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Summary 

The 15th TNF Workshop (International Workshop on Measurement and Computation of Turbulent 

Flames) and the 17th PTF (Premixed Turbulent Flames) Workshop were held as a combined event on 

July 22-23, 2022 at the Coast Cole Harbor Hotel in Vancouver, Canada.  Traditionally, TNF and PTF have 

used different formats, with PFT consisting of relatively short, contributed presentations and TNF 

consisting of longer “curated” sessions on pre-selected focus topics.  Overall participation (roughly 80) 

was lower than expected, due to lingering effects of the corona virus pandemic.  This prompted the 

organizers to combine and blend the programs and presentation styles of the normally-separate 

workshops.  Feedback on this combined approach was generally very favorable, and the PTF and TNF 

Organizers have discussed the possibility of using a similar approach for at least a part of 2024 

workshops in Milan. Italy.  These Proceedings follow the format for past TNF Workshops but include 

information and presentations from the full TNF/PTF program.  Slides from PTF contributors are also 

available from the PTF web site.   

A key part of each TNF Workshop has been to present collaborative comparisons of experimental and 

computational results for selected target flames that are intended to challenge the state-of-the-art in 

turbulent combustion simulations, while sticking to relatively simple burner geometries and fuels.  For 

2022, the comparisons were coordinated by Benoit Fiorina and targeted selected cases from the 

Darmstadt multi-regime burner (MRB).  There were also TNF-style sessions on: modeling challenges 

associated with combustion of hydrogen; combustion of ammonia as an energy/hydrogen carrier; 

flame-wall interaction; combustion machine learning; and compressible/supersonic combustion.  

Contributed PTF talks on topics related to these TNF sessions were grouped accordingly in the agenda, 

while PTF contributions on other topic were grouped into separate PTF-style sessions.  

A summary of each TNF-style session (except supersonic combustion) is included in the Proceedings, 

along with presentation slides.  Only a few points from those summaries are listed here.   

• Hydrogen Flames:  Present combustion models do not capture the effects of thermo-diffusive 

instabilities in turbulent H2 flames.  Predictive and validated models are required in view of 

the transition toward sustainable fuels.  Currently available DNS and experimental databases, 

as well as needs for new cases, were discussed, and it was proposed that all those interested 

in collaborating hydrogen combustion should contact Heinz Pitsch (h.pitsch@itv.rwth-

aachen.de) to be added to the e-mail list. 

• Ammonia Combustion:  There is growing interest in ammonia as carbon-free energy carrier, 

but there are many open questions regarding its deployment in combustion devices, including 

challenges related to flame stability and pollutant formation.  Recent DNS results from SINTEF, 

Sandia, and KAUST on turbulent combustion of pure or partially-cracked ammonia were 

reviewed, with emphasis on the importance of thermo-diffusive instabilities in NH3/H2/N2 

flames, sensitivity to equivalence ratio of the formation of NOx and N2O, the need for accurate 

chemical kinetic mechanisms for use in DNS and LES, and pressure effects on NH3/H2/N2 

flames.  Progress on diagnostic developments for ammonia flames, experiments on the 

resilience to blowout of laminar and turbulent premixed flames of partially cracked ammonia, 

and initial comparisons of measured and simulated results on turbulent non-premixed jet 

https://sites.google.com/view/ptf-workshop/vancouver-2022


 
 
 

flames of partially cracked ammonia at 5-bar pressure was outlined.  Three potential test cases 

for were proposed for measurement campaigns at KAUST to provide datasets for TNF16. 

• Multi-Regime Combustion:  The session consisted of a brief overview of the Darmstadt multi-

regime burner (MRB) and available experimental data, a brief review of the Gradient Free 

Regime Identification (GFRI) approach as applied to experimental data and LES data, and 

collaborative comparisons of simulation results on selected MRB cases from ten contributing 

groups. The objective of the joined numerical study is to give a state-of-the-art of turbulent 

combustion modeling community.  Causes of significant differences among predictions of CO 

were discuss, and possibilities for new target cases emphasizing stratified or multi-regime 

combustion hydrogen were discussed.   

• Flame-Wall Interaction:  Flame-wall interaction (FWI) has been a TNF topic since 2014.  This 

session provided updates on recent numerical progress (six contributing groups) and 

experimental progress (four contributing groups), conclusions regarding common challenges 

and findings from the different FWI studies, and recommendations on future research needs 

and priorities. 

• Combustion Machine Learning:  This session was organized to provide the TNF community 

with an overview of ML techniques and their application to TNF/PTF-related problems in 

combustion.  To this end, this session solicited and reviewed contributions from the TNF/PTF 

research community, resulting in a total of eleven contributions.  The discussion session 

evolved around four main topics:  i) data and how TNF/PTF existing database can be leveraged 

for CombML applications;  ii) the integration of ML into TNF and PTF workshops;  iii) pathways 

for establishing ML-models, best practice, and benchmarks for ML training and ML evaluation; 

and iv) the integration of domain knowledge into CombML. 

The workshop concluded with a panel discussion and general discussion on “Key Points, 

Opportunities, and Priorities.”  Excerpts from the summary of that discussion session (written by K. 

Ahmed, A. Dreizler, C. Hasse (chair), M. Ihme, and H. Im) are included below.   

In the final discussion, we took up the key points of the two days.  The challenges for the future are 

especially new fuels for CO2-neutral/CO2-free combustion (H2, NH3, and blends, MeOH, EtOH, OME, 

DMC, SAF).  Secondly, physical phenomena or conditions of turbulent flames, including high Ka, high 

pressure, turbulent flames close to the stability limit, and flame wall interactions are of particular 

interest.  As a starting point for the discussion, three possible targets for the next 2 years were 

formulated: 

1. Consolidated chemistry for NH3 – use in DNS and LES 

2. Transport processes/differential diffusion in turbulent flames (esp. new fuels) 

3. Experimental and DNS configurations that build on TNF heritage 

 

The key outcomes of the discussion were: 

There is a great need for NH3 kinetics, so kinetics experts from our community should be integrated 

into the workshop.  The goal is to have a common mechanism for DNS and LES. 



 
 
 
Reference configurations for the new fuels will be defined, with two possible options: 

1. Some blends can probably be investigated in known reference burners.  For this purpose, 

planning is currently underway at the various locations, including Darmstadt and KAUST.  The 

big advantage for the modeling is that simulation setups are available, and several groups 

worldwide have experience regarding the specifics of the respective configurations. From 

previous TNF workshops there is extensive knowledge regarding the comparison of the 

simulations. 

2. New burners, e.g. for pure H2 or NH3/H2 mixtures, are currently under development.  These 

can be either a new design or a modification of previous configurations.  One example is the 

stratified/steam diluted H2 burner (CORIA, EM2C) as a further evolution of the previous burner 

from T. Schuler.  Depending on the funding opportunities in the respective countries, several 

new configurations are expected to become available in the next few years. 

Regarding the quantities to be quantified experimentally, the discussion participants emphasized that 

NO is a crucial quantity for the validation of the model.  This should be measured locally in laminar 

and turbulent flames. 

DNS should be integrated into the investigations from the beginning and provide further information 

that the experiments and LES cannot deliver.  As far as possible, phenomena such as flame stabilization 

and ignition should also be investigated.  LES of the DNS configuration could become a part of the 

model comparisons like the reference experiments. 

The participants in the discussion were in favor of having a TNF 15.5 in about a year's time, in 

preparation for TNF16 in Milan. 

 

Thanks to all who contributed. 

 

TNF15 Organizing Committee: 

Robert Barlow, Andreas Dreizler, Benoit Fiorina, Christian Hasse, Matthias Ihme, Andreas Kempf, Peter 

Lindstedt, Gaetano Magnotti, Assaad Masri, Joseph Oefelein, Heinz Pitsch, Zhuyin Ren, Luc Vervisch 

PTF17 Organizing Committee: 

Andy Aspden, Aaron Skiba, Sina Kheirkhah 
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Pressure effects in hydrogen-enriched flames

Martin Rieth1, Andrea Gruber2, Jackie Chen1

1Sandia National Laboratories, 2SINTEF Energy Research

07/22/2022
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NH3/H2/N2-air, φ = 0.45, Tu=750 K, Ka ∼ 600, Ret ∼ 1000, 1 & 10 atm

How does pressure affect preferential diffusion effects?

Same turbulence-flame

interaction properties for 1

and 10 atm (Re does not

increase with pressure here)

Strong shear-driven turbulence disrupts the flame front

More wrinkling and cellular structures at 10 atm, disrupted preheat layer at 1 atm

Strong super-adiabaticity at 10 atm
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NH3/H2/N2-air, φ = 0.45, Tu=750 K, Ka ∼ 600, Ret ∼ 1000, 1 & 10 atm
∫
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There are clear differences in how 1 and 10 atm flames look like qualitative
(stronger super-adiabaticity and flame thinning at 10 atm)

The decrease in flame thickness with pressure does not explain observed effects
because its ratio to all other timescales stays the same
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H2-air, φ = 0.3, Tu=750 K, effect of pressure on 1D unperturbed flames
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H2-air freely propagating flames (2D) at various Tu, p and φ
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Can pressure effects purely be described by non-dimensional numbers? Are
‘pressure effects’ actually unique to pressure?

Rieth et al., C&F 2023.
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2-D/3-D H2-air flame parameters
Case P1 P10 P20 P1-10 P1-20 P10-1 P20-1
P 1 10 20 1 1 10 20
Tu 750 750 750 560.6 486.67 1057.5 1097.5
φ 0.3 0.3 0.3 0.23125 0.2235 0.31 0.37

sl 3.50 0.54 0.21 0.23 0.06 8.71 9.85
δl 5.0E-04 6.8E-05 7.1E-05 1.0E-03 2.4E-03 3.54E-05 1.67E-05

LeeffLeeffLeeff 0.43 0.39 0.38 0.37 0.36 0.44 0.46
ZeZeZe 5.3 12.1 19.6 12.1 20.1 4.8 5.1
MaMaMa 0.13 -1.67 -3.63 -1.67 -3.65 0.12 0.12
PePePe 1.35 0.30 0.18 0.29 0.15 1.64 1.58
ω2 0.20 3.91 8.07 4.43 10.06 -0.02 0.00

I0 (free) 1.00 1.52 2.05 1.59 2.21 0.99 0.87
δ/δl (free) 1.39 0.70 0.47 0.72 0.51 1.17 1.53

u′/sl 21.31 46.55 51.86 45.89 51.73 21.41 21.62
lt/δl 2.25 4.91 5.47 4.84 5.45 2.26 2.28
ηK/δl 0.013 0.028 0.031 0.027 0.031 0.013 0.013

Table: Overview of 2-D/3-D DNS cases. The parameters I0 (free) and δ/δl are obtained from
freely propagating 2-D flames, ω2 is calculated using the model by Matalon et al. (2003). All
cases feature Ka = 300, Ret = 1000 and Da = 0.1 (based on thermal flame thickness).
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Lean 3-D H2-air flames with homogeneous turbulence

P10 (750 K, φ = 0.3) and P1-10 (561 K, φ = 0.23) show stronger flame response

P1-10 matches conditions of P10 (10 atm) at atmospheric pressure

Pressure effects can be mimicked by ‘weakening’ the flames via temperature and
equivalence ratio (previous work has shown that lowering temperature amplifies
instabilities, e.g., Berger, C&F 2022)
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Lean 3-D H2-air flames with homogeneous turbulence
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Lean 2-D H2-air flames with pseudo-turbulence
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corresponding matching cases)
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Lean 2-D H2-air flames with pseudo-turbulence
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Lean reheat hydrogen-air flames (T∼1100 K, pressure of 5 bar, φ = 0.35)

Reheat flame at 5 atm shows intermittent instabilities/auto-ignition events

Reheat flame dynamics are governed by atomic H rather than molecular H2

diffusion (in regions with negative curvature - concave towards reactants)

Rieth et al., C&F 2022; Gruber et al., C&F 2021
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Conclusions & Outlook

Lean NH3/H2/N2-air flames show amplified thermo-diffusive instabilites at high
pressure - despite high turbulence level

Increased role of diffusion at elevated pressure observed in canonical cases with
lean hydrogen-air mixtures (e.g., 2D flame subject to monochromatic shear)

Peclet number definition offers potential to model pressure effects

3D lean hydrogen-air flames at atmospheric and elevated pressure show similar
qualitative features as NH3/H2/N2-air flames - stronger thermo-diffusive effects

Pressure effects can be mimicked at atmospheric pressure - potential avenue for
experiments?
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Akihiro Hayakawa, Hideaki Kobayashi

Institute of Fluid Science, Tohoku University, Japan

Combustion characteristics of
ammonia/air premixed turbulent flame
at high pressure and high temperature

TNF and PTF Workshops,
Vancouver, Canada
21/Jul/2022

Previous report at Dublin workshop
Turbulent combustion of NH3/H2/Air flames

2

Experimental setup for high pressure turbulent combustion

CH4/air

P=0.5 MPa, = 1.0, 
Le=1.05 NH3/H2/air, Le<<1.0 

Non-uniformity of OH profiles and OH-PLIF intensity compared to methane/air flames.
The difference can be explained from the difference of the role of OH in ammonia and 
methane flames.
We tried NH3/air flame this time.



Experimental setup for NH3/air turbulent combustion

To stabilize ammonia/air flame 
on the nozzle burner, mixture 
was pre-heated to 573 K.

Experimental conditions
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NH3/air 0 573 0.5 0.9 14.61 0.098 0.961 

NH3/H2/air 0.4 298 0.5 0.8 12.56 0.0451 0.577 

NH3/H2/air 0.4 298 0.5 1.0 14.50 0.0408 0.759 

CH4/air 0 298 0.5 0.9 18.09 0.0246 0.952 

Experimental condition on Peters diagram

0.3 MPa

0.5 MPa
CH4/air

NH3/air@573K

NH3/H2/air

Experimental condition at which ST can be evaluated

Most of experimental conditions are in Corrugated flamelets region.
Experimental conditions locate slightly left on the Peters diagram because of thicker 
preheating zone thickness of ammonia/air flames.



NH3/air turbulent flame images for = 0.9

Flame front wrinkling increases with pressure.
5

P = 0.5 MPa, u'/SL 2.1

3000 [fps]
1/frame [s]

Uave = 2.00 m/s
u'/SL = 2.01

Uave = 2.75 m/s
u'/SL = 2.35

Uave = 1.00 m/s
u'/SL = 1.30

Uave = 2.00 m/s
u'/SL = 1.90

20 mm 20 mm 20 mm 20 mm20 mm

P = 0.3 MPa P = 0.5 MPa

value was adjusted

Comparison of OH-PLIF images at 0.5 MPa

6

Flame front of NH3/air flames are relatively smooth.

NH3/air
573 K

= 0.8
u'/SL 2.4

NH3/air
573 K

= 0.9
u'/SL 1.9

10 mm10 mm 10 mm

CH4/air [1]
298 K

= 0.9
u'/SL 2.7

NH3/H2/air [1]
298 K

xH2
= 0.4, = 1.0
u'/SL 2.9

NH3/H2/air [1]
298 K

xH2
= 0.4, = 0.8
u'/SL 2.7

[1] Ichikawa, PhD dissertation, Tohoku University (2019)

20 mm20 mm



ST/SL and surface density, peak
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u'/SL (-)

  = 0.8   = 0.9P (MPa)

0.3

0.5

Ammonia/air

T = 573 K

P
NH3/air

ST/SL and the peak value of flame surface density increase with pressure.

The change in these values with equivalence ratio was not observed clearly.

ST/SL

peak
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Turbulent benchmark flames

Workshop on measurement and computation of turbulent 
flames (TNF)

A wide range of different benchmark flames

Multi-regime / multi-mode combustion as topical issue

Experimental data: [1] D. Butz et al. Combust. Flame (2019)  
[2] R.S. Barlow et al. Combust. Flame (2015)
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Multi-regime combustion affects

Flame stability

Flame structure, e.g. pollutant emission

Challenging for combustion modeling, e.g. CO modeling [1,4]

[1]

[3] S. Meares and A.R. Masri Combust. Flame (2014)  
[4] Popp et al., Proc. Comb. Inst. 38 (2021)
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Multi-regime combustion affects

Flame stability

Flame structure, e.g. pollutant emission

Challenging for combustion modeling, e.g. CO modeling [1,4]

[1]

[3] S. Meares and A.R. Masri Combust. Flame (2014)  
[4] Popp et al., Proc. Comb. Inst. 38 (2021)

Technical combustion application
More complex flow and mixing patterns – and flame structures

Multi-regime/Multi-mode combustion* 
Local reaction zone can combine characteristics of 

premixed and non-premixed flames 

*Different conventions can be found in the literature, e.g. 
The term “partially premixed” refers here to situations where the fluid parcel is compositionally 

inhomogeneous … Mixing continues to occur in this parcel so that diffusion-like reaction 
zones as well as premixed propagating layers may exist within close proximity. 

(A. Masri, Proc. Comb. Inst. 35:1115-1136 2015)

 Darmstadt Multi Regime Burner (MRB)
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Darmstadt Multi Regime Burner (MRB): Design

Jet: rich mixture, 105 msିଵ

Slot 1: air, 7.5 … 15 msିଵ

Slot 2: lean mixture
(𝜙ୗ୪୭୲ ଶ = 0.8), 20 msିଵ

Premixed outer reaction zone
Recirculation zone

Lifted inner reaction zone

Three concentric outlets:

Bluff body

water
(80°C)

MRB 26 b

𝜙୎ୣ୲ = 2.6 𝑢ୗ୪୭୲ ଵ = ൝
7.5 msିଵ (a)

15 msିଵ  (b)

Denomination scheme:

𝜙୎ୣ୲

𝑢
ୗ

୪୭
୲ 

ଵ

Setpoints:

14a 18a 22a 26a 318a

14b 18b 22b 26b 318b

Nozzle diameters:

Jet: Inner diameter 3 mm, outer diameter 3.3 mm 

Slot 1: Outer diameter 7 mm

Slot 2: Inner diameter 40 mm, outer diameter 60 mm

6

Darmstadt MRB: Configurations

𝜙୎ୣ୲

𝑢
ୗ

୪୭
୲ 

ଵ

Setpoints:

14a 18a 22a 26a 318a

14b 18b 22b 26b 318b

𝜙୎ୣ୲

Three inlet streams, operated
independently in

Equivalence ratio

Exit velocity

Fixed equivalence ratios for Slot 1 and  
Slot 2

𝜙୎ୣ୲ = 1.4 / 1.8 / 2.2 / 2.6 / 3.18 

corresponding to flame configurations
14a, 18a, 22a, 26a, 318a
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Darmstadt MRB: Flame configurations and flame stabilization

Recirculation zone between Slot 1 and 
Slot 2, stabilized by conical bluff body

Additional air coflow (1 m/s) around 
the outer body of the burner shields 
the flame and provides well-defined 
boundary conditions

𝜙୎ୣ୲

𝑢
ୗ

୪୭
୲ 

ଵ

Setpoints:

14a 18a 22a 26a 318a

14b 18b 22b 26b 318b

* The heights correspond to the measurement 
planes of the Raman measurements.

8

Darmstadt MRB: Experimental data (Sandia)

Multi-scalar measurements (Sandia)

Raman/Rayleigh/CO-LIF:

Main species: 
CH4, O2, N2, CO, H2, CO2, H2O

1D measurement

Data spacing 20 µm for all measurements

5 Hz

Radial profiles, 500 samples

Up to 5000 samples at inner zone

Optical Resolution of 40 - 60 µm
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Darmstadt MRB: Experimental data (Darmstadt)

Multi-scalar measurements (Darmstadt)

Raman/Rayleigh:

Main species: 
CH4, O2, N2, CO, H2, CO2, H2O

1D measurement

Data spacing 20 µm for all measurements

5 Hz

Radial profiles, 500 samples

Up to 5000 samples at inner zone

Optical Resolution of 120 µm 
(10 pixels binning)

No denoising necessary due to 
higher SNR

10

Darmstadt MRB: 1D Raman/Rayleigh setup (Darmstadt vs. Sandia)

Darmstadt[1] Sandia[2]

Scalar
Precision 

(%)
Accuracy 

(%)
Equivalence 

ratio ϕ 

T 1.2 2 1.0

N2 2.6 1 1.0

CO2 5.8 4 1.0

H2O 4.0 3 1.0

CO 14.4 8 1.3

H2 16.5 8 1.3

[2] R. S. Barlow, G. -H. Wang, P. Anselmo-Filho et al. PCI (2009)[1] S. Shi, A. Breicher, J. Trabold et al. AECS (submitted)

Scalar
Precision 

(%)
Accuracy 

(%)
Equivalence 

ratio ϕ 

T 0.8 2 1.0
N2 0.7 2 1.0

CO2 3.2 4 1.0
H2O 2.4 3 1.0
CO 4.5 10 1.3
H2 7.5 10 1.3
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Darmstadt MRB: Experimental data (Darmstadt)

Velocity Measurements (Darmstadt)

Particle Image Velocimetry (PIV):

Axial and radial velocity

Non-reacting, 500 samples

Reacting, 1500 samples

10 Hz

Resulting resolution of vector field 300 µm

Simultaneous SO2-PLIF:

Flame front visualization/temperature field

12

Darmstadt MRB: Publications

Raman/Rayleigh
 

Flame regime 
analysis

Raman/Rayleigh

PIV

14 18 22 26 318

a b a b a b a b a b

Sandia
Ram/Ray/CO-LIF

Darmstadt
PIV/PLIF

Darmstadt
Ram/Ray
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Darmstadt MRB: Experimental results - Radial profiles

Slot 2,
𝜙 = 0,8

Jet, 𝜙 = 2,6Slot 1, 𝜙 = 0

30

60

6

MRB 26b

14

Darmstadt MRB: Experimental results – Scatter plots

Slot 2,
𝜙 = 0,8

Jet, 𝜙 = 2,6
Slot 1, 𝜙 = 0

30

60

6

a: Jet + Slot 1
b: Slot 1 + Slot 2
c: Outer flame
d: Slot 2 + coflow

MRB 26b
h = 6 mm: Mixing of Jet and Slot 1 
and of Slot 1 and lean products from
outer premixed zone

Farther downstream:
MRB18b: Near-stoichiometric
conditions, ranging from unburnt to
burnt states
MRB26b: Mixing between unburnt
fuel-rich and burnt stoichiometric
conditions

Line c: Transit of outer flame brush
(from hot products to cold
reactants)
Line d: Mixing layer between cold
reactants (Slot 2) and coflowing air
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Darmstadt MRB: Experimental results – Scatter plots

Slot 2,
𝜙 = 0,8

Jet, 𝜙 = 2,6Slot 1, 𝜙 = 0

h = 6 mm: 
Cold mixing between Jet and Slot 
1 and between Slot 1 (air) and 
Slot 2  Zero CO values
Outer premixed reaction at edge
of bluffbody

Farther downstream:
Second region of local reaction, 
richer than Slot 2, apparent
Higher levels of CO, due to higher
fuel concentrations,

close to stoichiometric
(MRB18b)
fuel-rich (MRB26b)

Separation between inner and 
outer reaction zone

30

60

6

MRB 26b

a: Jet + Slot 1
b: Inner flame
c: Outer flame
d: Slot 2
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Darmstadt MRB: Intermediate Summary

Experimental data:

Major species and temperature 
(Raman/Rayleigh and CO-LIF) [1]

Velocity field (PIV) [2]

Designed to allow for a variety of combustion regimes in single flame configuration with well-defined boundary 
conditions. 

CH4/air flame

Three inlet streams (jet, slot 1, slot 2)

Varying jet flow conditions

Pure air issuing from slot 1 and lean mixture (𝜙 = 0.8) from slot 2

[1] D. Butz, S. Hartl, S. Popp et al. Combust. Flame (2019)

[3]

[2] D. Butz et al. Proc. Euro. Combust. Meeting (2019)  [3] D. Butz, RSM (2018)   

[1]

[1]
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Regime identification from Raman/Rayleigh line measurements

Hypotheses:

1. Major species and temperature from experiment are 
footprint of thermochemical state/combustion regime

2. Full thermochemical state can be approximated by 
constrained 0D simulation

3. Relevant flame markers can be calculated from 
approximated state

4. Combinations of flame markers reliably detect and 
characterize reaction zones

ExperimentExperiment

ApproximationApproximation

Flame markersFlame markers

IdentificationIdentification

Gradient-Free Regime Identification (GFRI)

Bilger mixture
fraction

Chemical 
explosive mode

Heat release
rate
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Validation and applications of GFRI

2018: Introduction of GFRI and application 
to experimental and numerical data

2019: Importance of flame regimes 
based on correlations among HRR, ZCM 
and ΔCM

2019: GFRI validation on DNS data of 
turbulent high Karlovitz flames

2019: Regime maps of reactions 
zones in multi regime burner, prior 
analysis

2021: GFRI analysis of piloted 
inhomogeneous jet flame series with local 
extinction/re-ignition

2020: Training of CNNs for regime 
detection based on GFRI and 
Raman/Rayleigh data

20

GFRI – Assessing relative importance of reaction zones
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y (mm)

Z
CM
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st Z

HRR

HRRmax directly at CM zero-crossing and close to Zst

Maximum far greater than HRR in negative CM region

High value in ΔCM (ΔCM = 8.9) 

HRR in negative CM region exceeds HRRCM 
by more than a factor of 10

Small ΔCM (ΔCM = 5) 

RoI – region of interest (0.5 mm in negative CM direction) 

Dominantly premixed structure Dominantly non-premixed structure
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GFRI – Assessing relative importance of reaction zones

y (mm)

Z

H
R
R

(J
/k

g/
s)

300

900

1500

2100

T
(K

)

C
M

( e)

1

2

3 1010

0.025

0.05

0.075

-4

-2

0

2

4

42 3

RoI

Δ
C
M

Z
CM

Z
st Z

HRR

Multi-regime structures

Premixed and non-premixed structures in close proximity

Both contribute significantly to overall heat release

HRRେ୑ > HRR୒୔
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Flame regime characterization based on GFRI approach
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GFRI analysis on single sample line [1] MRB 26b: overall flame regime distribution

Multi-regime reaction zones combine premixed and non-premixed characteristics in close proximity

Flame regime parameter

Large amount of multi-regime characteristics 
identified within the inner reaction zone 
(𝑟 < 10mm) [1]

[1] D. Butz, S. Hartl, S. Popp et al. Combust. Flame (2019)
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Combustion modeling with tabulated chemistry

Tabulated manifolds applied for regime identification 

Combustion modeling using flamelet-based chemistry tabulation rely on flame structure assumptions, 
e.g. being either premixed or non-premixed

F
la

m
e
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n
fig

u
ra
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ns

Ta
b

u
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m
a

n
ifo

ld
s

Comparison of tabulated manifolds

Different flame structures!

Is a flame regime identification still 
possible?
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GFRI using results from tabulated chemistry (prior analysis)

LBS – lean back-supported

MR – multi-regime

Applicability of tabulated chemistry to 
identify multi-regime combustion effects?

GFRI based on tabulated flame-markers

Overall trend captured by all tabulation 
approaches

For correctly predicted local transport, the 
identification of the correct regime is expected

P – premixed

DP – dominantly premixed

NP – non-premixed

DNP – dominantly non-premixed

Procedure of combined prior and GFRI analysis

Results of MRB 26b configuration
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GFRI using results from tabulated chemistry (prior analysis)

LBS – lean back-supported

MR – multi-regime

Applicability of tabulated chemistry to 
identify multi-regime combustion effects?

GFRI based on tabulated flame-markers

Overall trend captured by all tabulation 
approaches

For correctly predicted local transport, the 
identification of the correct regime is expected

P – premixed

DP – dominantly premixed

NP – non-premixed

DNP – dominantly non-premixed

Procedure of combined prior and GFRI analysis

Results of MRB 26b configuration

Flamelet-based models can correctly predict flame regimes
even multi-regime combustion and despite flame structure assumption

Next: application in combustion LES
general applicability to LES was verified by analysis on filtered experimental 

data
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LES setup – solver, mesh and boundary conditions

OpenFOAM: 2nd order spatial and temporal discretization

Mesh: hexahedral O-grid with 31.1 million cells
0.1mm ≤ Δୡୣ୪୪ ≤ 0.2mm in jet core region

0.3mm ≤ Δୡୣ୪୪ ≤ 0.4mm in outer reaction zone

Turbulent inflow conditions from precursor LES using dynamic sigma model [1]

∅ 0.4 m

0
.1

8
2

 m

slot 2

slot 1jet

ve
lo

ci
ty

je
t

[m
/s

]
ve

lo
ci

ty
sl

ot
1 

a
nd

2 
[m

/s
]

[1] F. Nicoud et al. Phys. Fluids 23 (2011) 
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LES setup – combustion model

LES – artificial thickened flame (ATF) with tabulated chemistry

Premixed combustion model (FGM)

Manifold constructed from adiabatic 
freely-propagating flames

Progress variable YC=YCO2+YH2O

ATF model [1] with grid adaptive thickening factor (F) and 
efficiency function (E) by Charlette [2]

Thickening spatially limited by tabulated flame sensor Ω [3]

Additional CO transport equation,               , source term 
treatment following [4,5] 

Tabulated chemistry Turbulence-chemistry interaction

[4] M. Ihme and H. Pitsch. Phys. Fluids 20 (2008) [2] F. Charlette et al. Combust. Flame 131 (2002) 

[1] O. Colin et al. Phys. Fluids (2000) 

[5] H. Wang et al. Proc. Combust. Inst. 37 (2019) 

[3] S. Popp et al. Combust. Flame 206 (2019)
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Gradient-free regime identification in LES 

P – premixed

DP – dominantly premixed

MR – multi-regime

Identification of local flame regime possible

Overall experimental trend captured by LES

Differences at 22.5 and 30 mm result from 
differences in local transport 

NP – non-premixed

DNP – dominantly non-premixed

LBS – lean back-supported
LBS

Flammenregime

NP DNP MR DP P

Z

0.027 0.055 0.09

flame regime

Hartl et al., 30. Deutscher Flammmentag (2021)
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Gradient-free regime identification in LES 

P – premixed

DP – dominantly premixed

MR – multi-regime

Identification of local flame regime possible

Overall experimental trend captured by LES

Differences at 22.5 and 30 mm result from 
differences in local transport 

NP – non-premixed

DNP – dominantly non-premixed

LBS – lean back-supported
LBS

Flammenregime

NP DNP MR DP P

Z

0.027 0.055 0.09

flame regime

Hartl et al., 30. Deutscher Flammmentag (2021)

 Complexity of the flame can be recovered in the LES

Benefit for model evaluation and development: A quantitative 
measure for the combustion regime/mode of reaction zone 































































































How Different is Burning 
Turbulence? and
Does it Matter?
Askar Kazbekov, Adam M. Steinberg

Daniel Guggenheim School of Aerospace Engineering
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PTF/TNF Workshop
Vancouver, Canada 
July 22-23, 2022

1

𝜌̅
𝑢෤௜

𝜕𝑝̅

𝜕𝑥௜
− 𝑢௜

𝜕𝑝

𝜕𝑥௜
 

ୗ୳ୠ୤୧୪୲ୣ୰ ௣ି௨ 

• Combustion ⇒ increased 𝜈 ⇒ increased diffusion and dissipation

• Combustion can act as a source or sink of turbulent fluctuations
• Flame scale vorticity or kinetic energy
• Part of this depends on pressure and dilatation

• Baroclinic torque (vorticity)
• SFS pressure-velocity correlation (kinetic energy)

Effects of Combustion on Turbulence

Geike et al., CNF, 197 (2018)

𝛻𝑝

𝛻𝑝

• Combustion can redistribute kinetic 
energy across scales

𝛼ௌீௌ > 0 ⇒ mean 
backscatter

O’Brien et al., PROCI, 36 (2017)

1

𝜌ଶ  𝜔௜𝜀௜௝௞

𝜕𝜌

𝜕𝑥௝

𝜕𝑝

𝜕𝑥௞

୆ୟ୰୭ୡ୪୧୬୧ୡ ୲୭୰୯୳ୣ

Baroclinic torque increases 
with turbulence intensity/flow 
rate in swirl flames

Kazbekov et al., PROCI, 38 (2021)
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𝛼ௌீௌ > 0 ⇒ mean 
backscatter

O’Brien et al., PROCI, 36 (2017)

1

𝜌ଶ  𝜔௜𝜀௜௝௞

𝜕𝜌

𝜕𝑥௝

𝜕𝑝

𝜕𝑥௞

୆ୟ୰୭ୡ୪୧୬୧ୡ ୲୭୰୯୳ୣ

Baroclinic torque increases 
with turbulence intensity/flow 
rate in swirl flames

Kazbekov et al., PROCI, 38 (2021)

Backscatter in Swirl Flames

Non-reacting flow
〈𝛼ୱ୤ୱ〉 < 0

Forward Cascade

Backscatter

Reacting flow
〈𝛼ୱ୤ୱ〉 > 0

Significant difference!

355 nm

532 nm

Kazbekov et al., CNF, 229 (2021)

Heat release leads to mean backscatter 
around the flame scales for the 

conditions studied

14 m/s bulk velocity flame



Shear Flows And Large-Scale Structures
• Responsible for large-scale mixing and increased reaction rate

Nair et al., PROCI, 36 (2017) Stöhr et al., Exp. Fluids., 2011

Reacting jet in crossflow Swirl-stabilized flame

Helical 
shear layer 

vortex

Shear layer 
vortices

Phase-Conditioned Analysis (Kazbekov & Steinberg, 1G01, Monday right after Hottel
Lecture)

Non-reacting regions

Flame + turbulence

Flame + turbulence
+ vortex

Correspondence between swirling 
strength and mean backscatter!



Next: Influence of Swirl Stronger swirl suppresses 
backscatter!

∇𝑝ఏ ∝
𝜌𝑈ఏ

ଶ

𝑅
𝑆 ∝

𝑈ఏ

𝑈௝

𝛻𝑝ఏ

Next: Stronger Turbulence (Thanks to P. Hamlington)

• Fully-resolved velocity measurements are required for 𝛼ୱ୤ୱ

• Unresolved velocity must be first estimated (i.e. deconvolution)

Fully-resolved data

Regularized deconvolutionScale similarityvan Cittert iterationsTaylor series expansion
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Does It Matter?

• Maybe (capitulation)
• Depends on configuration, conditions, and what needs to be predicted

Poludnenko et al., Science, 366 (2019)

An et al., CNF, 168 (2016)





































































































Flame-Wall Interaction (Organizers: C. Hasse & A. Dreizler)

Experiments

Contributing Institutions: CORIA Rouen, UBW Munich, U Edinburgh, TU Darmstadt

CORIA Rouen TU Darmstadt UBW Munich U Edinburgh TU Darmstadt

Energy conversion (GT, ICE, micro combustion, BL-flashback, …)

Fire safety

2

Wall- – Transport – Wall 



3

1. Flame-cooling air-wall interaction, contributors:

S. Petit, P. Xavier, F. Grisch et al., CORIA Rouen, France

M. Greifenstein, et int., A. Dreizler, TU Darmstadt, Germany

2. Partially-premixed flame-wall interaction, contributors:

M. Pfitzner, R. Dalshad, UBW Munich, Germany

3. Premixed flame-wall interaction: Contributors

B. Peterson et al., U Edinburgh, Scotland

F. Zentgraf, P. Johe, A. Dreizler et al., TU Darmstadt, Germany

TNF15 Workshop

Near-
‘Flame-cooling air interaction’ case in the 

CENTOR test rig 
Dr. Pradip Xavier (PI)

Co-workers: Dr. Sylvain Petit, Dr. Avinash Chaudhary, Antoine Blaise (PhD student) & Prof. Frédéric Grisch

CORIA UMR 6614, Normandy University (CNRS, INSA & University Rouen Normandy), Saint Etienne du Rouvray, France

Publications:

S. Petit, P. Xavier, G. Godard, F. Grisch 4FGeO6:Mn4+ ratio- -objective 

optimization procedure, Applied Physics B (2022) 128, 57, https://doi.org/10.1007/s00340-021-07733-3

S. Petit, B. Quevreux, R. Morin , R. Guillot, F. Grisch, P. Xavier, Experimental investigation of flame-

laser diagnostics, in: ASME Turbo Expo: Power for Land, Sea, and Air

S. Petit, A. Blaise, G. Godard, B. Mille, T. Muller, P. Toutain, F. Grisch

film, 20th International Symposium on applications of Laser and Imaging Techniques to Fluid Mechanics (Lisbon) (2022).
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Research objectives
Near-wall energy processes 

Develop a technical and scientific expertise in the understanding of near-

processes (e.g. flame-

Topic is part of a long-term process for the aircraft motorists

processes (numerical is considered in the short term)

Development of a new test rig mimicking the FCAI + experimental database

-Cooling Air Interaction config (FCAI)
[see recent studies from TU Darmstadt and Univ. Melbourne]:

Pollutant formation (CO, UHC)

Advanced laser diagnostics (development, implementation post-processing)
…

6

Experimental setup (1)

Parameter Value

Thermal power (kW) 18 – 75

Wall temperature (K) 320 – 620

Inlet fresh gas temperature 
(K)

285 – 500

Main flow velocity (m/s) 1.3 – 5.5

Reynolds number (-) 5,000 – 18,000

Isotropic turbulence 8 – 10% 

Fuel CH4

Combustion premixed

80mmx80mm section (length: 210mm)
Ceramic flame holder (diameter: 0.4mm)

-cooled, air film, multi-
perforated)

1 zenithal

-

Turbulence generator (Mazellier, 2010)

CENTOR 

-cooled
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Experimental setup (2)

= =

Parameter Value

Blowing ratio 0.1 – 4

Hole diameter (mm) 1

Slot depth (mm) 2

Lip thickness (mm) 0.5 mm

Inlet air temperature (K) 285 – 600

Air film turbulence 20 – 30%

Blowing ratio

Bogard, 2006; Gosselin, 1999; 
Lefebvre, 2010; Nina, 1971

Air film at the wall: splash cooling system

8

Operating points

main air equivalence
ratio ratio

T inlet
(main & 

slot)

A
22 g/s 0.9 0.5; 

0.75; 1; 
2; 3

298 K

B 14 g/s 0.76 1; 2; 3; 4 298 K

C 26 g/s 0.94 1 298 K

A

B

C

Air injection

Wall

Left flame 
branch

OH* chemiluminescence 
Case B
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Three simultaneous diagnostics 
Wall temperature

Phosphor thermometry
2D (x-

ROI: 28x56 mm2

Flow velocity fields

Particle image velocimetry
-z); 3Hz rep. rate

ROI: 25x130 mm2

Flame front 

OH Planar laser induced 
fluorescence
-z); 3Hz rep. rate

ROI: 20x100 mm2

10

Wall surface temperature
M=0.1Case B

Zone I: No effective thermal protection, M

Zone II: Transition zone

Zone III: Effective thermal shield, independent from M

I

II III

No x-

-gradient visible

Case B

Case A
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Case A Mean progress variable <c> 
(OH-PLIF)

Flame brush (OH-PLIF + post-proc)

magnitude (PIV)

No parietal air film for = 0.5 // Presence of a parietal air film for M > 1

Modification of the <c> interface for M=3, high-deflection into the mainstream

Flame front shape is modification for = 3 more complex interface (misalignment)

12

Flame-cooling air-

Swirling flame: premixed or piloted

Experimental data: Flow field, gas and wall temperature, flame brush, total cooling 

efficiency, reaction rate imaging, heat release rate imaging

Greifenstein, Dreizler; Combustion and Flame 226 

(2021) 455–466

Greifenstein et al.; Experiments in Fluids (2019) 

60:10

Hermann et al.; Flow, Turbulence and Combustion 

(2019) 102: 1025–1052
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1. Flame-cooling air-wall interaction, contributors:

S. Petit, P. Xavier, F. Grisch et al., CORIA Rouen, France

M. Greifenstein, et int., A. Dreizler, TU Darmstadt, Germany

2. Partially-premixed flame-wall interaction, contributors:

M. Pfitzner, R. Dalshad, UBW Munich, Germany

3. Premixed flame-wall interaction: Contributors

B. Peterson et al., U Edinburgh, Scotland

F. Zentgraf, P. Johe, A. Dreizler et al., TU Darmstadt, Germany

Bundeswehr University Munich
Department of Aerospace Engineering

Institute of Thermodynamics

Experimental Investigation of Reacting Near-Wall Jets

M. Sc. Rahand Dalshad
Prof. Dr. rer. nat. Michael Pfitzner



Institute for Thermodynamics
Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner

15/10Introduction: Objective

- Jet-in-cross-flow by injecting fuel (H2, CH4, C3H8) into a hot, oxygen-rich

crossflow at atmospheric pressure

Institute for Thermodynamics
Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner

16/10Experimental Setup: Test Section

Test section:

- Rectangular channel (fused silica) optically accessible from three
sides for OH* and OH planar laser-induced fluorescence (PLIF)

- 5 injection orifices, D = 0.55 mm, perpendicular to crossflow

- Water-cooled wall plate with inlet/outlet temperature measurement

- Integrated TCs for heat flux determination

[Dalshad, 
30. Deutscher Flammentag]



Institute for Thermodynamics
Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner

17/10Experimental Setup: Assembly, Conditions

Vitiated crossflow conditions:

- CH4/air combustion

- = 1.6, XO2 = 7.4 % 

- u = 27 m/s, turbulent

- T

JICF, injection conditions:

Momentum ratio:

Institute for Thermodynamics
Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner

18/10Measurement Techniques

OH distribution Temperature

T(x,y,z,t) (x=0,y,z,t)

Top View

CAD
Mesh

Temperature

Centerline

OH* chemiluminescence: 
7.5 kHz, 300 images, 
310 nm +- 10 nm 
Qualitative analysis
Line-of-sight method

OH planar laser-induced fluorescence (PLIF): 
10 Hz, ~ 300 images each line, 310 nm +- 10 nm
Average reaction zone temperature using two-line method
Excited lines: P11(2), R22(13)

Inverse heat conduction:

measure the temperature inside 
the plate
Calculate the heat flux at the 
surface numerically



Institute for Thermodynamics
Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner

19/10Results: OH* Chemiluminescence

Ignition delay length

Main reaction zone

Single images Averaged

Lee side reaction

Windward reaction

Trail reactions

Consecutive images possible due to time-
resolved detection

H2:
- Direct ignition
- Orifice anchored flame
- Near-wall heat release
- Instantaneous and averaged images are 

almost identical

C3H8/CH4:
- Wall-attached lifted flame
- Jet trajectory unavailable
- Significant ignition delay (CH4)
- Two reaction zones visible as the 

mainstream gas is transported to near-wall 
regions 

- Instable trailing part

Institute for Thermodynamics
Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner

20/10Results: OH PLIF

Single images Averaged
Two-line 

temperature

Single images are randomly selected, 
as the detection is at 10 Hz

H2:
- Double flame structure visible
- Flames follow the jet path
- Stable reaction zones
- Near-wall and windward 

flames of similar size
-

C3H8:
- Double flames visible
- Small near-wall flame
- Mostly ‘broken’ flames with 

small ‘islands’
-

on the level of the crossflow 
temperature

CH4:
- Near-wall flame larger than the 

windward flame
- Similar to C3H8, ‘wrinkled’ 

structures visible
- Windward flame located 

further downstream
-



Institute for Thermodynamics
Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner

21/10Results: Wall Heat Transfer

Heat flux along the test plate centreline:
- Maximum heat flux for H2 injection, followed by 

C3H8

- CH4 heat flux increases around 50 %
- C3H8 heat flux increases around 90 %
- H2 heat flux increases around 150 %
- Peak heat flux for H2 near the injection location, 

thereafter it decreases rapidly
- Maximum heat flux of the hydrocarbons shifted 

downstream compared to OH* location

-
resolved

Non-dimensional heat flux estimation
H2 C3H8  CH4

Non-dimensional heat flux along the centerline:
: specific heat flux before fuel injection

: specific heat flux during fuel injection and combustion

22

1. Flame-cooling air-wall interaction, contributors:

S. Petit, P. Xavier, F. Grisch et al., CORIA Rouen, France

M. Greifenstein, et int., A. Dreizler, TU Darmstadt, Germany

2. Partially-premixed flame-wall interaction, contributors:

M. Pfitzner, R. Dalshad, UBW Munich, Germany

3. Premixed flame-wall interaction: Contributors

B. Peterson et al., U Edinburgh, Scotland

F. Zentgraf, P. Johe, A. Dreizler et al., TU Darmstadt, Germany



Fundamental FWI and heat-
transfer studies

University of Edinburgh

Contributors: David Escofet-Martin, Anthony Ojo, Josh 
Collins, Mark Linne, Brian Peterson

23

FWI Contributions

SWQ in fixed volume 
chamber

24

SWQ in V-flame 
burner

…

Test-section “single-wall”Crevice “double-wall”

flame 10 mm
1-3 
mm



Experimental Measurements

1D temperature & species 
Hybrid fs/ps rotational CARS

25

2D Flame distribution
CH*, OH*, OH-LIF

Flow field
PIV, wavelet-based optical flow

Wall temperature (0D & 2D)
Phosphor thermometry

quenching

Chamber Operation
• Premixed charge CH4-air = 0.9-1.1; Initial press: 1-2 bar; 

surface & gas Temp: 298 K

• Volume 150 cm3; Surface/volume = 2.32 cm-1

• Crevice spacing 1-3.5 mm adjustable. 

26

Front

Side

Front - crevice

Side – test-section

…

10 mm



Near-wall Energy Transfer

• Small “engine-like” chamber for fundamental heat transfer studies

• Thermal boundary layer (HRCARS) + Wall temperature (phosphor thermometry)

27
D. Escofet-Martin et al. Proc. Combust. Inst. 38 (2021) 1579-1587

A.O. Ojo et al., Combust. Flame 233 (2021) 11567

Discuss now only FWI regime

Measurement Regimes 

28

FWI

FWI
• Thermal gradients up to  flame front; signal lost past flame front

• Time t = 0 ms, when flame crosses y = 2 mm in HRCARS

• ms
• Near-wall gases do not sense flame until flame 1 mm from wall

• FWI - strong gradients at wall: = 315 ; > 800

CH* 
contours



Focus: Crevice Region

Crevice Region

• Point-wise & 2D wall 
temperature distributions 

• Surface temperature as function 
of: 

• flame location 
• crevice spacing (1.2 – 3.5 mm)
• initial pressure (1.0 – 3.0 bar)

29

Pt-wise

2D temp + flame distribution

Phosphor coating strip 
(60 mm x 4 mm)

0D 
Measurement

A.O. Ojo et al., Combust. Flame 240 (2022) 11984

2D wall temperature

• Spatiotemporal FWI dynamics

30

CS = 2 mm; Pinitial = 2 bar
More details given at 1CO4 (Monday 11:45)



Hydrogen

31

H2-air; = 0.7

CH4-air; = 0.9

• Preliminary tests

• Distinct hydrogen instability signatures in crevice for hydrogen

• Twall significantly lower for H2 than CH4

• H2 flame in crevice appears further 
from walls; hydrogen diffuses away
from walls during FWI? Less FWI?

OH* thinner than CS

CH* thick as CS

Twall,max H2-air
Twall,max CH4-air

Pressure CH4-air
Pressure CH4-air

32

Atmospheric side-

Parametric variation

Fuel (methane, DME)

Equivalence ratios

Wall surface temperatures (330 – 670 K)

Laminar and turbulent flows

Flame
water/oil

Fuel+Air

Ceramic rod

Turbulence grid

Well-defined boundary conditions

Optical access to boundary layer

Focus on premixed flames
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2C2D PIV and OH- 4/air, = 1.0, Re = 5000

Turbulent

Data shown are conditioned on location of 

instantaneous quenching point (measured 

by OH-PLIF) 

34

Multi-

Gas and wall temperatures, CO2 and CO mole fractions, flame front tracking, flow field

Dual-pump-CARS, CO-LIF, LIP, OH-PLIF (low/high-speed), 2C-PIV (low/high-speed)

Zentgraf, et int., Dreizler, 
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Turbulent DME-flame, -speed OH-PLIF & PIV

PIV-OH-PLIF time series show side-wall and head-on quenching like scenarios

SWQ

HOQ

Zentgraf, et int., Dreizler, 
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Turbulent DME-flame, 

Focus on side-wall quenching like scenarios (ca. 50%)

SWQ

-
rotating eddies
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Turbulent DME-flame, 

Completely different scatter plots compared to laminar case

Zone A: upstream QP high CO2 at T < 450 K needs convective transport transport 

inbetween flame and wall by counter clockwise eddies

Zone B: up- and downstream the QP mixing between burnt and unburnt gases

Zone C: Reaction without mixing, similar to laminar case, but enhanced heat transfer

A B

C

The color- - -8 mm (pre-fla -flame))

A

C

B
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Near-

22.07.2022 15th -23.07.2022    Andreas Dreizler and Christian Hasse

Assessing the near- , )-space:

• Non- -

• Reactive case:

o
preserved for 5

o Significant deviations from Log-

o

-reacting TBL no 
longer valid for near-



39

Near-

Temperature-
impact, but also the thermal expansion in 

22.07.2022 15th -23.07.2022    Andreas Dreizler and Christian Hasse

Unraveling contributions to TBL evolution:

• TBL-

• Temperature-induced 

•

•

= = =
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Novel, pressurized side-

Cooling Air

Exhaust 
gas

Water/Oil

Fuel + 
Air

Fuel + 
Air Coflow (Air)

Nozzle 
Cooling 
Water

Pressure vessel 

Johe et int, Dreizler.; I. J. Heat Fluid Flow 94, 108921 (2022).

Johe et int., Dreizler; PCI 2022
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Novel, pressurized side-

1.7 Turbulence-generating grid

1.8 Co-
(sintered bronze structure)

1.9 Ceramic rod

1.10 Exhaust gas nozzle

1.11 Exhaust gas plenum

2 Pressure vessel

1.1 Burner plenum

1.2
(grids & meshes)

1.3

1.4 Quenching

1.5 Flame tube

1.6

Main design features:

• Pressure vessel for up to 10 bar

• Optical access from 3 sides

• Temperature-controlled 

• V-shaped flame stabilized at 
ceramic rod

42

[1] [1]

[1] Johe, P., Zentgraf, F., Greifenstein, M., Steinhausen, M., Hasse, C., Dreizler A.: 2022.

Novel, pressurized side- quenching burner

Characterization of inflow boundary conditions and flame front topologies:

• Operating conditions

• OP1: 1 bar; Re=8,2000; u =3.8 m/s; =0.8; T =353 K; turbulence-generating grid

• OP2: 3 bar; Re=15,000; u =2.3 m/s; =0.8; T =353 K; turbulence-generating grid

• (OP3: 5 bar; Re=20,000; u =1.8 m/s; =0.8; T =353 K; turbulence-generating grid

& -direction) position

Good of
BC of OP1 &OP3 

regard to normalized
(fluctuation) 

Besides SWQ-
HOQ- -zone 

quenching scenario
identified

































































































































MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Turbulent Liquid Fuel Flame Topologies via CH 
and OH PLIF: “Two Positives and One Warning”

Patton M. Allison, Amirreza Gandomkar, and John Schihl
Michigan State University 

Campbell Carter, Thomas McManus, and Aaron Skiba
US Air Force Research Lab, WPAFB

Savvas Gkantonas
University of Cambridge, UK

MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Motivations

2

A. Liquid Fuel Extinction Physics: Prevaporized and Spray

1. How are finite-rate chemistry for low-temperature
processes represented in changes to the local
flame structure and heat release?

2. How is extinction in spray flames different than in
prevaporized/gaseous fuel flames?

B. Real Fuel Effects of Kerosenes
1. How is extinction altered by multicomponent fuel

effects? How are the preheat/pyrolysis regions of
the flame affected?

2. What is the comparison between computational
predictions of kerosene/surrogates compared to
real fuel experiments?

C. Diagnostic Needs
1. Is our standard toolbox for gaseous flames

adequate for liquid fuels?
2. If not, then what?



MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

3

“Two Positives and One Warning”

1. Is interference-free imaging is
feasible?

2. Can flame structure is accurately
captured and measured?

3. Can flame structure be affected by
Le effects? CH and Fuel PLIF from JP-8 kerosene spray 

Formaldehyde PLIF from JP-8 

Dodecane CH Fuel PLIF from prevaporized JP-8 kerosene 

Simultaneous OH and Fuel PLIF from 
prevaporized JP-8 kerosene 

Orain, M., Baranger, P., Ledier, C., Apeloig, J., and Grisch, 
F., Fluorescence Spectroscopy of Kerosene Vapour at High 
Temperatures and Pressures: Potential for Gas Turbines 
Measurements, Applied Physics B: Lasers and Optics, 2014, 
Volume 116, 729–745. 

Dodecane OH

MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

CH C2 +-X2 -branch

4

Carter, C.D., Hammack, S., and Lee, T., 
High-Speed Flamefront Imaging in 
Premixed Turbulent Flames Using 
Planar Laser-Induced Fluorescence of 

Combustion and 
Flame, 2016, Volume 168, 66–74. 

Carter et al. have shown the capability to simultaneously capture CH C-X band PLIF and OH A-X band 
PLIF with single laser excitation in the overlapping bands occurring between 314.390 and 314.429 that 
excite either the OH A-X (1,1)-band Q1(6) transition or the A-X (0,0)band P1(12) transition. 



MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

CH C2 +-X2 -branch

5

• Carter et al. have shown the capability to
capture CH C-X band PLIF and OH A-X band
PLIF with single laser excitation

• Overlapping bands occurring near 311 nm
that excite either the CH (0,0) or the OH A-X
(0,0) transition. Fluorescence occurs near
314 nm.

• Custom Semrock (AFRL-0002) and UG-5
filters remove Mie scattering and
incandescence.

• Goal 1: Apply R-branch excitation to liquid
fuel sprays to examine alteration of flame
topology

• Goal 2: Compare topological structures
captured with CH vs OH PLIF

Hammack, S.D., Skiba, A.W., Lee, T., and Carter, C.D., CH 
PLIF and PIV Implementation Using C- -
Vibrational Band Filtered Detection, Applied Physics B: 
Lasers and Optics, 2018

MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

6



MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Premixed CH Imaging: Q-branch

7

• C-X band excitation method is a resonant technique.
• Mie scattering from fuel droplets can be a source of 

interference. 
• With the low pulse energies of this technique, the Mie 

scattering is on the same order of magnitude as the 
fluorescence. 

• Compared to other resonant methods, such as 
Rayleigh or Raman scattering, that require higher 
pulse energies where particles would result in 
saturation of the signal, this method is resilient to 
dilute droplet-laden two-phase flows. 

• Thus imaging is capable in a fully-prevaporized flow 
or even in the presence of a dilute-droplet field

T. McManus, A. Gandomkar, C. Carter, and P.M Allison, "Topological imaging of 
-

Proceedings of the Combustion Institute

MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Premixed Jet Flame Structure

8

Averaged CompositesInstantaneous Composites



MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Spray Imaging – CH PLIF R-branch 

9

• Initial efforts with pure fuel sprays show sparsely
connected CH structures and burning droplets. OH
imaging also captures fuel pockets and possible
local extinctions.

• Prevaporized, premixed heptane air flames are
operated with increasing heptane spray injection.
A consistent flame structure is captured with
increasing structural complexity and droplet
burning in the product stream.

• Premixed methane-air flames are operated with
increasing heptane spray injection. The overall
flame height is lengthened, droplet penetration is
captured, and more local extinctions are observed
at the highest injection flow rates.

• Interference-free imaging is capable in a fully-
prevaporized flow or even in the presence of a
droplet field.

Ethanol Spray Dodecane Spray

CH4

CH4 + Heptane 
9.2 ml/min

Heptane Prevap  +  
Heptane 9.2 ml/min

Heptane Prevap +  
Heptane 20 ml/min

CH4 + Heptane 
20 ml/min

Dodecane OH

MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Le & Curvature Effects in Prevap/Premix

10

• In methane, where Le is slightly greater 
than 1, in rich flames, there is little 
variation of signal along the imaged 
reaction layer. 

• In rich n-heptane and n-dodecane 
flames, where Le is ~2-4, large signal 
variation (~20-30%) is observed. 

• Increased signal is seen in regions of 
high negative curvature, which form 
pockets/fingers concave to the reactants. 

• Decreased signal and local extinction 
occur in regions of high positive 
curvature, which are convex into the 
reactants. 



MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Le & Curvature Effects seen in DNS

11

• These results have been seen in DNS studies of turbulent, high Ka, n-
heptane and n-dodecane flames, where in regions of negative curvature 
the fuel consumption and heat release rate is significantly elevated.

• Looking into the relation between CH PLIF signal and HRR

A.J. Aspden, J.B. Bell, M.S. Day, and F.N. Egolfopoulos, Turbulence-flame interactions 
–2016. 

B. Savard, B. Bobbitt, and G. Blanquart, Structure of a 
high Karlovitz n-C7H16 premixed turbulent flame, 

–1384

CH4

MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Curvature PDF Results – Signal-Curvature Correlation

12

• Linear correlation Coefficient and strong R2 values obtained 
for liquid case; 

• Larger negative slope of linear correlation for n-Dodecane and 
n-Heptane Fuel Coef R2

Methane -0.563 0.317
0.8 n-Heptane -0.965 0.931

n-Dodecane -0.96 0.922
Methane -0.706 0.498

1 n-Heptane -0.935 0.875
n-Dodecane -0.95 0.903

Methane -0.691 0.478
1.2 n-Heptane -0.904 0.817

n-Dodecane -0.965 0.932

CH4

CH4 + Heptane 9.2 ml/min

CH4 + Heptane 20 ml/min
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Existential Challenges

13

• Issues determining sign of curvature: With only the CH 
layer, there is no orientation provided towards the 
reactant or product stream

• Edge detection of OH PLIF yields a single sided structure, 
whereas CH PLIF edge detection yields reactant and 
product side  

• However, OH PLIF alone may provide false “edges” where 
a local extinction has occurred.

• Non-unity Le effects in the liquid fuels result in what 
appear to be local extinctions or low signal at positive 
curvatures. This was not seen in methane or ethylene 
flames. 

• Orientation and edge tracking complicated by  severe 
wrinkling, fragmentation, and local extinction 

MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Local Extinction Dynamics

14

Giusti, A., and Mastorakos, E., Detailed Chemistry LES/CMC Simulation of a Swirling Ethanol Spray Flame 
Approaching Blow-Off, Proceedings of the Combustion Institute, 2017, Volume 36, 2625–2632. 
doi:10.1016/J.PROCI.2016.06.035.

Time evolution of conditional quantities along the stoichiometric
mixture fraction indication extinction in Jet-A occur at
decreased CH and heat release, and formaldehyde
accumulation. Foale, Jenna; Mastorakos, E., Personal
Communication, 2021.

At a local extinction point, there is a temporal lag between the
decrease in HRR and OH concentration, but CH concentration tracks
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CH and Pseudo-OH FSD comparison: Premix/Prevap
• The results indicate the effect of extinction on FSD reduction at Phi = 1.2 where the PLIF signal and SNR is highest.
• For methane, the difference between CH and pseudo-OH is low which indicates fewer extinctions. While n-

dodecane has the largest differences.
• For n-dodecane, there is a significant difference between the CH-based FSD profiles. It may be due to the low CH 

signal at lean conditions that leads to under-capture of detected edges.

15

n-Dodecane= 1.2
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Spray Imaging – OH PLIF 
• Spray injection into prevaporized heptane or

premixed methane flames results in severe
alterations to the observed OH field.

• Large pockets and droplets are captured in the pilot
stream with spray injection. This is never observed in
single fuel operation and suggests pockets of fuel
vapor are the cause.

• The penetration of fuel droplets resulting in local
vapor pockets can also lead to local extinction of the
flame surface.

• Note that the OH structures of the pure sprays and
dual fuel mixtures appear similar despite clear
differences in the CH imaging.

• Given that OH PLIF is commonly used for topological
studies, accurate flame edge detection is critical.
However, edge detection via gradients or
thresholding is complicated given vapor pockets. CH4

Heptane 20 ml/min

4 + 
Heptane 20 ml/min
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Turbulent Flame Area Ratio - Spray
• Enhancement of the turbulent flame surface area is observed when

spray injection is increased in addition to lengthening of the flame
• While Damköler hypothesized that the increase in flame surface

area is correlated with the increase in turbulent flame speed. It is
not clear this explanation is the primary cause attributed here.

• Increased FSD observed with liquid fuel must be tied to fuel effects
impacting turbulence-chemistry interactions or droplet interactions.

• However, there are strong differences presented depending on the
imaging technique used. Formation of fuel pockets captured by the
OH PLIF may be incorrectly identified as flame surface due to
difficulty in discernment.

• CH PLIF may provide a more accurate methodology for topological
observations in sprays.
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Conclusions

• CH PLIF imaging is possible in prevaporized and dilute fuel sprays with little 
interference from droplets or PAHs

• Conclusions regarding flame topology may vary depending on the imaging 
strategy used. 

• It appears that local extinction, droplet penetration, and vaporization in the 
product stream may “trick” OH PLIF analysis; suggesting CH edge tracking is 
more accurate.

• Non-unity Le effects in the liquid fuels result in what appear to be local 
extinctions or low signal at positive curvatures. This is not seen in methane or 
ethylene flames. 

Questions: Patton Allison alliso63@egr.msu.edu 18

Two “Truths” and One “Lie” -- Two Positives and a Warning

1. Interference-free imaging is feasible

2. Flame structure is accurately captured and measured with exceptions

3. Flame structure can be affected by Le effects
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CH PLIF Challenges

JP-
JP-

• Strong Lewis number effects alter 
signal levels depending curvature. 
Can also lead to flame quenching in 
negative curvature.

• Strong Raman scattering observed 
from larger droplets (similar to 
previous Masri work). 

• Low PLIF signal for phi < 0.8 and >1.5 
due to low CH number density

• Pure sprays generate 
sparse/distributed burning around 
droplets. No coherent CH layer.

Singh, G. Juddoo, M., Dunn, M.J., Masri, A.R., “Heat release zones in turbulent, moderately dense spray 
flames of ethanol and biodiesel,” Combust. Flame, Vol 220, pg 298-311, 2020.

MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Operating Conditions
• Hi-Pilot burner modified for spray injection: 108 mm methane-air pilot 

(Phi = 1), Hypodermic needle (ID: 260 microns) + syringe pump, 3.2 kW 
inline heater for pre-vaporized fuel-air mixtures.

• 10 Hz imaging of CH and OH fluorescence emission near 311 nm,   
Semrock AFRL-0002 and UG-5 filter. CH PLIF 1-2mJ/pulse; OH 3-4mJ/pulse

• Imaging resolution 49 microns/pixel. 50 x 50 mm FOV

• Hi-Pilot Case 2 conditions – 212 slpm air, ReT ~ 1400, Re ~ 25,000, T = 385K

• Premixed, prevaporized n-heptane, n-dodecane, or JP-8, phi = 0.9 or 1.1

• Premixed, prevaporized fuel-air (phi = 0.75) + liquid fuel injection (8-20 
ml/min) into premixed flame; Global phi  = 1.1-1.5
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Extinction Samples - Extrema

21JP-

• In simultaneous CH 
and OH PLIF images 
in heptane flames, it 
is possible to 
visualize regions of 
local CH extinction 
where OH is still 
present.

• If only OH PLIF 
imaging is performed, 
clear evidence of 
local extinction would 
not be possible. 

MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Imaging Examples – OH PLIF

• Flame surface 
processing requires 
detailed handling of 
edge detection.

• Droplets and fuel vapor 
pockets observed in 
cases with spray.
• It is likely that this causes 

OH to overestimate 
flame surface density.
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Reaction Progress Variable

• In flames with high spray 
loadings, local extinction 
occurs with droplet 
interaction causing flame tip 
to open

• This is observed more 
frequently in flames with 
lower C-number pre-
vaporized/gaseous fuels.

• Flame brush size is 
comparable. 

MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Flame Surface Density vs. Reaction 
Progress Variable
• Higher spray loading leads to increased 

surface wrinkling across progress 
variable space.

• Fuel vapor pockets may lead to 
overestimation of FSD
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Turbulent Area Ratio

• Higher spray loading leads to 
increased surface wrinkling along 
flame axis

MICHIGAN STATE UNIVERSITYAdvanced Diagnostics and Combustion Laboratory

Flame Height

• Premixed prevaporized flame heights 
bracket spray data, indicating partially-
premixed mixture ratios between 0.9-1.1
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Flame Surface Density Variation
• Flame surface densities are

calculated from flame edge
detection algorithms applied to
CH and OH imaging

• Similar FSD values are locally
calculated given both imaging
techniques.

• The flame brush increases in
length, moving out of the FOV as
the spray injection increases

• However, higher FSD is observed
along the centerline at lower axial
locations in the OH imaging

27
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Conclusions and Next Steps

• Conclusions
• CH PLIF can be performed with minimal droplet/fuel PLIF interference, but is 

limited by sparse droplet burning and lean equivalence ratios
• CH postprocessing techniques need further refinement to identify flame surfaces 

and statistics. 
• OH PLIF may overestimate flame surface statistics due to droplets and fuel vapor 

pockets.

• Next Steps
• Perform similar measurements on flames at and near global extinction to 

investigate the relationship of sprays and extinctions.
• Further develop CH PLIF post processing in order to evaluate heavy fuel surface 

statistics, such as dodecane and JP-8.























Summary:  Combustion Machine Learning: Principles, Progress, Perspective 
 
Matthias Ihme, Stanford University, mihme@stanford.edu  
 
With the increasing interest in machine learning (ML), this session was organized to provide 
the TNF community with an overview of ML techniques and their application to combustion. 
While ML has had a presence in various areas related to combustion, recent advances in ML 
methods, computational resources, and data have contributed to a substantial resurgence in 
expanding the application of ML method to combustion (CombML).  This session reviewed 
these advances with the specific goal of connecting the broad field of ML to TNF/PTF-related 
problems.  To this end, this session solicited and reviewed contributions from the TNF 
research community, resulting in a total of eleven contributions.  
 The session started with providing background on CombML, identified opportunities 
for utilizing data generated within the combustion community (from measurements, 
simulations, and sensors) for applications to data-driven learning methods, and identified 
challenges in adopting ML methods for combustion.  These challenges are primary related to 
well-established foundational knowledge, physical principles, as well as dealing with spatio-
temporal scales, physical coupling, and the chemical complexity of turbulent combustion. 
Another issue of equal importance is the need for data, which is limited to specific operating 
conditions, fuels, and simple geometries, and the accessibility of data to the broader 
combustion community.  Hybrid and physics-informed ML was identified as approaches to 
address some of these limitations.  
 Following a short review on different ML methods (supervised, unsupervised, and 
semi-supervised/generative learning methods), the second part of this session focused on the 
application of CombML in the context of experimental analysis and turbulent combustion 
modeling.  These topics are of direct relevance to the overarching focus of the TNF/PTF 
workshop, and several of these applications considered data from the TNF/PTF flame 
database.  Discussed applications of CombML for experimental analysis were primarily geared 
towards physical understanding, the characterization of combustion regimes, the 
identification of coherent features and structures, data reduction, and the construction of 
low-order models for control-oriented applications.  Perhaps one of the most prominent 
examples for the successful application of unsupervised learning techniques is the principal 
component analysis (PCA), which has been used for feature extraction and structural 
invariance analyses for the Sandia piloted flame and the Jet-in-hot-coflow flame series.  Other 
supervised learning techniques utilized various forms of neural networks to map species onto 
velocity fields, for the reconstruction of tomographic imaging from laser absorption and 
Schlieren measurements.  
 ML application for combustion modeling has largely been concerned with the 
parameterization of combustion manifolds, the data augmentation, and development of 
combustion closures and subgrid-scale models, and the physical embedding to reduce 
computational cost.  Contributions from different groups, discussed in this session, involved 
the construction of data-assisted combustion modeling in which supervised learning methods 
were used as classifiers for the local combustion-submodel selection based on local flow-field 
information; the parameterization of combustion manifolds using neural network 
architectures to represent high-dimensional thermochemical state-spaces, as well as the 
optimization of virtual chemistry models using data from simulations.  An area of significant 
interest and discussion was the consideration of physical principles and physics-informed 

mailto:mihme@stanford.edu


CombML.  To this end, progress has already been made by constructing turbulent subgrid-
models and the discovery of closure models using gene-expression programming and sparse 
regression.  While these methods demonstrated the ability of identifying SGS-models that 
have features similar to models that were derived previously using mathematical principles, 
these approaches showed the potential for application to a broader range of conditions, 
which become increasingly more important for combustion applications, such as complex fuel 
mixtures, high-pressure conditions, and multiphase flows.  Another interesting area for 
CombML is generative models for constructing high-resolution data from filtered LES results 
as an alternative to deconvolution methods.  
 The discussion session evolved around four main topics, namely (i) data and how 
TNF/PTF’s existing database can be leveraged for CombML applications, (ii) the integration of 
ML into TNF and PTF workshop, and (iii) pathways for establishing ML-models, best practice, 
and benchmarks for ML training and ML evaluation, and (iv) the integration of domain 
knowledge into CombML.  Some recent attempts of community-based database were 
discussed, such as the community-driven BLASTNet database (https://blastnet.github.io). 
Discussions on CombML-specific challenges were concerned with the interpretability of 
CombML models, the need for uncertainty quantification, and the generalization of CombML 
models. 
 It was agreed that the TNF/PTF workshop provides a viable forum to support various 
CombML effects.  By targeting specific flame configurations, immediate next steps for 
CombML applications could involve TNF/PTF community efforts around benchmark 
comparisons of CombML models on combustion regime classifications or manifold 
parameterization from experimental data.  Such ML-tasks are affordable to accomplish using 
existing TNF/PTF data and could initiate a forum for benchmark comparisons and further 
discussion within the TNF/PTF workshop.  With direct benefits to the broader combustion 
community, a direct benefit would involve the sharing of CombML models, establishing best 
practice for CombML-model training and testing, and pathways for integrating CombML-
models in applications beyond a priori tests.  
 
 
References: 
Ihme, Chung, Mishra, “Combustion machine learning: Principles, progress and prospects.” 
Progress in Energy and Combustion Science, 91:101010, 2022. 

https://blastnet.github.io/
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