 2D laminar unsta-
ble flames at the same conditions and are compared
with the solution in 1D laminar unstretched freely
propagating flames.

Figure 3: Deviation of the conditional mean of mix-
ture fraction from the solution in 1D laminar un-
stretched freely propagating flames at the same con-
ditions. The results are shown for the 3D DNS of
the flames at low and high pressure and for 2D lam-
inar unstable flames at the same conditions.
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ABSTRACT 

In this study, our previously proposed direct moment closure (DMC) model is applied to the large eddy 

simulation (LES) of the KAUST piloted ammonia flame from the TNF workshop. The simulation results are 
compared with the experimental data for model validation. The LES-DMC results show a good agreement 

with the experimental measurements in terms of the quantitative statistics of temperature and mixture fraction. 

The simulation results validate the predictive capability of the DMC model for ammonia combustion. 

INTRODUCTION 

Ammonia (NH3) is considered a promising hydrogen carrier and carbon-free fuel to achieve the goals of 

reducing carbon emissions and sustainable energy use. Large eddy simulation (LES) is an important tool for 
the research of turbulent ammonia combustion. To accurately simulate turbulent ammonia combustion, high-

fidelity turbulent combustion models need to be developed to account for the complex turbulence-chemistry 

interactions. In our previous studies, we proposed a direct moment closure (DMC) model [1, 2], originally 

from the second-order moment model [3]. The DMC model is methodologically applicable to different 

combustion regimes and has been extended to multi-step reactions with higher-order moments closed. The 

previous validation of the DMC model focused on flame configurations of conventional hydrocarbon fuels. In 

this study, the DMC model is further applied to simulate a benchmark configuration of KAUST piloted NH3/H2 
flame [4] from the TNF workshop. 

METHODOLOGY 

The KAUST piloted NH3/H2 flame D [4] from the TNF workshop is selected as the target configuration, which 

is composed of three inlet streams, i.e. jet, pilot, and coflow. The computational domain is a cylinder with a 

diameter of 20D and a length of 40D, which is discretized by a grid number of 1.89×106. The skeletal chemistry 

mechanism [5] containing 31 species and 203 reactions is used. The subgrid-scale stress tensor is modeled 

using the Smagorinsky model. The direct moment closure (DMC) model [1, 2] is utilized for the modeling of 

turbulence chemistry interactions (TCI). The boundary conditions are velocity inlet and pressure outlet. The 

velocities of the pilot and coflow are set to the fixed value of 6.55 m/s and 0.8 m/s, respectively. The inlet 
boundary of the fuel jet velocity is set as the turbulent inlet with a fluctuation scale of 10%. The inlet boundary 

conditions for temperature and species mass fractions are summarized in Table 1. The simulation end time is 

0.08 s and the last 0.04 s  is used to make statistics to get the mean and RMS values. The total computational 
cost is 58880 core-hours. 

Table 1 Inflow parameters of the KAUST piloted NH3/H2 flame D. 

Parameters Jet Pilot Coflow 

T [K] 293.5 2047 296.6 

!"#
 [-] 0.1574 0.0203 0.232 

!$#
 [-] 0.6394 0.7746 0.768 

!$%&
 [-] 0.1770 0 0 

!%#
 [-] 0.0262 0 0 

!%#"
 [-] 0 0.2033 0 

!"% [-] 0 0.0018 0 

 

RESULTS AND DISCUSSION 

Only partial results are shown here for simplicity. Figures 1 and 2 show the radial profile of the time-averaged 
values and rms fluctuations of temperature and mixture fraction for flame D. In the statistics of the mean 

temperature, the DMC model can accurately capture the peak values and spatial distribution at the upstream 

locations of z/D = 1~10. The temperature near the axis is underestimated at locations of z/D = 15 and 20, which 
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is attributed to the insufficient development of turbulence in the simulation compared with the experiments. 

This can also be supported by the underprediction of rms fluctuations of temperature. Compared to the 

temperature prediction, the simulation results of the mixture fraction show a better agreement with the 

experimental measurements, as shown in Fig. 2. Overall, the DMC model exhibits excellent performance in 
predicting the spatial distribution of temperature and mixture fraction. 

 
Fig. 1 Radial profiles of time-averaged values and rms fluctuations of temperature for the flame D at various 

axial locations. Lines: LES mean (solid), LES rms (dash-dot); symbols: experimental data. 

 
Fig. 2 Radial profiles of time-averaged values and rms fluctuations of mixture fraction for the flame D at 

various axial locations. Lines: LES mean (solid), LES rms (dash-dot); symbols: experimental data. 

CONCLUSIONS 

In this work, the DMC model has been incorporated with LES and used to simulate the KAUST piloted 

ammonia flame. The simulation results using the LES-DMC method are compared with experimental data for 
model validation. The LES-DMC results show good agreement with the experiment data in terms of the radial 

distribution of mean and fluctuation values of the temperature and mixture fraction. The mass fractions of 

major and minor species at different axial locations are also well predicted. Overall, the DMC model is well-
validated and shows great potential for future application in ammonia combustion modeling. 
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