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Summary

The 15" TNF Workshop (International Workshop on Measurement and Computation of Turbulent
Flames) and the 17" 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.

e Hydrogen Flames: Present combustion models do not capture the effects of thermo-diffusive
instabilities in turbulent H, 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.

e 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/Hz/N>
flames, sensitivity to equivalence ratio of the formation of NOx and N,O, the need for accurate
chemical kinetic mechanisms for use in DNS and LES, and pressure effects on NHz/Hz/N;
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 CO»-neutral/CO,-free combustion (H,, NHs, 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 NH;s 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 H, or NHs/H, 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 H, 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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PTF TITLES

Nonlinear Heat Release Characteristics for Triggering of Combustion Instabilities

The Compressibility of Highly-Turbulent Premixed Flames

Turbulent Liquid Fuel Flame Topologies via CH and OH PLIF: Two Truths and One Lie

Turbulent flame speed based on mass flow rate of reactants - theory and its validation

Spectral Analysis of Premixed Ammonia/Hydrogen/Nitrogen-Air Flames in Sheared Turbulence

Probability density function modelling in the flamelet regime using multiple mapping conditioning

Flame stability measurements for H2-NH3 flames - flashback and liftoff-limits**

What do we get wrong (and right) when we study turbulent premixed flames in a box?

Combustion characteristics of ammonia/air premixed turbulent flame at high pressure and high temperature
(Difficulties in) closing the balance for progress of reaction in turbulent premixed Bunsen flames

Thermal leading points in lean premixed hydrogen

What is the role of non-flamelets in estimating how fast turbulent premixed flames burn?

Conditional Expansion Methods for Turbulence-Chemistry Interaction Modelling in Highly-Turbulent Premixed Flames
DNS of a laboratory lean CH4/H2 low-swirl flame impinging on an inclined wall

How different is turbulence when burning (and does it matter)?

Using tabulated chemistry and LES to capture non-unity Lewis number effects in turbulent premixed flames
Co-Optimized Machine Learned Manifolds: Relearn FGM or FGM with major improvements

Search for sustainable liquid fuels for clean aviation
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TNF Session: Modeling Turbulent Hydrogen Flames
Coordinators: Heinz Pitsch, Lukas Berger, Andy Aspden, Antonio Attili,

Agenda

1. Thermodiffusive Instabilities in Hydrogen Flames
(Lukas Berger, Antonio Attili, Heinz Pitsch)

2. Thermal Leading Points in Lean Premixed Hydrogen
(Thomas Howarth)

3. DNS of Premixed H:
(Martin Rieth)

4. Auvailable Experimental and Numerical Datasets
(Heinz Pitsch)

5. Discussion

Summary

This TNF session aimed to foster the discussion and improve the state of modeling of
premixed hydrogen flames. Premixed hydrogen/air flames feature thermodiffusive
instabilities, due to the low Lewis number of hydrogen, which significantly affect the flame
dynamics. As these effects are not adequately captured by present combustion models,
predictive and validated combustion models are required in view of the ongoing energy
transition towards sustainable fuels, such as hydrogen. To open the discussion and define the
problem, three overview talks were given. The presentations have been shared with the
organizers for further distribution.

In the second part, Heinz Pitsch presented a specific selection of currently available
experimental and numerical datasets to initiate a discussion for the identification of suitable
validation cases or possible new validation configurations. The presentation has been shared
with the organizers for further distribution. In the subsequent discussion, the following points
were mentioned to be considered for the design of adequate validation cases:

1. While Hy/CH4 blends are important from an application point of view, it was agreed
that in a first step a validation case should be designed for pure hydrogen flames.

2. The effects of confined and swirled flames and their stabilization are important and
should be considered.

3. The importance of analyses at high pressures was stressed, as challenges, e.g.,
thermodiffusive instabilities, become more pronounced at these conditions.

4. It is challenging to stabilize premixed turbulent flames at very turbulent
conditions/high power due to flashback, consequently Bunsen flames may only work
at weakly turbulent conditions.

5. It needs to be clarified what measurements are exactly needed for validation, e.g.,
boundary conditions, velocity measurements, NO, and OH were mentioned.

6. For LES, small-scale configurations are not useful due to the small resulting filter sizes,
so large-scale applications should be considered.

Finally, it was proposed to collect contact information from everyone interested in hydrogen
combustion model validation and/or in sharing experimental and numerical data. Interested
researchers, who want to join, can contact Heinz Pitsch (h.pitsch@itv.rwth-aachen.de) to be
added to the e-mail list.




Andy Aspden, Heinz Pitsch
Lukas Berger, Antonio Attili

Outline of Session

Focus of this session: Thermodiffusive Instabilities in Pure Premixed Hydrogen Flames

Key Problem: Leading order effect of thermodiffusive instabilities in hydrogen/air flames
* Flame speed increase by factor of 4

* Super-adiabatic temperatures of 400K

Agenda

I. Thermodiffusive Instabilities in Hydrogen Flames
(Lukas Berger, Antonio Attili, Heinz Pitsch)

* Molecular effects are exacerbated by
turbulence (instead of mitigated)

= lots of non-linear interactions 2. Thermal leading points in lean premixed hydrogen
—> no models yet available (Thomas Howarth)
3. DNS of premixed H,
Key Discussion Points: (Martin Rieth)

4. Available Experimental and Numerical Datasets
(Heinz Pitsch)
. Discussion

* ldentification of target datasets

* |dentification of relevant conditions 5

2 Institute for Combustion Technology | Lukas Berger — TNF Workshop 2022,Vancouver Itv ‘ RWNTH




Thermodiffusive Instabilities in Hydrogen Flames

Vorticity Fuel H, Heat Release Temperature
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Hydrogen Combustion — Fuel Properties
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200+ e [atm298K 1 “Conditions: ¢ = 1, T, = 300K, 1 atm “Diverging RON reported in literature
“ 1501 ® 5bar373K ] " Lewis number = Ratio of thermal to mass diffusivity
100k — Literats:lrrelulatlon 1* Hydrogen burns entirely differently (different fuel properties)
) " Krejeietal. 2013 |, g , . .
sop¥ M + Daymactal 2014]° High unstretched laminar burning velocity

O 1 . . . . . e .
05 075 10 125 15 195 2 225 25 * Negative Markstein numbers lead to thermodiffusive instabilities

equivalence ratio ¢ / - * Instabilities can easily enhance flame speed by 400%
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Hydrogen Combustion — Fuel Properties

CH,: I 217 N\ “m-

LHV [M)/kg] 443
Energy Density [M)/m3] 9.6 325 30656
‘ 1 Fuel-vol%" 29.5 9.5 1.65
BT 1 T T T T T [KT* 2390 2226 2276
400 e e ] -
. ieilicg 1 RON 130 120 100
w00l e - ] Tautosgnition [K] 858 813 690
é 250 | g - - ad Lewis-Number™ ~0.3 ~1.0 ~2.0
200+ ® [ atm298K 1 “Conditions: ¢ = 1,T,, = 300K, 1 atm “Diverging RON reported in literature
“ 150 ® 5bar373K ™" Lewis number = Ratio of thermal to mass diffusivity
imulati 1 . . . .
100 e Lot o 1* Hydrogen burns entirely differently (different fuel properties)
50 _ . opegs .
A ‘: * Intrinsic flame instabilities tremendously affect flame dynamics
0555 075”4 No predictive models for complex combustion behavior odiffusive instabilities
1 T T ITISUADITILICS Cdll t:d.blly Crrance ndarric S by 400%
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Outline

For lean hydrogen combustion, instabilities are omnipresent!
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Combustion Combustion
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Flame Intrinsic Instabilities — Theoretical Background

Hydrodynamic (DL) Instability Perturbation of Planar Flame

* Growth rate of perturbation3:

Streamlines * Arises from density
LZONN jump across flame — )
4 e w:wDLk—(S[Bl —I—B(Leeff—l)Bg—l—PTBg]k
Burned Gas * Always destabilizing . . )
4 \ Y
DL instability Stability of thermodiffusive
wpL = f(0) >0 processes depends on Lewis
number
2nlk
* Intrinsic Flame Parameters: °°
A=2n/k

Thermodiffusive Instability (TD)

* Lewis number of H, is very low
thermal diffusivity

y/lp

Y

) E(Ty-Ty) =
o Zeldovich number g = E_sz L= 82
b

o Expansion ratio o = p,,/p; T
-

8

Le = hydrogen mass diffusivity
0

* Strong differential diffusion leads [
to variations of ¢ and s,

H,

D, o Lewis number

-
(Leo,—1)+(Ley,—1)-A
Leeff =1+ Z 144 2

0 0.005 0.01  0.015 0.02 mol/m®

z/lp
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Laminar Hydrogen Flames

Hele-Shaw cells

¢ Quasi-2D flow

* Optical accessible

* Well-defined boundary

conditions

Institute for Combustion Technology | Lukas Berger — TNF Workshop 2022,Vancouver Itv
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Laminar Hydrogen Flames

Simulations of laminar hydrogen flames in Hele Shaw cell

g ; 8 8 8 =2
Kadowaki et al.,, Proc.  Yuan et al,, Proc. Altantzis et al., Proc. Altantzis et al., ). Fluid Fernandez-Galisteo et al., Howarth et al. Combust.
Comb. Inst. 30 (2005), Combust Inst. 31 Comb. Inst. 33 (201 1), Mech. 700 (2012), Combust Flame 190 (2018), Flame 237 (2022) 111805
pp. 169-176 (2007), pp. 1267-1274  pp. 1261-1268 pp. 329-361 pp. 133-145
2005 2007 2011 2012 2018 2022

* Formation of small cellular structures
» Formation of large scale finger structures
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Laminar Hydrogen Flames

Outflow

Experiment?

Inflow

—r—

Fuel H,/air with ¢ = 0.4, T, = 298K,p = 1bar Fuel | Hyfair (¢ = 0.8)
Mechanism Finite rate chemistry' CITE S
Simulation Domain 0.14m x 0.56m (200l x 8001¢) / 0.9sec (173 75 jaminar) Setup | Hele-Shaw cell
Numerical Parameters | 2048 x 8192 grid points / 0.88 Mio CPUh Width | 0.4m
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2Wongwiwat et al., 25% intern. colloquium on the dynamics of explosions and reactive systems (2015), Technical Report, No. 258




Laminar Hydrogen Flames

Outflow

2D DNS! Experiment?

Inflow

—r—

Fuel Ha/ail . Four-fold increase of flame consumption speed! || Fuel Ho/air (¢ = 0.8)
. . A i i
Mechanism g « Consumption speed:s. = s - 1o diluted with N,
0
Simulation Domain oX4n * Contributions of surface wrinkling: Factor of 2 Setup | Hele-Shaw cell
* Contribution of reaction rates: Factor of 2
Numerical Parameters | 2048 Srr—p | Width | 0.4m
1 Institute for Combustion Technology | Lukas Berger — TNF Workshop 2022,Vancouver RWTHAAC)
')L. Berger et al., Proc. Comb. Inst. 37 (2019) 1879-1886 Itv J! \VERSI
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Laminar Hydrogen Flames

Local Flame State! Zy+v(Yo,,air—20)

Mixture fraction: Z =

1+VY02,air
_ . 2 0.02 3
50 g Ref J—_ Unstable case
; § 0.015
7 & [ 3w o =
€25J\.;J & 13‘: § g ¢ 0.5,
> L 1 g % N 001 & T, = 298K,
% -4 2 18
. )3 0.005 — = p=1bar
LI == Flamelet
0 2/5; 50 5 " "
z/lr 0 05 ¢, 10
— ) -2 0.02
50 3 Tur00 = Gelom Tu700 i[1° Stable case
2 g == Flamelet .
5 ~ 0.0 .
= 25 3 ¥ V 2z ¢ =05
— 3 x 2
= 5 3 N 0.01 = T, =700K,
g -4 8 = g
& 0.005 ’ 2 p= 1bar
0 5 s - (aclCn)
0 -3 == Flamelet
0 25 50 -5 ] 0
2/l 0 05 Cp,10
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Laminar Hydrogen Flames

Local Flame State!

Mixture fraction: Z =

Zg+v(Yoy,air—Z0)

1+VY02,aiT
s — <2 0.02 3
5 3 = (GelCry Ref , Unstable case
2 E tivity me Flamelet G.015
] 08 £ A8 o = =
Sappes L 3 , 2z ¢ =0.5,
> L 1% = N 001 S T, = 298K,
~L g 4 ¥ 1 ET’ —1p
S 0.005 - (wc|Cn,) p - 1 ar
03 == Flamelet
0 25 50 5 0 o
z/l 0 0.5 1.0
12l 9 CHZ
o 10 — -2 0.02 . 3
50 : o : Stable case
* Differential diffusion leads to de-mixing _
Ry . . . . 2K d) - 05,
23 * Mixture fraction fluctuations have a leading order effect S 700K
= & =
¢  Small-scale structures matter! L 5 u !
- = p = 1lbar
3 o
— 7 W N, Al |
z/lr 05 ¢y, 10 0 05 Cy L0
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o p-Var.
PA
10bar Ty T,-Var.
700l
o 0 oge e Sbar 500K
Relevant Conditions for Instabilities' oar |_Aoa pvar
- Lt
5 3 040 050 065 1.00
(-8 -
49 2.5 5 -
so/s.'® se/sL 7 TN L sefsL R
3 N 2 W 4 - (-4
o _ ~. ¥
L S e- o _ 1.5+ o- . _ =
. . . 1 R -
1+ Equivalence ratio variation Temperature variation Pressure variation
04 06 0.8 1 0398

* Consumption speed increase s./s; as
instability metric

* Thermodiffusive instabilities

increase for ¢ |, T, |,p 1

(unless close to flammability limit)
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Turbulent Hydrogen Flames

How do Thermodiffusive Instabilities Interact
with a Turbulent Flow?

16 Institute for Combustion Technology | Lukas Berger — TNF Workshop 2022,Vancouver
Dhttp://debog.github.io/ CRWENO/Turbulent_Flows.html

Turbulent Hydrogen Flames

DNS of Hydrogen Flames in Homogeneous Isotropic Turbulence!'

— Mean

-~ Unstretched laminar flame
Standard deviation Y .
-~ Adiabatic flame temperature 4

Ka=10
400 600 500 1000 1200 1400 1600

* Expectation:
Instabilities relevant at “low” Karlovitz
numbers23

* DNS in HIT with forced turbulence

— Mean
-~ Unstretched laminar flame
Standard deviation

¢ Observation:

o Instabilities & ¢-variations g g
vanish at Ka = 1562 £ £
= (P
el . . aa] =
o Instabilities still sustained at Ka = 100 Ka=1562
. . 400 600 800 1000 1200 1400
Super-adiabatic Temperature (K)

* Molecular effects do not vanish in temperatures
turbulent environment!
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Turbulent Hydrogen Flames

Flame Kernels in Homogeneous Isotropic Turbulence'

* Spherical flame kernels in homogeneous isotropic turbulence

"He- Ha-VI =
o 6 : [-&-cH, -1 / | Hydrogen/air:
s CH, - I L”; ¢ =04,T, = 365K,
© 5[|-c-cH,-m p = Sbar
-{a P g Hydrogen/air:
Ty [y V| e————— & =03,T, = 365K,
. H, - VI _
., g A ik " ol | p=>5bar
¢ Consumption speed: s; = s; e Iy 3 ol gl .
° "
=

-

* Unity stretch factor in

: \@43@ P’Fethane/air ﬂa'tr.nes at
S = ) { | different conditions

(=]

methane/air flames a
* Stretch factor significantly 0.01

enhanced in hydrogen/air flames

0.1 1 2
K
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Turbulent Hydrogen Flames

Hydrogen/air Flame in Slot Burner Configuration

* Conditions: ¢ = 0.4, T, = 298K, p = 1bar
* Detailed chemical mechanism' Super-adiabatic

* Two flames at Re = 11,000 & Ka = 15 temperatures

* Super-adiabatic temperatures due to instabilities
(+400K / in laminar flame “only" +300K)

x/H

Temperature

12 ¢

6F

ot 1

burned fresh burned

19 Institute for Combustion Technology | Lukas Berger — TNF Workshop 2022,Vancouver
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Turbulent Hydrogen Flames

Temperature
—T—
Turbulent

Hydrogen/air Flame in Slot Burner Configuration  |woinsab)
* Conditions: ¢ = 0.4,T,, = 298K, p = 1bar ]

* Detailed chemical mechanism!
¢ Two flames at Re = 11,000 & Ka =~ 15

* Super-adiabatic temperatures due to instabilities T“:Pr“““
. . 12+ lurbulent
(+400K / in laminar flame “only" +300K) (with instab.)
10 )
=
Instabilities lead to shorter flame /
higher turbulent flame speed S o0
y/H
300 ll‘lyil‘ 1900 300 11“12)] 1900
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) Turbulent (with instabilities)
Consumption Speed!': —
1 Temperature 15 A/Ay 8000 3
-1 . —
Scons = Pu YHz,u Ao f sz av 12 o g —‘j 6000 73.5§
< s h F 10 5 4000 4 :
Scons = S+ Iy tretch Factor . g N
8
) 00 05 1 0 02 04 o 06 08 L
%/ L Fiame )
1 Turbulent (w/o instabilities)
* Three-fold enhanced flame speed : 8 - y00 as
1 — S, ST,
+ Significantly enhanced stretch factor 4 6 2t 2000 3
—1lo
2 2 15 .
o Turbulent (no instab.)% Iy =1 o/H 4 i 5
o Turbulent (with instab.): Iy =4 > y ‘e
500 | -4.5
o Laminar (with instab)): Iy = 2.6 . - e
0 -5
0 0.5 1

Molecular effects (differential diffusion) do not vanish in turbulent flow

TD instability and turbulence feature synergistic effects (I ;5. > I¢,14m.) due to higher curvature and strain rate

21 Institute for Combustion Technology | Lukas Berger — TNF Workshop 2022,Vancouver RWNTH
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Modeling of Instabilities

Modeling Challenges

Modeling flame state manifold Sub-filter modeling
How to model variations of local What if not or only partially
equivalence ratio / flame speed? resolving flame structure?

?

50 50 > _~

?

/ 51

- i - i

~' 95 P\ ~' 95 VM
B ' =7 )

=N z =N iz

! LES cell |-
0 0
0 25 a0 0 25 50
x/le x/le
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Modeling of Instabilities

Modeling Flame Intrinsic Instabilities (Laminar Flames)
* Flamelet Models

o Solving two scalar transport equations to account for differential diffusion, e.g. (Cpy,0 & Ziix)' or (Cy, & T)?

o Example (Cy,o & Zmix)': Tabulation by flamelets Laminar 2D flames
with varying ¢ with FGM model
Btp+V(pu):0, 0.025

d(pu) +V - (puu) = -Vp+V .1,
O (pZ)+V - (puZ) =V - (pD;VZ) + @z,
8:(pC) + V- (puC) = V - (pDVC) + coc.

Mixture Fraction Z
o

< 2 <
o
oo
J®
N
=
x

L —os i
. 0.3 o.oo7ﬂ
Source term of Z,,;y : 0008 0.005
0 0.05 0.1 0.15 0.2
d)Z =-V. {pD (V J_ 1) (Ll_e _ ‘l)(] _ Z)VC:| Progress Variable C
* Reduced order manifolds predict the effects of instabilities
1 . . , .
Dy = D[l BN Z)] * Turbulence interactions and sub-filter models not yet available
¢ What if structures are not resolved?

!)).Regele et al., Comb. Flame 160 (2013) 240-250
2R Bastiaans et al., Center for Turbulence Research (2007) Annual Research Briefs
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Modeling of Instabilities

Empirical Modeling Approaches

* Turbulent flame locally corresponds to unstable laminar flame

N

_F=10=f(w2) ¢

SL

wy = By + B(Leess — 1)B, + PrBs

aq
s
e (o)
SL \@Ref

() G
Tu,Ref PRef

11 7 T
1) ® T, Var n
12 ® p-Var.(298K)
Model _ s  p-Var.(700K) r )
10+ 2 ® ¢-Var. 1 {
IO \;f 4 ® Ref r \4 \// A/ J a
8 % N B R N |
s > Sy )
6 * . TR b ) \]
® x - J
2 e | )
1 (] o Y 9 5 B
x % 1 w =5 )
2 2) 0.0 10 20 30
0 5 10 1 20 25 30 8% 40 45 0 L v,
N o o ? ” 0 2 4 6 0 200 400
9
sc/s; +— Measured =/t
values
25 Institute for Combustion Technology | Lukas Berger — TNF Workshop 2022,Vancouver RWNTH

DHowarth et al., Combust. Flame 237 (2022) 111805 Itv

L. Berger et al., Combust. Flame 240 (2022) 11936
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Modeling of Instabilities

Empirical Modeling Approaches

* Turbulent flame locally corresponds to unstable laminar flame

g=%=ﬂm)

wy = By + B(Leess — 1)B, + PrB;

Sc
— X
SL

¢

Ty

¢Ref

445} az p as
) <Tu,Ref) (pRef)

Data driven modeling3

TD3

|) 6 ® T,-Var. L M N
12 ® -Var.(298K) 3 by
Model S g.vm,(muK) - Y 7 ( |
104 h b-Var. 9 l \
I \‘ : gp\: a [ \ / s 7
0s % . . ( ]
* All models derived from laminar flame data [ )\
6 L ) \
5 . * Effect of turbulence (can be large!) neglected ( 1
4 Y g |
x X 1 W "t 2 i
24 ' o 2) - 0.0 1.0 2.0 3.0 » Y,
0 5 10 15 20 " %5 30 3 40 45 0 5 4 6 T ——— = 0
! s./s; <— Measured o/t
values
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Conclusions

o Four-fold increase of flame speed in laminar flames

o Two-fold increased stretch factor
* TD instabilities feature synergistic interactions with turbulent flow
o Stretch factor Iy = 4 (turbulent) vs. [; = 2.6 (laminar)

o Molecular effects do not vanish in turbulent flame

* Predictive models are yet not available!

* Modeling challenges 0

o Small-scale structures matter

o How to model if not resolved or partially resolved?

Heat Release [k

Thermodiffusive (TD) instabilities have a tremendous effect on flame dynamics

27 Institute for Combustion Technology | Lukas Berger — TNF Workshop 2022,Vancouver
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Thermodiffusive Instabilities in Hydrogen Flames

(Lukas Berger, Antonio Attili, Heinz Pitsch)
Thermal leading points in lean premixed hydrogen
(Thomas Howarth)

DNS of premixed H,
(Martin Rieth)

Available Experimental and Numerical Datasets

(Heinz Pitsch)

Discussion
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@3 Newcastle

University
Thermal leading point phenomena in
lean premixed H, flames
Thomas Howarth
(PhD Sponsor: Reaction Engines & EPSRC)
Edward Hunt
(PhD Sponsor: Ricardo UK & EPSRC)
Andy Aspden
School of Engineering
Newcastle University, UK
PTF Workshop July 22
Thomas Howarth (Newcastle, UK) Thermal leading points in Hy flames PTF Workshop July ‘22 1/8
2D “turbulent” flame kernel KUY

Thomas Howarth (Newcastle, UK) Thermal leading points in H, flames

PTF Workshop July ‘22~ 2/8




Newcastle

3D freely-propagating flame University

Thomas Howarth (Newcastle, UK) Thermal leading points in Hy flames PTF Workshop July ‘22 3/8

Newcastle

3D DNS canonical flame-in-a-box University

@ Example conditions p = 10atm, T, = 300K, ¢ = 0.4
@ Flame isosurface coloured by normalised local flame speed
» Direction of propagation out-of-page

Ka=0 Ka=4 Ka = 36
@ Clear change in shape of flame surface

Thomas Howarth (Newcastle, UK) Thermal leading points in H, flames PTF Workshop July ‘22 4/8



@3 Newcastle

Curvature-flame speed JPDFs University

@ First moment represents consumption (rather than probability)

&= 04, T, = 300K, p = 10.0atm 6= 0.4, T, = 300K, p = 10.0atm, Ka = 4 6= 04, T, = 300K, p = 10.0atm, Ka = 36

-

00 05 10
Kl

Ka=0
@ Bulk consumption occurs at

» Low curvature (flat flame regions)
» Local flame speed far in excess of laminar value (s;)
» Also higher than freely-propagating characteristic value (sr)

@ Contrary to conventional description of thermodiffusively-unstable flames

Thomas Howarth (Newcastle, UK) Thermal leading points in Hy flames PTF Workshop July ‘22 5/8
. . Newcastle
Principal curvature zones (PKZ) University

@ Consider principal curvatures

@ Classify different zones

FF: Flat flame (yellow)

LP: Leading point (red)
LE: Leading edge (orange)
SP: Saddle point (green)
TE: Trailing edge (blue)
TP: Trailing point (black)

v

vV Yy vy VYy

Thomas Howarth (Newcastle, UK) Thermal leading points in H, flames PTF Workshop July ‘22 6/8




@3 Newcastle

Surface normal profiles conditioned on PKZ University
Ka=0 Ka=4 Ka = 36

Profiles along surface normals
Conditioned on PKZ

Length normalised by mean
local thermal thickness
Higher temperature and
reaction rates 7
Increasingly so with turbulence =~ Ca T T T T E AT R
By Ka = 36, close to the flame ’

» Everywhere hotter/faster “ \
» Even trailing points s

s

05 10
(T =T)/(Toa—T)

Thomas Howarth (Newcastle, UK) Thermal leading points in Hy flames PTF Workshop July ‘22 7/8

Newcastle

Thermal leading point interpretation University

@ Observations contrary to conventional description of TD unstable flames

» Bulk of fuel consumption occurs at speeds far in excess of laminar/FP reference
» Importantly, happens at low curvature (nearly flat flame regions)

@ We contend that this behaviour can be explained by thermal leading points
Conventional description is appropriate at leading points

Strong but relatively-low probability

Leave behind regions with low curvature but superadiabatic temperatures
This excess temperature supports high reaction rates in flat regions

v

v vVvYy

@ Challenge to demonstrate causality “chicken and egg”

» Do higher temperatures result from higher reaction rates?
» Do higher reactions result from higher temperatures?

Thomas Howarth (Newcastle, UK) Thermal leading points in H, flames PTF Workshop July ‘22 8/8
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I. Thermodiffusive Instabilities in Hydrogen Flames

(Lukas Berger, Antonio Attili, Heinz Pitsch)

2. Thermal leading points in lean premixed hydrogen

(Thomas Howarth)

> 3. DNS of premixed H, Pressure Effects in Hydrogen-Enriched Flame

(Martin Rieth)

4. Avadilable Experimental and Numerical Datasets

(Heinz Pitsch)

5. Discussion
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Pressure effects in hydrogen-enriched flames

Martin Rieth!, Andrea Gruber?, Jackie Chen!
1Sandia National Laboratories, 2SINTEF Energy Research

07/22/2022

Sandia _s COMBUSTION
A | Natioral 2550 SINTEF

Laboratories '

NHs/H,/Nj-air, ¢ = 0.45, T,=750 K, Ka ~ 600, Re; ~ 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)

m Strong shear-driven turbulence disrupts the flame front
m More wrinkling and cellular structures at 10 atm, disrupted preheat layer at 1 atm
m Strong super-adiabaticity at 10 atm




NHs/Hy/Ns-air, ¢ = 0.45, T,=750 K, Ka ~ 600, Re; ~ 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)

m Strong shear-driven turbulence disrupts the flame front
m More wrinkling and cellular structures at 10 atm, disrupted preheat layer at 1 atm
m Strong super-adiabaticity at 10 atm

NHs/H,/Nj-air, ¢ = 0.45, T,=750 K, Ka ~ 600, Re; ~ 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)

m Strong shear-driven turbulence disrupts the flame front
m More wrinkling and cellular structures at 10 atm, disrupted preheat layer at 1 atm
m Strong super-adiabaticity at 10 atm




NHs/Hy/Nj-air, ¢ = 0.45, T,=750 K, Ka ~ 600, Re; ~ 1000, 1 & 10 atm

J(X)dy vs. t

— latm

= 10 atm

200 250 300 350

t/t4g,.,, [

100 150

Rieth et al., C&F 2022

40

Faster, thinner
local flame fronts
(larger [VC|By n

o
%

=S

T (norm) [-]

Broadened
pre-heat zone

Strong
super-adiabaticity

140 160

140 160 180 180

X/ o ]

m Turbulent flame propagates through shear layer faster at 10 atm, flame surface

generation is strongly amplified

m There are clear differences in how 1 and 10 atm flames look like qualitative
(stronger super-adiabaticity and flame thinning at 10 atm)

m The decrease in flame thickness with pressure does not explain observed effects
because its ratio to all other timescales stays the same

Ho-air, ¢ = 0.3, T,=750 K, effect of pressure on 1D unperturbed flames

— e 2
— dl/d"lav.m
Pe 10 Ma
R — Ze
-ty 0T —
T 3
10 20
P [atm] P [atm]
— 1 atm 10 atm
h L 2001 L 0.008
Tf 101 0.008
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Ho-air freely propagating flames (2D) at various T, p and ¢
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m wy comes from dispersion model by Matalon et al. (2003) and is used by Howarth

& Aspden (2021) to predict s./s

m Pe works very similarly, is easy to compute from 1D unperturbed flames

m Can pressure effects purely be described by non-dimensional numbers? Are
‘pressure effects’ actually unique to pressure?

Rieth et al., C&F 2023.

2-D/3-D Hs-air flame parameters

Case P1 P10 P20 P1-10  P1-20 | P10-1 P20-1
P 1 10 20 1 1 10 20

T. 750 750 750 560.6  486.67 | 1057.5  1097.5

¢ 0.3 0.3 03 | 023125 0.2235 0.31 0.37

s 3.50 0.54 0.21 0.23 0.06 8.71 9.85

8 5.0E-04 6.8E-05 7.1E-05 | 1.0E-03 2.4E-03 | 3.54E-05 1.67E-05

Leest 0.43 0.39 0.38 0.37 0.36 0.44 0.46
Ze 5.3 12.1 19.6 12.1 20.1 4.8 5.1
Ma 0.13 -1.67  -3.63 -1.67  -3.65 0.12 0.12
Pe 1.35 0.30 0.18 0.29 0.15 1.64 158
ws 0.20 3.01 8.07 4.43 10.06 -0.02 0.00

lo (free) 1.00 1.52 2.05 1.59 2.21 0.99 0.87
/6 (free) | 1.39 0.70 0.47 0.72 0.51 1.17 153
u /s 2131 4655 5186 | 4589  51.73 21.41 21.62
/5 2.25 4.91 5.47 4.84 5.45 2.26 2.28
K /81 0013 0028 0031 | 0027  0.031 0.013 0.013

Table: Overview of 2-D/3-D DNS cases. The parameters Iy (free) and /9, are obtained from
freely propagating 2-D flames, w; is calculated using the model by Matalon et al. (2003). All
cases feature Ka = 300, Re; = 1000 and Da = 0.1 (based on thermal flame thickness).




Lean 3-D Hs-air flames with homogeneous turbulence

m P10 (750 K, ¢ = 0.3) and P1-10 (561 K, ¢ = 0.23) show stronger flame response
m P1-10 matches conditions of P10 (10 atm) at atmospheric pressure

m 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)

Lean 3-D Hs-air flames with homogeneous turbulence
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m Quantitative comparison shows again same trends for P10 and P1-10

m Much amplified flame response for P10 and P1-10 compared to P1




Lean 2-D Hs-air flames with pseudo-turbulence

P1, t/n = 0.50 P10-1, t/7 = 0.50 P20-1. t/n = 0.50 P10, t/n = 0.50

y/HH

P1-10, t/n = 0.50 P20, t/7 = 0.50 P1-20, t/n = 0.50

y/H

m More cases tested in 2D, same conclusions extending study to 20 atm (with
corresponding matching cases)

Lean 2-D Hs-air flames with pseudo-turbulence
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m Disabling preferential diffusion cancels Iy amplification
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Lean reheat hydrogen-air flames (T~1100 K, pressure of 5 bar, ¢ = 0.35)

Combustion

Yuo, Yo, ’ products
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m Reheat flame dynamics are governed by atomic H rather than molecular Ho
diffusion (in regions with negative curvature - concave towards reactants)
Rieth et al., C&F 2022; Gruber et al., C&F 2021

Conclusions & Outlook

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

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

m Peclet number definition offers potential to model pressure effects

m 3D lean hydrogen-air flames at atmospheric and elevated pressure show similar
qualitative features as NH3/H>/Nj-air flames - stronger thermo-diffusive effects

m Pressure effects can be mimicked at atmospheric pressure - potential avenue for
experiments?
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What Datasets/Flames Exist or Should be Targeted
to Advance Modeling of Hydrogen Flames?

Key discussion points:

* Hypothesis and validation of turbulent hydrogen combustion models

* Are there any particular advantages of a configuration for hydrogen combustion?
* Who is interested in modeling which experiment/DNS?

* Who is planning any suitable validation experiments?

* Which conditions are of interest?




What Data Exist?

Overview of Experimental Data (Pure Hydrogen)

Homogeneous isotropic turbulent flows Shear flows

2)

Hz-V1
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DNS

i

L0,
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Experimental Data
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Experimental Data

Turbulent Round Jet!'2

* Coaxial premixed jet with co-
flow of burned gas

Operating conditions:

o Repipe = [7,000 — 40,000]
o ¢ =[0.3-3.57]

Lean cases:

o Higher turbulent burning
velocity even though laminar
flame speed lower

o Higher distortion of flames
- Effects of TD instabilities

Experimental data

* Lots of data from velocity measurements
o Mean and fluctuation for nozzle exit velocity
o Velocity profiles
o Velocity energy spectra M5 W et
o Progress variable 27
o Cross-sectional images
= Statistics on flame positior ~ 2°

o But, no stretch factor or

turbulent burning velocity 13

x/d = 0.8

M.S. Wu, S. Kwon, J.F. Driscoll, G.M. Faeth, Combust, Sci. and Tech. 73 (1990) 327-350
2M.S. Wu, S. Kwon, J.F. Driscoll, G.M. Faeth, Combust. Sci. and Tech. 78 (1991) 69-96
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Experimental Data

Low Swirl Injector!

Resonant
Exit Section

* Stable operation with
H,/air at ¢ = 0.5 possible

* Comparison H, vs. CH,

o Different local flame shape
& flame stabiliziation

o Increased turbulent
kinetic energy

Swirl- or Bluff Body-Stabilized Flames?3

Diffusion flame Part. Prem. flame

Swirl-Stabilized
Flame?
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Bluff Body-Stabilized® « Flame type/stabilization depends
| on operating conditions

Difficult to achieve fully premixed
flame

Fully premixed flame can be
stabilized by bluff body

Flashback possible

Unburned gas
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DNS Data

Forced Homogeneous Isotropic Turbulence
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DNS Data

Shear Driven Turbulent Flows

Slot Burner! Low-NOx burner?

.l 77 Operating conditions
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& o Reje; ~ 11,000

* Cost: 15Mio. CPUh
* Simplified analysis

o Periodic direction

o Stationary flame
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flames * Strong effects of instabilities on local flame structure
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Discussion

Key discussion points:

* Hypothesis and validation of turbulent hydrogen combustion models

* Are there any particular advantages of a configuration for hydrogen combustion?
* Who is interested in modeling which experiment/DNS?

* Who is planning any suitable validation experiments?

* Which conditions are of interest?
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Summary: Combustion of ammonia as energy/hydrogen carrier
Coordinators: Andrea Gruber and Gaetano Magnotti

Growing interest has recently emerged in the utilization of ammonia as carbon-free energy carrier in
thermal energy conversion devices, i.e. gas turbines and reciprocating engines, for power generation
and propulsion applications. In this context, several combustion research groups worldwide have
initiated research activities to investigate the fundamental characteristics of turbulent combustion of
pure ammonia (and of its blend with hydrogen and natural gas) in premixed and non-premixed
configurations. Therefore, in true “TNF spirit”, a session on the topic of turbulent combustion of
ammonia (pure or blended) was arranged with emphasis on detailed measurements and direct
numerical simulation (DNS). The aim is to gain fundamental insights about combustion of this
relatively new and unexplored fuel and to provide good numerical and experimental data, using
flames that are relatively simple in terms of both chemistry and flow geometry, for benchmarking of
turbulence-chemistry interaction models.

Andrea Gruber of SINTEF started the session providing a brief general introduction to the topic of
ammonia utilization as carbon-free energy carrier, highlighting the (many) open questions about its
deployment in combustion devices and related challenges with flame stability and emissions of
undesired atmospheric pollutants (NOy ) and greenhouse gases (N,0). A crucial point, of relevance to
the mission of the TNF workshop, is the present uncertainty in the chemical kinetics of ammonia
combustion with a significant spread still observed among the chemical kinetics schemes presently
available in the open literature.

In the first part of the session, contributions on DNS of turbulent combustion configurations of pure
or partially decomposed ammonia (ammonia/hydrogen/nitrogen fuel blends) at atmospheric and
elevated pressure were presented. These included: “SINTEF/Sandia Collaboration on DNS of
NHs/H2/N,-air premixed flames” from SINTEF and Sandia; “Structure and propagation characteristics
of premixed ammonia flames under different turbulent conditions” from KAUST; “A DNS study of a
freely propagating premixed ammonia/air flame under homogeneous turbulence” from Zhejiang
University. The main findings from the DNS studies can be summarized as follows:

e In premixed combustion of partially decomposed ammonia, at fuel-lean conditions and for
the relatively high decomposition rate investigated (40% ammonia, 45% hydrogen and 15%
nitrogen), important local effects of thermo-diffusive instabilities are observed at the small
scales with significant increase of the overall turbulent burning rate, ultimately resulting in
acceleration of the whole flame front. This behavior, i.e. the global effect of local small-scale
processes, represents a challenge for turbulent combustion models.

e NOyand N,O formation is greatly affected by the equivalence ratio with large amounts of the
unwanted nitrogen species produced at oxygen-rich conditions (fuel-lean combustion). The
formation of these compounds is dramatically reduced at fuel-rich conditions but the
presence of unburnt fuel (mostly hydrogen, following ammonia pyrolysis by the high
temperature of the flame) would require the utilization of longitudinally staged (rich-lean)
systems in practical applications.

e On the one side, increasing the pressure level at which combustion takes place, further
augments the strength of the thermo-diffusive instabilities and the turbulent flame
acceleration. On the other side, the pressure increase leads to a significant decrease in nitric
oxides (NOx) formation and to an increase in nitrous oxide (N,0).

e Turbulent premixed flames of pure ammonia in air are not affected by thermo-diffusive
instabilities and behave very similarly to methane-air flames (stretch factor lo ~ 1).



Accordingly, these flames are not expected to present significant challenges for turbulent
combustion models.

Gaetano Magnotti presented the experimental component of the ammonia session, which consisted
of three sections. The first section focused on collaborative work from SINTEF, NTNU, and TU
Darmstadt to investigate the resilience to strain-induced blowout (RSIB), defined as the product of the
laminar flame time and local extinction strain rate, in laminar premixed counterflow twin flames.[1]
Local extinction strain rates were derived from the maximum gradient of the axial velocity measured
from particle tracking velocimetry (PTV). Experimental results show the RSIB decreases monotonically
with increasing equivalence ratio for 0.6 < ¢ < 1.1. For all equivalence ratios tested the RSIB, shows a
non-monotonic behavior with the H, mole fraction, reaching a peak for xy, = 0.27. The effect is very
pronounced (3x increase in RSIB) for lean flames, and becomes weaker with increasing equivalence
ratio. Comparisons with simulations using the Han kinetic model show good agreement with
experimental results for ¢ > 0.8 but show some deviation at leaner equivalence ratios, underlying
the need for detailed measurements in laminar flames to validate kinetic models.

The second section of the experimental presentation provided an overview of the recent development
in laser diagnostics for ammonia combustion, including contributions from Lund university
(simultaneous OH+NH) [2], SUSTECH (single excitation frequency for simultaneous Rayleigh, NH and
NH; PLIF measurements) [3]. The session then focused on recent developments at KAUST enabling
Raman+NO LIF for line measurements of temperature, major species and NO — a critical diagnostic
capability to build the experimental datasets typically featured in the TNF [4]. Intense
chemiluminescence and laser-induced fluorescence were highlighted as major challenges in Raman
spectroscopy of ammonia combustion, and operation at high pressure was proposed as a strategy to
minimize the effects of these interferences. Measurements in a series of laminar premixed and non-
premixed counterflow flames revealed a linear relationship between the NH; number density and the
fluorescence interference signal integrated over the 620-630 nm spectral range. A single calibration
factor, obtained by matching the peak NH, concentration to predictions using the Otomo chemical
kinetics model, lead to an agreement within 5% over a wide range of fuel compositions and strain
rates, with a COV < 10%, making the approach suitable for measurements in turbulent flames.

The third and last section of the presentation focused on a comparison between measurements
(Raman [5] and NO-LIF, PIV) and simulations (flamelet progress variable (FPV) and Principal
Component analysis+Deep Neural Network (PC-DNN) using Le=1, from Hong Im, KAUST) of turbulent
cracked ammonia (14% and 28%) jet-flames in an air co-flow at 5 bar, with Re=11200. The main
findings are summarized below:

e The measurements show that in the near field, Lewis number and differential diffusion effects
are important, and the temperature and H,O profiles follow that predicted using the multi-
component model. The NH; and H, profiles are in between the Le=1 and the multi-
component transport predictions. The differential diffusion effects are overcome by turbulent
mixing downstream, but the NH3/H, ratio is increased as a consequence of the diffusion and
consumption of H, ahead of NHjs closer to the nozzle.

e The scatterplots in mixture fraction space highlight the presence of localized extinction for the
CAJF14 flame, but not for the more stable CAJF28. Further analysis of the extinquished
samples, identified by a mixture fraction close to stoichiometry but a low temperature,
indicates the presence of unburnt ammonia, but hydrogen mole fraction is within the range
found in fully burnt samples

e Both simulations overpredict the NHs; consumption and underpredict the H, consumption,
underlying the need to include preferential diffusion and non-unity Le number in the
simulation.



e Raman data are already published and accessible [5]. The remaining experimental data (NO
[6] and PIV) will be added to the TNF website.

The presentation ended with an overview of potential test cases for measurement campaigns at
KAUST to provide datasets for TNF16. Three flames were proposed:

e A variation of the Sandia/Sydney piloted flame, with simulated cracked ammonia as fuel.
Measurements will be taken for varying Re numbers ranging from laminar to 80% of the
extinction value and will be completed by Summer 2023.

e Sydney/Sandia inhomogenous burner, (KAUST/Sydney collaboration), with varying NHs/H,
ratio and Re. The measurements were completed in October 2022 and be available by the
second quarter of 2023.

e Bluff-body stabilized jet flames (KAUST, Magnotti-Dally), with fuel composition ranging from
100% to 20% cracking. Two series, one with constant Re, the other with constant jet velocity.

e Additional test cases may be available from TU Darmstadt, as their Raman instrument for
ammonia combustion becomes operational.

Data will be made available to the TNF community by Summer 2023, following an ad-hoc meeting,
tentatively scheduled for May 2023 where the experimental results will be presented.
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Background

Ammonia is emerging as a convenient energy (and hydrogen) carrier
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NH; vs H, as C-free Energy Carriers

Storage

Additional considerations in relation to hazardous characteristics:
» Ammonia’s toxicity, leakage/cloud spreading pattern...
» Hydrogen’s high flammability & explosiveness...

Requirements

Footprint / Time

LH,

... final selection of energy carrier on a “case-by-case” basis.

2.368 MWh/m?3

Bulk Displacement / Distance

Transport Requirements
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Significantly simpler logistics of ammonia vs hydrogen



Renewed/Recent Interest in Ammonia
by Research & Industry
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Ammonia Combustion Research
(infancy of a fuel ©)

Several decades of combustion research on conventional hydrocarbons:
» detailed insights about local (structure) and global flame characteristics (TCI)
» this is not the case for ammonia!
”Early” recent work in Japan and UK on ammonia combustion:
» Public funded research at Tohoku U / AIST (post Tohoku earthquake, ~2012)
» Public/private funded research at Cardiff U (~2015)
> Initial focus in Japan and UK on pure ammonia or ammonia/methane blends
Research activity in Norway from 2017 (w/Sandia NL):
» Focus on partially-decomposed ammonia (Ho/N,/NH5 blends)
» Inspired by the paper of Verkamp et al. Proc Combust Inst (1966)
> Aim is to optimize the NH; decomposition rate to create a C-free fuel that
“‘mimics” natural gas combustion properties (fuel switch on existing assets)

Barely started “scratching the surface” of a

@ SINTEF @NTNU

vastly unknown topic...




Combustion, Stability & Emissions:
Open Questions with Ammonia

Applications-related challenges are the “usual suspects”:

> Static (flashback/blow-out) & dynamic (TA) flame stabilization (GTs)
» Reliable ignition and complete fuel consumption (ICEs)
» Pollutants (NO,) and greenhouse gases (N,O) emissions (GTs and ICEs)

Best approach / combustor design strategy? Yet to be found:

» Direct NH5; combustion or (partial) decomposition to NHs/Ho/N, mixtures?
» Gaseous or liquid NHj injection, vaporization & combustion?
» Premixed or non-premixed combustion?

> Longitudinal fuel staging (e.g. RQL) seems a promising approach for GTs...
> ... what about ICEs?

@ SINTEF ®NTNU

Ammonia and Combustion Research

Ammonia-fired GTs and ICEs will likely address niche applications only and
industrial R&D efforts will probably focus on fuel-flexible equipment...

Main role of the combustion research community:
» Provide industry with the fundamental and applied knowledge needed to
develop reliable, clean and efficient fuel-flexible combustion systems

Where to start? Some suggestions:
» Development & validation of chemical kinetics schemes (a significant spread is
presently observed)
» Detailed measurements (e.g. Raman) and simulations (DNS) of laminar and
turbulent flames for validation of chemical kinetics schemes and TCIl-models
» Effect of pressure is a key aspect (often neglected...)

@ SINTEF @NTNU



Direct Numerical Simulation of Turbulence-
Chemistry Interaction in Ammonia Flames

Contributions from 3 research groups:

> SINTEF/Sandia NL

NHa/H,/N,-air lean premixed flames in temporally-evolving jet (Ka~160) and shear layer (Ka~620)
configurations
NH3/H,/Ny-air stoichiometric premixed flames in constant volume vessel (FWI session tomorrow)

> KAUST

NHs-air (lean & rich) vs Hy-air premixed flames (constant S, ) at one selected combustion regime
(Da=0.1, Ka~80)
NHs-air (rich) premixed flames across a range of combustion regimes (Da=0.1-0.5, Ka~30-80)

» Zhejiang University

NHs-air (lean & rich) premixed flames comparison in intense turbulence (Ka~287)

@ SINTEF ®NTNU

SINTEF/Sandia NL Collaboration on DNS
of NH5/H,/N,-air premixed flames

» Part of larger initiative (BIGH2/Phase Ill) aimed at improving fuel flexibility of
Siemens 4" Gen DLE burner for the SGT750 industrial gas turbine

» Research work started in Q4 of 2017 and ended in Q4 of 2021

» UCSD was involved early in the project for the development of a short
mechanism for hydrogen/ammonia combustion usable in large-scale LES/DNS

» Sandia NL contributed to the project with the setup, execution and analysis of
the DNS
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DNS Configurations

Temporal jet Shear layer S —
Cases: A B C D E A
@ 0.45 0.9 1.1 0.45 0.45 . L+ 1008t 10
p 1.0 1.0 1.0 1.0 10.0 tHi/2 R ‘UIH """" }R
s/ 0.86  2.28 2.49 0.86 019 /27 - -Hj — 1045, at t=0
5 526 342 339 526 188 Products
0om | 0.375 0.1915 0.1841 | 0.1875 0.075
U, AU | 150 311 331 300 75 y Shear layer
Dag | 0.008 0.008 0.008 | 0.002 0.002 Products +AU/2
Re; 1061 1003 944 1102 1080 ‘ — 10 g B =100y,
Ka 159 166 167 626 613 [ i ——
\ ’ l ’ cactants 7éU—/2
Y Y B
Effect of equivalence Effect of ’
ratio pressure » DNS code: S3D-Legion

» Chemical kinetics: short San Diego
‘ (19 species & 63 reactions)*
@ sINTEF @NTNU
*Jiang et al, “An updated short chemical-kinetic nitrogen mechanism for carbon-free combustion applications”, Int J Energy Res vol. 44, pp. 795-810 (2020).

NHa/Hy/N, (40/45/15% vol) — air mixture @ 750K

Temporal Jet «A» & Comparison w/CH,*

140,
Cases: A ‘ NH3/H2/N2 blend |
B 0.45 120 SAI
p 1.0 |
s/ 0.86 100} . |
8 526 4
8om | 0.375 £ A -
Uy, AU | 150 ol . | o
Das | 0.008 N : > ¢
Re; 1061 sl — ;'f‘ ffffff @ _
Ka 159 N
20t A | .“
= o NHy/Hp/N, A M1
Z . CHy ° .@
\El 5 0 " L n " s
3 0.3 0.4 0.5 0.6 0.7 0.8
li 101 ® e o o @ ' ¢ d

» Significant role of molecular
diffusion in highly turbulent flames!

@ SINTEF ®BNTNU
*Wiseman et al, “A comparison of the blow-out behaviour of turbulent premixed ammonia/hydrogen/nitrogen-air and methane-air flames”, PC/ vol. 38, pp. 2869-2876 (2021).
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Temporal Jet «Ay», «B» & «Cx»:
Effect of Equivalence Ratio on Emissions
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» Volume-integrated NO and N,O production
normalized by the heat release rate

» Lean cases consistently exhibit higher NO
production than rich case at all times during the
turbulence-flame interaction

» While NO production is sustained in time, N,O
production peaks (when interaction starts) and
then decreases to low (even negative) values
towards the end of the interaction

@ SINTEF ®NTNU

*Rieth et al. “A direct numerical simulation study on NO and N20O formation in turbulent premixed ammonia/hydrogen/nitrogen-air flames”, PCI vol. 39 (accepted)
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Shear Layer «D» & «Ew:
Effect of Pressure on Emissions

1 atm

40
20
100 200 300
10 at
2im 40
—— HRR
- NO
— N20 120
; . o
100 200 300
t/ts.. [

» Volume-integrated NO and N,O production
normalized by the heat release rate

» High-pressure case consistently exhibit lower
NO production than atmospheric case

» N,O production monotonically increases at high

pressure while it decreases to (relatively) low
values at atmospheric pressure

@ SINTEF ®NTNU

*Rieth et al. “A direct numerical simulation study on NO and N20O formation in turbulent premixed ammonia/hydrogen/nitrogen-air flames”, PC/ vol. 39 (accepted)



Ongoing Investigations and Further Work

» Extension of pressure scaling study to 20 bar

» Investigation of premixed flames for low NH; decomposition rates (10-
20%)

» Investigation of non-premixed flames (for low-NO, performance)
» Investigation of second-stage flame in a RQL staging arrangement
» Re-assessment and update/improvement of chemical kinetics scheme

» Open for discussion and suggestions...

@ SINTEF ®NTNU
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Structure and propagation characteristics of premixed ammonia flames
under different turbulent conditions

Ruslan Khamedov, Wonsik Song, Francisco E. Hernandez Pérez, Hong G. Im
Computational Reacting Flows Laboratory (CRFL)
Clean Combustion Research Center, KAUST

;

E Acknoer'demént L - I, Ry

T

'This work Wa,s‘s,piorlgo[ed by VNN W i it
Klng Abdullah'University of Science and Teehnology (KAUST)




)]

=
X
-

Numerical solution method and solver

((((Z

KARFS (KAUST Adaptive Reacting Flow Solver)

* Fully compressible Navier-Stokes, energy, and species equations

« 8thorder central difference scheme for spatial discretization

e 4t order explicit Runge-Kutta method for time integration

« 10% order filter

* Nonreflecting NSCBC (Navier-stokes Characteristic Boundary Conditions)
* Turbulent forcing: Bassenne et al. (2016) Phys. Fluids

Hydrogen kinetic mechanism by Burke et al. (9 species and 23 reactions)
*  Ammonia kinetic mechanism from KAUST (25 species and 178 reactions)
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Comparison of turbulence-flame interaction
between lean H,/air, and lean and rich NH;/air
flames at a similar turbulent condition
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Selected conditions for freely propagating turbulent flames &
Borghi diagram
- * 6y =v /Sy 1s assumed
10° g T T T I/ /s, | R b K
" Distribued u’ O et s
ones Boken | Csel ) 1 1| H |0
G * reaction zones .|
102 H2 | 1 | 10 |78 |01 | 88
g AL | 1 | 10 |56 |01 75
D AR 1 10 72 | 0.1 | 85
10t B
’ H2: H,/air premixed flame
©=0.41,T=300K (S = m/s), Le =0.36
100 £
F AL (lean ammonia): NH;/air premixed flame
Wrinkled ©=0.81, T=600K (S = m/s), Le =0.90
flamelets
-1 Ll M
10 10-1 100 101 102 103 AR (rich ammonia): NH3/air premixed ﬂame
s ®=1.2,T=500K (S = m/s), Le =1.12
T/ 0L
19
Turbulent f d variati s [ av
urouien dame speed variation T = WFr ="V
P Pulo(Yyur — Yo rdo Jy =
. Poinsot et al. (1992) CST
Temporal evolution of St /S; and At /A,
30 T T T 4 T T T T 4 T T T
H2 u'/S, =10 Re=78 AL u'/ S =10 AR u'/ S, =10
Ip/op=1 Ka=88 T Ipl oL =1 = /o =1
5 3 Re =56 < 3 Re=72
20 £ B3 Ka=85
10 = =
Ny . =
< <
O 0 1 1 1 1 O 1 1 1
0 10 20 30 40 50 0 10 20 30
1Teqdy -] Teqdy [-] Teqdy [-]

Large stretch factor for H2 but close to unity for AL and AR
Despite the same I/6; and u'/S;, Ar /A and thereby S;/S; are very different
AR has significant reduction of surface area as compared to the lean ammonia flame (AL)
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Conditional average of heat release rate (HRR)

Conditional averages of HRR overlaid with

=

S

laminar counterpart in progress variable space (c)

. 3 T T T T
cforH2: T Dashed: Laminar — 12
¢ for ALand AR: Yy o — ALx2
2 _ —— ARxX2
T T 1
3
(o))
=
1§ o1r ~
0 | e |
0 0.2 04 0.6 0.8 1

HRR for turbulent H2:
1) peak lies more upstream

2) small bump upstream
3) larger peak

H, mass fraction in ammonia f

Going back to the laminar flame...

6 T T
NH3/air, Laminar
T4 1
=
X
A 1
0
0 0.05 0.1 0.15

X [m]

Lean NH; flames, H, profile is similar to
“intermediate” species
Rich NH; flames, H, profile is similar to “product”

species
How does this affect turbulence-flame interaction?

cl-]

* HRR for turbulent ammonia:
1) peak lies more downstream
2) AL shows higher peak

3) AR shows broader distribution 21

lame &

*  Conditional averages of mass fraction of H, for ammonia
flames (lean vs. rich)

6.0 T ' : :
Dashed: Laminar AR ——
AL —
T 40 /!
E
x ‘_—
SIEY ) SR ]
=TT
0 02 0.4 0.6 0.8 1
CFyo [

¢ H, diffusion can take place reversely from down- to

upstream direction for ammonia
* Local propagation speed may be affected by H, along

the “negatively” curved regions -
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Stretch factor of lean and rich ammonia flame “@»
* Mean displacement speed (S;) and stretch (K) along the iso-surfaces of V0
0.5 . 1.1 :
o - AR _ PR g | 2 : —
- o \“ o _:] 1F /./ y o 1 +P,((:;l1’a) Acmonia/air
¥ 4 g o g
B L et A ° e 5, /raifi
o . N e 5 o e e
S ) ooeX g *
b (] '——Q\.,/ b 5} /' -0-- AR 108 09 10 11 1z
= s -e-- AL 00
02 " 05 : ReaI?tiso:is:ips b;‘tween burned ag:s
05 \ \ 1 O 05 1 uni‘\(/atlenceraltio%t(;’ b ‘
CYH20 [‘] corlrseos-;;r:f;iiegto CYH20 [-] (Hayakawa et.al,2015,Fuel)

the maximum HRR

For the rich ammonia flame, the mean stretch is positive in the preheated zone and negative in the intense
reaction zone

. S . S Ar
The decrease of Sy is a result of stretch, which is responsible for the lower values of?T compared toTT for the
_ L L
. . St _ ArSq _ ., LK 47
rich ammonia flame ---> S5 = As, (1 _SL)AL
For rich ammonia flame (Le > 0), the Markstein number is positive
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Global and local characteristics of premixed rich

NH;/air flame for a wide range of turbulent
conditions
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Turbulent cases
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* Alvs. Ad:sameu'/S; (=10)
¢ Alvs. A3: same Ka ( = 85) -
* A2 vs. A5: same Ka ( =30)
Turbulent flame speed Sp = fw'pdV </
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. Poinsot et al. (1992) CST
» Temporal evolution of St/S; and A7 /A;
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Selected cases for a range of turbulent conditions

8=/ Sy is assume

d

10° rrm
Distribued
zones

102

* Borghi diagram

AN KR
-+ Thin

P Broken

.- rea

ction zones .

aﬁ\m ol

.

L)

Only rich ammonia/air flame is considered: NH,/air premixed
flame ¢ =1.2, T=500K (S, =
The effect of different turbulent conditions is analyzed

m/s)

* The mean of the turbulent flame speed is increased with higher I /6],

* Less than unity stretch factor is observed regardless of the turbulent conditions

* The stretch factor for high I+ /6;, flames is decreasing, i.e. the gap between flame area and
flame speed enhancement is getting larger
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Statistics of S and flame curvature

. PS 1
Sq=—%=——@r— V-] &

Py PVY
Im and Chen (1999) CNF

* Probability density function for S; and flame curvature (k) along the iso-surface of

Cy, 0 At the maximum HRR
2 A iso-line of
gl'_ » T * The shape of the PDF of S} follows a
k normal-like distribution with the peak at a
o value of S lower than S,
-2 1 -2 1 4
SISt WA
I — * The flame curvature is mostly negative,
—n — which decreases the flame surface
% B ) Ajk
L 0 g 0 7
K&y [-] xé [-] 27
Flame structure: representative instantaneous snapshot %9);

* Key variables overlaid with the progress variable iso-lines

HRR [W/m?3]

Al
A2 !

A3

T [K]

I S e
4 L]

NH; H,

Qualitative broadening of
the flame zone is observed
for flames with high I+ /6],

The preheat zone is more
disturbed for flames with
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Flame structure: conditionl averages

Additional observations on conditional averages of normalized mass fractions and HRR
NH; profile H, profile HHR profile
1 1 1.2 -
— Al - - - laminar B
- g i
0.5 0.5 —0.6( 3
A3 2 A A4
A4 = A5
0 0 : = 0 : 0.0 :
0 0.5 1 0 0.5 1 0 0.5 1
CYH20 (-] CYH20 (-] Ha CYHZO [-]
*  Peculiar behavior of mass fraction for high 1 /6, flames at the downstream zone
* More hydrogen cracking is expected for flow with larger turbulent eddies
*  The peak of HRR for high /6, flames is diminished and shifted towards unburned gas
*  Effect of u’/S,:the peak is diminished with increasing turbulent RMS velocity for a given l1/5;
29
Conclusions &

Varied response of the flame stretch factor is observed for different equivalence
ratios (lean vs. rich)

The stretch factor (I, = (S7/S;)/(Ar/A})) is less than unity for fuel-rich ammonia flame,
and for larger integral length scale, the stretch factor decreases more

The rich ammonia flame exhibits flame surface area reduction, which may be partly due to
the H, diffusion from down- to upstream direction

The turbulent flame speed displays a strong correlation with the size of the most
energetic turbulent eddies

For the rich ammonia flames, the PDF of S; peaks at a value smaller than the one from 1D
laminar flame, and flames have mostly negative curvature
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A DNS study of a freely propagating premixed
ammonia/air flame under homogeneous
turbulence

Tingquan Tian?, Chengbin Song?, Haiou Wang®", Kun Luo?, Jianren
Fan®

4 State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou 310027, PR China

Configuration set-up

y
z
Lx Periodic F/lame front
Inflow O ° @Océ o c < Outflow
0 Periodic L,

Schematic of the turbulent premixed flame configuration.

* The configuration of a freely-propagating turbulent premixed flame is
considered.

* The reactant consists of ammonia/air mixture with a temperature of
300 K and the pressure is 1 atm. Two equivalence ratios of 0.9 and
1.1 are considered.

32



Configuration set-up

Homogeneous isotropic turbulence based on a Passot-

Table 1: Simulation parameters

Pouquet kinetic energy spectrum is used as the initial turbulence ¢ (o & (o) wles) Re

field. The turbulence parameters are illustrated in Table 1. -
1.1 118 2.00 1.69 157

A linear forcing method was applied to maintain a statistically 0.9 0767  3.09 403 157

steady turbulence field.

Domain Size: L, X L, X L, =10.57 X 1.76 X 1.76 cm? in the lean
case andis L, X L, X L,=6.85 X 1.14 X 1.14 cm? in the rich case.
Grid number is: 1008 X 168 X 168.

More than 10 grid points across flame thickness , are obtained. The
criteria, n/Ax > 1, for turbulence is satisfied in all region of the domain

A skeletal mechanism of ammonia/air combustion, including 20
species and 113 elementary reactions, is developed for the DNS
study, which is derived from the Mathieu mechanism.

The simulation was performed using the DNS code ‘S3D’ . The DNS
code has been used widely in studies of turbulent flames.

General flame structure

6=09 =11
NH, ﬂ
0 0
rH “EQM
5 ‘ D
X 0 0
0 0
S Vil 1264 v 2E4
L‘\
- i V2Za!
. g rm i
1 2

0 W/m’
Contours of NH3, H, and NO mass fractions, vorticity magnitude and HRR in a typical x-y plane

05!
1E8

0 W/m®

* Inthe lean case NH; is consumed completely, while in the rich case
the excess NH; is pyrolyzed to H,.

* NO mass fraction is the highest in the product for the lean case,
while it is the highest in the reaction zone for the rich case.
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NO pathways: effect of TCI

¢ NHj;is consumed and converted + HNO pathway and N,O pathway
— l to NH,, and NH, is attacked by play the most important role in the

NH2 N radicals to produce HNO, NH, formation and consumption of
//l>< NNH and N, NO, respectively.
HNO NH

4 » Six NO pathways, i.e. HNO, NH, The relative contributions from
| N,O, N,, NNH and Zeldovich various NO pathways, however,

(thermal) pathways, are defined remain unchanged between the
HAH o Nz based on the diagram. turbulent and laminar flames.
NH3 =
_ l o s ¢=09 . ¢=11 75£
NH2 T |—mo g %
g —NH g g
// l><l z —N20 - =
N2 5 of—= 03 f
N HO L ! o 0.5 1'60 = A 0.5 i
The global nitrogen flow diagrams for c c
the laminar flames. The thickness of The conditional means of the rates of production (ROP) of various NO pathways for
the arrows indicates the fraction of the the lean and rich cases. The solid line and dotted line denotes the turbulentand 3¢
nitrogen flow. corresponding laminar results respectively.

NO pathways: curvature dependence

i3 [v'()”le, Negative

Positive

=—HNO =—N20 ——NNH

o

N

Q

(=]
ROP(mol/m®s)

&
S

l 0.75 0.8 0.85 0.9

(a) Schematic diagram of the flame surface colored by curvature. Three lines
vertically across the flame surface with positive, negative and zero curvatures.
(b) The profiles of various NO pathways along the three lines as a function of ¢

¢ ¢

near the reaction zone. (Positive : ‘—’ ; negative: ‘---" ;andzero: ‘..” )
* The magnitude of NO pathways is the highest in negatively curved
regions, and the lowest in the region with positive curvature.

* The relative importance of various NO pathways rarely changes with
curvature. 38



Preferential diffusion effects

x10°  ¢=11 x10°  ¢=11

Reactants Products 1.6

0 0.5 1 -4 0 -
c (V b o ] )()/

Contours of H, mass fraction The
white dashed line indicates the (a) JPDF of Yy, and progress variable. (b) JPDF of Yy,
flame front. The arrows denote and curvature conditioned on the flame front.
the directions of H, diffusion.

» H, diffuses from the product side to the reactant side, and is concentrated in
negative curvature regions.

* The NO reactions in negative curvature regions are enhanced by the
accumulations of radicals such as H, due to the preferential diffusion effects.
40

Conclusions, Open Questions &
Discussion ltems

» NHs-air (both lean & rich) premixed flames behave like “conventional”
turbulent flames: “surface-area controlled” turbulent burning rate (lIo ~ 1)

» Lean NH,/H,/N,-air premixed flames are rate-controlled by molecular
diffusion of hydrogen and local enrichment/acceleration of the leading
points (I > 1), more so at high pressure

» High pressure conditions are beneficial in respect to NO formation, not
so much for N,O formation (abated at fuel-rich conditions)

> In rich NHs-air and NH3/H,/N,-air excess ammonia is pyrolyzed to
hydrogen (providing optimal RQL conditions)

» Proceed past the conventional “DLE paradigm”: lean premixed flames -
low flame temperature - low emissions? — not true for NH; flames!

» What is the “optimal” NH; decomposition rate in NH3/Ho/No-air flames?

> ...

@ SINTEF ®@NTNU




Canonical turbulent jet flames fueled by
ammonia/hydrogen/nitrogen blends

Gaetano Magnotti
KAUST, Clean Combustion Research Center
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Insights from TNF Workshop target flames

MODE « Interactions of turbulence,
molecular transport, and
chemistry are expressed
differently in the different
combustion modes and
regimes

Premixed Stratified Partially Premixed Nonpremixed

» Effects of differential
diffusion in turbulent flames

* Non-premixed jet flames

* Premixed and stratified
flames

REGIME

(Re, Da, Ka, ...) + Characterization of

local extinction and blowout

* Formation/emission of NOx
Stirred Reactor

« Structure of local reaction
https://tnfworkshop.org/ zones in multi-regime flames

G
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Canonical turbulent flames for ammonia combustion

+ Key phenomena to be investigated

» Stabilization, local extinction, blowout oot

Premixed Stratified  Partially Premixed  Nonpremixed

* NO, formation and emissions
 Differential diffusion effects
* Pressure effects

* Measurement needs and diagnostic challenges

+ Extend Raman methods to ammonia/hydrogen flames

+ Combine with quantitative measurements of NO, OH, NH, NH,

» Baseline experiments and simulations on laminar flames (x,,;, minor species)

» 2D and high-speed PIV/LIF imaging of turbulent reaction zone structure, blowout dynamics, etc.
» Selection of turbulent target cases

+ Computationally accessible geometries with well-defined bc’s and inflows

» Large variety of burners already available that can be operated with ammonia

» Collaboration on experimental design, common burners, comparison with simulations

REGIME
(Re, Da, Ka, ..)

(]

Stability of
ammonia/hydrogen/nitrogen

—}— NH,=60%
=} NH_=70%
NH,=80%




| ean premixed blowoff — NH3/H2/N2 vs CH4

Laminar premixed flame properties: Extinction time
NH,/H,/N, — solid; CH, — dashed (laminar twin flame and PSR)
2000 04 50 3 5 |
SanDiego | _
1800 03 e “short” mech |~ _ 08
£ Jiang (2019) |, E
@) L 230 3 067
= 1600 2l £ £ =
& ; "T 20 —- T 04 &
1400 0.1 ;-‘m = ’ -
NH4/H,/N, .
2 0 0
12004 0.6 08 04 05 o6 07 o8 04 05 06 07 08
@ f} o)
(a) Ty and S 10 (b) 7,7 and Gy, () Texr (no markers) and 7, (with markers)

 Select NH4/H,/N, blend (40%, 45%, 15%) to match S, and &, of CH,
 Similar laminar flame speed BUT very different extinction behavior
+ Laminar extinction strain rate, x,,, , is 3.8 times higher for NH;/H,/N, at ¢ = 0.6

B NTNU SINTEF Wiseman et al., Proc. Combust Inst. 38 (2021);

5!
Lean premixed blowoff — NH3/H2/N2 vs CH4
OH PLI
. IM
— =—— ~—— 120¢ NH3/H2/N2£ &1 A1 vs. M1: Turbulent
' -d - NH,/H,/N, flame at ¢ =0.6
1 ‘6‘ i‘i’ ¥ | has ~12 times higher U,
B Rt g 80l than methane
: : 3 « A2 vs. M2: NH,/H,/N,
eir blend remains stable to
- - much lower ¢
20F
A2 0
0]
r=-10ms
@ NTNU SINTEF Wiseman et al., Proc. Combust Inst. 38 (2021);
6

¢ 0.45
Blow-off velocity — 45.0 ms™!
L 1403 K

Bluff Body Burner
3( |

| it



Resilience to strain-induced blow-out (RSIB)
4:(} T T T T T T
—0—21% H2 ~-p--CH4 (Num.) 2000 - = + =Kot - SanDiego 21% H,
i 27(?{ H2 ©O 21:/_c H2 (Exp.) i il i
a6 45% H2 < 27% H2 (Exp.) | 1500 | 2 EZ;:[U
e 7.y K,mmf - Experimental
7 = 1000} e f
L 20| , SPEe SV 3
s 500 ‘I’,/’+,+—+“—$1:\4\\ 2
o =
0 : : :
10 | i 0.5 0.6 0.7 0.8 0.9 1 1.1
é
| %0 ‘ ‘
0 | —O—¢ = 0.6
0.5 0.6 1.2 > o
& 60 + —7F—$=109 |
—Q—0=10
e . . . p=1.1
* Resilience to strain-induced blow-out obtained from = ’
extinction strain rates multiplied with flame time N
20
TECHNISCHE h da .
2 Richter at al. 1B04
UNIVERSITAT yocHschu ;
5 DARMSTADT UE\,HF\:SR%Tv'.lzlg’:zgumjnécwwnﬁs @ NTNU PROCI-D22-01021 0 :
9 15 21 27 33 39 45
07, 19

Stability of non-premixed jet-flames

» Simple jet flame, 4.58 mm ID central pipe,250 * Sydney inhomogeneous burner
mm coflow with 0.3 m/s velocity * NH3/H2 as fuel
« Global gy = 4.76

* Local peak in blow-off velocity (Ugg) L, = 25mm
* Peak, Uy is suppressed with NH; addition
* Homogenous limit (L,=300) reduces Ugg significantly

+ Linear relation between blowoff velocity and
cracking ratio

e e e = with NH; addition;
= 80 —
22000 ‘,_/",/' ©13.00
P 70 |- @550 ——
20000 4 Vg )
5 ® —— NH,=60%
& I E & 3 _©3.50
S 18000 > < =0 NH,=70% ‘
¥ o 5 0 2 NH,=80% LP3.00
@ o 3 2 5
16000 - ’ n o |
=
. 40 et
14000 + .
L
30
12000

T T T T T T T T T 2
12 14 16 18 20 22 24 26 28 30

Ammonia cracking ratio(%)

THE UNIVERSITY OF

SYDNEY
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Some additional canonical flames under investigation

+ Bluff-body non-premixed flames
+ Constant Re=5500

+ Variable ammonia cracking ratio
* OH PLIF and emission

N
N
(=]
—_—
(=3
~—
—_
(a)
~

=
-]
(=]

FNH3_25
FNH3_50

=
(=}
(=)

Height above the burner (mm)
@ 'y
(=] (=]

N
[= 2K~

50 50 50

Radial direction (mm)

(]

50 r(r

* Lund Distributed Reaction
Zone (DRZ) burner

* High turbulent Re
* OH+NH, LDA

» Jet in hot-coflow

» High-speed
chemiluminescence

42024
/D

42024

/D r/D

Diagnostics for Ammonia

1 =—10ms r=-1ms

combustion

—}— NH,=60%
=} NH_=70%
NH,=80%

+ Sydney auto-ignition burner

42024

SYDNE



Multi-species PLIF

« Simultaneous OH+NH on Lund DRZ burner « Simultaneosu Rayleigh, NH LIF and NH3 LIF
+ NH coincident with the edge of the OH layer + Single excitation at 304.8 nm
. NH rem ain thln (a) Rayleigh Scattering (b) NH3-PLIF (c¢) NH-PLIF

Axial Location(mm) Tra ne}mkkmﬁon(mm)

2 33 2 10 1 2 83 2 A4 0 1 3 3

10 5 0 5 10 0 5 0 5 10 0 5 0 5 10

Fan et al. Combustion and & Wang et al. Combustion and

-

Flame 238, 2022 SUS“:I'ech Flame 242, 2022

Extending Raman spectroscopy to ammonia flames: response curves

Spectrally resolved Raman image

"« Calibrate NH; Raman

4 “ ¥ ' response vs. T using laminar
40
4 . flame measurements and
‘=30 . .
= simulations
g . » * No significant differences in
Laminar op L major species among three
580 600 620 640 660 680 700 .
Wavelength (nm) meCha nlsmS,

0.9 1.02 . .

o @ — Otomo cial b * Only minor effect of strain rate
Fosf g/ 2 o on major species
| 2 00 + Result: Relatively low T-
203 =
= F dependence of NH; Raman
gt = ) response

300 600 1000 1400 1800 2100 0.9
T(K) 300 600 900 1200 1500 1800
| Ll | | Tang et al. Combustion and
Cna, (T) = |Snm, (T) — Cyayctt,0 (TINw, 0 (T) — Cypycroy (T SE, (T / Nym, (T) Flame 29, 2021

Cri0ntt,(T) = [Sa,0(T) —Ch,0 (T) Nit,o(T) — Croroyy, (TISE,y, (T)]/Nyvia, (T) B



Fluorescence interference

_|'7WK . ” = 5 .-
e 15 ‘ 60 i
S0
_
sat _ = I ~ Eaw £
£ a1 M Y ¥ !
= = X Yo
H = 05 £ 20 o
:

0 0 0.5
300 1000 1800 2500 300 1000 1800 250 300 1000 18002500

Q5 ——-
300 1000 18002500

X

o N ] oetwe | R iy Pt o e e | s s
DX IO TR ™ T (K) I (K) I (K) T (K)
80 600 620 640 660 M‘ﬂ) —
Wavelength (nm) 2
s : 1 1.5 1.5
45 |
! = 7o —
ta £ | = g |
: v y - E
V. /0.5 4 V_ 05| v,
o Sos o Z"0s
z - - .

Interference signalarb.u)
»

i

0
300 1000 1800 2500
I'(K)

0 s
300 1000 18002500
T(K)

0~ .
300 1000 18002500
T (K)

0 S
300 1000 18002500
T(K)

CXURY ) , o iy

Hom My babek
580 €00 €20 640 660 680
wavelength(nm)

*Spectra collected at orthogonal polarizations
*Fluorescence signal approximated to a third order

*Response curves computed as function of temperature
*Same curves used independently of NH3/H2/N2

polynomial ratio
Tang et al. Combustion and
s Flame 29, 2021 "
Validation in laminar flames
A(.(m 5 N-CF-1 0 4 4 bl o
2 [ N\ucee €t . &, ) 1YH-YH2_ Yo~YH2
fu::m 400 : _§ 3 s . g 504 - /«msé .Fbilger = liH,KI;H,z _Yo,:V—OYo,Z
Ezw w0 § ! E >‘co.: ,// i z Wn Wo
E '§ T — ‘ *N-CF-1 with 80% NH3
' o ok el g 0 20% H2 used for calibration
o » i o1 Tested over 10 counterflow
. 7 e g Sat z flames with varying
z LS o wsg 2% wsz  NH3/H2/N2 ratios and
2 e % strain rates
*Agreement in mole fraction
N within 0.01 for all species
’ 2 . *Temperature within 40 K
g z E
z oos 3 Z
[} z =

0 02 04 06 08 1
Mixture fraction

Mixture fraction

Mixture fraction

Tang et al. Combustion and
Flame 29, 2021
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Interference signal: a measurement of NH2

*Interference response curve independent of fuel composition
*Experiments in flows seeded with NO, N20 and NO2, show negligible contribution from these species
*NH, is the main contribution, but not matching a specific excitation line.

8.0x10°
= 3 CABD =
3 % Instantaneous Si (@) 3 o (b) oate
5 o ignal 58 = T T T T T T
< 2500 NH o3 2 as00 Giou1os ©
2 —NO, E? E
c c £ c
8 20004 N0 S & 20004 S
S ——N,H,"5 - £
a LR, 12 ] 400" €
£ 1500 € 1500
2 UFsignal g 2 2
T SEEL. 82 8
% 1000 4 . + 2 1000 w —_
E ] o0 § € 20¢10° § 2
® X s ® F =3
g 500 4 - ! & g 500 ' & '8
@ v e @ £ i i o i
o {rrEE e e e i o (RS it 00 )
400 600 800 1000 1200 1400 1600 1800 2000 2200 400 600 800 1000 1200 1400 1600 1800 2000 2200 >
Temperature (K) 2 Temperature (K) )
8.0w10 10
C
3000 CA60 CA16
© g
=

(d)

25004

20004

15004

—— NH, spectra at 300 K

Signal at interference channel (arb.u.)

2 0.5

1 : Hot NH, spectra in ammonia flames
] B &% _— 580 600 620 640 660 680 700

of e et P 0.0 Ensishs - A S e 1 0

00 02 04 08 08 0 ! 02 04 08 08 10 Wavelength (nm)

Mixture fraction (-) Mixture fraction (-)
A Tang et al. (2P033) to be submitted

< to Combustion and Flame "

Interference signal: a measurement of NH2: validation

sLinear with number density. - N phi_07 W N_phi_08 -~ N_phi_09 o0
*Calibrated by matching the peak NH2 ~ _ a gl B o
concentration from 1-counterflow flame £ 5@" - *?r o
using the Otomo mechanism : 2E - Vi g
*Accuracy < 10% over 23 flames tested, = “2 _ " =g ki
across all range T Nt o T S = 0 7300
~ 100 ppm standard deviation at peak B o _ Jowg,
temperature, ~ 50 ppm elsewhere o e S S o
*Small crosstalk from NO2 (<50 ppm) £, i
«Absolute, independent measurements £ . 1300 £
needed (TDLAS?) c s B
*Useful for turbulent-chemistry interaction , i Xl

studies

X (mm) X (mm)

Tang et al. (2P033) to be submitted
to Combustion and Flame

G
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NO LIF in ammonia flames

1.0 A

0.8 .

Emission (a.u.)

226 228

G

0.6 +

]

235.86

235.84

232 234 236 238 242

Wavelength (nm)

1 SHIpSIdwuis ()

230 240

WIAWIC IHacuull

Laminar NH4/H,/N, counterflow
T Ll T ¥ T y T h T ‘ T ¥ T ' T ¥ T
Simulation
10 . 235.852 nm Experiment

244

Excitation of NO in the (0-1) band of the
A?Tt « X211 at 235.852 nm to avoid
absorption from NH,4

4 md/pulse, saturated regime
Contributions from Rayleigh and O, LIF
signal removed through calibration in
laminar flames and simultaneous
Raman measurements

NO-LIF calibration factor from
measurements in H2 flames seeded
with NO

15%-25% uncertainty in turbulent
flames

Wang et al. 2C09 PROCI D-22-00753

NO Raman in laminar ammonia flames

' Intensity (counts)

6000 T T T
5000 1
S e
c (= X
= 3000
v
Q2
© 2000 f 1
S [0 NO (experimental)
—— CRECK-PoliMi
1000 k Konnov -
- Okafor
Glarborg
0 — ‘
0 10 15
HAB (mm)

Zubairova et al. PROCI 1C-02

subtracted signal
polarized signal
depolarized signal
T d

1750

1850 1900

Raman shift (cm™)

1800

Two wavelengths were used

Single pass at 355 and multi pass 532
Multi pass ~ 45 times signal enhancement
Polarized & depolarized data were taken
Reported detection limit of 700 ppm

17



Simple-jet NH3/N2/H2 flames:
Measurements and simulations

CAJF14 .» CAJF28

Laminar and turbulent ammonia flames

|
| ~1Jipulse

e v Fuel simulating 14% and
| 28% cracked ammonia
! "w...l" Non-premixed jet in air co-
e ww e w s flow

Stretched laser pulse » 3,35 mm inner diameter
b\ chromatic lens(f/3 and /4) 5 bar operating pressure
¢ 135mm lens + Reynolds number of 11000

Grafing_o for the turbulent flames

CAJF14 .» CAJF28

{

| i\ Roman camera * Simultaneous Raman and
b ng-pass/“ 105mm lens NO L|F
S e, T + Velocity measurements
(PIV)
» T, major species, NO and
velocity data available
« Mean, RMS, PDF...

Tang et al. CNF 2022
Wang et al. PROCI D-22-00753 20

G



Laminar flames results at z/D=1

CALF14

Mole fraction(-)

a NH
yili-com(po?lent s
o H2
H,0
1000 1500 2000 J 250(
T(K)
CALF14

» Major species in good go's'm
agreement with the full Zosf
multi-component : g
transport model

« Non-unity Le effects 500
leading to super-adiabatic ,
peak temperature 6

* H, burns ahead of the P
ammonia leading to a =°F-
rapid increase in the NHy/ %,
H, ratio 1

. G

- instantaneous
= Conditional mean
, |===Chemkin with multi-component
B — -Chemkin with unity Lewis number

NH31H2 ratio

03 caLszs
NH3
0.6 B Hz
HZO
0.4
0.2 o
500 1000 1500 2000 2500
T(K)
CALF28

5[l)0 10‘00 1 5‘00 2000 25I 0 560 1 0‘00 1 SIUO 20[;0 500
T (K) T (K)
S Tang et al. CNF 2022
< 21
Diff-Diff parameter for ammonia flames |, CALF14
(a)] sTD
g ZN—> —F-Uncertainty| 1
+ Diff-Diff parameter based on atom-ratios %"-2‘ 2" * 4 08
to better capture diff-diff effects - T - T, 08
. . . & o= — e
* Nreplaces C in the conventional definition £ FY40.4
=
¢ 62 = ZH - ZN é_oz | . Ei:-; 0.2
. . . o™ Multi
» Zy is the elemental mixture fraction: 10
. _ YH_YH,air p ! ‘ ! L
Zy = YH fue=Y H air 4 500 1000 1500 2000
P ’ T fK\
. Zy= YN—YNair i CALF28
YN fuel=YN,air
» Correct trend captured in Z, some issues 502
in Zy .
« Small denominator in Z, (0.05) amplifies E 0
measurement errors i °
002

Tang et al

G

. (2P010) T

: : —-0.2
1000 1500 2000
T (K) 22



Numerical Simulation

—

(K)

« Flamelet progress variable o
approach (FPV) '
» H20 as progress variable
* Principal Component
analysis+Deep Neural A ;
Network (PC-DNN)
« Reduced to PC1 and PC2 |
as input to the DNN to
obtain the full
thermochemical state

Source Term

N

 Unity Lewis number assumed )
for both approaches
S 23
CAJF 14 Experiment vs Simulations
Mixture 0, N>
x/D = 40 y .//,-""_"‘
CAJF14 : \ " -/
e Exp - mean ° .
- Small difference D20 pu — ﬁg\,"”” flifi‘ / B

between the two
models

» Agreement with
experiments in the
near field but
experimental profiles

_ \ x/D =
\ x/D =10
are steeper U
« Larger discrepancies
downstream XD =5

G
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CAJF 14 Experiment vs Simulations

(]

perature [K

e

1
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Temperature
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« Simulation predicts broader temperature prdfilés 7

0 . .

» Large mismatch in NH3 and H2 possibly caused by

using Le=1
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I )
20 25 20 25
1 0.03(
; 0.02|
05 L
& =~ 0.01| 3
o :
0 0 5 10 15 20 25
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CAJF 28 Experiment vs Simulations

G

 Higher cracking ratio
leads to increased
mismatch in mixture
fraction and N2
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CAJF 28 Experiment vs Simulations
T

G

Temperature [K]

IK]
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Temperature
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015}

Simulation predicts broader temperature profiles
Increased mismatch in NH3 and H2 when increasing

H2 content
Should we add a H2/N2 dataset ?
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0.04
T 0.4 70,03
- F0.02
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0
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Qualitatively good agreement, but room for
improvement in both experiment and simulations
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Turbulent flames:diff-diff effects

G

04 CAJF28-1S$D CAJF28-2D CAJF28-5D
Diff-diff i el :
parameter P, e |
. . g Le=1 "og%e Sl i N g
indicates that £ oo, %N e
differential Ser i 5
diffusion is 47500 1000 1s00 2000 2 A S 500 1000 1500 2000 "
. T
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near eXit iS Cumulative ) 500 1000 : 1500 2000 500 1000 )1500 2000
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Turbulent flames:localized extinction

» Temperature profile
matches the full
multi-diffusion
simulation near the
exit, and the Le=1
downstream

» Evidence of localized
extinction for the
CAJF 14 flame (40%
of blowoff velocity)

Tang et al. CNF 2022
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CAJF 28: Comparison in mixture fraction Space - Eexp-conditionataverage
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Ongoing work at KAUST

H,/NH/ 50% N,

* New polarization/separation Ramai
system now operational for
measurements at atmospheric
conditions

- Effect of Re on 28% cracked an
jet flames

» Piloted Sandia/Sydney burner
(partially premixed and
inhomogeneous )

 Bluff-body stabilized flames

* MILD combustion

Je

Height above the burner (mm)

N.
g

Gldal @g 5 = 8976, ethylerd@-air pilot 50 r (m
Assaad MasrRadalydirectiorr{mmication

(]
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Flames images and OH-PLIF

FNH3_25
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o Flame length increase as H, ratio in the
blend is increased resulting in a more stable
flame with reduce luminosity

o Increase in cracking while keeping Re
constant resulted in higher momentum flux
(jet/coflow), and shift of the burning region
from the outer shear layer to the inner layer
next to the jet
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Oxygen (%) Oxygen (%)
o NO is lowest in FNH;_72 due to lower burning temperatures resulting in delay in NH; oxidation

* In NHj-rich flames, there is a slip unburnt NH; to regions where NO exists thus,
promoting the selective non-catalytic reduction reactions to reduce NO

Unburnt

NH; in the FNH;_72 flame exceeds 1000ppm

FNH;_0 and FNH;_25 burns the same way downstream

RMS
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Extending Raman spectroscopy to ammonia flames: spectra

0.26

= =
b o
e =

Raman intensity ratio
=
[\ ]

e
-y
= -]

(]

% 2v 4/' v,
% V3/ vl
linear

linear

fitting of 21/4/1/1

fitting of 1/3/1/1

o * High-resolution ammonia spectra taken
to temperatures up to 760 K

* Limited by thermal dissociation

+ Three major bands identified

* No overlap with other species for 2v4

+ v1and v3 partial overlaps with the H,q
channel

* The ratio of 2v4/v1 is linear with
temperature

400 500 600
Temperature /K
Raman shift /em™

» Useful temperature diagnostics
for mixing cases in non-
isothermal flows

700 800

Yang et al. Optics Express 29, 2021 41
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Dinkelacker  *Flame stability measurements for H2-NH3 flames - flashback and liftoff-limits

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

* Not provided for inclusion in the Proceedings



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

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

OAKkihiro Hayakawa, Hideaki Kobayashi
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2% 8 Previous report at Dublin workshop
e Turbulent combustion of NH,/H,/Air flames

Cooling water

'\"_'_Dg_iland valve
High pressure chamber —> Exhaust gas
Beam dump Quartz window Frequency doubler
g ~ 4 Laser sheet Lasar beam M \
Quartz window "c,—f-'i:\m ; formation optics for PL'F\ BV o
H, for pilot flame . \
> for p o \_\“ ~B( - / :
Air for pressurerization -7\ o e o
i . -
- =~ Cooling water Mirror
1.\‘\ CH, < Dye laser
ICCD camera « NH,
3 532 nm
Nd:YAG Laser
Experimental setup for high pressure turbulent combustion P=0.5 MP 1.0
— h/] a ¢ =
. . U,

Lo=1.05 NH,/H,/air, Le<<1.0
v Non-uniformity of OH profiles and OH-PLIF intensity compared to methane/air flames.
v' The difference can be explained from the difference of the role of OH in ammonia and

methane flames.
v We tried NH,/air flame this time.




Experimental setup for NH,/air turbulent combustion

Cociing‘water (1)20 . g
o manng e - Experimental conditions
= Fuel Ammonia
Beam du:np J{Quartz window Frequency fjoubter | s :.\ |
Quaﬁzvi:;r:)e\r: \ ')./ %Oar;e;tlscl;ne?[)llcs If_carsglr_leeam M)rror X Fine megh Pefited plate OXidizer Air
H,, for pilot flame = /'/\“ S
Air for pressurerization \nj\qh{h e /! - Mixture temp., T 573 K (18 K)
~—— Ribbon heater Mirrar
oS amers o i Pressure, P 0.3,0.5 MPa
532 nm Premixed gas N
Air heater NG:YAG Laser : Burner outlet 1.0~3.0 m/s
e nozzle burner velocity, U,
Ammonia/ai !r(T,i’_’QRK) “.‘ T 0: E‘xpcumcm‘(]hyakxwaclal.) With 20 mm
Melhane/z’ur @ - zés K O 4 Experiment (Okafor et al.) O u tl et
LBV, . —— Methane/air @298 K v' To stabilize ammonia/air flame
S, - > Ammonia/air @573 K on the nozzle burner, mixture
~ Ammonia/air @298 K was pre-heated to 573 K.

A Experimental conditions

Experimental condition on Peters diagram  Experimental condition at which S; can be evaluated

P (MPa) Mixture Xh, T P 1) S, o Lees
Presentstudy P (MPa) $=0.8 ¢=0.9 Ichikawa (2019) 03 05 [- ] [Kl [MPa] [-] [cm/s]|[mm]]| [-]
NH3air(S3K) 03 A A NH3Hair (§=0.8 98K) NHa/air 0 573 03 08 13.32{0.179(0.937
0.5 0O W NH3/H2air(4=1.0,298K) [> X 03 MPa o/
CH4/air ($=0.9, 298 K) o < NHs/air 0 573 0.3 0.9 17.04]0.140]0.961

102 Broken reaction zones NHa/H,/air 0.4 298 03 08 13.860.0682|0.577
NHs/Ha/air 04 298 03 10 18.320.0537|0.759
oy CHa/air 0 298 03 09 21.02/0.0352|0.952
a NHa/air 0 573 05 08 11.40|0.125]|0.937
= 0.5 MPa .
1o NH,/air 0 573 05 09 14.61|0.098|0.961
NH./air @573K Wrinkled laminar flames NHs/H,/air 04 298 05 08 12.56(0.0451|0.577
3 - . NHs/H,/air 04 298 05 1.0 14.50|0.0408|0.759
10 : :
107! 10° 10' 10° 10° 10* CHa/air 0 298 05 09 18.09[0.0246|0.952
1/, (-)

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




NH,/air turbulent flame images for ¢ = 0.9
P=0.3 MPa P=0.5 MPa

3000 [fps]
1/frame [s]

£

20 mm 20 mm 20 mm 20 mm
—p —p —p —p
Uye=200m/is U,,=275m/s | U,.=1.00m/s U,,=2.00m/s
u’lS, =2.01 u’lS, =2.35 u’lS, =1.30 u'lS, =1.90

P=0.5MPa, u’S, = 2.1 . )
; v'Flame front wrinkling increases with pressure.

Xi value was adiusted

20 mm 20 mm i
el — p

NH,/air NH,/air NH,/H,/air [1] NH4/H,/air [1] CH,/air [1]

573 K 573 K 298 K 298 K 298 K

$ =08 $ =09 x,=04,4=08 x, =04,¢=10 $ =09
u'lS, = 2.4 u’/S; =1.9 u'lS, = 2.7 u'lS, =2.9 u'/S = 2.7

v'Flame front of NH,/air flames are relatively smooth.
[1] Ichikawa, PhD dissertation, Tohoku University (2019)




S/S, and surface density, 2,

eak
$=08 ¢=09 Ichikawa (2019) NHj/air (present work) CH,/air (Ichikawa (2019))
A B NH3/air (5§73 K) NH3/H2/air (¢= 0.8, 298 K) P(MPa) =08 $=09 P (MPa) ¢=0.9
O NH3/H2/air (¢= 1.0, 298 K) 0.3 A . 0.3 A
. S 7’/SL N (? ICPII4/'¢I11r(I¢—IO.I9,I298K) 05 5
Ammonia/air
T=573K
al _ 10r 0 ©
z a L Cg°
2 &
2 P P (MPa) ¢=0.8 ¢=0.9 || ey L
0.3 A A i .
05 o = =77 NHg/air P=05Mpa
1 2 = 3 T2 3 4 s 6 7 4
u'’/S; (-) u’/S; (-)
v S;S, and the peak value of flame surface density increase with pressure.
v'The change in these values with equivalence ratio was not observed clearly.




TNF Session: Multi Regime Buner session

Coordinator: Benoit Fiorina

The session consisted of four major parts. First, a brief overview of the burner and available
experimental data was presented. Second, the multi-modal flame structure was identified and
discussed by applying the Gradient Free Regime Identification (GFRI) on experimental data.
Third, the results of the joined numerical study was presented and analyzed. Finally, the session
concluded with discussion of future target configurations for challenging H2 stratified turbulent
flames.

The (MRB) configuration consists of three concentric inlet streams, which can be operated
independently with different equivalence ratios. A rich premixed flow of methane and air is
injected through the center tube (called "jet") at an equivalence ratio of 1.8 or 2.6 for cases
MRB18B and MRB26B, respectively. This main injection stream is surrounded by two concentric
annular tubes, called "slot 1" and "slot 2”. Pure air is injected through “slot 1 ”, while a lean
premixed flow of methane/air characterized by an equivalence ratio of 0.8 is injected through
“slot 2”. The temperature of the conical bluff body separating “slots 1” and “2” is regulated by
water at 80 °C. Finally, a second bluff body separates “slot 2” from a low-speed air co-flow.

The objective of the joined numerical study is to give a state-of-the-art of turbulent combustion
modeling community. It aims to address the average performance of current simulations and to
identify physical phenomena that are not well captured today by most modeling strategies. Ten
numerical groups have been involved in the numerical simulation: Technische Universitat
Darmstadt, University of Cambridge, Universite Paris Saclay, KAUST, KTH Royal Institute of
Technology, Jiangsu University, Universite Libre de Bruxelles, Universitat Duisburg Essen,
Jiaotong University-Beihang University - the University of Technology and Universitat der
Bundeswehr Munchen. One non-reacting and two reacting flow simulations (MRB18B and
MRB26B) have been considered. Only results obtained on the MRB26B configuration were
presented during the workshop.

Simulations were performed on three different LES solvers: OpenFOAM (8 groups), YALES2 (1
group), and PsiPhi (1 group). Chemistry was simplified by using premixed flamelet tabulation (4
groups), non-premixed flamelet tabulation (1 group), and reduced chemical schemes (5 groups).
The turbulent combustion models employed, representative of the three main modeling
strategies, are the geometrical (4 groups), statistical (2 groups) and mixingbased (3 groups)
approaches. One team did account for subgrid scale fluctuation of chemical reaction rates.
Different grid resolutions were employed with mesh sizes ranging between 0.93 million and 2.2
billion cells.

As for previous TNF workshops, each group adjusted the inlet velocity (mean + fluctuation) to
retrieve the first measurements taken at 3 mm above the burner exit. The comparison of 2-D
instantaneous snapshots of heat release along the centerline planes evidenced a high sensitivity
of the lift-off height prediction to the mesh resolution. Analysis of mixture fraction fields shows
that reaction occurs as soon as the mixture becomes flammable. Increasing the mesh resolution
improves the prediction of mixing phenomena and therefore the location of the region where
chemical reactions are initiated.

Detailed comparisons between experimental and numerical data along radial profiles taken at



different axial positions showed that the temperature field is fairly captured up to 60 mm from
the burner exit. The comparison reveals, however significant discrepancies regarding CO mass
fraction prediction. Three causes may explain this phenomenon. The first reason is a higher
sensitivity of carbon monoxide to the simplification of detailed chemistry, especially when
multiple combustion regimes are encountered. The second one is the bias introduced by artificial
thickening, which overestimates the species' mass production rate. This behavior has been
illustrated by manufacturing mean thickened turbulent flame brush from a random displacement
of 1-D laminar flame solutions. The last one is the influence of the subgrid scale flame wrinkling
on the filtered chemical flame structure, which may be challenging to model.

Final discussions raised the need to identify new target stratified or multi-regime turbulent
flames for hydrogen combustion. Two interesting configurations that will be experimented with
in the future have been identified: an extension of the MRB configuration to hydrogen/air
combustion well as to methanol/air respective ethanol/air operated by TU Darmstadt and an H2-
air swirled confined combustor operated by EM2C-CNRS from Universite Paris Saclay.
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Contents

1) Introduction on the burner configuration and overview of the measurements.
Dirk Geyer (10 minutes)

2) Brief review on regime identification (GFRI) and application to the MRB.
Applications of GFRI on numerical data.

Rob Barlow and Christian Hasse (15 minutes)

3) Joined numerical-experimental comparison and analysis.
Benoit Fiorina (20 minutes)

4) Discussion on MRB
(15 minutes)

5) Discussion on future H2 stratified target flames
(10 minutes)
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Experimental setup and flame structure
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Classification of combustion processes Turbulent benchmark flames
mn o reaction Workshop on measurement and computation of turbulent
N wor Ly flames (TNF)
urnt products i
3 " - } » A wide range of different benchmark flames
E | | e Z i P> Multi-regime / multi-mode combustion as topical issue
o ( & 1000
o i MODE
500 Stratified Partially Premixed Nonpremixed
frosh reactants } 1
0 0.05 0.1 0.15 0.2
zZ
fuel
2000
1500
,,,,,,,,,,, D= =
S 1000 REGIME
(Re, Da, Ka, ...)
500
oxidizer v Stirred Reactor

Barlow et al., TNF Workshop

Barlow, 11th Mediterranean Combustion Symposium, 2019
Experimental data: [1] D. Butz et al. Combust. Flame (2019)

NECE & Sanda
[2] R.S. Barlow et al. Combust. Flame (2015) 2| ODEE '?ﬁl’QSM @% @5
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Classification of combustion processes Turbulent benchmark flames
P o reaction Workshop on measurement and computation of turbulent
Dt et 2000 i flames (TNF)
urnt products
2 v 0 > ide range of different benchmark flames
E | | o @ »  Multi-regime / multi-mode combustion as topical issue
o 1000 » Two new benchmark flames identified
o
[2.3]
500 S e
(0]
fresh reactants [1] c -
01 015 02 (0] > mixing
z = = Darmstadt 000 = reaction
Q © burner
2000 = % 1500
= 90
ﬁlSl)O § QC>J\ : 1000
= B
& 1000 CZ\ 500
) (11
500 Multi-regime combustion affects o2
» Flame stability
oxidizer
> Flame structure, e.g. pollutant emission
» Challenging for combustion modeling, e.g. CO modeling [1,4]
Experimental data: [1] D. Butz et al. Combust. Flame (2019) [3] S. Meares and A.R. Masri Combust. Flame (2014) nece _.;‘:uF' e é‘
[2] R.S. Barlow et al. Combust. Flame (2015) [4] Popp et al., Proc. Comb. Inst. 38 (2021) 3| ODEE " RSM @ oo /SLI'S
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Technical combustion application
More complex flow and mixing patterns — and flame structures

v

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)




Darmstadt Multi Regime Burner (MRB): Design

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

.—— Premixed outer reaction zone
Recirculation zone

/
Q\ Lifted inner reaction zone

Bluff body

Three concentric outlets:

Jet: rich mixture, 105 ms™?!
Slot 1: air, 7.5...15ms™?!

water
(80°C)

Z 80mm
——

) TECHNISCHE
UNIVERSITAT
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Setpoints:
¥ ¢]et
. | 14a | 18a | 22a | 26a | 318a
5
S | 14b | 18b | 22b 318b
Denomination scheme:
MRB 26b <
/ \ 7.5ms™?! (a)
¢]et =26 Uslot1 = {15 el (b)
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Darmstadt MRB: Configurations I
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Setpoints:

Usjot 1

318b

P Three inlet streams, operated
independently in
» Equivalence ratio
> Exit velocity
» Fixed equivalence ratios for Slot 1 and
Slot 2

» e =14/18/22/26/3.18
corresponding to flame configurations
14a, 18a, 22a, 26a, 318a

o] ODEE




Darmstadt MRB: Flame configurations and flame stabilization
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Setpoints:

MRB18b MRB26b

‘ MRB18b

h [mm]|
100

lifted inner
reaction zone
(shear layer)

recirculation

/ premixed outer
reaction zone

20

7 [mm]

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

¢]et
MRB26b ‘
~ | 14a | 18a | 22a | 26a | 318a
-90 mm 3
= | 14b 22b 318b

=60 mm

» Recirculation zone between Slot 1 and

:gg gnrlim Slot 2, stabilized by conical bluff body
-15 mm » Additional air coflow (1 m/s) around

the outer body of the burner shields
the flame and provides well-defined
IV boundary conditions

7| ODEE frrsm M, &5

Darmstadt MRB: Experimental data (Sandia)
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Multi-scalar measurements (Sandia)
Raman/Rayleigh/CO-LIF:

>

vyvyVvyYVvYyYyvyy

Main species:

CH,, O,, N,, CO, H,, CO,, H,O

1D measurement

Data spacing 20 um for all measurements
5Hz

Radial profiles, 500 samples

Up to 5000 samples at inner zone 200 pm

Optical Resolution of 40 - 60 um

6 mm
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Multi-scalar measurements (Darmstadt)
Raman/Rayleigh:

» Main species:

CH,, O,, N,, CO, H,, CO,, H,O

1D measurement

Data spacing 20 pm for all measurements
5Hz

Radial profiles, 500 samples

Up to 5000 samples at inner zone 200 pm

vVvyvVvyvYyYVvyYy

0

Optical Resolution of 120 pm
7 Jimm (10 pixels binning)

-20

6 mm

v

No denoising necessary due to
higher SNR

7
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Darmstadt MRB: 1D Raman/Rayleigh setup (Darmstadt vs. Sandia) Ji\ﬂ" e

Darmstadt!"]
Precision | Accuracy | Equivalence
(%) (%) ratio ¢
12 2 1.0

Precision | Accuracy | Equivalence
(%) (%) ratio ¢
0.8 2 1.0

2.6 1 1.0 0.7 2 1.0
Cco, 5.8 4 1.0 Cco, 3.2 4 1.0
4.0 3 1.0 24 3 1.0
co 14.4 8 1.3 co 4.5 10 1.3
16.5 8 1.3 7.5 10 1.3

NEE % () /d
[1]5. Shi, A. Breicher, J. Trabold et al. AECS (submitted)  [2] R. S. Barlow, G. -H. Wang, P. Anselmo-Filho et al. PCI (2009) 10 | OIJ | =N i RSM i 575




Darmstadt MRB: Experimental data (Darmstadt) TBE?E%%&EE

Velocity Measurements (Darmstadt)
Particle Image Velocimetry (PI1V):
Axial and radial velocity

Non-reacting, 500 samples

10 Hz

Resulting resolution of vector field 300 pm
Simultaneous SO,-PLIF:
» Flame front visualization/temperature field

>
| 4
» Reacting, 1500 samples
>
>

11| ODEE frsm [, (5
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armstadt MRB: Publications UNIVERSITAT
T Combustion and Flame el ) Combustion and Flame e
£k olume 110, Decembes 1015, Pages 436438 e " Available online 26 December 2021, 111941

roof @

Local flame structure analysis in turbulent Turbulent multi-regime methane-air flames

CHy/air flames with multi-regime analysed by Raman/Rayleigh spectroscopy and

characteristics conditional velocity field measurements
Raman/Rayleigh
Flame regime

14 | 18 | 22 | 26 | 318 analysis -
albla|blalbla|blal|b Raman/Rayleigh

Sandia

Ram/Ray/CO-LIF —

Darmstadt

PIV/IPLIF

Darmstadt

Ram/R 5 i

amrmay 12| ODEE frrsm [, ¢Irs
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Darmstadt MRB: Experimental results - Radial profiles

MRB 26b

v/ms" U'/ms? ¢' TY/K

0.4 4800
af 20 ‘

q15 oM =60 lm
10
¢ 2f

5 0FM—-h=30 mm—-—
2
i
).4 {800

0.3 4600
Umw 10 0.2 L 100

o 14200

).3 4600
> 4400
4200

Yo

1 11800
4600
2 daoo
1 1200

f L :( L | 0 . R i (]
Jet (7) =26 0 10 20 30 0 10 20 30 0 10 20 30
) ,
r / mm r/ mm r/ mm

Slot1, ¢ =0

13| ODEE Fresm M, (ks
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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

E
—<— o

i : reactants)
Slot1, ¢ =0 Jet, ¢ = 2,6 R S AT Mixing layer between cold
' ' a: Jet + Slot 1 reactants (Slot 2) and coflowing air

b: Slot 1 + Slot 2

c: Outer flame - )
d siot2+cofiow 14| ODEE Frrsm [ME, s




Darmstadt MRB: Experimental results — Scatter plots
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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

18b 26b
MRB 26b
h=60 mm ° ; o
0
b o
A AN Al
[ [ Zeor. Zsa Z
h=30 mm
[ [ i
_‘L__IL_ 2000
h= 6 mm 1500 5\
J ‘ 1000 &
00
D(] 0.1 0 0.1 o
Z zZ
Slot1, ¢ =0 Jet, ¢ = 2,6
a: Jet + Slot 1
d: Slot 2

of bluffbody

Farther downstream:
» Second region of local reaction,
richer than Slot 2, apparent
» Higher levels of CO, due to higher
fuel concentrations,
P close to stoichiometric
(MRB18b)
» fuel-rich (MRB26b)
» Separation between inner and
outer reaction zone

15| ODEE frsm [ME, (75

Darmstadt MRB: Intermediate Summary
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Designed to allow for a variety of combustion regimes in single flame configuration with well-defined boundary

conditions.

MRB18b MRB26b | MRB18b MRB26b |

)

slot 1
slot 2 jet
< 26° -90 mm
coflow

7 =60 mm

lifted inner

reaction zone

r)
=30 mm

-22.5 mm
=15 mm
040 % -6
060”03 | water (30°C) o

o7 |

» CH,/air flame

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

» Varying jet flow conditions

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

[1] D. Butz, S. Hartl, S. Popp et al. Combust. Flame (2019) [2] D. Butz et al. Proc. Euro. Combust. Meeting (2019) [3] D. Butz, RSM (2018)

Experimental data:

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

» Velocity field (PIV) [2]

1| ODEE firsm Mg, (s
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Experimental and numerical flame regime analysis hda

TNF15 Workshop: Darmstadt Multi Regime Burner (MRB)
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Gradient-Free Regime ldentification (GFRI) \

Regime identification from Raman/Rayleigh line measurements

Hypotheses:

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

— | Bilger mixture

2. Full thermochemical state can be approximated by Approximation fraction

constrained 0D simulation
3. Relevant flame markers can be calculated from Chemical

approximated state IS MEITNE explosive mode
4. Combinations of flame markers reliably detect and

characterize reaction zones Identification || Heatrelease

rate

15| ODEE frsm M, (s Sordia
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Validation and applications of GFRI

Iy Hocuscwue oammsreor
”"\ UNIVERSITY OF APPLIED SC1EHGES
il

TECHNISCHE
UNIVERSITAT
DARMSTADT

2018: Introduction of GFRI and application

p|

to experimental and numerical data

1 2019: Importance of flame regimes
based on correlations among HRR, Zq,

of fla
s of turbislent Hifled

and ACM

2019: GFRI validation on DNS data of il

Combustion and Flame

turbulent high Karlovitz flames

tal approach for chemical explosive mode and
NS

sisian Hasee”, Miu Zhaa', Hskows Wang.

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

bulent CHy/air flames with " .

= | analysis

Combustion and Fame

2020: Training of CNN's for regime 1 1 oot 0 e e
detection based on GFRI and —
Raman/Ray|eigh data Gl pieriaisimt i A T
2021: GFRI analysis of piloted
inhomogeneous jet flame series with local
extinction/re-ignition
10| ODEE frrsm @i, (75 SoRia
FRI-A ' lative i f ' l UNIVERSITAT
GFRI — Assessing relative importance of reaction zones | UNIVERSITAT
‘O Z, © Z(x( ° ZHRR ‘O Z e Z(M © ank
2100 F 310 2100 - 3 x10"
N Rol T 4
0 ~  10.075 10.075
1500+ 2 1 2 é . 1s00l B ’E]‘z g 0.075
9 > 9 S S 005 & Z 0 S S oos
- 900 - 1 & h - \L =
r - 900 L
: ! % 10.025 : é 10.025
-4
300t 300L
? * ) () 2 *y (omy *
» HRR,,, directly at CM zero-crossing and close to Z; » HRRin negative CM region exceeds HRR:,
» Maximum far greater than HRR in negative CM region by more than a factor of 10
» High value in ACM (ACM = 8.9) > Small ACM (ACM = 3)
Dominantly premixed structure Dominantly non-premixed structure
20| ODEE ffirsm M, (55 Soia
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GFRI — Assessing relative importance of reaction zones .liU

‘0/ 07,0 2

HRR

x 10 10
2100 Rol 3 %10 2100 - Rol 310
4 4
@ 10075 & 10075
1500 2 2 2 N 1500 2 2 » N
Z = = ) p= =
= g o 5S4 = Joos & 2o S = Joos
~ . 4 § ~ ) < ~
900 |- 2 1 £ 900 |- 5 J/ 1 %
10.025 10.025
4 4
30001 300L
2 6 2 4
\/ y (mm) M(mm)
HRRcy > HRRyp HRRyp > HRRcy

Multi-regime structures

»  Premixed and non-premixed structures in close proximity
»  Both contribute significantly to overall heat release

21| ODEE frsm M, s coia
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Flame regime characterization based on GFRI approach J;\\If :

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

GFRI analysis on single sample line [1] MRB 26b: overall flame regime distribution
© 7 ©Zu® Zim - Flame regime parameter
100
4 (HRRp — HRRnp)
» 075 77 =_ a0 mn
1500 2 _? ~ HRRmax
¥ Z 0 = 005
S 5 z
900 B 5‘:
0.025 60 mm
4
300
) 7 3 .
HRRp > HRRyp” ™™ .
Premixed P 1 = n > 0.99 (no detectable NP H
character in ROI) : 6 mm
{ 4 15 225 30
Dominantly premixed DP 099 = n>08 " ey C axial position z [mm|
Multi-regime MR 08 > 5> -08 A
Domi th -P ixed DNP -08 > = -1 . . . .
Numm" ,y':m = — " 1 » Large amount of multi-regime characteristics
jOn-premixe - znz- . o . . . .
{HRRypoy within 0.055 < Z < 0.07; identified within the inner reaction zone
no CM zero-crossing) (T‘ < 10mm) [1]
Lean back-supported LBS Zem < Zinax < Zgjor 2

22| ODEE frsm M, ¢7rs Soia

[1]1 D. Butz, S. Hartl, S. Popp et al. Combust. Flame (2019)
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Experimental and numerical flame regime analysis
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Combustion modeling with tabulated chemistry

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

Tabulated manifolds applied for regime identification

fucl

oxidizer

C-FLUT

burnt products
.

fresh reactants

P-FLUT

0 0025 005 007 01 0125 0 0

’ Tabulated manifolds ‘ ’ Flame configurations ‘
g

Z

05 0075 0.1 0125

Yeo
008

001

3 TECHNISCHE
UNIVERSITAT
DARMSTADT
flame regime abbrev.  fuel BC
non-premixed D-FLUT Z;=1
(NP) C-FLUT Z; = Zjet
premixed (P) P-FLUT Z; = Zje;

Comparison of tabulated manifolds
» Different flame structures!

» |s a flame regime identification still

possible?

24| ODEE frsm M, ¢rrs Soia




Procedure of combined prior and GFRI analysis

cxperimental

tabulated
states

states
FLUT

GFRI using results from tabulated chemistry (prior analysis)

TECHNISCHE
UNIVERSITAT
DARMSTADT

FFLUT [

5 = [v;,T) v
S

FFLUT(gP) — [y;, T) OD-]loxnogeqeous
reactor approximation

&

evaluation of flame

spatial evaluation of
ame regimes

flame regimes
(FLUT)

comparison

markers

flame regimes
(experiment)

WP — [7ex0 YD)

Results of MRB 26b configuration

NP — non-premixed
DNP — dominantly non-premixed

P — premixed
DP — dominantly premixed

Applicability of tabulated chemistry to

LBS — lean back-supported
MR — multi-regime

cxperiment

identify multi-regime combustion effects?

D-FLUT

» 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

axial position z [mm] axial position & [mm]

wxial position & [mm]

xial position 2 [mm]

25| ODEE frsm @i, (s

cop2ia

R 8414

GFRI using results from tabulated chemistry (prior analysis)

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

TECHNISCHE
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LES setup — solver, mesh and boundary conditions

» OpenFOAM: 2" order spatial and temporal discretization
» Mesh: hexahedral O-grid with 31.1 million cells

» 0.1lmm < A < 0.2mm in jet core region

P 0.3mm < A < 0.4mm in outer reaction zone
» Turbulent inflow conditions from precursor LES using dynamic sigma model [1] I 140

n \ 0.4 m

P

velocity jet [m/s]

0.182m

[m/s]

velocity slot 1 and 2

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

h.d
‘”“\i z:
|

LES - artificial thickened flame (ATF) with tabulated chemistry

’ Tabulated chemistry ‘ ’ Turbulence-chemistry interaction ‘

» Premixed combustion model (FGM) > ATF model [1] with grid adaptive thickening factor (F) and

» Manifold constructed from adiabatic efficiency function (E) by Charlette [2]
freely-propagating flames 9 (,~ _
> = = o) = _ e\ o] | By
o (ZY) - [T, Y} —5 L+ V- (puv) = v [(FEpD+ (1 Q)S—Ct> w} T

wic P Thickening spatially limited by tabulated flame sensor Q [3]
4 ‘ F=1+ Q(Enax - 1)
i e (.
(VYC)max (WYC )max (VYC)max

) » Additional CO transport equation, ¥ = Yco , source term
» Progress variable Y=Yc0,t Yoo treatment following [4,5]

fresh reactants

- -+ o ECO
= w Yoo=——
wco =wco t¥co SFLUT
CO
[1] . Colin et al. Phys. Fluids (2000) [3]'S. Popp et al. Combust. Flame 206 (2019) 28 | OD?E :‘%'-EsM @ m_ /STI'S co; ia

[2] F. Charlette et al. Combust. Flame 131 (2002) [4] M. Ihme and H. Pitsch. Phys. Fluids 20 (2008) [5] H. Wang et al. Proc. Combust. Inst. 37 (2019)
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Gradient-free regime identification in LES = s UNIVERSITAT
- —flame . m— NP~ non-premixed P — premixed
L — e _ . .
0027 0.055 0.09 LBS NP DNP MR DP P DNP — dominantly non-premixed  DP — dominantly premixed
LBS — lean back-supported MR — multi-regime

.5 ldentification of local flame regime possible

=

a9 Overall experimental trend captured by LES

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

| experiment (filtered) LES-ATF |

0.8
0.6

0.4

relative distribution

0.2

15 225 30 60 90 15 225 30 60 90

axial position & || axial position  [imm)]
NCE &= Sandia H
Hartl et al., 30. Deutscher Flammmentag (2021) 29 Ollxi': E%’RSM @'&Tﬂ!’m /éis S,ﬁ?. a

hda
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Gradient-free regime identification in LES ‘j1|

= 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
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Multi Regime Burner
Joined experimental-numerical comparisons

Tan Phong Luul, Samuel Dillon!;2, Renaud Mercier? Linus
Engelmann3, Andreas Kempf? and Benoit Fiorina!

IUniversité Paris-Saclay, CNRS, CentraleSupélec, Laboratoire EM2C
2SafranTECH, Modelling and Simulation
3Universitat Duisburg-Essen

How multi-regime flames are created ?

During a joined meeting between

Turbulent Non Premixed

Flame Workshop & Premixed \TUF‘
Flames WorKe




Obijectives of this exercice

-Is not to match experiments or to compare models together

-but to give a state of the art of the turbulent combustion modeling
community:
- Address the performances of the current simulations

- Identify physical phenomena not well captured today by the majority
of modeling strategies

Participant to TNF 2022

| ), [ECHNISCHE  gebastian Popp, David Butz, Dirk Ping Wang
9~ parRmsTADT  Geyer, Christian Hasse
b James Massey, Zhi Chen, Zhiyi Li, Arthur Pequin, Alessandro Parente
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Turbulent

G Code . . Temporal . :
roup Grid Nb of Cells Spatial scheme scheme Turbulence | Combustion Chemistry
type Model
OpenFOAM i
CAM P . Structured 3.5M 2nd order 2nd order Sigma Presumed PDF Premixed
Compressible flamelets
OpenFOAM 19-species ARC
UBM Low Mach Unstructured 51M 2nd order 2nd order WALE No-model (Lu & Law 2008)
YALES2 - i
EM2C s Structured 309 M 4th order 4th order Sigma D-TFLES + Premixed
Low Mach Charlette model flamelets
OpenFOAM - Premixed
TUD P Structured 30.9 M 2nd order 2nd order Sigma D-TFLES + flamelets +
Charlette model
Low Mach transported Yco
15-species ARC
JU OpenFOAM Structured 434 M 2nd order 2nd order K-equation D-TFLES (Toshimitsu et al.
2000)
8 M (MRB26b issipati
KAUST OpenFOAM Structured ( ) 2nd order 2nd order WALE Eddy dissipation 15-species ARC
64 M (MRB18b) concept
OpenFOAM Hybrid 17-species
KTH P (hexahedral 0.93 M 2nd order 2nd order WALE PaSR skeletal
Low Mach dominant) (Lu & Law 2009)
UDE PsiPhi Structured 228 4th order 3rd order Sigma D-TFLES + Premixed
Charlette model flamelets
XJTU/ OpenFOAM Dynamic Presumed Non-premixed
BUAA Low Mach Structured 309 M 2nd order 2nd order Smagorinsky PDF flamelets
OpenFOAM 7-species
uLB Unstructured 3M 2nd order 2nd order K-equation PaSR peci
Compressible q mechanism
Code . . Temporal Turbulept :
Group Grid Nb of Cells Spatial scheme Turbulence | Combustion Chemist
t scheme v
ype Model
OpenFOAM .
CAM P . Structured 35M 2nd order 2nd order Sigma Presumed PDF Premixed
Compressible flamelets
OpenPasks OpenFOAM = 8 19-species ARC
UBM fomeach Unstructured p ‘ order WALE No-model (Lu & Law 2008)
YALES2 : . D-TFLES + Premixed
EM2C v Structured Y AL E S 2 - 1 brder Sigma Charlette model flamelets
OpenFOAM _ Premixed
TUD P Structured 309 M 2nd order 2nd order Sigma D-TFLES + flamelets +
Charlette model
Low Mach transported Yco
15-species ARC
JU OpenFOAM Structured 434 M 2nd order 2nd order K-equation D-TFLES (Toshimitsu et al.
2000)
8 M (MRB26b issipati
KAUST OpenFOAM Structured ( ) 2nd order 2nd order WALE Eddy dissipation 15-species ARC
64 M (MRB18b) concept
OpenFOAM Hybrid 17-species
KTH E (hexahedral 0.93 M 2nd order 2nd order WALE PaSR skeletal
Low Mach dominant) (Lu & Law 2009)
iDhi " D-TFLES + Premixed
XJTU/ OpenFOAM Dynamic Presumed Non-premixed
BUAA Ierikiseh Structured 309 M 2nd order 2nd order Smagorinsky PDF flamelets
OpenFOAM . 7-species
ULB Unstructured 3M 2nd order 2nd order K-equation PaSR mechanism

Compressible




Code

Temporal

Turbulent

Group Grid Nb of Cells Spatial scheme Turbulence | Combustion Chemistry
type scheme
Model
OpenFOAM . 4 Premixed
CAM Structured = Presumed PDF
Gompressitle Statistical (presumed PDF)=2 famelots
OpenFOAM 19-species ARC
UBM Low Mach Unstructured 51M 2nd order 2nd order WALE No-model (Lu & Law 2008)
YALES2 L i
EM2C S Structured 309 M 4th order 4th order Sigma B-T=3 " Premixed
Low Mach Charlette model flamelets
Premixed
Dl flamelets +

Charlette model

transported Yco

15-species ARC

OpenFOAM Structured 434 M 2nd order 2nd order K-equation D-TFLES (Toshimitsu et al.
2000)
(MRB26b issipati
KAUST | OpenFOAM Structured ) 2nd order 2nd order WALE Eddigfggf““ 15-species ARC
KTH (hexahedral 0.93 M 2nd order 2nd order WALE PaSR skeletal
Low Mach dominant) (Lu & Law 2009)
UDE PsiPhi Structured 2.2B 4th order 3rd order Sigma D-TFLES + Premixed
Charlette model flamelets
XJTU/ OpenFOAM Dynamic Presumed Non-premixed
BUAA Low Mach Structured 309 M 2nd order 2nd order Smagorinsky PDF flamelets
OpenFOAM 7-species
uLB Unstructured 3M 2nd order 2nd order K-equation PaSR )
Compressible q mechanism
Code . . Temporal Turbulent :
Group Grid Nb of Cells Spatial scheme Turbulence | Combustion Chemistry
type scheme
Model
OpenFOAM P Premixed
CAM Structured = Presumed PDF
Compressible Statistical (presumed PDF)=2 flamelets
OpenFOAM 19-species ARC
UBM Low Mach Unstructured — 2nd order WALE No-model (Lu & Law 2008)
YALES2 2 i
EM2C s Structured 309M 4th order 4th order Sigma ChD 'lH;tLES ‘:j | I;remllxed
Low Mach arlette mode amelets
Premixed
D-TFLES+ flamelets +

Charlette model

transported Yco

15-species ARC

Compressible

OpenFOAM Structured 434 M 2nd order 2nd order K-equation D-TFLES (Toshimitsu et al.
2000)
M (MRB26b issipati
KAUST OpenFOAM Structured ) 2nd order 2nd order WALE Edd)égrllscilg?tlon 15-species ARC
KTH (hexahedral 0.93 M 2nd order 2nd order WALE PaSR skeletal
Low Mach dominant) (Lu & Law 2009)
UDE PsiPhi Structured 2.2B 4th order 3rd order Sigma D-TFLES + Premixed
Charlette model flamelets
XJTU/ OpenFOAM Dynamic Presumed Non-premixed
BUAA Low Mach Structured 30.9M 2nd order 2nd order Smagorinsky PDF flamelets
OpenFOAM . 7-species
ULB Unstructured 3M 2nd order 2nd order K-equation PaSR mechanism




Code . . Temporal Turbulent :
Group Grid Nb of Cells Spatial scheme Turbulence | Combustion Chemistry
type scheme
Model
OpenFOAM i
CAM P Structured 35M 2nd order 2nd order Presumed PDF IﬂDremllxed
Compressible amelets
OpenFOAM 19-species ARC
UBM Low Mach Unstructured 51M 2nd order 2nd order No-model (Lu & Law 2008)
EM2C VALES2 Structured 30.9M 4th order 4th order D-TFLES + P
Low Mach el flamelets
TUD OpenFOAM Structured ﬂPrerr;i)E(ed
ructure amelets +
Low Mach Charlette model transported Yco
15-species ARC
JU OpenFOAM Structured 4.34M 2nd order 2nd order K-equation D-TFLES (Toshimitsu et al.
2000)
8 M (MRB26b issipati
KAUST OpenFOAM Structured ( ) _ Eddy dissipation 15-species ARC
64 M (MRB18b) concept
OpenFOAM Hybrid 17-species
KTH (hexahedral 0.93 M 2nd order 2nd order PaSR skeletal
Low Mach dominant) (Lu & Law 2009)
UDE PsiPhi Structured 2.2B 4th order 3rd order D-TFLES + Efcmbc]
Charlette model flamelets
XJTU/ OpenFOAM 0 - sumed Non-premixed
BUAA | Low Mach Structured 34 Non-premixed flamelet tabulation LDF Axikiden
OpenFOAM 7-species
uLB Unstructured 3M 2nd order 2nd order K-equation PaSR 2
Compressible a mechanism
Flame configurations
REACTIVE
Group WALL CONDITIONS COLD (MRB18b)
MRB18b MRB26b
EXPERIMENTS U U,Z, T Yeo
CAM ADIABATIC X X
UBM X X
EM2C ADIABATIC X
TUD ADIABATIC
JU IMPOSED T X
KAUST IMPOSED T X
KTH X X
UDE ADIABATIC X
XJTU/BUAA ADIABATIC X X
ULB IMPOSED T X

According to Cambridge and TUD data, there is no strong

influence of heat losses




Instantaneous snapshots

Temperature - 26b

KTH - Stockholm uLB Cambridge JSU - Zhenjiang

-

KAUST - Thuwal EM2C - Paris

Darmstadt




Normalized heat release rate - 26b

ULB

Cambridge JSU - Zhenjiang

KTH - Stockholm

\/

EM2C - Paris Darmstadt

Normalized heat release rate - 26b

KTH - Stockholm uULB Cambridge

JSU - Zhenjiang

Attached

Lift off height = 13 mm

EM2C - Paris Darmstadt




Lift-off height given by mixing between main inlet with slot 1

REACTION RATE REACTION RATE & TEMP REACTION RATE & MIXIﬁG\

MEAN INSTANT MEAN INSTANT

D. Butz, S. Hartl, S. Popp, S. Walther, R.S. Barlow, C. Hasse, A. Dreizler, D. Geyer, Combust. Flame 210 (2019) 426-438



INNER FLAME

OUTER FLAME
(PREMIXED FLAME STRUCTURE)

(MULTI REGIME STRUCTURE)

FLAME LIFT OFF
CONTROLED BY MIXING

D. Butz, S. Hartl, S. Popp, S. Walther, R.S. Barlow, C. Hasse, A. Dreizler, D. Geyer, Combust. Flame 210 (2019) 426-438

Mean and RMS radial profiles



000 Exp m— KAUST — JBM mm XJTU/BUAA

REACTIVE 26b CASE, axial velocity —é&t =% =& —

h=6 mm h=15 mm h=30 mm h=60 mm

150
g

E100
5]

5 50
<3}
=

0

0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30

30
)
S~
&

520 ‘.
IS 3
§ 10 N\
oS N ——
05 10 20 30 0
r [mm]

000 txp m—— KAUST —— UBM s XJTU/BUAA

REACTIVE 26b CASE, radial velocity —&t =% =& —

MEAN U,,, [m/s]

RMS U, [m/s]




000 Exp m— KAUST — JBM mm XJTU/BUAA

REACTIVE 26b CASE, mixture fraction =& =" =% — ™

h=6 mm h=15 mm h=30 mm h=60 mm
15 pelly 1 w101
=} ‘
Ny 10
Z.
g v
0.0 _
0 0 10 20 30
15 YO ! 10—1
o
IN 1.0
I 0.5
=
0.0
0 2 2 4 0 2 4
r [mm] r [mm] r [mm] r [mm]

20

000 txp m—— KAUST —— UBM s XJTU/BUAA

REACTIVE 26b CASE, mixture fraction =& =3I" =% —*°

h=6 mm h=15 mm h=30 mm h=60 mm
x 101 ! 10! x 10~




REACTIVE 26b CASE, mixture fraction

22000

I~

h=15 mm

000 Exp
mmm CAM
m— EM2C — U

h=30 mm

m— KAUST
— KTH

%101

s JBM
s (JDE

mss TUD

h=60 mm

= XJTU/BUAA
e LB

30

Il 0.0463) ~ 20 il
Ul - ; | 5:55&!!““““!!!!"
0.044 976 N T
10 - [mmﬁo 3C 10 - [mn210] 2I30 10 - [mrQTQ] 30 10 - [rr210m]
000 Exp s KAUST e JBM s XJTU/BUAA
REACTIVE 26b CASE, temperature =@ =% =& —*°
h=6 mm h=15 mm h=30 mm h=60 mm
ElOOO
=
0 10 20 30 10 20 30 0 10 20 30 0 10 20 30




000 Exp m— KAUST — JBM XJTU/BUAA

REACTIVE 26b CASE, temperature =& =I" =w% —*

h=6 mm h=15 mm
—=2000
<,
I~
5,:1000
S
00 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30

Some temperature profiles are shifted (consistent with radial velocity profiles)

r|mmj
REACTIVE 26b CASE, temperature =& =0 —o — %
h=6 mm h=15 mm h=30 mm h=60 mm

U~
5,:1000
=
% 10 20 30 0 10 20 30 0 10 20 300 10 20 30

5 10 15 205 10 15 205 10 15 205 10 15 20



000 Exp m— KAUST — JBM XJTU/BUAA

REACTIVE 26b CASE, CO mass fraction =z == i" =% = ftwesco

h=6 mm h=15 mm h=30 mm h=60 mm
0.06
o
Q
.04
U~
5: ,
0.02 s
000y 10 20 30 0 10 2 30
10-2 1072

[N

RMS Y0 [-]

~

0 10 20 30
r [mm]
. 000 Exp m— KAUST — UBM XJTU/BUAA
REACTIVE 26b CASE, CO mass fraction =& =" =% 77 ftwensco
h=6 mm h=15mm h=30 mm h= 60 mm

0.06

INNER FLAME
(MULTI REGIME STRUCTURE)

0[]

04
Z>~w
=
5002 :
§ A\
0.00 \ st
NS 10 20,
1072
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L
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OUTER FLAME
(PREMIXED FLAME STRUCTURE)

26

Case 26B, mean CO mass fraction

h=6 mm h=15 mm h=30 mm h=60 mm

25 30 1|0 15 20 25
r [mm]

Sorted by chemistry modeling

o000 EXP

|
=== Non-premixed flamelets
|

Reduced chemistry



Case 26B, mean CO mass fraction

h=6 mm h=15 mm h=30 mm h=60 mm

colrL

MEAN Y

25

3010 20 25 3010 15 20 25

r [mm] r [mm]

15

Sorted by turbulent combustion model

000 EXP = Statistical

mmmm Geometrical (TFLES) mmm Mixing-based

28

Case 26B, mean CO mass fraction

h=6 mm h=15 mm h=30 mm h=60 mm

—0.03
S
!NUO.OZ
5’: 0.01
50
=

0.00

10 20 25 25 3010 15 20 25
r [mm] r [mm]
Sorted by turbulent combustion model
000 EXP = Statistical

=== (Geometrica @ mmm Mixing-based

28



How artificial flame thickening biases the mean turbulent flame structure ?

CO profile from 1-D freely propagating laminar flame computed with detailed chemistry (GRI 3.0)

0.030 1

0.025 1

0.020 1

0.015 1

Yeo [-]

0.010+

0.0051

0.000 1
10 15 20 25 30
x [mm]

Generating of 5 000 randomly displaced 1-D flames to manufacture a mean « turbulent » flame brush

6T
-
0.030 -
0.025 -
T 0.0201
Rl
Q 0.0151
>~‘l.>
0.010-
0.005 -
0.000 -
10 15 20 % 30
x [mm]

L. Vervisch, P. Domingo, G. Lodato, & D. Veynante. Scalar energy fluctuations in Large-Eddy Simulation of turbulent flames: Statistical budgets
and mesh quality criterion. Combustion and Flame (2010) 30



Averaging the ensemble of flame solution gives an estimation of the mean CO profile in the « turbulent » flame brush
(Flamelet regime - flame not wrinkled)

0.030 HM ﬂ

0.025 1

0.0201

0.0151

Yeo [

Averaged CO profile

0.010 1

0.005 1

0.000 . . .
10 15 20 25 30
x [mm]

The manufactured flame brush is set to target the experimental turbulent flame brush

5_T = x+,FWHM( Yeo) — x—,FWHM( Yco)

Experimental CO mean mass fraction profile Manufactured CO mean mass fraction profile
0.030 1 0.030 1
0.025 o 0.025
= 3
S 0.020 > 0.020
O
P =
0.015 1 <G 0.0151
5: S
E 0.010 1 E 0.010+
0.005 1 0.005 1
0.000 1 0.000 1
10 15 20 2% 30 10 15 20 25 30

r [mm] x [mm]

32



The manufactured flame brush is set to target the experimental turbulent flame brush

5_T = x+,FWHM( Yeo) — x—,FWHM( Yeo)

Experimental CO mean mass fraction profile Manufactured CO mean mass fraction profile
1-D Laminar steady flame limit
0.030 1
0.025 1
T
8 0.020 1
U~
0.015+
3
& 0.010-
=
0.005 1
0.000 1
30
32
The manufactured flame brush is set to target the experimental turbulent flame brush
6r = Xy pwamYco) — X pwam(Yco)
Experimental CO mean mass fraction profile Manufactured CO mean mass fraction profile
1-D Laminar steady flame limit
00304 Tt TTTTTTETTTmTmmTEEeT M'n """""
0.025 1
-
8 0.020 1
2:% 0.015+
§ 0.010 » flame limit
0103 N AL O ER' 7% Y/ /7 | I R
0.000 1
10 15 20 2% 30 10 15 20 25 30

r [mm] x [mm]

R. Mercier, C. Mehl, B. Fiorina, V. Moureau. Filtered Wrinkled Flamelets model for Large-Eddy Simulation of turbulent premixed combustion. Comb. Flame
Vol. 205 pp 93-108 (2019) %



Same exercice ... but for thickened flames

Instantanous thickened CO profile

from a 1-D laminar flame
\ 0.030
_ F=40 00251
— 0.0251 Averaged thickened —
S CO profile L 0.0204
S 0.020- S
> 5y 0.0157
<< 0.015 2,
g <0010
0.010 § =
0.005 T~
0.0051
i 0.0001
0.000 , , ) 10 15 20 25 30
10 15 20 25 30
x [mm] x [mm]

The total mass of the species is overestimated by a factor F

P. Gruhlke, E. Inanc, R. Mercier, B. Fiorina, A. M. Kempf. A Simple Post-Processing Method to Correct Species Predictions in Artificially
Thickened Turbulent Flames. Proceedings of the Combustion Institute, (2021)
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Outer flame region, h = 6 mm

Manufactured CO mean mass fraction profile

Mean CO mean mass fraction profile from MRB (Planar unsteady flame front assumption)

TF ~ 8.5 (EM2C) === F=85
TF ~ 1.5 (UDE) assxF=15
Exp s No thickening
0.031 0.0302 0.031
= S |
e 0.02 0.0183 Ny 0.02
= 0.0139 =,
S 0.011 S .01
S =
0.00 — 0.00-
10 15 20 25 30 10
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Outer flame region, h = 15 mm

Mean CO mean mass fraction profile from MRB

TF ~ 8.5 (EM2C)
TF ~ 1.5 (UDE)
Exp
0.031
0.021
S
>~ 0.011
0.001 ] i :
10 15 20 25 30
r [mm]
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Manufactured CO mean mass fraction profile
(Planar unsteady flame front assumption)

=msmm [ = 8.5

x [mm]

Outer flame region, h = 30 mm

Mean CO mean mass fraction profile from MRB

TF ~ 8.5 (EM2C)

TF ~ 1.5 (UDE)
Exp

10 15 20 25 30
r [mm]
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Manufactured CO mean mass fraction profile
(Planar unsteady flame front assumption)

0.031

0.001

mmemm | = 8.5

== No thickening




INNER FLAME
(MULTI REGIME STRUCTURE)

37

REACTIVE 26b CASE, CO mass fraction

15 mm 30 mm
0.04
T ).015 -
S Q
1 ).010 000 Y
3 | =
§ ).005 5
0.0 0.0 2.5 5.0 7.5 10.0
r [mm]

Sorted by chemistry modeling

000 EXP

_ mm==  Non-premixed flamelets
== Premixed flamelets

@0 @ Premixed flamelets + transported CO msm=  Reduced chemistry
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REACTIVE 26b CASE, CO mass fraction

15 mm 30 mm
0.04

0.02

Sorted by turbulent combustion model

000 EXP mmm Statistical

mmmm (Geometrical (TFLES) mmss Mixing based
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REACTIVE 26b CASE, CO mass fraction

15 mm 30 mm
0.04

0.02

Overestimation of CO mass fraction due to:
e Simplified chemistry assumptions (for FPI/FGM)

* Artificial thickening

 Inaccurate modeling of SGS flame wrinkling on CO
chemical rate




SCATTER PLOTS
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Experimental scatter plot T = f(Z) at h=6 mm
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m— ZflamLim = 0,027 ; 0.09

mmmm 70 = 0.045

== 7 =0.055
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m— ZflamLim = 0,027 ; 0.09

h=30 mm - Z o = 0.045 Y_CO = F(Z)
-—— 7 =0.055
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. x102 %102 1750
T ) 6 1§ 0.06 1500 N
R P 1250 X
| . 4 \50'04 1000
1 2 2 002 750
/A Fi E 500
00 ().Uir) 0.10 0.15 (S)A()(] 0.05 0.10 0.15 (()).[)() ()A(]:} . '[).1-(] 0.15 (]0
n KAUST  XJTU/BUAA  ULB
— x10~2 x10~2 — x10~2 x10~2
é I
i p. i - s |
00 0.05 0.10 0.1500 0.05 0.10 0.1500 0.05 0.10 0.1500 0.05 0.10 0.1500 0.15
44

Conclusion on the MRB joined study

Flame lift-off is predicted as soon as the mixing is well resolved

Flow and temperature profiles are rather well captured (at least up to h=60
mm)

Flamme structure in phase subspace (T,Yc) ot (Yco,Yc) is qualitatively well
reproduced

CO mass fraction is more challenging to predict because:
« More sensitive to the simplification of the chemistry
- Quickly biased by artificial flame thickening

« Also influenced by the subgrid scale flame wrinkling
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Thank you to all contributors !
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Other results
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s 7 Y_CO = F(2) EXPE
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COLD CASE
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COLD CASE, radial velocity —ow i
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REACTIVE CASE 18b
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REACTIVE 18b CASE, radial velocity —i =& =& —*
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000 Exp m— KAUST — JBM XJTU/BUAA

REACTIVE 18b CASE, temperature =& =I" =—w —*

6 mm 15 mm 30 mm 60 mm

0 10 20 30

05 10 S
r [mm]
. 000 Exp s KAUST e JBM XJTU/BUAA
REACTIVE 18b CASE, CO mass fraction —zee =—=3" =% —*°
6 mm 15 mm 30 mm 60 mm
0.06
Q
5 004
=
0.02
=
E _J—
G 10 20 30
102
T
—
S
U1~
<B
=
= A
% 10 20 30

r [mm]



CAM

SCATTER PLOTS

— ZflamLim = 0.027 ; 0.09
== Zot2 = 0.045
== 7 =0.055
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X/D = 15 s YCO = F(2) EXPE
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PTF Contributed Talks: Flame Structure and Speed

*Spectral Analysis of Premixed Ammonia/Hydrogen/Nitrogen-Air Flames in Sheared Turbulence
What do we get wrong (and right) when we study turbulent premixed flames in a box?

How different is turbulence when burning (and does it matter)?

What is the role of non-flamelets in estimating how fast turbulent premixed flames burn?
Turbulent flame speed based on mass flow rate of reactants - theory and its validation

(Difficulties in) closing the balance for progress of reaction in turbulent premixed Bunsen flames

* Not provided for inclusion in the Proceedings
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What do we get wrong (and right) when we study
turbulent premixed flames in a box?

Peter E. Hamlington
Paul M. Rady Department of Mechanical Engineering, University of Colorado, Boulder, CO

DEPARTMENT OF DEFENSE
HIGH PERFORMANCE COMPUTING
MODERNIZATION PROGRAM

What is a flame in a box?

Periodic boundaries

500 1000 1500 2000 z (cm)

B

Temperature (K)

0.4
Open or forced boundaries
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How do we model flames in boxes?

Dp _ _,0u Dy __139p
Dt paxk Dt  pox;

Do 13wp) 19 ( 9T\, 19(uzy)
D= p ox Tpom\om ) tp ax T

XXII. On the Theories of the Internal Friction of Fluids in Motion, and of the
Equilibrium and Motion of Elastic Solids. By G. G. STokEs, M.A., Fel-
low of Pembroke College.

[Read Apiil 14, 1845.]
5. Having found the pressures about the point P on planes parallel to the co-ordinate planes,
it will be easy to form the equations of motion. Let X, ¥, Z be the resolved parts, parallel

to the axes, of the external force, not including the molecular force; let p be the density, ¢ the
time. Consider an elementary parallelepiped of the fluid, formed by planes parallel to the

Turbulence and Energy Systems Laboratory

UNIVERSITY OF COLORADO BOULDER

How do we model flames in boxes?

Dp Buk Du; 1 8p 1 31',-]-
— =—p5— _— = —— = —

Dt an Dt P 8x,- P an
Deo _ _19(u;p) 19wy
Dt

Chaudhuri

Long history of volumetric forcing in

studies of non-reacting turbulence:

* Channel flows
(e.g., Kim, Moin, Moser)

* Homogeneous isotropic turbulence
(e.g., Yeung, Donzis, Sreenivasan)
Homogeneous shear turbulence
(e.g., Schumacher, Sreenivasan)

Comparing premixed flame results from DNS using

(2020) 4 4‘ Il decaying turbulence, boundary forcing, and linear forcing:

Isotropic turbulence

“It has been found that there is no method, which is

Poxoffresh reactnts - S TNy clearly superior to the other two alternative methods.”

Klein M., Chakraborty N., Ketterl S.. A comparison of strategies for direct
isotherm numerical simulation of turbulence chemistry interaction in generic
planar turbulent premixed flames. Flow Turb Combust 99(3-4), 2017.

Turbulence and Energy Systems Laboratory

UNIVERSITY OF COLORADO BOULDER




What have we learned from flames in boxes?

S

H, Ka= 8767
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Clockwise from top left: Poludnenko (2015); Chaudhuri et al. (2017); Nilsson

Turbulence and Energy Systems Laboratory et al. (2018); Aspden et al. (2019); Xu et al. (2019); Dave & Chaudhuri
UNIVERSITY OF COLORADO BOULDER (2020); Im et al. (2016)

What have we learned from flames in boxes?
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Clockwise from top left: Towery et al. (2017); Wang & Abraham (2017);

Turbulence and Energy Systems Laboratory Lipatrlwikov et al. (2014); Sapelnikov et al. (2019); Chakraborty (2014);
UNIVERSITY OF COLORADO BOULDER Bobbitt et al. (2016); Hamlington et al. (2011)




Why do we need to “get outside the box”?

T
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viscous diffusion
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Why do we need to “get outside the box”?

V-FLAMEHOLDER

. Courtesy Dr. Sam Whitman
\QF Turbulence and Energy Systems Laboratory
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How do we get outside the box?

Embedded DNS: Locally and statically refine a Adaptive mesh refinement: Dynamically changing grid

region of the simulation )
On locally embedded two-scale solution for wall-bounded J N D) duia,
turbulent flows, C. Chen and L. He, JFM ( . S 2 23

I 4 6 8 10 12 14 16 18 20
' — = Local embedded fine-mesh

e e
‘_“ - ]

@ Turbulence and Energy Systems Laboratory
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1GO05: Pressure gradient tailoring effects on vorticity dynamics in the near-
wake of bluff-body stabilized flames
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How Different is Burning
Turbulence? and
Does it Matter?

Askar Kazbekov, Adam M. Steinberg

/ Daniel Guggenheim School of Aerospace Engineering  /

Georgia Institute of Technology

i N
(c) Kazb&kov ettt PROCE 38 Y2021) )

PTF/TNF Workshop Georgia
Vancouver, Canada
July 22-23, 2022 Tech.
Effects of Combustion on Turbulence
« Combustion = increased v = increased diffusion and dissipation
» Combustion can act as a source or sink of turbulent fluctuations
* Flame scale vorticity or kinetic energy 1 dp op 1/ o5 “op
« Part of this depends on pressure and dilatation ;7 ““i 5 5, 7\"ax,  “ax
» Baroclinic torque (VOI’tICIty) Baroclinic torque Subfilter p—u
» SFS pressure-velocity correlation (kinetic energy)
x1o™ Baroclinic torque increases b . . " . .
3| ~e-111 yith turbulence intensity/fow Combustion can redistribute kinetic
| T2 G rate in swirl flames energy across scales
= c 40
é 30 [ 622? aSGS > 0 = mean
<  ® backscatter
g- E 12 0’Brien et al,, PROCI, 36 (2017)
E - g -10
” @I‘ Georgia
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Effects of Combustion on Turbulence
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Structure and dynamics of highly turbulent premixed combustion

G tor
“ Adam M. Steinberg®", Peter E. Hamlington", Xinyu Zhao* - C
8 ] 4. Turbulence structure and dynamics .. ......covvueiierniiniariienoanns
=5 4.1. Turbulence kinetic energy, stresses, and fluxes ..................
< 4.1.1. Turbulence Kinetic energy. ...........covvevevenreinenns
E 1 7 412, Turbulent Stresses:: . qciye v asvs i ainie dies e
Z 413 Tucbulent scalar fuXes .. ciwivesunsivaisiasvi ssiwiaes mean
: 0 <] 42 Vorticity: ‘strain‘rate; and scalar gradients o oo sovaims st 0o v g e B e S SR TR e B e e e SRR e e PR S
5 A0 SCANTFPATIONICS iou v rissini vovwwe o Mo s 0 Y 050 00 SO T o A 4 0 TR0 O P i W Bt T
2:‘ - 422, Vorticityand strain rate. .. .......ccociicciaiiacaanas (2017)
o 4.23. Coherent SITUCIUIES ... .ivvuivaerrnnnrerrransssssannns
i -2 4.3. Spectral and multi-scale characteristics.............cooiuaaan.
4.3.1. Spectral and multi-scale structure. .....................
-3 4.3.2. Spectral and multi-scale dynamics rgia
0 iy SUINIBATY 5 5. 20005 0% b e St B TS B b e B b Ao e e B B AR B il e e R s B8 ae B BB B h
remixed air/methane ~
() Kazbwﬂcll‘ oyzozy | «©

Backscatter in Swirl Flames

CHzOPL'FLBSEf Heat release leads to mean backscatter
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Shear Flows And Large-Scale Structures
» Responsible for large-scale mixing and increased reaction rate

Reacting jet in crossflow Swirl-stabilized flame
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Next: Influence of Swirl .

104 Stronger swirl suppresse
r backscatter! . o
,Q—’"(‘ L
B & ol e
A | A
@ 0
g —o— 8§ = 0.55
—85=075
! § =100
ORZ Attached -5
Flam: 0 1 2 3 4
SiiSij %108
5 x1 0d
—o0— 85 =0.55
o —o—8=0.75
oy s hiﬂ\q\ 5 =1.00
Conical s | F ~B=a—q
Swirl Bluff Body g 0F 0
Generator ] -
Reactants [
2
PUg UB -5 ; _
Vpe X—— S o — 0 0.2 0.4 06 0.8 1 Georgia
R U ; ‘ Tech.

Next: Stronger Turbulence (Thanks to P. Hamlington)

* Fully-resolved velocity measurements are required for a
* Unresolved velocity must be first estimated (i.e. deconvolution)
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Does It Matter?

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

Theoretical and experimantal studies of DDT Parameter-free SNla models
m)

An et al, CNF, 168 (2016)

DDT in chemical mixtures

Scales resolved in 3D
simulations of SNla

r 1t 1

DDT scales predicted by theory
Sp>Sgy

Poludnenko et al., Science, 366 (2019)
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What is the role of non-flamelets in
estimating how fast turbulent premixed
flames burn?

Sajjad Mohammadnejad and Sina Kheirkhah

July 22, 2022
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1. Two controversial observations
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1. Two controversial observations

1,100
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1. Two controversial observations
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1. Two controversial observations
OH-PLIF CH,O — PLIF HRR |
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1. Two controversial observations
OH-PLIF CH,O — PLIF HRR

Mohammadnejad et al. (CNF, 2021) UBC
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1. Two controversial observations
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1. Two controversial observations
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1. Two controversial observations

D —-A--Skiba et al. (CNF, 2018)
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1. Two controversial observations: Our hypot.
OH-PLIF CH,0 — PLIF
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1. Two controversial observations: Our hypot.

Structure+Q
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1. Two controversial observations: Our hypot.
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1. Two controversial observations: Our hypot.
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2. Non-flamelets and how fast we burn
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St1c/SLo

* '»'v LJ-E.-C-
v Combustion for Propulsion and Power Laboratory

P



2. Non-flamelets and how fast we burn

"B 1Present study
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2. Non-flamelets and how fast we burn
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2. Non-flamelets and how fast we burn
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2. Non-flamelets and how fast we burn

77
7 Ao
/

D\Vamkéhler
---(Z. Electrochem
, 1940)

20 30 40
u//SL_’()

.
¥ Combustion for Propulsion and Power Laboratory

P




3. Turbulent eddy energy distribution matters
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4. What is next?
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4. What is next?

Aiming to budget energy differently

Turbul
urbulence between different eddy sizes.
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4. What is next?
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Some questions/thoughts

* Local extinctions stratify the reactants. How does this influence
how fast we burn?
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Turbulent Flame Speed Based on the Mass
Flow Rate: Theory and its Validation

PTF and TNF Workshops, Vancouver, July 22-23, 2022

Swetaprovo Chaudhuri and Bruno Savard

& University of Toronto and Polytechnique Montréal
o | UNIVERSITY OF
g TORONTO

Anatomy of a turbulent flame speed scaling: outline

* Mass flow through an isotherm and average mass flow rate through all
isotherms: turbulent flame speed, in a statistically planar and stationary
turbulent premixed flame configuration for unity Le, Ka>1, Re,>100

* Closure 1: Density weighted flame displacement speed
* Closure 2: Scalar dissipation rate and scalar variance

* High Ka=280, n-heptane/air ¢=0.9, unity Le, DNS dataset by Savard et al.
PROCI 2015 for validation

418
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Mass flow rate through an isotherm

T7-1T,
C=—on
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&= At ,

Mex = —/ p(—Saqn) - ndA
Ap .

flame displacement speed

Time(s)=0
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Song et al. CNF 2022

Averaged mass flow rate through 1
all isotherms i.e., entire flame ddAdC dt = Pu AO ST
0 A- s

Sq0 (¢ — Vo | dVde dt
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TORONTO den51ty weighted

flame displacement speed
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Closure 1: <W> ~ 5L <W>

unstretched laminar flame speed
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Density weighted flame displacement speed
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H,-air (Re,~700; Ka 20-1000)

Black line for <0 is flame-flame interaction model: S, 1= S — 20k

Yuvraj et al. CNF 2022
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Why does the closure 1 work (Le=1)?
ST = 5T <Sd|VC|>
Overall trends of the JPDF could Sd — SL o AlK’ VR S 0
be modeled as e
Sd:SL—AQH, Ve >0
ST = (ST <SL|VC|> —6T <A1KJ‘VC|> — 5’1“ <.A2K)’VC|>
k<0 k>0
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Closure 2:

(7Y ~ (77) — (%0 -507) ~ (vove)”
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Final scaling

ST u:“msl-’ 12
SL SL(SL

St 1/2
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“3‘ ] UNIVERSITY OF
W TORONTO S. Chaudhuri and B. Savard, https://arxiv.org/abs/2202.06719 13

13
Summary:
» Turbulent flame speed based on average mass flow rate through
all isotherms constituting a turbulent premixed flame in a
cuboid:
St = 87 ( SalVel)
* Closure 1: <§(1|VC|> ~ St <\Vc|>
* Closure 2: Dissipation rate anomaly
« For unity Le flames s’ 2P Re;/ 2
@ St
% TORONTO
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Thank you
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Validation dataset: n-heptane/air flame DNS, unit Le
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Simone Hochgreb, Cambridge University -- Summary

Part 1 — Closing the balance of progress of reaction on a turbulent Bunsen flame: A high-speed Mie
scattering system was used to evaluate the closure of the conservation of mean progress variable in a stabilised
piloted turbulent Bunsen flame. Velocity distributions were measured by stereo particle image velocimetry
techniques by using a 527 nm laser at 3 kHz. Flame edges were detected by the number density method
applied to the first frame of Mie scattering images. The conservation equation of the mean progress variable
was analyzed along different streamtubes as a

balance of velocities, including convective terms 0 () N1 () Moy
for turbulent velocity, turbulent and molecular 7 3

diffusion fluxes and the mean reaction. Each term w20 Tty 20
was directly measured or estimated using thin Ty p— ;;;_;;.:-f‘-—' "
flame approximation, and its uncertainty was b .
evaluated based on propagation of experimentally 0 | 2 s s sgaas’

measured statistical correlations. The largest terms L8
as expected were the convective and reaction 0
terms, with smaller roles to turbulent and molecular e o L B il -3 = =
diffusion across the flame brush. Countergradient £ 3 W T o
diffusion and transition to gradient diffusion were . 4
observed. The balance of terms in the conservation o
equations not consistently observed across the = -
flame brush within the reckoned uncertainties. We ' ;
offer some observations on the possible reasons for ; ;

the mismatch, including spatial filtering and 3D
effects, and suggest possible future alternatives.

(@N2

-

% 4
-l o A SERFRE ST o el
@ - \

Fig. 1: Conservation of burning velocities considering
different terms along streamlines in Case 8 with ¢=1.2.

Part 2 — Adaptive PIV interrogation for spherical propagation: The measurement of 3D flame surfaces
in turbulent flames remains an ongoing challenge, which is important for the understanding of the behavior of
turbulence-flame interactions. We have used a scanning sheet approach, powered by Mie scatter using a
Nd:YLF laser at up to 10 kHz to scan half of the same turbulent flame surface, which is reconstructed using
conventional methods. We find that the 3D surface density to be significantly higher than the measured 2D
surfaces. This difference may contribute to close the discrepancy often found in the literature between the 2D
area measurements rotated by symmetry to obtain the 3D area, and the actual 3D measured surface area.
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y(mm) DA Fig. 3: Measured flame surface density using different methods, as a function of
Y (mm) mean surface density: Blue: 2D surface densities using two different reference
Fig. 2: Sample recon-structed centreline planes; black: local 3D flame surface density using cross planar

surface using scanning method technique, yellow: 3D scanning surface measurement.
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Closing the balance of progress of
flame

Yutao Zheng Lee Weller

Balance of ¢ in statistically steady flames

y; N Which turbulent flame speed? What area to choose?

Don’t choose. Determine all terms along a streamline.
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Conservation of ¢ in statistically steady flames

— F _ —r
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Burner setup: piloted methane flame

Table 1: Experimental cases for validation of flame brush theory
Ceramic plate P

Turbulence
generator

U((,” Vy,rms u' s(LZ} Iy (522) Rer Ka
(m/s) (m/s) (m/s) (m/s) (mm) (mm)

Casel 09 53 0.52 0.81  0.320 1.3 0479 675 4.2
Case2 0.8 438 045 078 0257 1.3 0.539 650 6.3
Case3 0.8 4.1 047 073 0257 1.3 0.539 608 6.1
Cased 09 6.0 064 101 0320 1.3 0479 841 4.7
Case5 1.0 5.6 061 1.00 0361 1.3 0451 833 3.6

-

Case6 1.0 !

5.9 063 099 0361 1.3 0451 824 3.6
Case7 11 53 056 093 0365 1.3 0440 775 34
Case8 12 55 049 078 0319 1.3 0477 650 4.1

1 Value for T,=15°C
@ 51, and &, were calculated using Cantera 2.5.1 [32] and GRI Mech 3.0 [33]

Quartz tube

Central flow

UNIVERSITY OF

CAMBRIDGE




Flame edge detection: Number density method

(a) Processed sample (b) Unconditional p;

L5

e caise 2 fitted

y (mm)
P(d)

051

5 0 5 -15 -1 05 0 05 1 15
o (mm) min d/dy

UNIVERSITY OF
CAMBRIDGE

L o2
e =, 0
5 0 5 S5 0 5
r (mm) r (mm) r (mm)
Y =|Ved(ec— )|

UNIVERSITY OF

CAMBRIDGE




¢ and ¢ along streamlines

| N2 NIPLp2

z (mm)
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Vc and V¢ along streamlines
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Angles: a and 8

|u-e,| —12

UNIVERSITY OF
CAMBRIDGE

Local displacement speed, st 4
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Turbulent flux
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Turbulent fluxes: gradient and countergradient diffusion
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FSD along streamlines
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Reaction terms, sj
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Molecular diffusivity term,s,
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Error sources:

« Spatial filtering

+ 3Dvs 2D FSD

» Higher order 3D flux diffusion terms across
streamlines (use adaptive PIV?)
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[25] S. Mukhopadhyay, R. Bastiaans, J. van Oijen, L. de Goey, Analysis of
a filtered flamelet approach for coarse dns of premixed turbulent com-

bustion, Fuel 144 (2015) 388-399.




Adaptive PIV interrogation for spherical propagation
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Local FSD: 3D scan vs 2D and 3D cross plane methods
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Summary

High frequency PIV Mie scatter used to close balance of terms in a flamelet
framework

Agreement is good progress value ~ 0.6 where signal is highest

Main sources of error likely spatial resolution leading to filtering

3D matters! a 3D/stereo balance is underway
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Friday Afternoon Panel Discussion:

Topics in Interest

Panelists: Peter Hamlington, Heinz Pitsch, Adam Steinberg, Fabian Hampp

Moderator: Sina Kheirkhah

Prompts (optional) sent prior to the workshop:

1. Some areas of turbulent combustion appear to be of immediate interest. Some of these are listed
below:

e Premixed and stratified combustion of hydrogen and high-hydrogen content blends
e  Ammonia combustion

. High pressure combustion (or effect of pressure on the above)

e Turbulence and chemistry interaction of high Karlovitz number flames

In your opinion, which topics will continue to be of interest (to you)? Discuss what are the important
questions or challenges and present your vision of how these should be addressed.

2. There are areas of mutual interest to both PTF and TNF communities. List two topics that you
think are of mutual interest for both. Present your vision of how knowledge/experience from each
community (PTF and TNF) will help addressing these questions.

Slides used by each panelist to initiate discussion follow in the order listed above.



Engineering Relevance
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Future Priorities

Community-wide code development efforts: Adaptive mesh refinement: DNS-like resolution in a
Open-source, freely available software tools computationally efficient approach

allow the community to build multi-purpose,

multi-physics modeling capabilities

PeleC and PeleLM:
https://github.com/AMReX-Combustion/PeleC
https://github.com/AMReX-Combustion/PeleLM

A model for us:

NCAR | COMMUNITY EARTH SYSTEM MODEL
CESM ®

@"7 Turbulence and Energy Systems Laboratory

UNIVERSITY OF COLORADO BOULDER




Topics of Interest: Application — Physics — Methods

The role of combustion science and technology in low and zero impact energy

transformation processes N———

* Overview and perspectives on

o Electrical power

ELSEVIER

i

Contents lists available at ScienceDirec

Applications in Energy and Combustion Science

Science 7 (2021) 100040

journal homepage: www.scisncedirect.com/journal/applications-in-anergy-and-combustion-seience
o Mobility
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DFG Priority Program HyCAM SPP 241 9

HyCAM

Hydrogen-Based Fuel Combustion using Additive Manufacturing
(Pitsch, Dreizler, Kasper, Paschereit, Schleifenbaum)

- Enable high-efficiency, low-emissions, fuel-flexible
combustion of hydrogen-based fuels for industrial
burners and gas turbines by combination of
combustion science and additive manufacturing
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Hydrogen-Based Fuel Combustion using Additive Manufacturing
(Pitsch, Dreizler, Kasper, Paschereit, Schleifenbaum)

- Enable high-efficiency, low-emissions, stable, and fuel-flexible

combustion of hydrogen-based fuels for Additive Fertigung
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Methods

* Data analysis
* Reduced-order models/digital twin

o e.g. MILD combustion for industrial burners

5 Institute for Combustion Technology | TNF Workshop 2022, Vancouver

ity |

Topics of Interest for both PTF and TNF

All physics questions are interesting to both and in combination

* Fuels

* High Ka

* High pressure
* FWI

3

Data accessibility and process

* Proper research data management - FAIR

* Interactive datasets

* Participation in validation exercises with low activation energy

6 Institute for Combustion Technology | TNF Workshop 2022, Vancouver

itv |




The Flames Keep Me Awake At Night
(and get me up in the morning)

I—b

Partially premixed
prevaporized Jet A
flames

I

Swirling Jet A
spray pilot

(a) Upstream torch on (b) 5 s after torch off. (c) 5 after torch off.
No Flame Holding Flame Holding
W. York et al. Tech. Rep. DE-FC26-05NT42643,
US Department of Energy (2015)
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Flame-Wall Interaction
Coordinators: Andreas Dreizler and Christian Hasse

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

The primary aim of FWI studies is to gain a deeper understanding of the near-wall dynamics
of laminar and turbulent flames. Combustion in enclosed chambers 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. 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). To
understand these processes, the influence of walls 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 TNF15 was threefold:

1. Provide an update on recent numerical and experimental efforts
2. ldentify common challenges and findings from the different FWI studies
3. ldentify the next steps for further studies of FWI

Update on numerical efforts

Results were provided by six groups: University of Melbourne, RWTH Aachen University,
Technische Universitdt Darmstadt (TUD), Newcastle University, SINTEF, University of
Edinburgh.

Contributors (in bold contributing Pl):
- M. Talei, R. Gordon, J. Rivera, R. Palulli, B. Jiang, S. Gupta
- K. Niemietz, L. Berger, M. Huth, A. Attili, H. Pitsch
- M. Steinhausen, F. Ferraro, A. Scholtissek, M. Schneider, D. Kaddar, Y. Luo, F. Zentgraf,
P. Johe, A. Dreizler, C. Hasse
- U.Ahmed, M. Klein, N. Chakraborty
- Y. Minamoto, A. Gruber
H. Xia, X. Wei, M. Zhang, J. Wang, Z. Huang, C. Hasse, W. Han

In several cases, the work from different groups included collaborations with other
universities and industrial partners. Only the affiliation of the main Pl is listed here.

An overview of the configurations and the employed models is given in the following table.
The groups studied different configurations. Results for the TNF target flame were only



contributed by the TUD group. Unfortunately, this did not allow for a direct “TNF-style”
comparison. However, the underlying scientific questions had a lot of overlap, which will be
also highlighted below.

Research fields | Research groups
RWTH | TUD | Newcastle | _SINTEF | Edinburgh _

Turbulence and turbulence chemistry interaction

DNS X X X X X
LES X X
TClI closure ATF / pPDF TF-LES
Chemistry closure
Chemistry DC (skeletal) / DC (skeletal) / DC / Flamelet / DC (1-step / DC (skeletal) DC (skeletal)
Flamelet Flamelet REDIM skeletal)
Fuels CH4 CH4 CH4 / DME CH4 CH4 CH4-H2
H2 H2 / NH3-H2
Configurations sSwWQ Jet flame HOQ* & SWQ HOQ & SWQ Isochoric HOQ Flashback
(FWI / FCAI) (SWQ like) (lam. / turb.)
Software NTMIX-CHEMKIN CIAO OpenFOAM SENGA+ S3D OpenFOAM
HOQ: Head-On Quenching FCAI: Flame-Cooling Air Interaction DC: Detailed (finite rate) chemistry
SWQ: Side-Wall Quenching FWI: Flame-Wall Interaction REDIM: Reaction-diffusion Manifold

The Melbourne group performed laminar and turbulent detailed chemistry (DC) simulations
of FWI in channel flows. A harmonically perturbed inflow velocity with a range of forcing
frequencies was used for the laminar cases. A cooling jet at the wall was considered in another
set of cases. The turbulent case included FWI on one side of the channel and flame-cooling
air-interaction (FCAI) on the other side. In the case of FCAI, consistent results between laminar
and turbulent cases were observed. Head-on and side-wall quenching scenarios can be
observed during transient FWI. The dominant role of convection and diffusion for the near-
wall CO transport was highlighted. Considering FCAI, a mixture fraction indicating the dilution
level with the cooling air is required to capture the T-CO trends. Future work will focus on
higher turbulence levels and CO modeling.

The RWTH Aachen group performed a turbulent DC simulation of a premixed methane-air
turbulent jet flame with FWI. The jet Reynolds number of the simulation is 5,500 and the
considered wall temperature 1,000 K. The prediction capability of the near-wall CO formation
was validated using different chemistry tables. A 1D chemistry table only considering a
progress variable, a 2D (including enthalpy defects) and a 3D table (including enthalpy defects
and strain effects) were considered. In addition, a CO transport equation was solved in the
calculations. While the more complex models improve the prediction accuracy of the near-
wall CO, further research is needed to capture the near-wall CO in sufficient accuracy.

The TU Darmstadt group performed laminar and turbulent DC simulations of FWI of a side-
wall quenching flame that are validated against experimental data. First, the effect of
differential diffusion on the near-wall combustion of DME flames is demonstrated. In a
combined experimental and numerical study of a laminar side-wall quenching DME flame, the
influence of differential diffusion on the near-wall CO prediction was shown. These findings
are extended to turbulent flames based on a flame-resolved simulation of a DME-air flame
ignited in a turbulent channel flow. Using the simulation results, the effect of differential
diffusion and flame curvature on the local heat-release rate of the turbulent SWQ flame were



investigated. In addition to the DME-air flame, a methane-air flame ignited in a turbulent
channel flow was presented. A flame-(tip-)vortexinteraction mechanism was investigated (in
correspondence with experimental findings) that leads to the entrapment of burnt exhaust
gases close to the flame tip, resulting in changes in the thermochemical state that effect
pollutant formation and flame dynamics. To capture these effects a new chemistry manifold
was derived and validated, showing excellent agreement with the DNS data. Additionally,
turbulence-chemistry-interaction closure for near-wall quenching flames was investigated.
The results show the complex probability distributions of the unresolved reactive scalars close
to the wall. To capture these effects a transported PDF approach is derived and validated
using the DNS data. Finally, a partially-premixed SWQ flame was investigated showing the
influence of the concentration boundary layer on the flame quenching and additionally the
effect of flame retardants on the near-wall thermochemical states.

The Newcastle group performed turbulent simulation of HOQ and SWQ flames with single
step chemistry. The results focus on the near-wall flame dynamics and the influence of
guenching on temperature and velocity fields. A budget analysis of the different terms in the
governing equations was performed. The analysis showed that the standard formulations
used in RANS and LES models (turbulent kinetic energy, wall functions, and turbulent scalar
flux) vary significant for flames undergoing thermal quenching and need to be adapted. The
often-assumed balance of production and dissipation in the turbulent kinetic energy equation
may not be valid within the turbulent boundary layers during FWI. Further analysis showed
that the turbulent burning velocity and the Nusselt number in FWI are linked in the turbulent
boundary layer, suggesting the possibility to measure the turbulent burning velocity within
turbulent boundary layers using the mean velocity, temperature, and wall heat flux. They also
compared head-on quenching between turbulent stoichiometric methane-air and hydrogen-
air premixed flames in canonical configuration under identical turbulence intensities using
skeletal chemical mechanisms. The wall heat release characteristics for hydrogen-air flames
have been found to be considerably different to that in methane-air flames. This makes the
FWI modelling for hydrogen-air flames to be more challenging than FWI of hydrocarbon-air
flames.

The SINTEF group showed first results of the direct numerical simulation of turbulent flame-
wall interaction under isochoric conditions. In the simulation, a flame is ignited inside a box
with isothermal walls initialized with an isotropic turbulence velocity field. In the study,
hydrogen, methane and decomposed ammonia (ammonia-hydrogen-nitrogen) flames were
considered. First analyses of the dataset were performed showing the complex nature of the
guenching phenomena, due to the overlying pressure increase during quenching in the closed
chamber. Further, the analysis showed the importance of the radical recombination reactions
at the wall that effect the heat-release rate and pollutant formation at the wall. The analysis
of the turbulent dataset is still ongoing.

The Edinburgh group performed simulation of experiments conducted in a bluff-body swirl
burner that investigates flame-flashback of hydrogen and hydrogen-methane air blends. The
simulations were used to predict the flame flashback limit for different equivalence ratios and
wall temperatures. Detailed analysis of the flashback phenomena showed two modes during
flame flashback: a flame tongue leading flashback that leads to swirling flashback and flame
bulges that results in an axial flashback phenomenon. The different flashback modes are



dependent on the wall temperature. While at low temperature the swirling flashback is
prominent, at high wall temperatures only the axial flashback was observed. Inintermediate
conditions, a transition between different flashback modes can be observed.

Update on experimental efforts
Results were provided by four groups (Coria Rouen, France; University of Armed Forces,
Munich, Germany; University of Edinburgh, UK; TU Darmstadt, Germany).

The Coria group introduced a new test case to study the interaction between premixed flames
and cooling air. At atmospheric pressure, a rod-stabilized CHa/air V-flame interacted with an
oil-cooled wall that was shielded by a cooling air film. Blowing ratios between film and main
flow were varied between 0.1 and 4. The experimental data base contains wall temperatures,
flow velocities and flame visualization. Using measured wall temperatures, the thermal
protection was evaluated for different blowing ratios.

The Munich Group investigated an inclined jet-in-crossflow. In a confined configuration, five
jets of cold fuel (Hz, CHs or CsHs) were injected into a cross flow composed of hot, oxygen-
rich exhaust gases from a CHa4 flame. The wall was water-cooled. Wall temperatures were
measured and flames were visualized. Wall heat fluxes were determined and compared for
different fuels.

The Edinburgh Group studied side-wall quenching in a fixed volume chamber, mimicking a
geometry similar to an IC engine. Using 1D CARS, temperature and species profiles have been
measured in wall normal direction. In addition, flames were visualized, and wall temperatures
and flow fields were measured. For different equivalence ratios, flame dynamics and
thermochemical states within the boundary layer have been analyzed in the engine-like
combustion chamber and the crevices.

The Darmstadt Group studied two configurations. The first one mimics conditions of a gas
turbine combustor equipped with effusion cooling at elevated pressure. In the near wall
region, the interaction between premixed, swirling flames were studied in their interaction
with an effusion cooled wall. The experimental data base contains information on the flow
field, gas and wall temperatures, total cooling efficiencies as well as local reaction and heat
release rates. The second configuration is a generic setup to investigate flame-wall
interaction at laminar and turbulent flow conditions at atmospheric pressure. A large data
base for premixed CHs and DME flames is available.



Common challenges and findings from the different FWI studies

Recent findings from experimental and numerical studies highlight the transient aspects
of FWI. These lead to changes in the local propagation mode and the quenching scenario,
which can be either head-on-quenching or side-wall-quenching-like. Another phenomenon
is flame-vortex-interaction, where combustion products are entrained into the unburnt gas
region at the flame tip. This changes the flame propagation, finally leading to substantial
variation in the quenching point. How this effect can be considered, e.g., in tabulated
manifold methods, is currently unresolved.

Another common challenge in experimental and numerical studies is the quantification and
prediction of near-wall CO. Several recent studies have shown that the models for freely
propagating (laminar or turbulent) flames are not sufficient to describe the transport
mechanisms of CO near the wall. First attempts with an equation for transported CO yield an
improvement, but the results are not yet fully satisfactory. Especially when considering
manifold methods, it has become clear that specific model adaptations are necessary. For
flamelet, a new generic configuration based on transient HOQ is required, and for REDIM, the
boundary conditions need to be modified accordingly.

Several studies have shown that the turbulent near-wall statistics of the reactive scalars are
affected by the wall. Suitable closures are required for the PDFs/FDFs or more general TCI.

The interplay between FWI and differential diffusion was also discussed. New fuels such as
synthetic hydrocarbons, ammonia, and hydrogen are of particular interest to the community.

Machine learning methods will also become increasingly important in the field of FWI, and
initial work from the Rouen group (L. Vervisch) is very promising here.

Summary, next steps and future studies

FWI is a technically relevant field in which there are still many open issues, especially for
modeling. Significant progress has been made, but there are still a number of outstanding
issues and new challenges, particularly with regard to new fuels.

The above-mentioned knowledge gaps are also evident from the fact that most numerical
works are DNS studies. The findings from these studies will lead to improved models for the
future simulation of the target flames. In this context, three questions were discussed for
future works:

1. How can we ensure a good collaboration and data accessibility for DNS data?

What is the interplay of experiments and DNS?

3. How can we deal with uncertainties and model robustness for model derivation using
DNS?

N

DNS data are highly valuable for model development. Availability and sharing of the data will
be key for future joint studies and improved models from different groups. This collaboration
naturally should also extend to interested experimental groups. DNS data will have idealized
or simplified boundary conditions compared to the experiment. Therefore, in the future, in



addition to the direct comparison of the experimental and numerical data, e.g., in the form
of (conditioned) statistics, a joint analysis of the observable transient effects should be
performed. One example is the flame-vortex-wall interaction of the Darmstadt group.

Another point of discussion was model robustness. Models developed based on DNS data are
validated for a limited range of parameters. However, these are used for different inflow
boundary conditions, wall temperatures, Reynolds numbers or fuel. This issue has been
discussed several times in TNF, but is particularly challenging due to the significantly larger
number of parameters in FWI. A promising solution could be a sensitivity analysis in simplified
1D/2D configurations.

For future studies on FWI, there is a great need for studies on near-wall hydrogen
combustion. Due to the high burning velocities, the quench distances are very small. The
high diffusivity of H, leads to different flame structures and instabilities. How this affects FWI
is still unknown. In most cases, technical combustion processes take place at elevated
pressures. This should be considered in future experimental and numerical studies. The
pressure does affect the flame thicknesses and the burning velocity of freely propagating
flames; the influence on the FWI is still largely unexplored.
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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
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Near-wall energy processes:
‘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
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UMR 6614

Publications:
S. Petit, P. Xavier, G. Godard, F. Grisch, Improving the temperature uncertainty of Mg,FGeOg4Mn#** ratio-based phosphor thermometry by using a multi-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-film cooling interactions with an academic test rig and optical
laser diagnostics, in: ASME Turbo Expo: Power for Land, Sea, and Air (2022) (awaiting DOI)

S. Petit, A. Blaise, G. Godard, B. Mille, T. Muller, P. Toutain, F. Grisch, P. Xavier, Experimental study of the interaction between a turbulent flame and a cooling air

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 (new activity in the lab):
» Develop a technical and scientific expertise in the understanding of near-wall energy
processes (e.g. flame-wall interactions, FWI)
» Topic is part of a long-term process for the aircraft motorists

» Experimental approach by implementing advanced laser diagnostics + physical

processes (numerical is considered in the short term)

The literature review indicates a lack of knowledge regarding the Flame-Cooling Air Interaction config (FCAI)
[see recent studies from TU Darmstadt and Univ. Melbourne]:

» Flame dynamics (turbulent combustion modelling)
» Pollutant formation (CO, UHC)
» Material aging and cooling strategy (wall thermal loads)

» Advanced laser diagnostics (development, implementation post-processing)
> ...

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

Experimental setup (1)

CENTOR (Combustion test bench to observe near wall processes)

2 chimneys
1 zenithal axis window (protected
by an air film)

Parameter Value

Thermal power (kW) 18-75
Wall temperature (K) 320-620

Inlet fresh gas temperature 285 — 500
(K)

Main flow velocity (m/s) 1.3-5.5
80mmx80mm section (length: 210mm) Reynolds number (-) 5,000 — 18,000
Ceramic flame holder (diameter: 0.4mm)
1 front + 2 laterals windows Isotropic turbulence 8-10%
Smart “wall” (oil-cooled, air film, multi- Fuel CHa
perforated)

Combustion premixed

Plenum (not shown): laminar mono-
directional premixed flow
Turbulence generator (Mazellier, 2010)
Spark igniter

The optical module/chimney casings are water-cooled




Experimental setup (2)

Air film at the wall: splash cooling system

—_— Air flow
CENTOR _ oircooled

wall
Inlet pipe

Plenum

Oil-cooled Grid
wall
~  Qil-cooled
wall
-]
slot lip
Slot cavity

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

prsug

T/OP Up

Blowing ratio

_ (pw)y
~ main  (pu),

Homogenization

film
cavity =

. Blowing ratio 0.1-4

Slot lip
Hole diameter (mm) 1
Slot depth (mm) 2

Holes
Lip thickness (mm) 0.5 mm
Inlet air temperature (K) 285 — 600
Air film turbulence 20-30%

=]

Stability map

1.0 . Operating points
' n
[FlaSh BaCk] A C main air equivalence Blowing T inlet
S 0.99 * flowrate ratio ratio (main &
b= slot)
2087
= s 22 g/s 0.9 0.5; 298 K
g p X [Rod stabilized ﬂame} N S
2 0.7 2;3
g
0.6 . . | B 1449ls 0.76 1,2;3;4 298 K
I c 269/ 0.94 1
0.5 T . . . : .
10.0 12.5 15.0 17.5 20.0 22.5 25.0 M=0.1
1y [8/9]

OH* chemiluminescence
Case B

Left flame
branch

Air injection”o

20
Z [mm]




Three simultaneous diagnostics

450 500 550 600

ow ommm=—— Wall temperature

Phosphor thermometry
2D (x-y); 3Hz rep. rate
ROI: 28x56 mm?

X [mm]

~

Thermal

oil

y

Cooling

Air

Plenum

NN

WALL

|

“ Fresh-burnt

¥_ gas interface
(FBGI)
()

Region of interest (ROI)

Flow velocity fields

Particle image velocimetry
2D (y-z); 3Hz rep. rate
ROI: 25x130 mm?

Flame front

OH Planar laser induced
fluorescence
2D (y-z); 3Hz rep. rate
ROI: 20x100 mm?2

Case B M=0.1 __ 540+ u/1 CaseB |+ mp=149/s¢=0.76
450500 550 600 X, =il - _
~ —
140 ) —e— y=135mm
2 500 —e— y=105mm
o
: (]
120 X g_ 480 il u,f
7 (¢
| = Uy
S m "
_ T 460N\ DD e S— -
g 100 = oy
: 440 ,,l"oo... ........ B >4 == > S ——— =ess -
— 1 ; | ' | ; T T
0 1 2 3 4
80 Blowing ratio M
No x-gradient of Tw Zone I: No effective thermal protection, Tw strong dependent on M
60 y-gradient visible Zone lI: Transition zone
Slot exit
& Zone lllI: Effective thermal shield, independent from M (Tw constant)
-10 O 10
X [mm]




Aerodynamics & flame front

Case A

Mean progress variable <c>
(OH-PLIF)

(llulld
Up
-8

Normalized velocity
magnitude (PI1V)

N A

Flame brush (OH-PLIF + post-proc)

No parietal air film for M = 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 M = 3 =» more complex interface (misalignment)

TECHNISCHE
UNIVERSITAT
DARMSTADT

Flame-cooling air-wall interaction | Elevated pressures and more realistic cond.

» 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

Nl
X

N\
\ )

A
\

AL AN

[l

ANWN

| » Greifenstein, Dreizler; Combustion and Flame 226
liteection g = i (2021) 455-466
j"gﬁ‘fr‘%g’gﬁgw, 3 : Vn » Greifenstein et al.; Experiments in Fluids (2019)
" 60:10
» Hermann et al.; Flow, Turbulence and Combustion
(2019) 102: 1025-1052

Tremendous variations.

of total cooling effectiveness observed




C t t % TECHNISCHE
UNIVERSITAT
On en | DARMSTADT

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
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Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner

- Jet-in-cross-flow by injecting fuel (H,, CH,, C;H,) into a hot, oxygen-rich

crossflow at atmospheric pressure

Hot, oxygen-rich Chemical
crossflow reaction

T Ts
Cold fuel

Introduction: Objective 15/10

Institute for Thermodynamics ) ., derBundeswehr
Universitdt jg,} Miinchen

Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner

- 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

[: b 1 Front view of
Outlet n r ) llfj.e(-_uu!umliw.-
) Tiets Thermo- ™
Eud plate MU et couples (TC)
) water - ) (= e }
Test. plate . channels x .5 mm
Injection element 5 /_, d x ¥ Tnjection orifice(s)
;9: 41 4 o Thermo-
Injection nozzles s :‘fll.tzplm 77 A LA
(TC) E
| " —
4 | 1 Frame @ ,—/
5 1 : 2T Outlets —
i Mounting plate Nl L 4 =
) d BT - Cold 7
& gas t
Xi P P
il 1Y : [Dalshad,
v 30. Deutscher Flammentag]

S ——— Hot Eas

Experimental Setup: Test Section 16/10
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Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner

Chemieal reaction
Test section
Laser sheet -

Second chamber

Combustion chamber
Combustor wall elements

der Bundeswehr

Universitdt (3 Miinchen

Vitiated crossflow conditions:

CH,/air combustion
21=1.6,X,,=74%
u =27 m/s, turbulent

T=1600 K

o Heat insulation JICF, injection conditions:
e Air chamber
Ay
= Fuel chamber = E S
Fuel type Mass flow rate Temperature | Momentum ratio | Velocity ratio Rep
Air (g/min) ®) I b
CH, H2 0.68 354 8.9 5.2 525
C3H8 4 335 133 1.3 3400
CH4 1.94 345 8.83 1.81 1190
. pe lig
Momentum ratio: /= "5
Pn uj,
17/10

Experimental Setup: Assembly, Conditions

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

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: P;(2), R,,(13)

[—

Top View

/b Bag»
— Rratio =
R/h Bigi
OH distribution Temperature

Inverse heat conduction:
Installed type K thermocouples
measure the temperature inside
the plate

Calculate the heat flux at the
surface numerically

Mesh

T(x,y,zt) P ¢(x=0,y,2,t)

';ntcrllnc

Temperature

der Bundeswehr

Universitdt jc} Miinchen

OHPLE

- ‘ = OH* Detection
" .
s &
’ a >
3 % Laser
o

Light Sheet

OH* chemiluminescenc|
7.5 kHz, 300 images,

310 nm +- 10 nm
Qualitative analysis
Line-of-sight method

O+H+M M
H+ OH+ OH M

CH + 0z —— OH* + CO

Measurement Techniques

18/10
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Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner Universitdt ‘)K ; Miinchen
Consecutive images possible due to time- Single m
resolved detection 00 -
175
H,: 150
150
- Direct ignition w PP 2
- Orifice anchored flame T 2100 b o
- Near-wall heat release 75 z
- Instantaneous and averaged images are 50 L
almost identical 25
g 0
C;Hy/CH,: 200
- Wall-attached lifted flame ha
- Jet trajectory unavailable
- Significant ignition delay (CH,) 1 180
- Two reaction zones visible as the =20 i S
mainstream gas is transported to near-wall " 100 é
regions =
- Instable trailing part 50
Lee side reaction
0
Windward reaction P
Trail reactions /
/ 10 i:
Main reaction zone 50
Ignition delay length / | )5?) |
Results: OH* Chemiluminescence 19/10
Institute for Thermodynamics ) ., derBundeswehr
Prof. Ch. Mundt, Prof. L. Zigan, Prof. M. Pfitzner Unlvers,tat 3& \v‘ M un Ch en
Single images are randomly selected, Two-li
as the detection is at 10 Hz Single images Averaged wo-line
o . 5temperature

- Near-wall and windward
flames of similar size
- Temperatures around 1800 K

2000
Hy: .. 5 g 1800 2
- Double flame structure visible 2 %3 =
- Flames follow the jet path £ o (3 1600
- Stable reaction zones g 2 E
4 1400 &

1200

2000

C;Hg:

- Double flames visible

- Small near-wall flame

- Mostly ‘broken’ flames with
small ‘islands’

- Temperatures around 1600 K,
on the level of the crossflow
temperature

1800

1600

Temperature (K)

1400

1200

2000

=
8
8

2

8

8
Tewperature (K

CH,:

- Near-wall flame larger than the
windward flame

- Similar to C;Hj, ‘wrinkled’
structures visible

- Windward flame located
further downstream

- Temperatures around 1700 K

Intensity a.u.

1400

1200

Results: OH PLIF 20/10
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200 200

175 175
150 150
125 JB8 125 R
2 100 PO < 100 b8
75 ) 75
50 50

25 25

0 25 50 0 25 50 0 25 50
x/D x/D x/D

Heat flux along the test plate centreline:

- Maximum heat flux for H, injection, followed by
C;Hy

- CH4 heat flux increases around 50 %

- C3HS8 heat flux increases around 90 %

- H2 heat flux increases around 150 %

- Peak heat flux for H, near the injection location,
thereafter it decreases rapidly

- Maximum heat flux of the hydrocarbons shifted
downstream compared to OH* location

der Bundeswehr

Universitdt (3 Miinchen

Non-dimensional heat flux estimation

—H2 |
—C3HS
14 —CH4 |

0.8

Ag ()

0.6

0.4

0.2+

02
200 -100 0 100 200 300
z/D ()

Non-dimensional heat flux along the centerline: Ag = M
§o: specific heat flux before fuel injection o

Greac: specific heat flux during fuel injection and combustion

- Maximum location of H2 probably not

resolved Results: Wall Heat Transfer 21/10
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Fundamental FWI and heat-
transfer studies

University of Edinburgh

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

Council
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Mechanical Engineering

FWI Contributions

SWQ in fixed volume SWQ in V-flame
chamber burner

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

; e THE UNEVERSITY of KIMNHELIRGH
o t=  School of Engi i 24
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Experimental Measurements

THE UNIVERSITY of EDINBURGH
School of Engineering

1D temperature & species
Hybrid fs/ps rotational CARS

3
2.5
2
£
E15
>
1 4
0.5 * 63.2ms|
© 68.2 ms|

300 600 900 1200 1500
temperature (K)

Wall temperature (0D & 2D)

Phosphor thermometry

2 350
340
330
320 £
3
310"
300

290

o C ; - THE LUNIVERSTTY of BLHN 0 b BE 8 118 B sy
2 /= School of Engineerin Ax i)

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

x quenching

Flow field

PIV, wavelet-based optical flow

z» [mm]

25

Chamber Operation

Side _
SITY of EDINBURGH
=ngineering

* Premixed charge CH,-air ® = 0.9-1.1; Initial press: 1-2 bar;

surface & gas Temp: 298 K

¢ Volume 150 cm3; Surface/volume = 2.32 cm™?

¢ Crevice spacing 1-3.5 mm adjustable.

Front - crevice

' R TV UNIVERSITY of EDINBLRETE
o i= School of Engineering

Mechanical Engineering

< 1omm >

10 mm

Side — test-section

26
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Near-wall Energy Transfer

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

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

22 .
Pressure
2} 4 Valve act.
4 Ignition
18
5
%1.6 Unburned
S gas
%14
E Burned
HRCARS 8 o — 12 EWi gas
B R ol Mg 1
(,’ P R i g 40 20 0 20 40 60 80 100
P % 4 time (ms)
. ’
_— ' ¢ |==-=-083ms
= . '
§4 " \ ' == =t=095ms
N> " 3 == =t=4.51 . .
= |\ o | M Discuss now only FWI regime
. SHRCARS| s —
" i P 7 i Oy L~
49 47 45 43 41

x- position from spark plug (mm)

D. Escofet-Martin et al. Proc. Combust. Inst. 38 (2021) 1579-1587
A.O. Ojo et al., Combust. Flame 233 (2021) 11567

THE UNIVERSTTY of $LMNBLRGH
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Measurement Regimes

=5 M=0 Y“§¢—5 '{LS«IO mts;—ﬁ ms,;,’lo ms metal strip 22 Pressure
2 | 4 Valve act.
_4 Ignition
,:1.8
g
< 6L Unburned
g gus
21'4 Burned
FWI 1
* Thermal gradients up to flame front; signal lost past flame front A0 20 fi‘,’“e(m“;}’ 60 80100
e Time t=0ms, when flame crosses y =2 mm in HRCARS
* £<0.95 ms: gases below y < 0.2 mm follow polytropic compression
¢ Near-wall gases do not sense flame until flame 1 mm from wall Fwi
. [ 1=8.40 ms [ 1s= .
* FWI - strong gradients at wall: Tyyq = 315 K; Tsgum > 800 K 1400 /HEm =
[ ] 9ms g
1200 _f‘n—s.on. ms f‘ £
8= T T T T ——¢ —— | | =3.19ms [ )
- = t=-0.83 ms Sobe=rTos —_ [ [
— g T e o ‘EIOOO“ 4 g s
el e B 5 | s bl
o) ——CARS probe| ' ! CH* ¥ 800t | "‘ fr =-0,53 ms
g4r \ e « contours b f f T3 s
= AR 600f 7 f / /
21 \\ A \ | e
T il =083 ms
obl 1 1 1 1 I~y lt=Cpe 400 I ]
E A = A (n‘:rgn) 46 4 L 0 05 1 15 2 25 3 35
y (mm) 28




Focus: Crevice Region

THE UNIVERSITY of EDINBURGH
School of Engineering

flame front

110 mm |

Time: 51 ms ; Color - temperature; Gray - flame

0 . 340
83l | '
16.5 5 ™
E 2481 320 o
E 331 H
< 414+ 310 +~
4961 -
2D temp + flame distribution 300
57.9f
290

0 15 301 451 602 752 90.2 1053 120.3

Ax (mm)
..'v‘ = = FHIE LINIVERSTTY of LLHN BURGH
) i~ School of Engineering

‘ Mechanical Engineering

Spark Orifice Dump
Top FS plug plate valve
window

back-
pressure
section

1

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)

A.O. Ojo et al., Combust. Flame 240 (2022) 11984
29

2D wall temperature

Time: 51 ms ; Color - temperature; Gray - flame

0 ITY of EDINBURGH

8ar ngineering

165
T 248

- 330

320 o

* Spatiotemporal FWI dynamics

=331
>
T 414

wall

310 +

300

57.9

290

0 15 301 451 60.2 752 90.2 105.3 120.3

Ax (mm)

; Time: 29 ms
wall

350

340

330

320, ~

wall

310 &
300

290

3 59 89 11.8 148 17.8 20.7
Ax (mm)

CH*; Time: 29 ms

2000

1500
s

1000 2
%]
8

500

0

0 3 59 89 118 148 17.8 20.7 0
Ax (mm)
More details given at 1CO4 (Monday 11:45)
CS =2 mm; Py =

AZaid
L S THE UNIVERSITY of FIMNMELIRGH
o i= School of Engineering

2 bar
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<

Hydrogen

¢ Preliminary tests
« Distinct hydrogen instability signatures in crevice for hydrogen

* T,.isignificantly lower for H, than CH,

* H, flame in crevice appears further
from walls; hydrogen diffuses away
from walls during FWI? Less FWI?

H,-air; ® =0.7
24 3.5
0 AT i, max Hp-air
20 & AT, max CHy-air 3
& et Pressure CH,-air
16 Y Pressure CH,-air 2.5 E
— = : .
_ & Front - crevice
<12 2 a
_ -
E [
— 8 15 5
S @
__________ 1 £ i
............ 5 CH,-air; ®=0.9
0.5

4
. o
0
P flame f[ont arri?es MLlatt =0 |

- — 0
40 20 0 20 40 60 80 100

fime, t (ms)
:»"‘m--"-. THE LINIVERSTTY of 100N B RGT
., i~ School of Engineering

31
Meochanical Engineering
Atmospheric side-wall quenching (SWQ) burner assembly | Parametric variation UNIVERSIAT

» Well-defined boundary conditions Parametric variation
» Optical access to boundary layer » Fuel (methane, DME)
» Focus on premixed flames » Equivalence ratios

» Wall surface temperatures (330 - 670 K)

» Laminar and turbulent flows

Ceramic rod

water/oil

5 Fue|+A|r nozzle exit
P main flow \ | converging
2 nozzle FOvVs
beszozasn [DJoH
flow homo- simulation
genization e DP-CARS
ZEXERITER and CO
Turbulence grid s 1 e

Mnlet plenum {%SM 32 |
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2C2D PIV and OH-PLIF | Flow field CH,/air, ¢ = 1.0, Re = 5000

» Turbulent

6

5 » Data shown are conditioned on location of
. 4_ instantaneous quenching point (measured
S £ by OH-PLIF)

2

1

0

0 5 10 15
y [mm]
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Multi-parameter diagnostics |

» Gas and wall temperatures, CO, 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, Combustion and Flame Volume 239, May 2022, 111681
Zentgraf, et int., Dreizler, Combustion and Flame Volume 235, January 2022, 111707

legend: side view (laser beams): "'.. :".-fmm view (laser beams):

AL achromatic lens - SWawall

DM dichroic mirror _~ OH, TGP £ 2 OH, TGP

F filter 283 nm i B 283 nm ~— 607 nm} CARS
HS  heat shield CARS signal === | ® | _————s5wm

IRO intensified relay optics . , —= T = 230nm  CO
L/2  half-wave plate - T 5617nm CARS
PMT photomultiplier tube CARS. LD l—- y x<—%

SL  spherical lens E N O O RO s 9

SL¥300 SL +300 E

St | I o Jana)

DM z - :

H =1 F i
: DM HS OH-detection system
i top view (detection): DM ¥ E S TSAL l (tited, above CARS lasers)
5 [kl Al —F i
: = N proh? volume @ i
. - i monitorint H
CARS-detection system ToPdetacton Syt 9 i
CO-detection system

spectrometer
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SwWQ

=PIV field-of-view

2] vortex counter-clockwise

to+7 ms - #+8 ms

Zentgraf, et int., Dreizler, Combustion and Flame Volume 239, May 2022, 111681
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Turbulent DME-flame, ¢ = 0.83, Re = 5900 | Proposed mixing scenarios

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

Counter clock-wise

rotating eddies

SN\

SO

N

NN

TECHNISCHE
UNIVERSITAT
DARMSTADT

? fresh gas

/ Lagrangian view of scenarios
/ flame front

? ‘\ﬂame propagation

i

7 b
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Turbulent DME-flame, ¢ = 0.83, Re = 5900 | Mixing scenarios in state space

TECHNISCHE
UNIVERSITAT
 DARMSTADT

» Completely different scatter plots compared to laminar case
» Zone A: upstream QP high yco, 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
exp. zone (A) A exp. zone (B) pre-quenching exp. zone (B) post-quenching = exp.zone (C) sim. adiabatic =====*== sim. non-adiabatic‘
sample size: 1866 sample size: 1760 sample size: 467
wall distance 120 pm wall distance 320 pm wall distance 720 pm —
- - 5 - F L3 urnt gas
% S O A
8 8 0.1 : 0.1 < B
z A&7
< S 005 S 005 s A
- b © o L % 0 L] ke f |
500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000 Lagrangian view of scenarios
Temperature ( K ) Temperature ( K ) Temperature ( K )
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The color-coding in the CO2/T state space shows the wall-axial distance between laser and quenching height (blue: -8 mm (pre-flame) to yellow: +5 mm (post-flame))

Near-Wall Flame & Flow Dynamics | Boundary Layer Results (1)

TECHNISCHE
UNIVERSITAT
DARMSTADT

non-reacting reference case

Assessing the near-wall turbulent boundary layer (TBL) in the (u™, y*)-space: 15t lrgon-re?ct . <
---------- inear law 2
. = = =log. law 3
* Non-react. reference case well-captured by common scaling laws 107
+ n
5 -
* Reactivecase: 0
o -1 . 0 1 2
o Linear trend in viscous sublayer 10 o 10 10
preserved for y* <5 vo(-)
pre-quenching post-quenching
o Significant deviations from Log-law -
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Near-Wall Flame & Flow Dynamics | Boundary Layer Results (2)

Unraveling contributions to TBL evolution:

Temperature

Viscosity

» TBL-thickening across QP

+ Temperature-induced
viscosity rise across QP

* \Velocity gradient drops

Neo e

IS

w

downstream QP

+ Friction Velocity first rises and
drops again downstream QP

400 7001000
T(K)
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Temperature-driven viscosity change as major
impact, but also the thermal expansion in (U)

22.07.2022 | 15" TNF Workshop 22.07.-23.07.2022 | Andreas Dreizler and Christian Hasse
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Novel, pressurized side-wall quenching burner

Fuel + i
Air Coflow (Air)

W

lCooIing Air

=_ . % -

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-wall quenching burner

1.7 Turbulence-generating grid

1.1 Burner plenum

1.2 Flow homogenization
(grids & meshes)

1.8 Co-flow homogenization
(sintered bronze structure)

1.3 Morel type nozzle 1.9 Ceramic rod

1.4 Quenching wall 1.10 Exhaust gas nozzle

15 Flame tube 1.1 Exhaust gas plenum

1.6 Quartz glass windows 2 Pressure vessel

Cooling Air
AifFuel . 1171 et Main design features:
main flow * Pressure vessel for up to 10 bar
@ * Optical access from 3 sides
- + Temperature-controlled
11 - quenching wall

Water flow

V-shaped flame stabilized at
ceramic rod

Air/Fuel
main flow

frsm 41|
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Novel, pressurized side-wall quenching burner

Characterization of inflow boundary conditions and flame front topologies:

* Operating conditions
» OP1: 1 bar; Re=8,2000; ug=3.8 m/s; ®=0.8; T, ,,=353 K; with turbulence-generating grid
+ OP2: 3 bar; Re=15,000; ug=2.3 m/s; ®=0.8; T, =353 K; with turbulence-generating grid
+ (OP3: 5 bar; Re=20,000; ug,,=1.8 m/s; ®=0.8; T,,,=353 K; with turbulence-generating grid

— ugur & s kept constant — Flame quenching at almost unchanged streamwise (x-direction) position

oo

quasi-laminar

| mm) Good comparability of
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[1] Johe, P., Zentgraf, F., Greifenstein, M., Steinhausen, M., Hasse, C., Dreizler A.: |. J. Heat Fluid Flow 94, 108921, 2022.
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Flame-wall interaction (Modeling and Simulation)
TNF Workshop (2022), Vancouver, Canada

Session coordinators: Andreas Dreizler, Christian Hasse /‘ SrF
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CO modeling in Flame-Wall and Premixed FWI and heat transfer in | @&Uaneesic
Flame-cooling-air Interaction turbulent boundary layers

der Sundeswen
Universitdt (3 Miinchen

Premixed Turbulent Jet Flames with
Flame-Wall Interaction

DNS of turbulent
FWI in a constant
volume vessel
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| Flamelet modeling of laminar and r flashback
X turbulent FWI '

Note: many of the works are collaborations of different universities and Pis. Here, only the main PI is shown. 2 |/<S]'/-$
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Overview of modelling of flame-wall interactions

Research fields | Research groups

RWTH | TUD | Newcastle | _SINTEF | Edinburgh |

Turbulence and turbulence chemistry interaction

DNS X X X X X
LES X X
TCI closure ATF / pPDF TF-LES
Chemistry closure
Chemistry DC (skeletal) / DC (skeletal) / DC / Flamelet / DC (1-step / DC (skeletal) DC (skeletal)
Flamelet Flamelet REDIM skeletal)
Fuels CH4 CH4 CH4 / DME CH4 CH4 CH4-H2
H2 H2 / NH3-H2
Configurations SwWQ Jet flame HOQ* & SWQ HOQ & SWQ Isochoric HOQ Flashback
(FWI/ FCAI) (swa like) (lam. / turb.)
Software NTMIX-CHEMKIN CIAO OpenFOAM SENGA+ S3D OpenFOAM
HOQ: Head-On Quenching FCAI: Flame-Cooling Air Interaction DC: Detailed (finite rate) chemistry
SWQ: Side-Wall Quenching FWI: Flame-Wall Interaction REDIM: Reaction-diffusion Manifold
*HOQ analysis not shown here. 3 |/577"5
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CO modeling in Flame-Wall and
Flame-cooling-air Interaction

Note: many of the works are collaborations of different universities and Pis. Here, only the main Pl is shown here. 4 |/<5ﬂ-'5




Flame-wall Interaction and Flame-
Cooling Air Interaction with a

THE UNIVERSITY OF

MELBOURNE focus on CO emissions™*

Project team:

A/Prof Mohsen Talei (Associate Professor, The University of Melbourne),

Dr. Robert Gordon (CTO, MOx Energy Pty Ltd.
Senior Honorary Fellow, University of Melbourne)

Dr. Jacob Rivera (Field Leader, Siemens Energy, Canada)

Dr. Rahul Palulli (PostDoc, KTH Sweden),

Dr. Bin Jiang, (PostDoc, SUSTech China)

Shreshtha Gupta (Ph.D. Candidate, The University of Melbourne),

*Slides have been rearranged by STFS.

THE UNIVERSITY OF
MELBOURNE

2D forced flame interacting with a cold wall 3D turbulent FWI and FCAI
Palulli et al., Flow Turbul. Combust. (2021), 107(2), 343-365. Palulli et al., Int. J. Heat Fluid Flow (2021), 92, 108888.
COOL{:G JET

S SWALL
-

FLAME
OUTLET
FLAME IS ANCHORED HERE
(Y,.=0.2)
X' SYMMETRY PLANE

. . . . . * Preheated, premixed methane-air
+ Stochiometric, laminar, premixed methane-air flame P

e Tiw=Ty = 800K,p=1atm

* Harmonically perturbed inflow velocity with varying
frequency (from to Hz). — Flame-cooling-air interaction (top)

*  With and without cooling from the wall

* 3D channel flow with two flame branches
— Flame-wall interaction (bottom)

Chemistry closure
Chemistry closure * Finite rate chemistry

*  Finite rate chemistry
* GRI-3.0 (53 species, 325 reactions)




Flame-wall interaction (FWI)

Flame-cooling-air interaction (FCAI)

Transient flame-wall interaction Flame-cooling-air interaction

We observe a consistent thermochemistry between 2D and 3D simulations

* Head-on and side-wall-like quenching events * Leaner and longer flame tip
* Investigation of CO-formation * Reduction of CO in the post-combustion zone
— Substantial CO for wall-normal flame tip * 1D FPF with different mixture fractions () capture T-CO
— Comparable T-CO scatter for flame downstream trends for FCAI
— Close to the wall large CO deviations « States deteriorate for FWI*
1 2 Contour o"HRR | Time:898.765 05
: | . X*t=45 7.5 10.5 13.5
<06 0.08 1
a 0061 FCAI 1
0 ' 0 )
0 1 2 3 4 5 6 7 S 0.04 0.8
ot 0.02 \
> Yoo \ =
05 - 0.08
0 —
. : 0os} FWI 0.4
- 05 {0.04 -
9—_ < 0.04 0.2
- 05/ 003 e '
oce Mo 0.02 X
0.06 1 0.02 % 0
0.5 “r_, S Qe oo @
- ? 0.01 2 '3 % % E% fi -
05/59‘-‘ T (K) T (K)
0 S |
800 1500 2200 Y, o 1 2 3 4
T (in K) X *Hasse: consistent with other experimental and numerical studies (backup)

Ry 3D DNS of turbulent FWI

THE UNIVERSITY OF
MELBOURNE

Turbulent FWI for flames diluted by comb. products Intensely Turbulent Flame interacting with a wall
Jiang et al., Comb. Flame (2021), 230, 111432. * Re=10,000, TW =800K
¢ Turbulent (Re = 3200) & diluted flames * CO modeling based on reaction, turbulence and
s Ty = 400K /1200K quenching representative variables
* Diluted flames show larger quenching distances * Work in progress

¢ Increased CO oxidation times

¢ Near-wall turbulence-flame interactions create wrinkled
and streaky flame surfaces, and localizes the CO.

Inflow Outflow Coor =0.30442 , time : 2595.2353us
— paitl
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Premixed Turbulent Jet Flames with |y | PWTH
Flame-Wall Interaction

Note: many of the works are collaborations of different universities and Pis. Here, only the main Pl is shown here. 9 |/<5]7-3'

Premixed Turbulent Jet Flames with Flame-WVall
Interaction

Combustion Symposium 2022

|G |: Direct numerical simulation of flame-wall interaction
at gas turbine relevant conditions
K. Niemietz, L. Berger, M. Huth, A. Attili, H. Pitsch

Institute for Combustion Technology
RWTH Aachen University

ity | ™




Simulation Methodol

Wall temperature Ty, = 1000 K

Turbulent Jets

o Jet Reynolds number Re; = 5,500 3hj

o Jet velocity u; = 73.5m/s hj

o Jetslot height bj = 1.2 mm 0.5

o Jet temperature T, = 673 K 3hj
0.5h;

Pilot "

o Pilot velocity u, = 20m/s 3h

o Pilot slot height h, = 3-h; = 3.6 mm

o Burntexhaustgas T, =T, =1782K

Equivalence ratio ¢ = 0.5 « Domain:

Pressure p = 4 bar

Fuel . miet _ 9 e
uel ratio —— = - * 3.1 billion cells
Mpilot 1

* 120x 144 x7.2mm

e 6060 x 1440 x 360 cells

Isothermal Wall

Isothermal Wall

Finite rate chemistry

Skeletal methane mechanism

25 Species and 155 Reactions

Derived from Cai et al.['l

Institute for Combustion Technology | Heinz Pitsch
[1] L. Cai et al., Proc. Combust. Inst. 37 (1) (2019) 639-647.
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A-priori Investigation of CO Modeling Approaches

Modeling CO Source Term w¢, Model errors for the 3 model versions Error Density is the
. ith and with li conditional error multiplied
* Flamelet-Progress Variable (FPV) Model (with and without source term rescaling)  ith the PDF of C
» Transport equation for CO mass fraction Yo Modeling Error Ervor Density
. . . = = 100
* Rescaling of wp with local Yot 0.4 1710 e —
N —2D 1|~ = 1D rescaled
. . o - 2D rescaled s — 2D
e |ID chemistry table: Progress Variable C 5 L s S |
3 — ?} 3D rescaled 10 o
* 2D chemistry table: C + Enthalpy Defect Ah 2 02 3 05 T
) g
* 3D chemistry table: C + Ah + OH Radical Y,y s =
1
of —— 0
0 005 o1 0.15 0 0.05 01 0.15
C C
. - DNS 1D rescaled FPV 2D rescaled FPV 3D rescaled FPV
* The large timescales of CO oxidation 600 reseee resee reseae
are not well captured by the FPV model ,
400 ] 10°

o CO transport equation improves
the Y¢o prediction downstream 200

+ OH radical very promising for CO model

H
5
&
JPDF(C.ioco)

o Parameterization of strainf?

—200

—4
o Main reaction partner for CO oxidation 1
—400
CO+0OH —COz +H 0 0.05 0.1 0.150 0.05 0.1 0.150 0.05 0.1 0.150 0.05 0.1 0.15
c c c c
I3 Institute for Combustion Technology | Heinz Pitsch mrH
[1] lhme & Pitsch, Phys. Fluids 20 (2008). It V
[2] Knudsen et al., Combust. Flame 160 (12) (2013) 2911-2927.
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Flamelet modeling of laminar and
turbulent FWI

Note: many of the works are collaborations of different universities and Pis. Here, only the main Pl is shown here. 14 |/<S]’_I§




Laminar SWQ: Influence of differential diffusion g{{ T

experiment

Laminar side-wall quenching investigations singleisample z-distance to quenching point ( pm )
s(ale-s;?ace O(.)"dllloﬂ‘efi A |
» Fully premixed side-wall quenching burner Quenchingpoinicondionsd e T 20001000 0 1000 2000
. . . imulation
» Laminar, dimethyl ether-air flame (¢ = 0.83) S iabate -
= -adiabatic (MiXAvg) s
> Re = 5900 o adisbatc (Lo = 1) nor
b T, = 293.15K; T,y = 330K
» Experimental studies [1] U BRI o AL
inla i ; ~0.121 (a) :
» Particle image velocimetry = P =005
» Flame visualization (OH-PLIF) £ 009 S 004
> Dual-Pump CARS (T & CO2), CO-LIF S oos Eo0
. . . S )
» Numerical simulations [2,3] E oo g 002
) . . i . S0
» Reduced two-dimensional simulation domain o ok
, - A= 0 0
> (yxz) = (6mm x40 mm); Agrig = 50 pm 500 1000 1500 2000 500 1000 1500 2000
» Parabolic inflow profile Temperature (K) Temperature (K)
» Flame stabilization with hot gases injected in a i
0.5mm wide section (right) Wall distance y = 720 pm
0.06
~ e
< Z 005
¥4 o o
= = 0.04
ttttttttttttttatet || o g
= £ 003
o °
q o q o q 2 g 002
Near-wall differential diffusion important 5 G 4
3 o (B) >
0 500 1000 1500 2000 0 500 1000 1500 2000
[1] Zentgraf et al.; Combust. Flame 235, 111707 (2021) Temperature (K) Temperature (K)
[2] Luo et al.; Combust.Theor. Model, 1-26 (2021) /
[3] Stagni et al.; Combust. Flame 232, 111529 (2021) 15 | 577'3'
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Laminar SWQ: Combined effect flame retardants and FWI LieRs T

» Wall inlet allows seeding with L QeOtgner  x et T T= 10Kk isolne
additional reactants o oo V=20 v =saoLn v LoLn Lo
» Partially-premixed flames
» Addition of flame retardants
» Wall inlet modeled with Robin-BC

v

Combined
experimental and
02 numerical study

EXP. SOH-LIF, norm

oo B Laminar, partially-
Simulation 10 premixed flame
structure

3
A
!

i
1

_Quenching

g height os L » Combined study of
7 0a % heat-loss induced
tolet e quenching and

quenching caused by
chemical composition

x10°

‘> Excellent agreement

B 5 of simulations with
L5 experiments

o~ : 1 =
z °
tttttttetttettett ]
40 Laminar SWQ methane-air flame with pure methane addition.

Fire Research I, 5D12: 16:15 Friday July 29. 16 I/ STFS




Turbulent SWQ: numerical configurations g{‘ T

» Fully developed turbulent channel flow » Case1: Methane-air (¢p = 1.0) » Case2: DME-air (¢p = 0.83)
> Re, =180 » T = Tyan = 300K » Ty, = Twan = 300K
» p=1atm » Reduced CRECK-mechanism » Reduced CRECK-mechanism [']
> (xXyxz)= (100 x 30 X 20) mm (24 Species, 165 Reactions) (20 Species, 93 Reactions)
> > 200 Mio. grid points » Diffusion modelling: Le = 1 » Diffusion modelling: Mixture average

Inflow velocities

— . [ N
Snapshot of reactive case g r '5

® . W Ty,

0 2‘0

y (mm)

100
[1] Stagni et al.; Combust. Flame 232, 111529 (2021) 17 | / 571'3-
] . TECHNISCHE
Turbulent SWQ: Flame-vortex-interaction UNIVERSITAT
DARMSTADT
Experiment (A04E) [ & Simulation (Case 1) SIFS
HRSM '

» Turbulent DME-air flame, p = 1 atm, ¢ = 0.83 » Turbulent methane-air flame p = 1 atm, ¢ = 1.0 (Case 1)

» Exhaust gas recirculation close to the flame quenching » Validation of experimental hypothesis

point (Flame-vortex-interaction mechanism) » Shift in thermochemistry can be accounted for by an

additional dimension in the manifold

zone (A) & zone (B) pre-quenching distance to quenching ( um )

sim. adiabatic

= zone (C) zone (B) post-quenching ~ sssseser sim. non-adiabatic S000 4000, O 2500 G060 o t = 0.000 ms
wall distance 120 ym wall distance 320 ym wall distance 720 pm
042 (a), - (c) y:
; - @ 7 4 burnt gas 68T
£ 1A 0.12
E : ™ o
) i 64 |
© - 0.09
500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000 -
Temperature ( K ) Temperature ( K ) Temperature ( K ) il 62 |y ~
0.6 £ g
()] (h) (i) N =
L o0s . fresh gas 60 [ 0.06
2 0.04 — -
8 Lagrangian view of scenarios
£ 003 flame front 58
< 002
S 0.01 B L h flame propagation 56 0.03
S, ) o LR rpdit e T - =
0 003 006 009 012 0 003 006 009 012 0 0.03 0.06 009 0.12 g_’y
€O, mole fraction ( - ) €O, mole fraction ( - ) €O, mole fraction ( - ) g 54
Thermochemical state observed in the experiments. Taken from [ Flame-vortex interaction r— 0.00
mechanism (FVI) [1].  (mm)

[1] Zentgraf et al.; Combust. Flame, 111681 (2021)
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Motivation T=010 T=030 T =050 T=070 T =090
» Analysis of TCI closure models suitable for RANS / Lof - F N e
LES of turbulent FWI . i i i
Setup and Models employed o . . o
» Methane-air (Case 1) flame in turbulent channel L S )

» Chemistry manifold: 2D QFM 1

-
—
> [T'p' Y, ... Yn] = f(Y, H)
eeccril] |
Major findings ~ L - R | F o y
» Complex, bivariate temporal PDFs (RANS) and osp \ \; \; I .

T
o
normalized density

» Joint PDF/FDF P(Y,, H) is required for TCI

spatial FDFs (LES) close to the wall oo . . . oo
. . 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.1
» TCI models need to account for this to give correct Ye Ye Ye e e
prediction (validated in an a-priori manner) Temporal PDFs during the turbulent SWQ.
Chem Manifold nce —=-- pPDF approach CQMOM Prediction of
6= / / To (Yo, H) P (Ye, H)dYedH Ref oo 70 o=om time-averaged
Q ererence CO using
PDF -, b different TCI
(‘h em. Manifold 3 PDF _'"\‘}4”"’““‘"“"/ 2}/’/ closure
g= / / Jo (Ve H) P (Yo, H)dVedH ~ f (C,C7%, ) / fo(C,H) - PH)dCdH pPDF models
_,_,
DF A peak
Chem Manifold N. Ng
.
(Ye,H) P(Ye,H)dY.dH = oWar, s G S
- // ful (PDF ) fm']k ;;ww At =t £ - i
Gaussian Quadrature 1.5 2.0 0.0 0.5 1.0 1.5 2.0
(mm) (mm) (mm)
[1] Efimov et al., Comb. Theory and Modelling 24, 72-104 (2020); Results are published in: Steinhausen et al.; Int. J. Heat Fluid Flow, 93(2), 108913 (2022) and data here 19 |/Srl'3-
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Turbulent SWQ: Combined effects of heat loss and curvature 3 UNIVERSITAT

. - . 9 Aho Ahy
» Motivation: Strong correlation between curvature 6 (10 : 10
and heat-loss found in DME-air flames [! -~ 075
g4 ~
» DME-air flame under similar conditions to the E 0s g
experiment (Case 2) g2 0
» High influence of the wall on 0 00
. . . . . . 0.020 1.0
» Local equivalence ratio (differential diffusion)
0.015 0.75
» Heat-release < curvature correlations T vot0 s L
. N . I
» The influence of the wall needs to be accounted < 0.005 as
for in TCI closure models and manifolds 0.000 . N -
—4000  —2000 0 2000 —4000 —2000 0 2000 —4000 —2000 0 2000
Ke (m™1) Ke (m™1) Ke (m™1)
i ! PDF of local heat-release rate and mixture fraction in the turbulent DME flame.
—_ 40!
1.5 g 05 E 1.5
. E E% | 0 E - 1.0 3
0.5 2 36 3 < §
4 -0.5 O P 0.5 §
=
0 34 4
0 2 4
y [mm)] y [mm] 00
HRR curvature correlations observed in experiments ['] y/oL ) y/dL ()
[1] Kosaka et al., Flow, Turbul. Combust. 104(4), 1029-1046 (2019) Local HRR in the core flow (left) and near-wall region (right).
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Premixed FWI and heat transfer in ety
turbulent boundary layers

Universitdt (> Miinchen

Note: many of the works are collaborations of different universities and Pis. Here, only the main Pl is shown here. 21 |/<5]'[-3'

Flame-wall Interaction in fully-developed

turbulent boundary layers

Newcastle

+ University




Simulation set-up

=
Upper wall & PERIODIC
5 OUTFLOW
Turbulent - s
=3 \
f:lzr:nel . " Flame holder é: 7 Y =
& % Lower wall g \ | X —: . R
T = = '
— ou — |Twall| uh u . ¥
Twall = nua_ ’ U, = i Ret = pu. and y+ = LA WALL — 7 . PERIODIC
y y=0 p u Vwall

% V-flame is investigated in the Re; =110 ¢ HOI is investigated in the Re; = 110 periodic
channel flow with inert walls. boundary layer with inert walls.

% The flame holder is placed in the log-layer ¢ Domain size 10.69hx1.33hx4h discretised on
region of the channel flow at y* = 55. 1920x240x720 (approx. 0.25 billion) grid

+ Domain size 10.69hXx2hx4h discretised on points.
1920%x360x720 (approx. 0.5 billion) grid ¢ The simulation is run until the flame has fully
points. quenched.
% The simulation is run for three flow through % Progress variable is defined in terms of the fuel
times after the initial transients have decayed. mass fraction. Newcastle
U. Ahmed, N. Chakraborty, M. Klein, “Influence of thermal wall boundary condition on scalar statistics during flame-wall interaction of premixed combustion in turbulent boundary layers”, Int. J. Heat and Fluid Flow , 92, + UanGrSlty
05551 2021 Armed. N Cratiabory M K. -Assostment o Bray Hoss Ly ormalatan o romned Tameawal aracion wihin uent onday ayors nlencs o ow confarator Combust Fime, 25,

111575 (2021); U. Ahmed, N. Chakraborty, M. Klein, “Scalar gradient and strain rate statistics in oblique premixed flame-wall interaction within turbulent channel flows”, Flow, Turb. Combust. 106, 701-

Simulation configurations in boundary layers

Oblique FWI for V-flames Head-on interaction (HOI)
- [ t/tr = 5.9

X
Q-criterion coloured by vorticity magnitude

0 0.2 0.4 0.6 0.8
—_— ‘ i

Non-Dim.
T tureil
empera >

Q-criterion coloured by vorticity magnitude

0
L, T-T
T Taq =T Non-Dim. Temperature
ad R 5 0 15 2 2 30 0 0.2 04 b 0.8 1
[ — L L — | T T
2
Non-Dim. =, £
. = > 0.5
Streamwise 0
Velocit 0 —
y 0 2 4 6 8 10 0 2 4 6 Newcastle
U. Ahmed, N. Chakraborty, M. Klein, “Influence of thermal wall boundary w‘ﬁ(ﬁti’o% on scalar statistics during flame-wall interaction of premixed combustion in turbulent boundary layers”, Int. J. Heat and Fluid Flow , 92, + Unlvers:lty
108881,(2021); U. Ahmed, N. Chakraborty, M. Klein, “Assessment of Bray Moss Libby formulation for premixed flame-wall interaction within turbulent boundary layers: Influence of flow configuration”, Combust. Flame, 233,

111575 (2021): U._Ahmed N _Chakrahortv M Klein “Scalar aradient and strain rate statistics in obliaue nremixed flame-wall interaction within turbulent channel flows” Flow Turh Combust 106.701-




Major findings: HOQ and SWQ flames

¢ Wall boundary condition, orientation of mean
direction of flame propagation with respect to
wall normal, and orientation of flame normal to

the background flow direction are important _ _ w0
factors for FWI Gradient hypothesis: pu;'q" = — T
% OWI: Locally counter-gradient behaviour can 33 o
be observed and the wall boundary condition  Gradient type transport: pu/q"x— <0
affects the scalar flux behaviour in this 0x;
configuration. Counter-gradient pulTq XL 0q >0
< HOQ: Predominantly counter-gradient ~ tyPe transport: Ox;
behaviour can be observed and the wall
boundary condition does not affect the scalar
flux behaviour in this configuration.
i&==/Newcastle
S e e e b e ) ULLVOLSILY

111575 (2021); U. Ahmed, N. Chakraborty, M. Klein, “Scalar gradient and strain rate stanstlcs |n obllque premlxed flame-wall interaction within turbulent channel flows”, Flow, Turb. Combust. 106, 701~

Statistical Behaviour of Turbulent
Kinetic Energy Transport in Boundary
Layer Flashback of Hydrogen-Rich
Premixed Flames

Relations between turbulent burning velocity and wall
heat flux using energy integral equation for premixed
flame-wall interaction in turbulent boundary layers
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DNS of turbulent
FWI in a constant
volume vessel

Note: many of the works are collaborations of different universities and Pis. Here, only the main Pl is shown here. 28 |/<5]7-3'

Direct Numerical Simulation of turbulent flame-wall
interaction for H2-, CH4- and NH3/H2/N2-air
premixed flames at isochoric conditions

Active collaborations
between
Norway (SINTEF/NTNU)
Japan (Tokyo Tech)
Germany (TU Darmstadt)

@ SINTEF ®@NTNU

Yuki Minamoto (Tokyo Institute of Technology)
and Andrea Gruber (SINTEF/NTNU)




DNS configuration (common features)

Overall objective is comparative FWI analysis of partially-
decomposed ammonia, methane and hydrogen

Physical domain is a 1 cm? cube

éll7g8u|2daries are assumed to be no-slip, isothermal walls at T,,

Fuel-air mixture at T, = 750 K and P = 1 bar is subjectto
homogeneous isotropic turbulence and allowed a relaxation time
1 ms ?~ 2.2 1.4qy) before ignition (non-reactive precursor DNS)

The reactive simulation is initialized by imposin% a laminar flame
in a 1 mm? cubical region at the domain geometrical center

Spatial discretization (mild near-wall refinement):
« 7003 mesh (initial phase, P < 2 bar)
« 980°% mesh (late phase, P > 2 bar)

lw](1/s)
20000
18000
16000
14000
12000
10000
8000
6000
4000
2000
0

div(u)(1/s) -2.0x10**

2.0x10°%

Time (s} =0
CH,-Air, 0=1.0

ty (Ms) = 1.0

T (K)
2750
2550
2350
2150
1950
1750
1550
1350
1150
950
750
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Overview of DNS cases

stoich stoich (Lu) stoich (S&G)
Boundary Conditions
Type Isothermal, no-slip Periodic Isothermal, no-slip Isothermal, no-slip

Nominal Flame Properties

(0] 0.25 0.25 1.0 1.0

S, (ml/s) 25 25 12 2.2

Taa (K) 1455 1455 2586 2370

Chemistry

Kinetics scheme Lietal. Li et al. Lietal. Jiang et al.

(species/reactions) (9/19) (9/19) (9/19) (19/63)

Fuel Hydrogen Hydrogen Hydrogen Ammonia /
Hydrogen

Initial HIT parameters (Re=715) & TCI

u’ (m/s) ; I+ (mm) 10.8;5 10.8;5 10.8;5
Ka 11.56 11.56 2.41
Da 2.31 2.31 1

10.8;5
10.46
2.55

Isothermal, no-slip

1.0
21
2438

Lu & Law
(30/184)

Methane

10.8;5
8.33
3.2

@ SINTEF ®NTNU

Isothermal, no-slip

1.0
29
2448

Smooke &
Giovangigli (16/35)

Methane

10.8;5
6

4.61




Summary and outlook

» DNS databases of turbulent FWI at isochoric conditions are built and are being
analysed

» The DNS data has revealed to date (for the present condition & fuels):

o Radical recombination reactions take place at the wall and have a crucial role in the
turbulent FWI, affecting heat release rate and pollutants formation

o For methane-air flames, inclusion of C2-species (Lu&Law vs Smooke&Giovangigli) is
required for correct prediction of FWI process (confirming 1-D HOQ results by Salimath et

al.)

» Comparative analysis of the freely-propagating turbulent flames (before FWI)
is initiated

@ SINTEF ®@NTNU

Post-processing of the DNS data performed by Yuki Minamoto (Tokyo Institute of Technology)
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LES of boundary layer flashback & e

e
dib

Note: many of the works are collaborations of different universities and Pis. Here, only the main Pl is shown here. 34 |/<5]'_I§




> Numerical details

combustion

/ tube

| ) mixing
—’ tube

100 mm

150 mm

(Ebi et al., CNF2016)

Table 1: Summary of cases simulated in this work.

& /' Wall BC 350K 500K  Adiabatic
fully mixed fuel-air Stable flame (¢ = 0.33) v - =
mixture Flashback (¢ = 0.40) & & v

95%H2/5%CH4-air

> Flashback modes

> time

~

2 '

i ke, Mode |

— o W T flame tongue leading flashback
3 o : g
= g _____ Swirling

= flashback

N

]

=)

0O

I transmon

E

&~

2

= 3 Mode I

;% 0E> flame bulges leading flashback

S

Green box and arrow represents flame tongue. Yellow box and arrow represent flame bulges




> Flashback mechanisms

flame tongue leading flashback flame bulges leading flashback
due to flow deflection (Mode I) due to flow reversal (Mode Il)

Tyt = 350K Ty = 500K Tyan = 500 K adiabatic 3 Twall=300K, flame tongue
' causes the deflection of
streamlines and promotes
flashback. Small regions
of negative axial velocity
cannot lead to flashback.

» For adiabatic case, flame
bulges cause a large
reverse  flow pocket,

forming a stagnation point,
negative axial W negaieaxia | |leading to flashback.

0\ velocity region

— flashback direction — flame speed — local flow velocity —> propagation speed

Low-Emission Combustion Technologies, 1D02, 10:35 Monday July 25.
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> Tabulathn of FWI chemistry manifolds is — ) Nt wegs  Reessn
challenging %o (A B ililente o
Yo e ‘ G 2
» Influence of heat-losses Yo N graction by n” N el
. . . . HO2 filtering & — (X L % KX “(HO,)
» Differential diffusion v T e - se
_ _ T | ol
» New approaches for chemistry reduction are e N\ > B-O '
promising, e.g. as used in [1, 2] in a non- o ihimage 2% 1 e
premixed turbulent methane-air flame CNN training from 2D Database [1]
(C) CO2 02 CO OH*30 H*?2000 T 0
12l Reduced — - _— —
CNN ~0=--0=-=6= =0= -0- =-0- 42700

o —O—O—0—T—-0—0-]
= P . o

K] g -
£ = 2100 £
£ 2 o
@ ‘@ 1500 &
8 3
- = 2
2
£ TK) 900
[-) i 300 1200 2100 3000
pr~ |
Bottom: Symmetry E - 46
8

Distance from the top wall (mm)

Averaged distributions of CO, , O, , CO, OH, H mass

Instantaneous iso-surface of Q criterion predicted by CNN-DNS, colored by gas temperature [1]. fractions and temperature. [1]

[1] Wan et al.; Proc. Combust. Inst. 38(2), 2825-2833 (2021) [2] Wan et al; Comb. Flame 220, 119-129 (2020) 39 |/S<_!,_ZS
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» Transient aspects of FWI (laminar or turbulent) » Turbulent FWI changes the statistics of

» Effects the local propagation (HOQ- / SWQ-like reactive scalars
quenching) » PDF / FDFs become very complex close to the
» FVIis prominent in many turbulent studies wall
» Changes in thermochemistry » Improved TCIl models are necessary

» Needs to be accounted for in tabulated manifolds

» Prediction of near-wall CO » Other aspects
» Freely-propagating flames are not sufficient to » DNS data is very useful for model development
capture FWI due to near-wall CO diffusion [1] » How can we share the data?
» Transported CO improves the prediction, but (e.g. https://doi.org/10.48328/tudatalib-673)
further model development is required » FWI has a crucial effect on
» Needs to be accounted for in chemistry manifolds » Differential diffusion
» Dimensions » curvature statistics and correlations
» underlying flamelets (QFM) [2] » — next challenges: Diffusive fuels (like H,)
» boundary conditions (REDIM) [3] » New approaches (e.g. ML) might be needed
[1] Ganter et al., Combust. Flame 186, 299-310 (2017) [2] Efimov et al.; Combust. Theory Model. 24(1), 72-104 (2020)
[3] Strassacker et al.; Combust. Sci. Technol. 191(2), 208-222 (2018) 40 |@7-3-

G
’ DARMSTADT
» How can we ensure a good collaboration and » How can we deal with uncertanties and model
data accessibility for DNS-data? robustness for model derivation using DNS?
» DNS are highly valuable for model development. » Problem: DNS are very expensive
» Detailed insights can answer a multitude of — parameter variations are limited / expensive
questions raised by different communities. » Derived models for FWI should be applicable to a
» Availability of DNS data is key for advanced variety of inflow conditions
modeling (HPC microscope) » Inflow and wall temperature
» Reynolds number / Turbulence
» What is the interplay of experiments and DNS? > Fuels
» Need to / How to validate DNS results? » Can we perform sensitivity analysis on generic

(1D / 2D configurations) for uncertainty

> Exact reproduction of experimental data always quantification / sensitivity analysis of our models?

necessary (uncertain boundary conditions)?
» Comparison based on physical effects observed?

> Are they not rather complementary in terms of
high resolution/wealth of resolution vs. possibility
to study also higher Re numbers.
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Significant effect of C2-species on
thermochemistry of FWI (normalized HRR)

Time (s) = 0.0007847
CH,-Air, 9=1.0
t. (ms)=1.0

init

Time (s) = 0.00111

(

ms) =1.0

CH
™

-Air, $=1.0

Smooke & Giovangigli (no C2-species)

Lu & Law (including C2-species)
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Thermochemical state in turbulent side-wall quenching (SWQ)

zone (A) distance to quenching ( pm )

= zone (C)

A zone (B) pre-quenching
zone (B) post-quenching

sim. adiabatic
-------- sim. non-adiabatic

-8000 -4000 0

2500 5000

wall distance 120 ym wall distance 320 pym

wall distance 720 ym

/61,
3
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Thermochemical state of the turbulent SWQ methane-air
flame colored by the wall distance normalized by the laminar
flame thickness z/6,. A laminar SWQ with similar conditions is

D c
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Thermochemical state observed in the experiments. Taken from [1]

[1] Zentgraf et al., Comb. Flame. 239 (2022), 111681

shown as a reference (Case 1, STFS)
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Laminar SWQ with methane-DMMP seeding f

% QP: max heat-flux T = 1450 K isoline Ypmmp isoline » Fixed inflow rate: V = 2 L/h
» Injected reactants: methane-DMMP
Yr i = 0.00 Yr n =0.10 Yr i = 0.30 Y1 »in = 0.50 —
s DMMP, in DMMP, in DMMP, in DMMP, in %10 3 > YCH4'in — 1 _ YDMMP'in
4 > Tin,wall = 373K
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The flame retardants increases the quenching distance and reduces the maximum heat-flux to the wall. This decreases the
thermal load on the wall.
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Background and overview

» Ongoing fundametal & applied research projects on NH; as fuel in IC engines:

o Overall objective is comparative FWI analysis of partially-decomposed ammonia,
methane and hydrogen

» Active collaborations between Norway (SINTEF/NTNU), Japan (Tokyo Tech)
and Germany (TU Darmstadt) on available datasets

» Turbulent FWI datasets created between 2018 (H,-air) and 2021 (CH,-air &
NHs/H,/N,-air) on HPC resources in Norway

» DNS study approx. matches: 1) laminar flame speed and 2) adiabatic flame
temperature across the different fuels - analysis ongoing (work in progress!)

@ SINTEF ®@NTNU

Binning of data for FWI analysis

» Computational domain is subdivided in 100 bins in space based on the wall distance d,,4; (ibin).
» A similar subdivision is imposed in time (its)
» Corners are excluded

10% of domain is removed from analysis
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2.5

Time history of averaged wall heat flux

1.0

(@) (MW /m?)

05

T
——CH,4(x0.5)

Ha stoic

Hllrun 7

0.0
0.0

2.0

» Mean value and standard deviation are shown

» Good agreement between time instant of peak
pressure and peak averaged wall heat flux
(confirms self-similarity assumption)

» CH,-air flame has higher T,4 (2438 vs 2370 K)
and peak pressure (3.2 vs 3.1 bar) compared
to NH3/H,/N,-air flame but lower averaged
wall heat flux

- Hypothesis: consequence of weaker turbulence at
(later) quenching time?

@ SINTEF ®@NTNU

Detailed analysis of species and reactions
during FWI is ongoing (1)

o
o
a

0.08 0.1 0.12

0.02

0.04 0.06

Xco,

0.08 0.1 0.12 0

» Example: CO-CO2 relationship
J during FWI process

1 » Comparison with isobaric FWI data
from TUD experiments is attempted
(space-time relation)

» Agreement is satisfactory
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Detailed analysis of species and reactions

1 %1073 : : : : - 6 x10° .
e14
e13
08 8 e12 T
1
10
06} I
2 o
~ 7
0.4 -1
6
e5
0.2 //7 ': 5
L
// ///I / o 1. R003: OH + H2 <=> H + H20
0 —t —t L Lo+ 2. R009:02 +H (+M) <=>HO2 (+M)
0 1 2 3 4 5 6 3. R027:NH3+M<=>H+NH2+M
. (1) 4. RO57:H+HNO<=>H2 + NO
5. R035:NO + NH2 <=>H20 + N2
(Yn,0 | dwan ) constructed for different ¢ (its). Reaction-wise heat release rates
its=1 at start and its=14 at end of DNS. near the wall.

during FWI is ongoing (2)

> A wealth of DNS data is
available!

> Active collaboration with
TUD for model development

» Detailed near-wall
measurements of NH,- and
NH3/H,/Ny-air flames still to
be performed...
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Kinetics schemes:
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Statistical Behaviour of Turbulent
Kinetic Energy Transport in Boundary

Layer Flashback of Hydrogen-Rich
Premixed Flames

Newcastle
Q) Lniversity

Boundary Layer Flashback for rich H,-air flames

\ |
0 10 20 30 40 50 60 70 80 90 100

Findings

+» The wall shear stress increases across the flame
due to an increase in the velocity on the product
side of the flame.

% Negative wall shear stress can be seen upstream
of the flame in the regions of reverse flow.

% TKE is zero at the wall and reaches a relatively
high value at y/h = 0.1 due to shear.

¢ Turbulent dissipation is maximum at the wall and
decreases towards the centre of the channel.

Y
_pupy; ouj

o T = can be negative or positive:

ax]'
— Modelling assumption: T; = p€ may not
« Turbulence decays across the flame in the near wall region. hold in FWI in turbulent boundary layers.
% Vorticity is generated in the middle of the channel in the
wake of the flame.

Newcastle

U. Ahmed, A. Pillai, N. Chakraborty, R. Kurose, “Statistical behaviour of turbulent kinetic energy transport in boundary layer + Unlversﬂzy
flashback of hydrogen-rich premixed combustion”, Phys. Rev. F, 4, 103201, 2019.




Relations between turbulent burning velocity and wall

heat flux using energy integral equation for premixed
flame-wall interaction in turbulent boundary layers

Newcastle

Q) Lniversity

Steady state energy integral equation

Advection Freestream temperature
Term variation term
or - - - O
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Variation of terms in the wall normal direction
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g L a b d”'df e |
. y/Ap =
0 h*&ﬁ.—%—i—ﬂ—.: ]
0 2 4 . 6 8 10
x /Ay
J.'/A/,
Variations of Ty, Ty, T3, Ty, Ty + T, and T + T, at x/A, = 6.0,7.0,8.0,9.0 and 10.0. =] Newcastle
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Flame-wall Interaction in fully-developed

turbulent boundary layers

Newcastle
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Flow behaviour

V-flame with isothermal walls HOQ with an isothermal wall

10 20 30 40 50 60 70 80 90 100

t/tr

t/tf =

Vorticity magnitude t/tf

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
T T T T

t/ts

t/tr

0 1 2 3 4 5 6 7 8 9 10
z/h
Non-dimensional reaction rate Vorticity magnitude
Newcastle
U. Ahmed, N. Chakraborty, M. Klein, “Assessment of Bray Moss Libby formulation for premixed flame-wall interaction within turbulent boundary layers: Influence of flow configuration”, Combust. + UnlverS]'ty

Flame, 233, 111575 (2021)
U. Ahmed, N. Chakraborty, M. Klein, “Scalar gradient and strain rate statistics in oblique premixed flame-wall interaction within turbulent channel flows”, Flow, Turb. Combust.

Mean shear stress at the wall for different boundary conditions

Products V-flame OWI Boundary layer HOI Products Flame

Flame

Reactant Flow Reactantsl ilow

Wall

Isothermal Walls 5 6 7 8 9 10
0 10 20 30 4‘0 5‘0 60 70 80 90 0.1

).5 . .
-23__‘—, Adiabatic

Wall boijn'dary condition, orientation of
mean direction of flame propagation with

o respect to wall normal, and orientation of Adiabatic Wall
Adiabatic Walls
flame normal to the background flow
direction are important factors for FWI 2= Newcastle

. .
U. Ahmed, N. Chakraborty, M. Klein, “Influence of thermal wall boundary condition on scalar statistics during flame-wall interaction of premixed combustion in turbulent boundary + UanGTSlty
layers”, Int. J. Heat and Fluid Flow , 92, 108881,(2021
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. O 0X;
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6.8 o8 T s Gradient type transport:
ST/
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0.3 0.3 P q X6_<O
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.1 0.1 type transport:
0 0 0 0 - G
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(0¢/0x) x w'e" x hft,, (8T /8z) x u"T" x h/u,, (8¢/dy) x v"¢" x h/ty, (0T /9y) x v"T" x h/tUy, t axi
Adiabatic Walls
Locally counter-gradient behaviour can be observed and the wall boundary condition affects the
scalar flux behaviour in this configuration. 52 Newcastle
U. Ahmed, N. Chakraborty, M. Klein, “Influence of thermal wall boundary condition on scalar statistics during flame-wall interaction of premixed combustion in turbulent boundary + UanGrSlty
layers”, Int. J. Heat and Fluid Flow , 92, 108881,(2021
1 1 1 1
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N \ 5 ,'I N /
e 0 e 0 /'V " /,"
0 1 # = (0f_/la y O,TT/,, y 2/_ 20 -1 0o 1 2 2 -l 01 2
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Counter-gradient Products  Flame
type transport: i l
pul{lqux_ >0 J)lOW
6xl-
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0-2 -1
(02/0y) x v"c" x h/uy,
) [sothermal Walls
. L — aq
Gradient hypothe5|s:pu£’q" _ _He %9
0 <0
6xl-
Predominantly counter-gradient behaviour can be observed and the wall boundary condition
&= Newcastle
Q) University

Gradient type transportpu;'q" X
does not affect the scalar flux behaviour in this configuration.

U. Ahmed, N. Chakraborty, M. Klein, “Influence of thermal wall boundary condition on scalar statistics during flame-wall interaction of premixed combustion in turbulent boundary

layers”, Int. J. Heat and Fluid Flow , 92, 108881,(2021




Mean variation of velocity and temperature

V-flame OWI Statistically planar flame HOI

25

20 /" L o . T 25 R
- 5 |- Non-reacting ;4 -8 Analytical
8 —t/t; = 5.9 t/t; =11.55
Top Wall - =124 20 |- - t/t; =12.60
10 . tf B 14.6 ....... t/t; =14.70
. 1S [i=t/ts - |- t/ty =16.80
- t/t; =16.7 15
&
25 = Non-reacting 107
—z/h =6
20 —z/h=T
15 5
‘ﬁ
10
0
5 102 10°

10° 10’ 102 10° ] 10! 102
Bottom Wall

% Thetrend y* = u* is obeyed in the viscous sub-layer.
e TH = (T/(T)wall)xur/SL
% The analytical function by Kays & Crawford! for T* is not able to predict the correct behaviour Newcastle
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Statistical Behaviour of Turbulent
Kinetic Energy Transport in Boundary

Layer Flashback of Hydrogen-Rich
Premixed Flames

Newcastle
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Turbulent kinetic energy transport equation

+¢ The transport equation for the Favre averaged turbulent kinetic energy (TKE) is given by:

ot a.Tj ! Ja.’ﬂj ! 8331 8$k ! 8.’Ej 8'TZ 81‘, 2" e
ﬁ_/h,—/ N " W_/!,—/\ ~ _
T T T3 Ty Ts Te

* T; is the production of TKE by mean velocity gradients.

* T, represents production by the mean pressure gradient.

* Tj3 is the pressure dilatation term.

* T, describes the combined effects of molecular diffusion and viscous dissipation.
* T: represents the transport of TKE by pressure fluctuations.

* T. represents the transport of TKE by velocity fluctuations.
6 P p Y Y &5z Newcastle
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Boundary Layer Flashback for rich H,-air flames

\ I
0 10 20 30 40 50 60 70 80 90 100 BN AN

11 3 5 7 9 11 13 15 17 19 21 23 25

2 3 4 5

x/h

Wall shear stress on the top
wall
**TKE is zero at the wall and reaches a relatively

high value at y/h = 0.1 due to shear.

¢ Flame alters the boundary layer structure.

¢ Turbulence decays across the flame in the near wall region. < Turbulent dissipation is maximum at the wall
o VOYthlty iS generated in the mlddle Of the Channel in the Wake and decreases towards the centre Of the Channel.
of the flame.
Newcastle

U. Ahmed, A. Pillai, N. Chakraborty, R. Kurose, “Statistical behaviour of turbulent kinetic energy transport in boundary layer + Uanel'Slty
flashback of hydrogen-rich premixed combustion”, Phys. Rev. F, 4, 103201, 2019.




Turbulence statistics

Turbulent Kinetic Energy Turbulent Dissipation rate (log)
2
E 1
0.8
R 0.6
0.4
0.2
- 0
- I-o.z
-0.4
R -0.6
-0.8
% 1 2 3 3 5
x/h
5 ‘ — y/h=00
//"'\‘ —-=y/h = 0.1
4 5 N e y/h =05
','/ \\\ —y/h=1.0
'/ \\ |
N s \
3 K \
o 7 '
kY
A\
10 A
S .
0 e N
0 0.2 0.4 0.6 0.8 1

c

+ TKE is zero at the wall and reaches a relatively high value at y/h = 0.1 due to shear.

¢ Turbulent dissipation is maximum at the wall and decreases towards the centre of the chan Newcastle
Qe Lniversity

U. Ahmed, A. Pillai, N. Chakraborty, R. Kurose, “Statistical behaviour of turbulent kinetic energy transport in boundary layer
flashback of hydrogen-rich premixed combustion”, Phys. Rev. F, 4, 103201, 2019.

Mean velocity gradient term T;

———0u;
T = —pu/./u/./—
" B,

x/h
U. Ahmed, A. Pillai, N. Chakraborty, R. Kurose, “Statistical behaviour of turbulent kinetic energy transport in boundary layer flashback
of hydrogen-rich premixed combustion”, Phys. Rev. F, 4, 103201, 2019.
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-100 1%
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— -y/h =00
—ey/h =01
----- y/h =05
—y/h=1.0

-50 £2
0.1 0.8 0.85 0.9 0.95 1

-400

—y/h =10
02 04 06 08 1

-500
0

* T, can be negative or positive depending on the alignment of eigensystems for —u;'w;" and

01;/0x;." Therefore, T, = p& may not hold in FWI in turbulent boundary layers. #==/Newcastle
Q) Lniversity

1 U. Ahmed, N. Chakraborty, M. Klein, Scientific Reports (2019) 9(1):
5092




Relations between turbulent burning velocity and wall

heat flux using energy integral equation for premixed
flame-wall interaction in turbulent boundary layers

Newcastle

Q) Lniversity

Steady state energy integral equation

Advection Freestream temperature
Term variation term
or - - - O
aj pi(h — hy) iyt 1 dhoof pL_
—_ y y
0x 5 pOuT,NR(had — hy) (hga — ho) dx J PoUr NR
L 5

_ 1 ot

CIW J e
= + WAy

PolUr NR (hqa — ho) PoUr NR 0 ¢

.

I3 T
Wall heat flux K
Mean reaction
term

rate term
After integration in the streamwise direction from x=L; to x=L,

Tip + Top = —Nug/{RePr} + AprojST/[Asegur,NR]
2% Newcastle

+ University




Energy integral equation: Premixed FWI in Boundary Layers

Ti + Top = —Nug/{RePr} + AprojSt/[AsegUrnr | |
HE

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
- T T

vvvvv

Lz 2

TlL = (Lz - Ll)_l Tldx ) : ' ) 73; 7bi S: d: e :’:‘
h y/Ap '} e - 1
Ly - ‘ — — ¢
T, = (L,— L)t | T,dx, % 2 3 6 8 10
N x /Ay

Nu, = (L, —L;)™* fLLf Nu,dx is the mean Nusselt number

Aproj is the projected flame surface area Favre Averaged Progress variable

Aproj =W(Ly — Ly)/ cos ¢ with ¢ = 3.07° with & = 0.94 with the x —axis. Location a = x/h = 6

* Locationb=x/h=7
Locationc=x/h =8

* Locationd =x/h =9

* Locatione =x/h =10

The iso-contours of smaller values of ¢ make an angle in the range of
¢ = 4% — 5%with the x-axis.
Ageg = (Lp — L)W is the area of the segment

-1 L, 5'1" —_— . . .
ST = (pOAp‘roj) le fO W dedy is the turbulent burning velocity Newcastle

o9 University

Variation of terms in the wall normal direction

3 - - . 6 6
o [ pu(h—hy) 1 dh, [ pu Gu 1 [
—j dy + j dy = f w.dy
ox 5 potrng (haa — o) (haqg — ho) dx J PoUz,NR Pouznr(hag — ho) — Poliznr 5
11 12 1'3 _T‘l-—/
Advection Freestref'alm. temperature Wall heat flux Mean reaction
variation term
Term term rate term
Favre Averaged Progress variable
R
2 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
- - a b ¢ d e |
‘ y/Ap | R E
% 2 4 .6 8 10
x /Ay
s 7 & 5 10
z/Ay
Variations of Ty, T, T3, Ty, Ty + T, and T3 + T, at x/A, = 6.0,7.0,8.0,9.0 and 10.0. %=/ Newcastle
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Mean reaction rate closure

' DNS Model @¢ = IopoS1Zgen (lines with symbols)
—x/h=6 ——zx/h=206
- z/h=T -~ a/h="1
i;h e Zh sl wherely = 05[erf(y/5, — Pey) + 1] 12
-------- 2/h =9 wez/h=9
——a/h = 10 ~—a/h = 10} where 8, = ar/Sy, is the Zel’dovich flame thickness,

; E Peg = 6¢/6, is the wall Peclet number for the laminar head-on
: quenching configuration (=2.19 for the present thermochemistry)

-s -
$ \
4 N 1J. Sellmann, J. Lai, A. M. Kempf, N. Chakraborty, Flame surface density based modelling of head-on quenching of
0 5 _—N ~ turbulent premixed flames, Proc. Combust. Inst. 36 (2017).
0 0.2 0.4 0.6 2U. Ahmed, N. Chakraborty, M. Klein, Assessment of bray moss libby formulation for premixed flame-wall
?//Ah, interaction within turbulent boundary layers: Influence of flow configuration, Combust. Flame 233 (2021).

Variations of @, XA, /pous yg (lines) with y/A;, for the bottom wall along with the predictions of Iop,S 1Zgen XA/ Pols nr
(lines with symbols) where I, = 0.5[erf(y/6z - PeQ) + 1] for x/A,= 6.0,7.0,8.0,9.0 and 10.0. Vertical lines represents the
cut-off limits of the thermal boundary layer thickness &;.

Newcastle
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Implications of reaction rate closure on S,

. -

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
2 4 24 0.2 00 87 08 03,
i a b c d{ e:
y/Ap | ! : ]
0% 2 2 6 8 10

Favre Averaged Progress variable
* Locationa=x/h=6
* Locationb=x/h=7

6-7] [7-8] [8-9] [9-10][6-10
e ]QE/A]h[ 610 * Locationc=x/h =8

* Locationd =x/h =9

-1 L St —
DNS: Sr = (podpros) [, [y @cWdxdy « Location e = x/h = 10

-1 L, 8
Model: S7°%! = (pyApro;) fo Jo " oPoSLEgenWdxdy
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Nusselt number prediction using modelled S,

NUL
{Re, Pr}

Ty + Ty = + AprojST /[AseguT,NR ]

Favre Averaged Progress variable

R R |
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
" a b ¢ d e ]

| [6:7] | [7:8] | [8:9] ‘[9—11 0] [6—I1 0]

I/Ah

Predictions of Nu; /{Re,Pr} by using S7°%¢! to Nu, /{Re,Pr} extracted from DNS data. Newcastle
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Conclusions

*¢ Mean behaviour of velocity and temperature is significantly affected by the flame/flow
configuration.

¢ The standard formulations in RANS and LES used for non-reacting flows have to be
modified to account for flame-wall interaction in fully developed turbulent boundary
layers. These variations should be included in the turbulence (e.g. turbulent kinetic energy,
wall function and turbulent scalar flux) and combustion modelling

¢ Production and dissipation balance in the TKE equation may not be maintained within
turbulent boundary layers under FWI.

+¢ Turbulent burning velocity and Nusselt number are linked in FWI in turbulent boundary
layers. This suggests that the measurements of mean velocity, temperature and wall heat
flux can be utilised to estimate the turbulent burning velocity within turbulent boundary
layers.

¢ Modelling of the mean reaction rate of major species is not sufficient for the prediction of
heat release rate for H,-flames. = Newcastle

+ University




PTF Contributed Talks: Low Swirl, Instability, Modeling, Liquid Fuels, MI for FGM

Savard
Acharya
Cleary
Salehi

Yao
Zimmermann
Allison

Yellapantula

DNS of a laboratory lean CH4/H2 low-swirl flame impinging on an inclined wall

Nonlinear Heat Release Characteristics for Triggering of Combustion Instabilities

Probability density function modelling in the flamelet regime using multiple mapping conditioning

Conditional Expansion Methods for Turbulence-Chemistry Interaction Modelling in Highly-Turbulent Premixed Flames
*Using tabulated chemistry and LES to capture non-unity Lewis number effects in turbulent premixed flames
*Search for sustainable liquid fuels for clean aviation

Turbulent Liquid Fuel Flame Topologies via CH and OH PLIF: Two Truths and One Lie

Co-Optimized Machine Learned Manifolds: Relearn FGM or FGM with major improvements

* Not provided for inclusion in the Proceedings
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(Towards) DNS of a laboratory lean CH4/H2 low-swirl flame
impinging on an inclined wall

Mohammadreza Nozaril, Martin Vabrel, Luming Fan'2, Lucas Esclapez3,
Patrizio Vena2, Marc Day3, Bruno Savard!

I Department of Mechanical Engineering, Polytechnique Montréal, Montréal, Canada
2 Aerospace Research Centre, National Research Council, Ottawa, Canada
3 National Renewable Energy Laboratory, Golden, Colorado, United States

TNF/PTF Workshop 2022, Vancouver, Canada Transforming ENERGY
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QOutline

1. Experiments (more details during the Symposium)

2. Simulation (work in progress)

3. Summary
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laser sheet

* Low-swirl burner (D =32 mm)
* 30° inclined water-cooled plate, T = 320-330 K
(ceramic plate also used for comparison)

Stereo PIV CH,0 camera

Light

camera ' Side view
‘ Mirror/
- =

sheet

combiner

e | N ]

Slit
Periscope

Stereo PIV
camera OH camera

3

ii w1

f =+1000 +400

532 nm

-

‘Photodiode

H— 355 nm

Advantages of inclined plate

* Reduce laser reflection and other noises

* Incident from unburnt side, beam steering is
negligible

* Adjust the contribution from SWQ and HOQ
by changing the plate angle

Diagnostics

¢ 282.94 nm [OH] PLIF

* 355 nm [CH,O] PLIF

* 532 nm double-pulse PIV (sterco-PIV)

2 POLYTECHNIQUE
MONTREAL
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Burner
nozzle

* Increase in flame surface
area with H, content

* More broken reaction zone
with higher H, content

(consistent with DNS of
Aspden et al., JFM 2019)

* Considerable flame
thickening near the wall

Effect of H2 fraction at constant Ka «  Swirl number = 0.53
, *  Repuk =20,000
* Kaupto20

0% H2

.wall %

60 70 80 90 100 110 50 60 70 80 90 100

HAB (mm)

- N w
o =3 3

Distance from wall (mm)

w
S

N
=3




At blow-off limit * Swirl number = 0.53
* Rebulk = 20,000
* Kaup to 500

(o]

* Large cloud of ;

formaldehyde formed °
behind the flame

30% H2

70% H2

60 70 80 90 100 110 120 60 70 80 920 100 10 120 60 70 80 90 100 110 120

HAB (mm)

POLYTECHNIQUE
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ke Objectives for the simulation

1. Identify the cause of formaldehyde cloud formation

2. Quantify and model the respective roles of turbulence, mean strain rate, air entrainement, and wall
heat loss on flame structure

Wall distance 7 (mm)
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Experiments — Simulation — Summary

Configuration

Flow and thermochemical conditions

Computational setup

L]

.

L]

Fuel: 30% CH4, 70% H2
. . SL=4 cm/s
Equivalence ratio: 0.41 I =23 mm
Ambient T and P for fuel and air
Ubulk =10 m/s
Rep,x = 20,000
Re, =~ 400
Ka =200

10D x 10D x 10D box, with D=32mm (same as experiment)
Isothermal (330K) inclined plate as embedded boundary

Inflow matches (to some extent) PIV measurements at

burner exit plane

8
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Experiments — Simulation — Summary

Numerical approach

Low-Mach assumption

Transport model: mixture-averaged

Chemical Kinetics: reduced Aramco mechanism with 25
species and 105 reactions [1]

/';.\\
Solver: PeleLMeX E\(\C\P

I.R.

* Adaptive mesh refinement (AMR) capability
* Sub-cycling removed w.r.t. PeleLM

* More robust embedded boundary features w.r.t.
PeleLM

https://github.com/AMReX-Combustion/Pele LM

Li, G. He, F. Qin, C. Pichler, A. A. Konnov, Fuel, 2019
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Resolution requirements

Flame (10 pts/species layer) =8 80 microns
Turbulence (dx=21) m=) 110 microns
Viscous sub-layer (y*;;,=1) mm=) 60 microns

AMR level Grid spacing | Number of Total cost per
(microns) cells (million) | flow through

(MCPU-hrs*)

0 1,266 17 -

1 633 60 -

2 316 (8pts/lr) | 240 0.1

3 158 460 13

4 79 2,300 11.2

* On Niagara at University of Toronto (Intel
Skylake and CascadeLake)

9

Digital Research
Alliance of Canada numérique du Canada

Cost estimate

50 100 150 200
Y [mm]

Alliance de recherche

Grid Level

POLYTECHNIQUE
%, MONTREAL

Resolution requirements

Flame (10 pts/species layer) =) 80 microns
Turbulence (dx=2n) m=) 110 microns
Viscous sub-layer (y*,,=1) mm) 60 microns

AMR level Grid spacing | Number of Total cost per
(microns) cells (million) | flow through
(MCPU-hrs*)

0 1,266 17 -
1 633 60 .
2 316 (8pts/ly) | 240 0.1

Only preliminary results with 2 AMR levels
presented today

* On Niagara at University of Toronto (Intel
Skylake and CascadeLake)

10

Digital Research
Alliance of Canada numeérique du Canada

Cost estimate

50 100 150
Y [mm]

Alliance de recherche

Grid Level
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B Inflow
s _ veeaya
Approach used 10 \_,/ N
* Match experimentally measured mean and m/i e
rms velocity profiles (each of 3 components) ’ M /\/\
I S N
* Superimpose turbulent velocity field O T L
generated from model spectrum . T aras T R |
* Merge two fields with different integral . = . >

length scales to match radial dependency ; st
experimentally measured = 5

IS
IS

w
"
w
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Comparison with experiment — instantaneous field

Burner ,
nozzle /

40 50 60 70 80 90 100 40 50 60 70 80 90 100
OH CH20 OH x CH20

v o

40 50 60 70 80 90 100 40 50 60 70 80 90 100 40 50 60 70 80 90 100
HAB [mm] HAB [mm] HAB [mm]
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m
e

CH,0 mass fraction

Incomplete combustion

1 0.0005

- 0.0004

- 0.0003

0.0002

0.0001

0.0000

CO mass fraction

G.80 - 0.010
0.25
- 0.008
0.20
€ - 0.006
< 0.15
0.004
0.10
0.05 0.002
0.00 0.000
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0.16
0.14
0.12
0.10
E 0.08
0.06
0.04
0.02
0.00

CH,0 mass fraction

Incomplete combustion

T 0.0005

- 0.0004

- 0.0003

0.0002

0.0001

0.0000

Mixture fraction

0.16
0.14
0.12
0.10

g 0.08
0.06
0.04
0.02
0.00
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Experiments — Simulation — Summary
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Wall heat loss
Temperature
- 1400

| Local, instantancous wall heat loss
1200 . :
normalized by laminar flame power

- 1000

1.0

800 >

0.6

0.4 4

600

0.24

0.0 A

40 5‘0 6‘0 7‘0 Bb Qb l(I)O
4 0 O HAB [mm]

200

[~ P E— Experiments — Simulation — Summary
= MONTREAL v
1=

FERE®

Summary

» Experimental database with OH x CH20 PLIF and stereo-PIV:
Ka=10-1000, Re = 20k — 30k, 100% CH, to 100% H,

* Some lean conditions targetable with DNS (O(1-10) M CPU-hrs)

* Preliminary simulation results indicate incomplete combustion near and away from the wall,
consistent with experiments.

* Yet significant local wall heat loss identified

» Challenge remains to get the right inflow feed (DNS or LES of the burner needed?)
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PTF Workshop 2022 (July 22-23, 2022)
Nonlinear Heat Release Characteristics for Triggering of Combustion Instabilities
Dr. Vishal Acharya
Aerospace Combustion Lab, School of Aerospace Engineering,
Georgia Institute of Technology, Atlanta, Georgia, 30332

Combustion instabilities manifest themselves as large amplitude acoustic oscillations over a
range of frequencies depending upon the nature of the combustor geometry, combustor-combustor
interactions, and heat release distribution in the combustor volume. The temporal growth/decay of
the acoustic energy for a given natural acoustic mode is determined by the Rayleigh Integral
which is the product of the acoustic pressure and unsteady heat release rate fluctuations integrated
over the combustor volume. For low frequencies, flames are acoustically compact resulting in the

lobal heat release oscillations determining stability through the flame transfer function.
3 To understand limit-cycles in the acoustically compact case,
it is important to understand non-linearities in the flame

response function: F (6,m,) = Q(s,a)o)/ O(s, @,). These limit-
cycles or fixed points of the system determined when driving
equals damping. Previous studies have correlated the amplitude
dependent heat release response directly with the fixed points,
specifically with the occurrence of triggering, shown in Figure

—

g 1. The flame response exhibits inflection points — three
Figure 1 — Flame response | intersection points exist, and both the zero amplitude and finite
amplitude for triggering. amplitude cases are stable with an intermediate unstable point.

When the system is triggered beyond this point, it reaches the
higher amplitude limit-cycle. Also, note that in non-normal systems with strong transient
amplification, the external disturbance amplitude required for the system to cross the unstable
fixed point (denoted by green X) may be much smaller than the amplitude at this fixed point. For
example, studies have shown even as low as 0.25% amplitude leading to triggering — making for a
strong motivation for this work.

Black: £ (5,é5) =0, R 7. ¢5) =0

25 The goal of this work is two-fold: First, to establish
2 the relationship between the different heat release orders
- (linear, third, fifth order terms) that lead to such
behaviors/variations in the heat release. Second,
o determine the parametric regions where the above
05 relationship is satisfied for non-linear premixed flame
response. An example of the parametric space where
triggering is possible is shown in Figure 2. This figure

L shows the variation of the relative phasing of the 5%
Figure 2 — Locus of points for order flame response with respect to the 3 order flame
triggering. response for the case where there is no linear flame

response (i.e., FTF = 0). The region of the solid black
curve between the dashed curves, to the left of the red curves is the locus of points where
triggering is possible. For the non-linear response of premixed flames, the G-equation is used
which helps determine the heat release at different orders from which the parametric regions lying
on the above locus of points is determined. However, accurate simulations of the flame position
require the turbulent flame speed as input. Several models of the turbulent flame speed have been
established in the literature; however, this motivates work for current fuel blends of interest such
as ammonia/hydrogen blends for which turbulent flame speed scaling are not yet established.

1
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What are the questions here?

Nonlinear heat release studies
o Forced flame with increasing amplitude levels
o Single frequency

Can we determine nonlinear heat release characteristics that lead
to certain variations in flame response with forcing amplitude?

o Non-monotonic variations

o Variations that can lead to triggering

Why do we need this?

u Each of the above relationships result in specific limit-cycle behaviors

o Having mathematical conditions/ constraints illustrate when such
behaviors occur and help determine them from data



Nonlinear Flame Response: Modeling

Nonlinear Heat release

a Expand heat release in terms of O(t) = 0, +£0,(t) + £°0, (1) + £°0, (1) + O(£")
the disturbance amplitude &

Focus on single-frequency (i.e., Q=Qo+e*Q2+¢'Qu
no mter.-frequency /() = <01 () 1 @) + SGh(w)
interactions)
Flame Response Function Blew) = Ele(w) n 6262"% )+ @é(w)
' Qo + €2Q2 + €*Qy
Focus on flame response
amplitude
F(e,m) = \F (& wo)\
__\Z/.E - G ia |
BEN 7 ZINN/X v? e°1£%h ‘

) Black: damping.
‘F (€)| A B Filled circles: stable fixed points.
Filled crosses: unstable fixed points

e 3

& &

A: linear increase (non-zero FTF) followed by saturation
o Stable fixed point of non-zero amplitude

C: linear increase followed by non-monotonic trend
Multiple stable fixed points; possible to trigger

Stable system at zero amplitude

]
B: low or zero FTF followed by purely non-linear increase and saturation
]
o Sufficient triggering pushes to a stable non-zero limit cycle

Not exhaustive but covers what's predominantly observed

BENT. ZlNN/Vf V ) } e%egch | \“
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CASE C — NON-MONOTONIC BEHAVIORS

o b Georgia |

BENT. ZINN/X_ 1)

Data from Literature

Bellows et al., JEGTP 2007 Oberleithner et al., C&F 2015
0.3 0.7 . : ‘ . '
Local maximum and minimum s . ! B -
of transfer function 8° * 0.6F first saturation ¢ ! second saturation -
S ¥ ; il
0.2 o %-:f * | 0.5 (e #—0%0
ge o * . ! v ; Z .
5 o.-..; % (PR : ,)./O 5 - 1
= - e
5 & I -4
o 01 - = el
© 160 Hz ol
= 170 Hz |
3 * 180 Hz |
[1] 0.3 0.4 0.5 H H il i i i
! o 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Thumuluru et al., PROCI 2009 “(n

Cosié et al., C&F 2015

1 1{~6=120 Hz,Re=21,000
—8-210 Hz,Re=21,000

8—c=00 =4 =-c=08 =0- =1
0.8 || T 130 HzRe=44,000 2 + : Lo
. —9—270 Hz,Re=44,000
o ? 08
© 06
§= 0.6
© 04 et

ld/a

0.2
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How do we model this behavior?

: 00+ 0i(@,)
F(S,a)o)z‘F(g,a)O)‘zg s
O, +¢°0, C
éL':QAI/QD lI,=|é;/q,|
qng/Qo q1=|‘?1|
Qa=act f=(ala)F
n=¢q, 1=4,/q,
$=244, ¢=0 N
n=2&q ]
df/dz -0
1+ ne* 1+2ncosg, +n°
f(77)=\/; 1 T =\/— 77—¢3277 v v
+u (1+r;,u) e iginit
6 6
—T——S¢<-T+—

Model vs Data

Data from Cosié et al., C&F 2015 Data from Bellows et al., JEGTP 2007
o Third order model captures all points o Third order model works until second
o No time average shift characteristic point (solid red)

o Time-average shift
o Fifth order model captures high amplitude

0.5 ‘ ‘ ‘ behavior (dashed red)
0.2 ‘

0.4
~03" 1 0.15| o O
~— \
K Qc©

0.2" —

w \ (]
= 0.1 \ ’
0.1 o°
7
0 0.05¢ /
0 0.2 0.4 0.6 0.8 1 P
€
Red - fuel-split between injection at burner and far upstream 0 | | |
Blue — fuel injected only at burner. 0 0.1 0.2 0.3
Circles: Measured data, Solid curve: Model. : : :
€
/ ;g Solid Red — Third order model e - |
I— A - ) / Dashed Red - Fifth order model eorgia
= AP " / Circles: Measured data Tech| ‘



Model Premixed Flame
(Acharya & Lieuwen, Proc. Comb. Inst., 2021)

Model Premixed Flame using G-equation

o Parameters set same as measured data cases

LES using G-equation + sub-grid models (on-going)
o Results sensitive to turbulent flame speed

o Less sensitive to turbulent flow parameters

sl I White region: parameter combinations where the flame response Georg
BEN T-ZINN/X [ shows the non-monotonic behavior Tec

-1
——=

el A ¥

£ & &

CASE B - TRIGGERING

=
]



Modeling — Zero linear response

Zero linear flame response case

o Linearly stable system but non-linearly

unstable S B
s T I
/" () <0 "
G = Q3/Qo = gjc™ for j = 1,3,5 Bk £ = Tk 7000
B=gs/qs ' y
7 =€p s

b5/

f) = 1+20% cos g + 1’

242

—1<cos¢p < ———

3 0.5 0.6 0.7 0.8 0.9 1

H cogsia)

YV 24
BEN T ZINN/N

Black: f7(n,¢5) =0, Red: f"(n,¢5) =0

Non-zero linear heat release *

Fle,w) = eQi(w) — €2QA&0) i ELI_Q%(W) .

’ Qo + €2Qa + €*Qq %
4 = Qj/Qo = g€ forj = 1,3,5
K=qsq1/q

~ 3 ° 05 06 07 08 0.9 1
n=cgf/q FOnegs) =|Fl\/aa/di ' 2|

:n'l—{—n?—}—n‘Lnews L.
<
08
12 /’/
06
0 05 1 15 2

22 '
—_ ] < CcOS ¢5 < — Effect of k on the locus of points for d2f/an2 = 0 (solid) and
3 - \ the 937/an3 = 0 (dashed)

Black: baseline case where g1 = 0. Red: k =0.5, Blue: k =1,
Green: Kk = 2.

0 0.5 1 15 2




Data from Literature, Simulations

Not a whole lot of data out there that can aid in this study

Thumuluru et al., PROCI 2009 Kim & Hochgreb, C&F 20012

04

1 }|~6—120 Hz,Re=21,000

—8-210 Hz,Re=21,000

—+—130 Hz,Re=44,000

—9—270 Hz,Re=44,000 e
%]

—O— H(A)

H(A) or D(A)

We need more data from experiments and simulations with
potential triggering tendencies

o How do we design for this across a range of parameters?
Model Premixed Flames — on-going

Takeaways and Additional considerations

Methodology presents a physics-based deduction on how high order
non-linear components are related to each other to enable triggering
of instabilities

a Constraints on phasing

Application to Data: physics-based fitting to data can illustrate how
non-linearities behave and relate them back to control parameters
o Need data for this effort

Premixed Flame Model

a G-Equation model for turbulent premixed flame to capture parameter spaces
where triggering occurs

a Captures data regions with great accuracy
o Need validated inputs to model (turbulent flame speed, flow etc)

e E Georgia |
BENT. ZINN/\ &/ Tech “



Probability density function modelling in the
flamelet regimes of premixed combustion

Motivation

* Broadly, there are PDF-type models and flamelet-type models

PDF methods inherent advantage, source terms exact

Distributed regimes — inner structure is broken. PDF methods
expected to perform better than flamelet methods

Flamelet and thin reaction zone regimes — inner structure is
intact. Standard PDF models cannot capture this

Option 1 —tune mixing constant for specific conditions but this
is not predictive

* Option 2 — conditioning, imposing flamelet-like properties




High level introduction to PDF conditioning

* Transported joint PDF equation

0pfy a( 6f¢) 0pWafy 0 (-Daqbaaqﬁﬁ >

or o \PUe T PPe g )T oy T aweons \ PP ax ox, ¥ T

conditional dissipation
term unclosed

reaction term
closed

p
dt + [W/ZDe b dw?

+1 d (D)
= |1L: -
i paxi pLe

dgP = [Wy + Sy dt

* The mixing is conditioned

conditioning
SplX=0 — S¢Im, X =0 where 7 is low dimensional manifold for ¢

High level introduction to PDF conditioning

Y Seln,X=0
X X ¢ X
X X
X x x X
X X Uy
X

(c’,¥) X x/ X
X

X X X

X X_x

Non-premixed flames — conditioning on mixture fraction

Premixed flames — need to distinguish fresh reactants from burnt gas




High level introduction to PDF conditioning

* Conservation of conditional moments during mixing is
always desirable

» With good selections, can improve quality/accuracy of
mixing model and reduce computational cost

* MMC uses independent reference variables nP # ¢?,
so mixing is also linear with respect to all scalars

For example:

272
RANS: dn? = — <2 (P — (e, £))dt + b | 22120 g

LES: n? = 7j(x?, t) (sparse particle methods)

MMC for premixed combustion

1. Conditioning on progress variable from artificially
thickened flame model (Stuttgart)

- flamelet structures are preserved
- good match with data (Darmstadt stratified flame)
- uses sparse particle method, very efficient

- unless mixing rate is tuned, PDF flame propagates too
fast relative to the reference flame

Cp=01 Cp=05 Cp=10
1.00 G = B3 em = 0.03 om = 0.03
— 075F. I ﬁ
Bt O
= 050f . ‘g‘r{%‘
025 i : ‘%‘
ot Y.
0 N . ot | R

reference variable (¢) [-]




MMC for premixed combustion

2. Conditioning on distance to the flame front
(University of Queensland)

- simple and practical, of L S

® 351 " 311K

successfully applied in PaSR forg
combustor NOx prediction

20 i/
15 i
10

NOx, dry 15

- level set approach suggested S
for general flame simulations

- impractical due to ambiguity of flame speed
scaling in the inertial interval

09

MMC for premixed combustion

3. Conditioning on shadow position (Sydney, Queensland)

- stochastic particles have a shadow position n? = éP

_ xP _ EP
d¢f = Udt + + | [2Dg | dw?
T¢ §

Dy =DA% A=u/s

- flame speed and inner structure are independent no mixing rate

tuning required A=39 A=52

0.04
—}umplemented & #\ [@su,and s are
variables /

intensive methoi 0. 00

=390
A=5.20
A=17.80

:— ~ ~
] (% (]
| (] (3]
| |

:
: = =
=) =2 =




MMC for premixed combustion
4. Hybrid sparse/intense method (Sydney)

- conditioning via increased resolution
- suitable for mixed mode flames
- only suitable for distributed premixed regions

- requires regime sensor for dynamically changing between
sparse in the non-premixed regions and intensive in the
premixed regions

30

Exp 1L/10E ___ 1L/8E (2017)

2000
Z 1500 | /R / | % :
— 1000 |/ & i 7
500 B i B

0
0 01 020 01 020 01 02
z z z

xD=1

xD=5

& 1500
= 1000 | J9#
500 fF

xD=15

Current directions and outlook
* To be useful, PDF models for premixed combustion should:
- (A) be applicable to different premixed regimes

- (B) have few (hopefully no) tunable parameters and low
sensitivity to those parameters

- (C) be computationally affordable

property
A B C Viable

yes ? yes

yes no no

model

?
yes ? ? ?

A W N

no yes no




Current directions and outlook

* Model 1 with conditioning on progress variable (Stuttgart)
* The problems are:

1. decorrelation of the flame that is predicted by the
particles and by the artificially thickened flame model

2. sensitivity to the mixing constant

* Advances have been made in both areas through analysis of
the laminar (unthickened) limit
2500 1.0

2000 0.8
R T Q 0.6
2G08: PDF mixing time scales for 51 ¥ 3 :
premixed combustion in the S 0.4 Fe
. L )0 ; ey T
laminar flame limit J AN,
N. laroslavtceva, A. Kronenburg, 500

O.T. Stein =
L 04

4 "'L.l”.l“]
0 02 04 06 08 0f

o006 0,008 0.010

X reference variable (¢) [-]

Current directions and outlook
* Model 3 with conditioning on shadow position (Sydney)
* The problems are:
1. the parameter A = u;/s; was global
2. formulated as an intensive PDF method, so expensive

* The first problem has been addressed through locally modelled
wrinkling factor (Charlette et al. 2002)

" B
= JtE o : A r Ap Lag
A= 5 = [1 + min (max (5c 1,0) ,QE,C (uAE, 3, ,Red) ( 5 ))]

X/D ¥ e m
A= o S [=;) co =) I = 'f}r‘ . \Q“.‘_.
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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

JP-8 $=0.9 OH JP-8 $=0.75 + JP-8 8.3 mLimin OH JP-8 $=0.75 + JP-8 17.9 mLimin OH
n-Dodecane ¢ = 0.75 + 17.9 mi/min

Advanced Diagnostics and Combustion Laboratory G MICHIGAN STATE UNIVERSITY

Motivations

A. Liquid Fuel Extinction Physics: Prevaporized and Spray \ T
_ . Global Fiames, Blowoff LIftof &
1. How are finite-rate chemistry for low-temperature Processes Fragmentafion Stabilization
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?

Extinction Preferential

B. Real Fuel Effects of Kerosenes Mechanisms | Frareron
1. How is extinction altered by multicomponent fuel SRR
effects? How are the preheat/pyrolysis regions of - P o

Local
Mixture
Fraction/
Flammability

the flame affected?

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

Scalar
Dissipation

Droplet )
Effects
Aerodynamic Droplet-
Strain Flame
Low - Temp Flowfield
Chemistry Turbulence

Interaction
Heat

Release
Rate

C. Diagnostic Needs
1. Is our standard toolbox for gaseous flames
adequate for liquid fuels?
2. If not, then what? —

Pyrolysis &
Intermediates

Flame
Structure
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“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?

1.0

Dodecane CH

phialonc
T-Wethyinaphihaiene
1aDinetynapnlens|

Normalised fluorescence

0.0

260 280 300 320 340 360 380 400 420
Wavelength (nm)

ol
o

4
>

Dodecane OH

Chemiluminescence Signal
3 o
N IS

0
400 450 500 550
Wavelength [nm]

Formaldehyde PLIF from JP-8

Fuel PLIF from prevaporized JP-8 kerosene

min

'
Bmm ——p)
|

Simultaneous OH and Fuel PLIF from
prevaporized JP-8 kerosene
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CH C2z*-X2M PLIF, Q-branch

314.390 nm 314.399 314.415 314.423

Q(9) Q(8)+Q4(9)

Q,(6)+Q,(2) Q(7)+...

T

OH A-X(0,0)
P,(12)

Relative Signal

314.429 nm

I.l.l |

OH AX(1,1) Min
Q,(6)

3143 314.4
Laser Wavelength (nm)

314.5

Relative Signal

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 Q4(6) transition or the A-X (0,0)band P,(12) transition.

4
i Exp.
CH Sim.
F OH Sim.
3_
2-

Al ”J N{\MMMM/

n;JLLJ._A_LL WAL 4y MM};..
314 314.2 314.4 314.6 314.8
Laser Wavelength (nm)

Carter, C.D., Hammack, S., and Lee, T.,
High-Speed Flamefront Imaging in
Premixed Turbulent Flames Using
Planar Laser-Induced Fluorescence of
the CH C—X Band, Combustion and
Flame, 2016, Volume 168, 66—74.
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CH C2z*-X?N PLIF, R-branch [ e — e —
0.8 R,(13) Ry(11) Exc. spec.
Ry(13) Ry(11) 1 filter (T)

e Carter et al. have shown the capability to L 2filters (T%)
capture CH C-X band PLIF and OH A-X band 0.4 Rbranch Q-branch Pbranch
PLIF with single laser excitation sl -

 Overlapping bands occurring near 311 nm R H k [ | Trm " L1 |[ J I ] b [ [ ]
that excite either the CH (0,0) or the OH A-X e, s
(0,0) transition. Fluorescence occurs near

PIV (raw) 38x50mm CH C-X (0,0)R, & R,(11)

314 nm.

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

9.6% 12.6 mm

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

topology Hammack, S.D., Skiba, A.W., Lee, T., and Carter, C.D., CH
* Goal 2: Compare topological structures PLIF and PIV Implementation Using C-X (0,0) and Intra-
captured with CH vs OH PLIF Vibrational Band Filtered Detection, Applied Physics B:
Lasers and Optics, 2018 -

Advanced Diagnostics and Combustion Laboratory r MICHIGAN STATE UNIVERSITY

McKenna Jet Burner + Prevaporizer

Inline air -
UCL = |hsulation
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ScH

Premixed CH Imaging: Q-branch (arb.)

» C-Xband excitation method is a resonant technique. <

» Mie scattering from fuel droplets can be a source of €
interference. ézo
» With the low pulse energies of this technique, the Mie X
scattering is on the same order of magnitude as the
fluorescence. 10
» 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 30

11600

11400

11200

11000

800

dilute droplet-laden two-phase flows. E 600

* Thus imaging is capable in a fully-prevaporized flow £
or even in the presence of a dilute-droplet field —20 400

X

200

T. McManus, A. Gandomkar, C. Carter, and P.M Allison, "Topological imaging of
turbulent premixed, prevaporized liquid fuel jet flames using CH (C-X) band PLIF",
Proceedings of the Combustion Institute. Vol. 38 (2), 2021.
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Premixed Jet Flame Structure

Instantaneous Composites Averaged Composites

A
[ \l \

0 250 500 750 1000 1250 1500 1750 _ 2000(S.) 0 700 800 (S,
EE 1 (arb)) [ R TS

100 200 300 400 500 600
.CH, C,H;OH CH, | CH; [CuHp| JPB
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Spray Imaging — CH PLIF R-branc

* 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.

ar

ﬁ\ MICHIGAN STATE UNIVERSITY

Hepféné Prevap + L
Heptane 20 mi/min

Heptane Prevap +
Heptane 9.2 ml/min

CH, + Heptane % CH, + Heptane
9.2 ml/min ~JF3f) 20 ml/min~—

Advanced Diagnostics and Combustion Laboratory

Le & Curvature Effects in Prevap/Premix

* 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.
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Le & Curvature Effects seen in DNS

* 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

B. Savard, B. Bobbitt, and G. Blanquart, Structure of a
high Karlovitz n-C7H16 premixed turbulent flame,
Proc. Combust. Inst. 35 (2015) 1377-1384

(d) WerHy 65 Tpeak = 1240 K

temperature fuel consumption heat release

A.J. Aspden, J.B. Bell, M.S. Day, and F.N. Egolfopoulos, Turbulence-flame interactions
in lean premixed dodecane flames, Proc. Combust. Inst. 36 (2017) 2005-2016.

(&) 1,03 Tpeak = 1592 K
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Curvature PDF Results — Signal-Curvature Correlation

* Linear correlation Coefficient and strong R? values obtained
for liquid case;

* Larger negative slope of linear correlation for n-Dodecane and

) Fuel Coef R2

n-He pta ne Methane -0.563 . CH, + Heptane 9.2 ml/min
0.8 n-Hept -0.965 X e
x10* : ptane ) k\%'f\
238 T n-Dodecane 0.96 S
 tientans Methane -0.706 <
—JP8 1 n-Heptane -0.935
——n-Dodecane n-Dodecane -0.95
Methane -0.691
1.2 n-Heptane -0.904

n-Dodecane -0.965

. N 0 "
CH, + Heptane 20 ml/min" )
[ > ~ g

e

gt )
= 7\, )

U/

1.4 t
-5000 0 5000
A (1/mm)
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Existential Challenges

* 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

Advanced Diagnostics and Combustion Laboratory r MICHIGAN STATE UNIVERSITY

Local Extinction Dynamics

At a local extinction point, there is a temporal lag between the
decrease in HRR and OH concentration, but CH concentration tracks

<107 x10 3 .
[ : 5 —— HRRJy,—— OH|n,——CH,0ln - - - - OHXCH,Oln_ (x10°)
4000 . . 7T r 0.006
— 14 @ ! "
= sl = i3 | f(\/ 7
N~ f 2 |3 3:: 2000 - . W AN 10.003 =
= v R T & J'i ' =
= / o 0l i J ” A =~ 0.000
& 2.5 ‘ ™ 2100 ; ' : ! : 80
& % 1 .
= (B i le £14004 Ty 1 49 &8
AV AN = —on, |2
0= : ! i ()
0 1. 9 700 r T T T ? et 0
time (ms) 0.040 0.041 0.042 0.043
—HRR|1), OH|ny = «CH|ny % 1028 CH,O|ny t (5)

Time evolution of conditional quantities along the stoichiometric

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.

mixture fraction indication extinction in Jet-A occur at
decreased CH and heat release, and formaldehyde
accumulation.  Foale, Jenna; Mastorakos, E., Personal
Communication, 2021.
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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.

¢=1.2
0.8 "
0.7 AR
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0.6 o =
d = & ~ .
d
'E~0.5 o 5 \
/
§ 0.4 ', "
N o /
1
N | 1
0.3 ,'/' - -Methane- CH
,’ ’ —Methane- OH
0.21 /' - -n-Heptane- CH
/:/ —n-Heptane- OH
0.1 ), - -n-Dodecane- CH
0 —n-Dodecane- OH

0 0.2 0.4 0.6 0.8
<c>

0.8

0.7

0.6

=05
£

E
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Wo3
0.2
0.1

0
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‘ - -¢=0.8-CH
—¢$=0.8- OH
e - -¢=1-CH
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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.

e 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.

Heptane ¢ = 1.1

MICHIGAN STATE UNIVERSITY

¢ 0.9 Heptane Prevap +
Heptane 20 mi/min

®09CH,+
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 Damkéler 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.

Area ratio
from CH PLIF

* 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. - " e

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

Area ratio
from OH PLIF

AvA

4

Soy
s

» ) “ P 17
x
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Conclusions

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

1. Interference-free imaging is feasible

2. Hamestructure-isaceuratelycaptured-and-measured- with exceptions

3. Flame structure can be affected by Le effects

* 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
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CH PLIF Challenges

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

Dodecane phi=0.75 +
Dodecane 17:8 mL/min-

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

4449

MICHIGAN STATE UNIVERSITY

JP-8 phi=0.75 + -
JP-8 8.4 mLimin”

|

sk

* Low PLIF signal for phi < 0.8 and >1.5 fus
due to low CH number density g™

* Pure sprays generate 0z, |
sparse/distributed burning around I

400 500

600

Wavelength (nm)

700 800

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.
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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, Re;~ 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

Co-flow

Plenum

108 mm

21.6 mn

— it

Turbulence
Generator Plate

|

L

12 mm

6.3 mm..

Impinging

Jets
Fuel

" Needle

93 mm

ww £7|
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Extinction Samples - Extrema

e 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.

* Ifonly OH PLIF
imaging is performed,
clear evidence of
local extinction would
not be possible.

Advanced Diagnostics and Combustion Laboratory ﬁ MICHIGAN STATE UNIVERSITY

Imaging Examples — OH PLIF

Heptane $=0.9 OH Heptane ¢=0.75 + Heptane 9.2 mLimin OH Heptane ¢5=0.75 + Heptane 20.0 mL/min OH Heptane §=1.10H

Dodecane ¢=0.75 + Dodecane 8.4 mLimin OH Dodecane $=0.75 + Dodecane 17.9 mL/min OH Dodecane ¢=1.1 OH

JP-8 $=0.9 OH JP-8 $=0.75 + JP-8 8.3 mLimin OH JP-8 $=0.75 + JP-817.9 mLimin OH JP-8 $=1.10H

* 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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Heptane ¢=0.75 + Heptane 20.0 mL/min
T A

Reaction Progress Variable

* In flames with high spray
loadings, local extinction
occurs with droplet
interaction causing flame tip

X (mm)

X (mm)

to open

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

X (mm)

* Flame brush size is
comparable.

X (mm)

B 15
5
R (mm) R (mm)
Dodecane ¢=0.75 + Dodecane 17.9 mL/min JP-8 ¢=0.75 + JP-8 17.8 mL/min
T 3 T LA T hadi) T T | T
-1 45

-15 -5 5 15

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1
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Flame Surface Density vs. Reaction

Progress Variable
* Higher spray loading leads to increased
surface wrinkling across progress

variable space. o

* Fuel vapor pockets may lead to

0.75 + Heptane 9.2 mL/min
0.75 + Heptane 14.5 mL/min
0.75 + Heptane 20.0 mL/min

overestimation of FSD 0o

0.5

0.4
045
035
0.4
03
035
03 025
2 -~
£025 E 0.2
i =
02 A
——JP-8 $=0.65 —
- - ~JP-8 =075 :
0.15 ——JP-8 $=0.9
JP-8 $=0.75 + JP-8 8.3 mLimin 01
01 ~——JP-8 $=0.75 + JP-8 13.1 mLimin
-~ ~JP-8 $=0.75 + JP-8 17.8 mLimin
0.05 o JP- =11 0.05
0 M N A AN AT AT A A A AN AT A A AN A AN AN A AN AT A |
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 %

ol
0.3 0.4 0.5 0.6 0.7 0.8
Mean Reaction Progress Variable

odecane ¢=0.75 + Dodecane 8.4 mUmin
odecane ¢=0.75 + Dodecane 13.2 mL/min

Mean Reaction Progress Variable

0.3 0.4 0.5 0.6 0.7 0.8
Mean Reaction Progress Variable
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Turbulent Area Ratio
* Higher spray loading leads to ’
increased surface wrinkling along :
flame aXiS 5' t:::::::$:g§5*Heptan994Zlemin ’*\m\
o ——Heptane ¢=0.75 + Heptane 14.5 mL/min AN
------- Heptane $=0.75 + Heptane 20.0 mL/min N
A o i ~——Heptane ¢=1.1 S
IT = Zd]’,‘ 0-....1..“1.|..l....ln...l...;l....l....l....l...
L L —00 5 10 15 20 . 25 30 35 40 45 50
Distance from Burner (mm)
12 1
10

0 e

——JP-8 $=0.65
== =JP-8 $=0.75

TT T[T T T[T T T TrTT1]

r MICHIGAN STATE UNIVERSITY

~———Dodecane ¢=0.9
= = =Dodecane ¢=0.75 + Dodecane 8.4 mL/min \

25 30 35
Distance from Burner (mm)

10 15 20

3 ~——Dodecane ¢=0.75 + Dodecane 13.2 mL/min ~\
................... Dodecane ¢=0.75 + Dodecane 17.9 mL/min Wy
2 ~——Dodecane ¢=1.1 \A
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Distance from Burner (mm)
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Flame Height

* Premixed prevaporized flame heights
bracket spray data, indicating partially-
premixed mixture ratios between 0.9-1.1

55 —— JP-8 $=0.65
- - -JP-8 =075
——JP-8 =09
1 O A JP-8 $=0.75 + JP-8 8.3 mL/min
45 —— JP-8 ¢=0.75 + JP-8 13.1 mL/min
- - -JP-8 $=0.75 + JP-8 17.8 mL/min
---------- JP-8 §=1.1
35
£
E
x
25—
15
: I !

55—
——Heptane ¢$=0.9
= = =Heptane ¢=0.75 + Heptane 9.2 mL/min
——Heptane ¢=0.75 + Heptane 14.5 mL/min
45— e Heptane ¢=0.75 + Heptane 20.0 mL/min
~——Heptane ¢=1.1
35—
E
E
x
25—
15—
g I I
-15 15
R (mm)
55—
——Dodecane ¢=0.9
- = -Dodecane ¢=0.75 + Dodecane 8.4 mL/min
——Dodecane ¢=0.75 + Dodecane 13.2 mL/min
a5 e Dodecane ¢=0.75 + Dodecane 17.9 mL/min
~——Dodecane ¢=1.1
35—
E
E
x
25—
15—
5 I 1
-15 15
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Flame Surface DenSIty Var|at|0n Flame Surface Density from CH PLIF

* Flame surface densities are
calculated from flame edge
detection algorithms applied to
CH and OH imaging

50 mm

e Similar FSD values are locally
calculated given both imaging
techniques. 50 mm

CH, + Heptane 9.2 ml/min CH, + Heptane 20 ml/min

) ) Flame Surface Density from OH PLIF
e 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

CH, + Heptane 9.2 mi/min CH, + Heptane 20 ml/min

i L_f
2= lim —
Ax—0 Ax2
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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.




ZINREL -

Transforming ENERGY

Machine Learning Techniques for
Manifold-based Models

‘:% "" *\1""‘
Marc T Henry de
Frahan, Michael E. Mueller & Shashank Yellapantula

o

“‘H Bruce A. Perry, Mallk Hassanaly, Nlcholas Wlmer

National Renewable Energy Laboratory (NREL), Golden, CO, USA

LES Modeling Challenges

For LES (or RANS), model filtered/averaged thermochemical quantities (]3 using a
subfilter PDF P:

Any quantity ¢(xk' t) = f d)( T,p)?(Y], T,p)ldYJdep
Y

needed for closure:

wlpDuYT

Detailed chemical mechamsms: Subfilter PDF:
“Easy” to model, but high-dimensional High-dimensional, hard to
and expensive to evaluate model, expensive to solve for

Reduce computational cost by projecting the thermochemical state onto a low-
dimensional manifold (Y, T, p) — §; with Ny < Nj:

~ ~ ~ =~ Parameters for low-dimensional manifold:
GG, t) = [ @GP (s S0 Siwar)AEi™ esi = wiyy) = (2,€,0 . 7c
T T

Which parameters to use?

Mar_1ifo|d mo_d_el: Subfilt_er PDF: How to provide closure (if
Harder to model, regime sensitive Low-dimensional so model needed)?
(Modeling Challenge 2) development is tractable )

Modeling Chall 1
(Modeling Challenge 3) (Modeling Cha engNiEL)l 2




Targeted Regression-based Closures

One approach: use ML models to fill in the gaps of ad hoc or poorly performing physical models

Subfilter PDF Models
ﬁ(Z1,22;Z~1,Zz, )

Progress Variable Dissipation Rate Model

= e = (o
Xcisgs = 2DC|VC|2 — 2DC|VC|

* Sink term in Cyq, equation Approach [4]: use a deep neural network or

other method to regress P based on scalar
Approach [1]: use a deep neural network to regress ¥¢ sgs mixing DNS [5]
against known physically important inputs:
Xesgs = DNN(C, Cyar, 5& ZDCTV?‘:lzr |VC|2,d, )
* Data from filtered DNS [2,3] of planar premixed flames at
varied Ka

Application: three-stream mixing closure

DNN provides robust predictions across conditions/fuels

~ ~ > Parameters for low-dimensional manifold:

[1]S. Yellapantula, B. A. Perry, R. W. Grout. Proc. — i i i [ —

Combust. Inst. 38 (2020) 2929-38. d)('xkl t) - f ¢(51)P($l’ fl’ fl,va’f')dfl eg, & =W;Y;=(Z,C,..),p Jc

[2] B. Savard, G. Blanquart, Combust. Flame 180 L T JL T J

(2017) 77-87 Manifold del: subfil ) Which parameters to use?

[3] S. Lapointe, B. Savard, G. Blanquart, Combust ar.1| (] mq 'e : u |t.er PDF. How to provide closure (if

Flame 162 (2015) 3341-55. Harder to model, regime sensitive Low-dimensional so model

[4] M. T. Henry de Frahan, et al., Combust. Flame (Modeling Challenge 2) develobment is tractable needed)?

B Challeng lopment i tractal (Modeling Challenge 1)

(2018) 344-362 (Mo eling allenge ) NREL | 3

Physically-derived manifold models (FPV, FGM, FPI, etc.): use data from computations
determined by applying assumptions to the governing equations

Physically ) ) ;

Derived Physical 1D or 2D calculations Tab asa Apply in LES of

\ assumptions ﬁ’ across a range of ﬁ functio known ﬁ turbulent flame for
(e.g., thin flame) parameters m which assumptions
¢ =FE) &=GCiSivar) 2pply
e iy
Phenomenologicalﬁ 1= — | Use a neural network for
arguments nonlinear regression [1,2] Core assumption in all cases: the states in
to enable higher the turbulent flame lie on the same manifold
dimension as the data used to generate the model
¥ DNS [3], Experiment [4], . .
Data 1D or 2D Laminar n:J;sifPo(le ;Z::;E'gs \ No guarantee of optimality when using PCA as basis for
Driven  Flame Simulation [5] nonlinear regression

Co-optimized Machine Learned Manifolds Approach: Expand neural network used for
nonlinear mapping to span entire process, range of different input data/assumptions

[1] A. Kempf, F. Flemming, J. Janicka. Proc. Combust. Inst. 30 (2005) 557-565. [4] D. K. Dalakoti, A. Wehrfritz, B. Savard, M. S. Day, J. B. Bell, E. R. Hawkes. Proc. Combust.
[2] M. Ihme, C. Schmitt, H. Pitsch. Proc. Combust. Inst. 32 (2009) 1527-1535. Inst. 38 (2021) 2701-2709 NREL | 4
[3] ). C. Sutherland, A. Parente. Proc. Combust. Inst. 32 (2009) 1563-1570. [5] H. Mirgolbabaei, T. Echekki. Combust. Flame 162 (2015) 1650-1652.




relevant simulations === &/ = WY, =i

Combining Steps:

Start with Manifold + NN

Thermochemical
input data from

Compute manifold
parameters prior to
training
(PCA or physical
variables)

2. Prediction of Model Outputs

%

n
b

7
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N

AV
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ot

3
N
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WY
S8

RN
ANN
N
v
e

\V v

Single neural network structure
optimizes model functional form

pdel
puts

NREL | 5
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relevant simulations ==

Combining Steps:

Manifold Co-optimization

1. Dimension Reduction &

2. Prediction of Model Outputs

&

Identification of Inputs
b,

(Filtered) ’

Thermochemical
input data from

k2

@®

S 7
NS A}:i:gz'?'é‘//
<

S
N

PN

o
4 0’0“\;*'//‘//1';
\. /

Single neural network structure
optimizes functional form, model
inputs

Key Features:

e Auto-encoder-like structure, building on prior

works [1]
@ nodes correspond to manifold parameters

* Linear manifold definitions, & = W;;Y;

ay; a ay; .
pD =]+ @;

pdel
utputs .

2
o P

kaxe o \P Ox;,
95, 9§

a
p=r +Pukm= E(P

¢ Sparsity in manifold definition

A
D m) + w;

2
Loss = "¢true - ¢pred"2 ta

NREL | 6

11 H.Mirgolbabaei, T, Echekki, N. Smaoui. International Journal of Hydrogen Energy, 39 (2014) 46224633,




1. Dimension Reduction &
Identification of Inputs

Combining Steps:

2. Prediction of Model Outputs

/(;m<
(Filtered) ’

Thermochemical
input data from

relevant simulations ™= 'Py
J

® |
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i
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\
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K

puts
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-
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3. LES Closure Using Subfilter Variances

Manifold Co-optimization w/Closure

Single neural network structure
optimizes functional form, model
inputs, and subfilter closure

. For LES closure, train using filtered data with
(Filfered)  3dditional inputs:
Model

B = [ BCOP (€05 brvar) s = B = GG Eivar)

Directly model this /

function rather than using
PDF “middleman”

Similar in spirit to approaches like F-TACLES and

Multi-Filtered FGM.

Co-optimized Machine Learned Manifolds [1]:
“What definition of §; allows for the optimal

prediction of (])Vk given E i $ivar?”

[1] B.A. Perry, M.T. Henry de Frahan, S. Yellapantula. Combustion and Flame 244C (2022) 112286

NREL | 7
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CMLM Interpretation:

Exploratory Tool

FGM
j I $1
0.5
= 0.0 I

-0.51

-1.0 4

$i=

Wijyj

CO2 H2 N2 CO 02 H20 CH4 OH

=2 T T

T
=2 =1 0

iy 2

1D Premixed Flames, CH4 (DRM19 mech.), ¢ = 0.5-1.5, 1 atm, Ty =400 K

Fuel/Air
—>
PCA CMLM
1.0 A fl 1.0 A 51
0.5 0.5 4
0.0 £ o0 J
—0.5 -0.5 I
-1.0 -1.0

T T T — T T T
CO2 H2 N2 CO 02 H20 CH4 OH

T T T — T T T
CO2 H2 N2 CO 02 H20 CH4 OH

Progress Variable, C CVIL M is interpretable and recovers a suitable flamelet parameterization

PCA provides
starting point for
optimization

2

Network
“discovers”
flamelet
manifold

2000

NREL | 8




CMLM Interpretation: el
Enhanced Physical Model

1D Premixed Flames, CH4 (DRM19 mech.), ¢ = 0.5-1.5, 1 atm, Ty = 400-1100 K

FGM+ANN PCA+ANN CMLM
72 = 0.9932 - Training 4 = 0.7071 - Training 2 = 0.9987 - Training
F 150 ~ r* = 0.9868 - Validation g « 1% = 0.7056 - Validation .x"‘ « r* = 0.9984 - Validation
= i
Comparison of true and F 100
predicted values across |j‘> 5
=< 50
all data points
A .
0 50 100 150 0 50 100 150 0 50 100 150
@eoa (kg/m®-s) - True Weon (kg/m®-s) - True Weon (kg/m®-s) - True
1074e °
Effect of network structure: o4 oo uete § o
] 00 "o ® o o o °
+ CMLM has lowest error for " « 08, o %oy,
% F [ °
any network structure gu w o ° e e,
. L™
(important for forward 6 o @ o L lver g .
evaluation efficiency) 108 e ¢ g
* Error plateaus for PCA due to 10° 10* 10° 10% 10* 10° 10% 10* 10°
non-uniqueness Number of Parameters Number of Parameters Number of Parameters

CMLM can improve accuracy of physics-based models using the same data/assumptions

Obtain insight from opening neural network “black box” NREL | 9

CMLM Interpretation:

Data-Driven Model

Jet-A hot spot in isotropic turbulence DNS [1] (Case D, ¢ = 1.0) = (Case B, ¢ = 1.0)

No Filter A/Apys=2 A/Apys = AfApys = 14
100 6 ]

s Weoz (kmol/m3-s) . CMLM
< 75 B 4 .
& ° (kgim's)
% 50 4 Training Case: S
T Successful Ignition 2 2
8 251 s
° 0 RMSE = 0.036 -

0 1 2 0 5 3 & )

N Filtered DNS )

Filtered DNS ML Model
A/Bpns =5 Apriori

In progress: A posteriori model
testing for 2D psuedoturbulent 2100

0 version of this case [2]
: T(K)
Wco2

(kmol/m3-s) Goal: train model entirely on
2D data but apply to 3D case

[1] A. Krisman, P. Meagher, X. Zhao, J.-W. Park, T. Lu, J. H. Chen. Combustion and Flame, 225 (2021) 349-363.
[2] B.A. Perry, K. Eiden, M.T. Henry de Frahan, S. Yellpantula, M. Day, Poster #1P014 NREL | 10




CMLM Interpretation:

CMLM (Resolved Data)
Nyar 1 3
| —— 0 4 L " &
- 015 A s ,
S‘E Used for analysis —4— 2 -6 1 I_I
C_D_ 0.10 1 A— 3 .- SR PSS
2 2
14
~0.05 .
1.2
0 o
0.00 T T T T T T . 10
2 4 6 8 10 12 14
Total Dimensionality (Ng + Nyar) 0.8
-2 0.6
-2 0 2 1

* Only one variance required for filtered closure (analogous to many flamelet-like models)
* Manifold parameters encode reaction progress and differential diffusion effects

NREL | 11

Hybrid Model =

CMLM Interpretation: o of ¢
_>

FGM or CMLM CMLM

* In practice, DNS data is available for very —» Case D (¢ = 1) —» CaseD (¢ = 1)

limited conditions

CasevC (¢ =0.7)
* FGM: Apply data from 1D flames to
model turbulent flame

e Challenge: thermochemical states in
turbulent flame don’t match 1D flames

* CMLM: Combine 1D flame data with DNS - ) ) )
data at different conditions (equivalence &
ratio ) 300 Validation Validation
35 « 12 =0.8454 - DNS: Case D « 12 =0.9487 - DNS: Case D
:; 200
CMLM can combine multi-fidelity
a . n < 100
data, essentially resulting in “data- 2 .
” Q : r;m_uug N
augmented” FGM 3o gl
r?=0.9998-1D: ¢ =1 2 =0.9990 - 1D: ¢ = 0.7
0 100 200 300 0 100 200 300
@nzo (kg/m®s) - True o (kg/m®s) - True NREL | 12




ML for Manifold Models:

Conclusions

Manifold-based models lie on a continuum between being physically-derived and 5
being based entirely on data :-

The proposed CMLM approach integrates three aspects of manifold-based
modeling (manifold definition, functional form, and subfillter closure) into a single
neural network. Depending on the data supplied, it can span the continuum
between physics and data:

— Recovers and improves upon flamelet manifold parameterization
— Can improve efficiency of models generated from DNS data relative to PCA

— Allows for integration of different data types for “data-augmented”
modeling

— Can serve as an exploratory tool to learn about potential model inputs

Other thoughts on applying ML in manifold models for combustion

* Tailor method to problem, not the other way around: encode desired physics in
the model structure

* Can gain insight by opening the “black box” for neural networks
* There is such a thing as too much data!

NREL | 13
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Data Down Sampling
Jet-A Ignition . Especially
Kernel DNS [1] B Big Data challenges: important for

)s 4 C.ase Rare points are o Difficult to store, share, and analyze combustion
8;2‘22"3.5; o Desire to maintain control over data / x
ri
100 Snapshots o Very large N (~1072), moderately large D (~100)
~20TB

o Rare data points re the most important (reaction zones,
ignition kernels, etc); many data points are redundant

B Objective:

Pl Premixed Fl 2
anar Premixed Flame [2] o Create small “summary” data sets that represent the

DNS data, 107 samples

50 diversity of the full data set without fully replicating it
I 40 Prune redundant o Reduce N (data selection) rather than D (compression/
g 30 data points dimension reduction): avoid information loss
%20 B Strategy:

o Efficient and accurate representation of data by uniformly
covering I/O feature space (phase space)

0.5 0.0 05 1.0
Rescaled C o To achieve this, sample with probability inversely related
[1] A. Krisman, P. Meagher, X. Zhao, J.-W. Park, T. Lu, J. H. Chen. Combustion and Flame, 225 (2021) 349-363. to density of data in feature space
21

I iol 4.Gonl L Combuct ot 16202005\ 220 22
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Phase Space Sampling:

Approach

DNS data, 107 data points

2

Accept each datapoint with
a sampling probability https://github.com/NREL/

, c Phase-space-sampling
s(x) = min(——, 1
() = min(=r, 1)

Rescaled ™ €1

0.5 0o 0s Lo
R % ! ! Final iteration
* Suitable for high-dimensional data | } |
* Train using small fraction of data Step 2 ; . ‘ ' '

Probability Map

&

Rescaled €™
2

Normalizing flows: Neural Network-
based method for estimating p(x)

Iteration 1

08 0 08 10
Resealed C

Step 1
correction

Very computationally
efficient:

-0 05 00 0.5
Rescaled C

Only 2 forward evaluations
needed on entire data set

Hassanaly, M., Perry, B. A., Mueller, M. E., & Yellapantula, S. (2021). Uniform-in-Phase-Space Data Selection with Iterative Normalizing Flows. arXiv preprint arXiv:2112.15446.

15

Phase Space Sampling:
Performance

https://github.com/NREL/
Phase-space-sampling

Phase Space Sampling Random Sampling K-means Stratified Sampling [1,2]
vw T Lw
-103 3 3 3
n=10 I i,. i»
Lw 1)
n=10* I

Rescaled €

[1] S. Yellapantula, B. A. Perry, R. W. Grout. Proceedings of the Combustion Institute 38 (2020) 2929-2938.
[2] H.-T. Nguyen, P. Domingo, L. Vervisch, P-D. Nguyen. Energy and Al 5 2021 100082
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Phase Space Sampling:

Mechanism Reduction
N\ 4 N

“" H n u n
Flame Chemistry People Chemical TNF/PTF People
. Pseudocolor
Molecular scale calculations DFT Mechanism ﬂﬂ“{;w

—1988.

'1512.

1036.

IIII*S&&O

Experimental rate measurements

I

Chemical mechanism
Thermodynamic properties
Rate parameters

J
Validation & Reduction:

F/A F/A _dri State information
]4'——‘v:| ) Pata d""‘?’? § CFD f Apply mechanisms in complex turbulent
TR 1 Limited Conqltlon:f, rom or configurations that may lead to significantly
k 0Dand 1D Conflguratmry validation kdif'ferent conditions than 0D/1D validation/

*  Collaboration w/ W. Green (MIT) [1]: Assess validity of an 89-species n-heptane skeletal mechanism in a turbulent flame
*  Challenge: Mechanism analysis can only be run for a limited number of points. Need to extract O(103) states out of O(108) in

turbulent flame, focused on the small reacting regions.

NREL | 17
[1] H.-W. Pang, M. Hassanaly, B.A. Perry, M. Day, W.H. Green. Poster #3P032
17
Phase Space Sampling:
Mechanism Reduction
;@ Random - 10,000 Samples = Memn—0.431 §|Z Phase-Space — 10,000 Samples

5" & Projected support of s
8
” oo full data set
02
5% Projected locations of 01
g
so1 downsampled data a6
107 1072 107 10° 10!
3 080§ ! Sampled points: Distance to Nearest Neighbor
£ 075 tamem M| (e
—— 11D space Mean = 0.032
g o000z i . . AR 0.4 | — 89D space Mean =0.113
£ N, e )
0.0000 =478 e = —
MSZ N JE @
onon

S o> > - 2 - o . o o N N
o o> o ® a‘: o> P 0 nc°° n@'gmo o o e s ™ SO B ® (P w,u“ q@'g@ o
mmv Yicoz) o) Yi02) w2) © w20} ampled points: Distance to Nearest Neighbor wmp Yicoz) Yico) Y(02) YNz © e YH20)

Compensaled PDF

_ Y0

Gompensated PDF

Y(oH)

Solution: use Uniform-in-Phase-Space sampling tool [1] developed for training ML models

* Points are sampled w/likelihood inversely proportional to density map estimated using iterative normalizing flows
* Sampled points represent diversity of states in full data set, eliminate redundancy

» 1,000 representative points provided to chemistry modeling group for further analysis

NREL | 18
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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.
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Overview

CombML @ TN/PF (60’)

= Background on CombML

» CombML for experimental analysis

= CombML for turbulent combustion modeling

ML-related research at NREL (Bruce Perry, Shashank Yellapantula) (15°)

Discussion and CombML@TN/FP (15°)

Stanford University

Data in combustion science and engineering
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Data in combustion science and engineering

Challenges

Data limited to specific operating
conditions, fuels, and geometries

Lack of data for complex
combustion conditions

Data accessibility

Complexity

Stanford University

Data in combustion science and engineering

Challenges

Well-established theoretical foundation of
chemically reacting flows

> Thermodynamic principles
> Conservation relations
> Law of mass action

Solution limited by
> Wide range of scales
> Chemical complexity

» Incomplete knowledge of constitutive
relations

Conservation equations (momentum, species, energy)

U +V - F(U) - V-Q(U,VU) = S(U)

! — Y =
pu pu® u+ pl T 0
C CRu —j w
pey u(per + p) T u—q 0
State relation g(p,e,C) =0

Conservation and coupling functions

wrtc=p, Wlo=0, WTj=0

Stanford University




Knowledge discovery paradigms

>
>

Knowledge-guide data-driven approaches
Achieve physical consistency
Improve generalizability
Consider incomplete/imperfect data
Require less data
Have better accuracy and robustness

Physics-based approaches

Available knowledge i

Available data

o
5]
>
=
?
S
4~
S
Q

approaches

Stanford University

ML Methods

Stanford University



Machine learning methods for combustion

Semi-supervised learning

Unsupervised learning

Lﬂfd Reward
Input —>| — Output Input — —> Output Input —| — Output
i i o ; Learn from partially labeled data or through
Relate labeled input to unknown output Identify pattern and discover structures it cr% Stion with envitonment g

Stanford University

What is ML?

A generic supervised learning algorithm

:" Physics-based relationship \‘:
i Fi=X—>Y |

v
Measured data Newd
L= {(Ivy)i}ij\él ew data

Y

Error measure .. Optimal hypothesis Predictive model
E(Y. f(X)) Dy e f~F with expected accuracy
A
Hypthesis set . .
Predictions
[ H:{fities

Stanford University




Learning methods

—_—
Input Layer Hidden Layers Output Layer

ek
sum Pooling e
Comiton Comolston
Pool oc Block G
o P Comotuion
Tnput  Block block Output

Decision Tree-1 Decision Tree-2 Decision Tree-N Encoder Decoder

Result-1 Result-2 Result-N
Majority Voting / Averaging _f

Final Result

1
 l+exp{-Z}

o(Z2)

Stanford University

CombML for
experimental analysis

CONTRIBUTIONS: ECKEKKI,
PARENTE, RAMAN,
SPEARRIN, GRAUER

30° 60° 90°

0.000 NN TN 0.015
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CombML for experimental
analysis

Physical understanding and
discovery

Discovery of structures,
combustion-regime, and
coherent feature
Construction of low-order
models for control-oriented
applications
Data-generation

CombML for combustion
modeling

Parameterization of
combustion manifolds

Data augmentation and data
generation
Combustion-closure models
Physical embedding to reduce
computational cost

Stanford University

Machine Learning with Multiscalar Point/Line Measurements

Tarek EchekKki




Machine Learning with Multiscalar Point/Line Measurements
Thermo-chemical scalars

Inherent hierarchy in composition space. (includes all species
. : : ipvolved)

Full thermo-chemical s_calars (alllsp_emes, temperature, pressure) Representative

needed for a full chemistry description. e
* Representative scalars: Adequate subset of the thermo-chemical (measured

scalars to describe the composition space. quantities

* Low-dimensional moments (such as mixture fraction, progress
variables) define a low-dimensional description of the composition

space.

Use ML to determine moments from data without assumptions about
combustion mode or regime

» Principal component analysis (PCA) applied on the representative Lower-
scalars (the measured quantities) is one such ML technique. dimensional
moments

» PCA used for denoising (surrogate composition space) or modeling.

(experimental based closure models). (principal

components)

From V. Spruyt (Computer Vision for Dummies)

Principal Component Analysis (PCA)

PCA: converts set of correlated variables (species and temperature) to
weakly correlated ones (principal components, PCs): ¢ = Q70

* ¢: PCs vector (size N)

» 0: representative scalars (size N)

* @: matrix of eigenvectors of the covariance matrix of 0 (size NxN)
Benefit of PCA: Interpretability

» PCs are linear combinations of measured quantities

» Coefficients of QT tells us the important contributions 100 (e

Dimensionality Reduction: Retain subset (N,.<< N) of PCs that represent
bulk of data variance: ¢"¢¢ = A0, with A the leading Ny vectors of Q

©
o

Sandia piloted
flames D, Eand F
60 - .

Instantaneous transport equations for PCs (Sutherland and Parente, 2009)
similar to scalars’ equations in combustion

% Variation

dpdx , Opujdr 0 Ik _ _ AT 16
s N Dy, 21, + S¢,, k=1,--,N,where sg, = A'sg I A
1 2 3 4 5 6 7 8
Number of PCs

Scree Plot




PCA allows to identify direction of maximum variance in data (Parente)

x2 a
JSis3e s causou—a

x1
| - Original data |l - PC extraction Il - Rotation IV - Size reduction

Many tools for feature extract (Parente)

... and many others




Experimental-Data Based Modeling:
Constructing Turbulent Combustion Models Using Experimental Data

* Premise:

* Measured quantities are representative scalars that define low-
dimensional manifold of composition space.

» PCAis evaluated on measured data in composition space.

» Data defines the low-dimensional manifold of the composition space.
* Practical Relevance:

» No need for prior assumptions about combustion mode/regime
» Challenges - Experimental Data is:

* Partial: Only measure a subset of the thermo-chemical scalars, no
reaction rates.

*  “Noisy”: Small uncertainty in measurements can translate into larger
uncertainties in derived scalars, such as reaction rates. Ar Pilot Fuel

Sandia flames
(Barlow & Frank, 1998)

PC feature extraction: Sandia Flames D, E and F
(Barlow & Frank, 1998)

* Asingle set of PCs and closure are evaluated with 3 flames’ data
* Flame D: Re = 22,400

* Flame E: Re = 33,600
* Flame F: Re = 44,800

« The measured scalars are T, Yy,, Yo,, You, Vi, Yen, Yco, Yco, -

PCs vs. Mixture Fraction
PC; mimics a progress variable
PC, mimics a mixture fraction
PC; main contribution is OH

.

n

PC-1

PC-2
-

100

®©
S

¢ 2PCs:>95% of
60 the variance

« 3 PCs:>99% of
the variance
40 T - p

1 2 3 4 5 6 7 8
Number of PCs 0 0'52 ! ° 0'52 !

% Variation

PC-3
PC4




A Posteriori Validation: The Sydney Inhomogeneous Inlet Flames
(Ranade, Echekki, Masri, FTC 2022)

A single set of PCs and closure are evaluated with 3 flames’ data ~ -
+ Flame FJ200-5GP-Lr300-59: Re = 27,600, Lr = 300 mm D75
* Flame FJ200-5GP-Lr75-57: Re = 26,800, Lr = 75 mm A ﬂ_ﬂ‘
¢ Flame FJ200-5GP-Lr75-80: Re = 37,500, Lr = 75 mm -
» Blind testing with a posteriori simulations also includes
* Flame FJ200-5GP-Lr75-103: Re = 48,300

100 e
* Measured scalars are T, Yy,, Yo,, Yu,,, YcuH, Yco, Yeo, I

Special features of these flames

o3
o

* Presence of extinction and reignition as Re increases.

; 4 |
v -
. . | A posteriori with 2 PCs
* Presence of multiple modes of combustion | (more than 95% of the e :
| variance) i %
L N T
Number of PCs (b)

Sydney burner (S. Meares
& A.R. Masri, C&F 161,
pp. 484-495, 2014)

% Variation

D
o

What are the PCs Telling Us for these Flames?

09

1 09

FJ200-5GP-Lr75-57

FJ200-5GP-Lr75-57

. FJ200-5GP-Lr75-57 J200-5GP-Li7557

Inhomogeneous

L S I S T I X X R

=53 5
Mixture Fraction Mixture Fraction Mixture Fraction

L] FJ200-5GP-Lr300-59 FJ200-5GP-Lr30059

Nearly-homogeneous Eosf e
2. PC _PC

04f

R AR T ) L R 2 R X R i
0 0. 01 015 02 025 03 - 0. 01 015 02 025 03 2 = 2

Mixture Fraction Mixture Fraction Mexture Fraction Mixture Fraction
near inlet: x/d =1 transition to non-premixed x/d = 10

PC; and PC, vs. the Mixture Fraction for 2 flames. Red: T > 1000 K, black: T < 1000.
* Near the inlet (x/d = 1): Inhomogeneous inlet — dominance of pilot

» Further downstream (x/d = 10): both cases exhibit similar patterns of non-premixed combustion with PG5 closer
to a progress variable and PC, closer to a mixture fraction.




Data-driven method for feature extraction
from experimental data

Alessandro Parente

PCA for feature extraction from experimental data: Jet in
Hot Co-flow

Transition from conventional to MILD combustion

« Can PCA provide physical insight on the change of
flame structure?

* How is the change is structure reflected on the PCs
definition?

*  What are optimal progress variables in MILD regime?

Number of realizations
HM1-3% HM2-6% HM3-9%
02 O2 02 B.B. Dally, A.N. Karpetis, R.S. Barlow, Proceedings of the
56000 55000 61000 Combustion Institute 29 (2002) 1147-1154

Y03:3% Y02:6% Y02:9%




The PC structure is modified going from conventional to MILD
regime
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PCA-based models have shown relative invariance to
turbulence parameters

0.5 0.6

1t PC weights
2"d PC weights

T 02 N2 H2 H20 CH4 CO CO2 OH NO

(b)

€.y
Ll Barlow and Frank, 1998.

The PCA structure remains nearly
invariant with Re across the range from
Sandia flame C (Re=13,400) to flame F
(Re=44,800)

3 PC weights
4" PC weights
&
N

-0.8

-1
T 02 N2 H2 H20 CH4 CO CO2 OH NO T 02 N2 H2 H20 CH4 CO CO2 OH NO
(c) (d)

A. Parente, J.C. Sutherland, Combust Flame 160: 340-350 (2013).




Machine Learning
Applications in Combustion

Anthony Carreon, Shivam
Barwey, Venkat Raman

University of Michigan, Ann Arbor A:EI_
Department of Aerospace Engineering

M Constructing PIV Fields from OH-PLIF Data Using CNNs

UNIVERSITY OF

MICHIGAN

Motivation; Use data to directly obtain models for control-oriented
applications; Understand physics; learn to generate experimental data AttChed Flame

5

Convolutional neural networks (CNNs) are trained to map from OH
concentration fields to x/y/z-velocity fields using simultaneously
measured OH-PLIF and PIV images of a premixed swirl combustor.

Input

Truth

r"

Two CNN models:
1. A global CNN that maps entire image domain.

2. A set of local CNNs that map different image subdomains

Global

v" Including time history showed negligible improvement, implying the
importance of spatial correlations over temporal correlations

Local

v Local CNNs were tested on unseen subdomains and were able to use
symmetry/anti-symmetry in PIV reconstruction

PIV-x PIV-y PIV-z

Barwey, S., Hassanaly, M., Raman, V., & Steinberg, A. (2022). Using machine learning to construct velocity fields from OH-
PLIF images. Combustion Science and Technology, 194(1), 93-116. 5




Extracting Information Overlap in Simultaneously

wmemene - (Obtained Datasets

PIV information is extracted from OH-PLIF fields using artificial neural networks (ANNs).
PIV-x PIV-y PIV-z

Two viewpoints:
Macroscopic viewpoint: OH field )
What lengthscale is required for ANNs to
accurately decode PIV fields from OH- True s)
PLIF fields? velocitie

Microscopic viewpoint:
How can the ANN weights be interpreted
to gain physical insight on the spatial

BT . . Predicted
?
distribution of information overlap? velocity fields
v OH-PLIF fields must span at least two at various
integral lengthscales length scales,
L;

v Weights are viewed as multi-field coherent
structures.

v Local OH interactions are added to global OH structures, consistent with the macroscopic viewpoint.

Barwey, S., Raman, V., & Steinberg, A. M. (2021). Extracting information overlap in simultaneous OH-PLIF and PIV fields with
neural networks. Proceedings of the Combustion Institute, 38(4), 6241-6249. 6

UCLA Samueli

School of Engineering

Deep learning inversion for tomographic laser
absorption imaging of species and temperature in

reacting flows

Chuyu Wei, Ph.D.

PI: Prof. R. Mitchell Spearrin

University of California, Los Angeles
Laser Spectroscopy and Gas Dynamics Laboratory

Mechanical & Aerospace Engineering Dept.




| Tomographic Laser Absorption imaging

3D/Volumetric imaging needs measurements from multiple projections

i Plane-by-plane data processing b

Aypny sinograms (all angles) | Ap,,; = f S(T)X;PdL = f K di

High-speed
IR Camera

Time-resolved
intensity images

Focusing / Pixel-by-pixel spectral fitting \ CO: P(0,20)
lens : i = . . .
Spectral \ — <7 | * Projection sinograms A,
filter — P{0,20)

need to be inverted to
~25 mm .
taminar 1 reconstruct local absorption
flames ' _ na i — field K inside the flame
! | b Time [ims]
008 Measurament

P(1,14)

: _V_E,i_g_n__gi;_ I1 = Two-line thermometry for
species and temperature

|
P(0,20) |

\ P(1,14)
—— 2 | ,. Temperature
otation ol /
e 3 ol A 2=
é.‘;i_ "\,\/W"‘WV\;-V\WW“\AA/\/\ K S
% 2059.91 2060.33
\ Wavenumber [em™'] / Mole Fraction
K; K;
= AEE 150° 0.000 HENED T 0.010

Xi=5p ~ SmP

32

Tunable
laser

Beam expansion .
\_ Projected absorbance areas A;pr;

| Introduction

N

= Often result in sparse-view inverse problem (measurement << unknowns) due to limitations in
available cameras/optical access

» Typically addressed by introducing analytical priors (smoothness, total variation, etc.) using
reqularization methods

Challenges in sparse-view LAI:

3 mm

» Blurring effects

* more angles/cameras needed to resolve
steep gradients

» Non-physical artifacts o0 a5 ﬂ
+ Results outside flame region 0000 Mm————o01s o000 M ao0ees
* Non-circular shape/streaking

Tikhonov regularization (smoothness prior)

W3D e Aj<pmj,3D
|:}\L3Dj|KJ'3D - [ 0

» High computational cost
Kj 3p;. = arg min

=== Deep learning inversion

33




| Deep learning inversion
!

= Sparse-view LAl inversion: linear tomography v.s. deep learning

Aj,pwj
CO: P(0,20)

Linear Tomography CO: P(0,20) Two-line thermometry
lll-posed system * Nonlinear operations
Analytical prior * High computational cost

4] - [ \2 LI LD
L 0 lli; K S(T) Ps;(T)

0.00000 I 0.00025

34

| Deep learning inversion
!

= QOur approach: introduce physical priors (flow-field geometry/thermodynamics/scaler correlations) via
simulations as training dataset to assist experimental measurements

Reacting CFD: Simulated T, X fields Simulated X; Simulated 4;

CO: P(0,20) CO: P(0,20)

0° 30° 60° 90° 120° 150°
0.00 NN 1.4E-4 0.000

v Training dataset

Flatten -
C1+BN1 C2+BN2 Fc Restipe Teo (100X100)
Y 1# 20000X1
7
= —3 - — — 1# 1722X1
2# 6X128 8#4X126  8#3X125 14#2X124 14# 1X123 -
~—_ Xco (100X100)

Input 4; Max-Pool1 Max-Pool2

,proj —

Neural network architecture 35




| Experimental results: 3D/volumetric imaging

LT: 6 Projections LT: 3 Projections DL: 6 Projections DL: 3 Projections

CO Mole Fraction

2400

2050

1700

1350

Temperature [K]

1000

650

300 36

X [mm] y [mm]

Summary

Benefits of DL inversion
» Easy leverage of non-analytical priors (physics/flow geometry)
» Resolution of steep gradients in flames
» Reduced requirement for # of projection angles
= High computational efficiency (after training)
—Large dataset processing/ Real-time monitoring

Challenges of DL inversion
» Limited dataset available for training
= Generalization to other flow




Bayesian inference for volumetric combustion tomography
and future physics-informed methods

Samuel J Grauer
Department of Mechanical Engineering, Pennsylvania State University

39" International Symposium on Combustion, Vancouver, Canada, Jul. 24-29, 2022

®

BOS Tomography of a Bunsen Flame

Experimental Conditions
* 23x Bassler acA645-100gm cameras
* 694 X 494 px sensor with 9.9 X 9.9 um pixels
* F-stop of f/16
* Unsteady premixed methane-air flame
from a Bunsen burner




Physics-Informed Reconstruction

» Physics-informed neural networks (PINNs) map spatiotemporal inputs, (X, y, ), to the fields

of interest, ¢, u, v, and p Model-based PDE-based
projection loss physics loss

Lmeas L i
AC,, - phye
b IE]

j\ AN

€1 =Uy+ Vy

€ = Uy + Uy + VU, + Py — Re™ (U + U,
€3 =V; + Wy + W, +p,— Re WV + V)
€4 =C; +UC, +VC, = Perl(C + C))

AD PDE

Inputs Fully-connected Outputs
residuals

network
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Physics-Informed Reconstruction

Phantom Post-Proc. Direc
No Noise No Noise

Cest Error

JL I

Phantom

0.15
Cc

1.05

0.65
-0.15

=]
Post-Processing Direct Reconstruction
”cout - cest”F2 ”Acout - B”F2
10
Data loss
Data loss
g 104 measureme Tota ]
| o nt |
|
105 Physic 2 E
s loss < =
3
106
0 2 4 6 8 1 1
0 21

Epoc !
h
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CombML for experimental
analysis

- Physical understanding and
discovery

- Discovery of structures,
combustion-regime, and
coherent feature

- Construction of low-order
models for control-oriented
applications

- Data-generation

CombML for combustion
modeling

Parameterization of
combustion manifolds

Data augmentation and data
generation
Combustion-closure models
Physical embedding to reduce
computational cost

Stanford University

ML for combustion
modeling

CONTRIBUTIONS: CHUN
VERVISC

3
’

Stanford University




Motivation

» Large-eddy simulations enable predictions of complex combustion
processes through solution of filtered conservation equations:

Op+V-(pu)=0
0(pu) +V - (puar) = =V - (pI) + V - (Fy + 7°%)
Oi(per) + V- [u(per +p)] = =V - (@, + @) + V- [(Ty + 7°%) - 4]
(pYi) + V- (puYy) = =V - (G, + 3°°) + @ where k=1,2,..., N, — 1

» High computational costs arises from:
» Many species
> Multiple scales and chemical stiffness

» Closure models for turbulence chemistry interaction and turbulent
transport

Stanford University

CombML for dynamic combustion model assignment

Topology-based combustion models 108

Flamelets
v Lower computational cost
X  Strong dependency on combustion _
regime and flame structure Enoines,
. . Offshore
X Require pre-computation and Fiares
tabulation 10t doken ome
- Examples: flamelet-type models (FPV, [HAMELETS ~ Tubines
FPl, GM, etC.) Supersonic

Combustion

K= Turbulent Kinetic Energy
5 - Referred to Laminar
‘ < Ratio of Kinematic
FLAME jo4 L atio o 4
EXTINCTION _ 7 Viscosity to Chemical
OR

Topology-free combustion models

v Weak dependency on combustion
regime and flame structure

-
4 Time
&
17 DISTRIBUTED 104 -~ Pid

DAMKOHLER NUMBER BASED ON INTEGRAL SCALE

. Lp= = P Dg= Damkéhler Number
v On-the-fly evaluation of modeled TR T " Bssed o Klmogio
. , , cale
species ap P
H . 2 - Pid Lp= Integral Scale Referred to
X Higher computational cost e T R N | ° Thcess of Lamina
. 1 10t 108 :

° Examé)les- DRG, PFA, QSS, PE, TURBULENGE REYNOLDS NUMBER

RCC Fig. 2 Regi of turbulent ion in a diagram of a turbulence Reynolds number R, and a Damkéhler

number D, both based on the integral scale of the turbulence.

Williams, AIAA Aero. Sci. Meeting & Exhibit, 2006 Stanford Unlvel'Slty




CombML for dynamic combustion model assignment

* Physical models versus data-driven models: conservation laws versus
complex cross-correlations

- Data-driven models may violate physics during extrapolation tasks
« Data driven models are prone to numerical instability

Solution?

« Use data-driven method to assist the selection of low-fidelity physics-
based model through classification = supervised classification

« Dynamic combustion-model assignment

Stanford University

CombML for dynamic combustion model assignment

Data preprocessing

NN RN AR EE AR SR EE AN EE RN R EEE R EEEEEEEEEEEEESEEESEEEEESEEEEEESEEsEEEEEEEEEEEEE "
i e N
. FRC data ) Evaluate submodel error H
H E— _ N [aFRC — ¥ s
E BTN o RO, SSeRR | b= an N where y € {FPV,IM} | =
) a€Q H
HAAN l J \ l J E
: . ) ) ( . )

H Construct training features using MIC Construct training labels using Alg. 1

| z=[Z,CpT, Pra,|VZ|2)" Y = {IM, FPV, FRC}

i L | J \ | J

R icusssssssacasusnseasussasneEnsnnnensousnsnsunnnfunnucnsennnonsansnnnnsuasnsannusasnnunurnrnsnsacd

Map feature set and label during training
f:x—y where ye€)y

i ( Test Features A ( Random Forest ) ( Predicted labels \ E
P 2= 1207 Pra vz [0 ‘C@D o Y = {IM.FPV, FRC} |1
H TR > SRRV AN | -
: SR SR > ) dcf\ofi\. I ——IH
: y, \. J \. i

Chung, Mishra, Perakis, lhme, CF, 227, 172-185 Stanford UniverSity




A posteriori results

wn O W

0 combustion model assignment 100

200
X [mm)]
Chung, Mishra, Perakis, Ihme, CF, 227, 172-185

300

Stanford University

A posteriori results: Extrapolation task?
Method demonstrates ability to generalize for different configurations (3x
higher inlet velocity)

~ E o1
TK]:  270.0 3700.0

' FRC
Yeo [ 0.0 0.6 FPV

IM

=
£
B
0 100 200 300
X [mm)] \
Chung, Mishra, Perakis, Ihme, CF, 227, 172-185 Stanford University




Manifold
parameterization

Stanford University

Before there was ML ....

MLP-ANNSs for manifold parameterization

= Christo, Masri, Nebot, An integrated PDF/neural network approach
for simulating turbulent reacting systems, PCI, 26, 1996

= Blasco, Fueyo, Dopazo, Ballester, Modelling the temporal evolution

of a reduced combustion chemical system with an artificial neural 7
network, CF, 113, 1998. p Sibdendy
.

Yo, (t + )

chemistry representation in combustion applications, CTM, 4 2000 B - %

= Kempf, Flemming, Janicka, Investigation of lengthscales, scalar -
dissipation, and flame orientation in a piloted diffusion flame by
LES, PCI, 30 (2005)

= lhme, Marsden, Pitsch, Generation of optimal artificial neural
networks using a pattern search algorithm: Application to
approximation of chemical systems, Neural Comput. 20 (2008)

= |hme, Schmitt, Pitsch, Optimal artificial neural networks and
tabulation methods for chemistry representation in LES of a bluff-
body swirl-stabilized flame, PCI, 32 (2009).

=  Sen, Menon, Linear eddy mixing based tabulation and artificial
neural networks for large eddy simulations of turbulent flames, CF
157 (2010)

= Blasco, Fueyo, Dopazo, Chen, A self organizing-map approach to H N/
/ /at

075 f o/ Dut =08 &

W os e 01 [N

Toas L '\ 00s =
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E
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I
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Stanford University




W INSA

| ., ROUEN NORMANDIE
Normandie Université

Luc Vervisch

w INSA

Machine learning for speeding up computational combustion: i MRt
v Starting from detailed chemistry and a model problem, generate through ANN the non-linear
relations between a limited set of thermochemical parameters and their increment
v/ ANN training replaces chemistry-reduction step
v/ ANN usage replaces stiff-chemistry integration

Database generation (prior to CFD)

Neural weights
adjustments

Stochastic micro-
mixing/reaction model
problem to populate a

database of representative

thermochemical conditions

May include heat loss/fuel
spray, etc.

Regression
to target

ANN Training

ayyr

P p - .
B = (MIX)? (1) + &t p=1,---,N,
0.0 0.2 0.4 06 0.8 10
A _ (MIX)? (rp) + P @ —1,) o
= (M T W —a - _
dt hs T hs loss & (®) 1=03mS e \an G Bamaud, L. Vervisch, P. Domingo (2020b) Chemistry reduction using machine learning trained from non-premixed micro-mixing modeling:
Application to DNS of a syngas turbulent oxy-flame with side-wall effects, Combust. Flame 220: 119-129.

* H.-T. Nguyen, P. Domingo, L. Vervisch, P.-D. Nguyen (2021) Machine learning for integrating combustion chemistry in numerical simulations, Energy & Al
5:100082.




Machine learning for speeding up computational combustion: W INSA

Normandie Universig  "OUEN NORMANDIE

Direct numerical simulation (DNS) of a non-premixed flame syngas turbulent oxy-
flame with side-wall effects:

Reaction
~.| Convection-diffusion

1.00

1.0 -

Syngas

Syngas inlet

2 mm

| 10 mm el
- |

04

021 042 014 014

TK
s 300 1200 2100 3000 ol L NIlZ\ o0e N
GRI-3.0 Reduced ANN

Bottom: Symmetry I

Fig. 11. Normalized average wall-clock-time per time step for solving reaction

02z inlet

Normalized average wall-clock-time (-)

|

sources and the convective-diffusive part of the equations in 2D DNS coupled with
GRI-3.0, 11-species reduced mechanism (Table 2), and ANN. (Normalization by GRI-

= 30)
Zz

® 25 faster than detailed chemistry.

® 3 times faster than a reduced scheme for the same number
of transported species.

* K. Wan, C.Barnaud, L. Vervisch, P. Domingo (2020b) Chemistry reduction using machine learning trained from non-premixed micro-mixing modeling:
Application to DNS of a syngas turbulent oxy-flame with side-wall effects, Combust. Flame 220: 119-129.

*  H.-T. Nguyen, P. Domingo, L. Vervisch, P.-D. Nguyen (2021) Machine learning for integrating combustion chemistry in numerical simulations, Energy & Al
5:100082.

Machine learning for speeding up computational combustion: W INSA

. ROUEN NORMANDIE
Normandie Université

ANN-chemistry validation against detailed and reduced chemisty :

1.0 — 160 8E-3 2700
(a) CO2 CO 02 H220 H2020 U (b) O OH H'0 HO2'10° H202"10° T
GRI-l3.0 o o a o o o | GRIB0 o o A o> & &
Reduced r— — Reduced = = - - 2400
6E3L ANN - - - - - - SR
0
E E 2100 €
2 g 2 43 5
g E 377 &
> > a 1800
1%} 1] £
@ © e wn o= S
= = ==y [t
2E-3
1500
ok 1200
0 100

x (mm)

Fig. 5. Averaged distributions along the planar fuel-jet centerline (y = 11 mm). Symbols: GRI-3.0. Solid line: Reduced mechanism (Table 2). Dashed line: ANN chemistry. (a)
Streamwise velocity and major species mass fractions: CO,, CO, O,, H, and H,O0. (b) Temperature and radicals and minor species mass fractions: O, OH, H, HO,, and H,0,.
2D case.

* K. Wan, C.Barnaud, L. Vervisch, P. Domingo (2020b) Chemistry reduction using machine learning trained from non-premixed micro-mixing modeling:

Application to DNS of a syngas turbulent oxy-flame with side-wall effects, Combust. Flame 220: 119-129.

* H.-T. Nguyen, P. Domingo, L. Vervisch, P.-D. Nguyen (2021) Machine learning for integrating combustion chemistry in numerical simulations, Energy & Al
5:100082.




Optimized chemistry for Large
Eddy Simulations of wrinkled
flames

C. Mehl, M. Cailler, R. Mercier, V. Moureau, B. Fiorina

CentraleSupélec

Virtual chemistry

. OD
M. Cailler, N. Darabiha, D. Learning database ;Mdﬂ’ G
Veynante and B. Fiorina. ( complex chemistry simulations sl
Proceeding of the Combustion

. . . Direct Numerical
oD Steady Laminai
Institute (2017) with a detailed mechanism) reactors e s Simulation (DNS)

Machine
learning
/ algorithm \
Sub-mech for Main virtual Sub-mech for Sub-mech for
NOx scheme co Soot

- Heat release
- Temperature
- Density

Computational Fluid Dynamics
solver
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v —Fa Oa
Carbon monoxyde (CO) Q3=A3f3(YD>exp< RT3>[F] [0z]"8

arF + ap,Or — aCO + (1 — Oé) i qa = Asfs (Yf,)exp( E‘l4) [F]FF V; ]Fv1

F+Vi - F+CO ik -
_Ea 5 5 Coleo [V,
COe = A5 f5 (V}) exp ( RT’S) c0J*eo )" - | ]_AG[Q&}E))
exp —RT
Ai, Eqi, Fi i, f4 and fsare optimized through an in-house genetic algorithm
/"Nitrogen oxyde (NOx) \

NO,1 NOl

OlF—I—aOOle—)a i+«

V1+F+Ox—>aN82NO+aNO2V2+F—I—Oa:

‘/2 + O[V 0, VE; (RN°1)

(RN%2)
F+N0—>F+‘/2 (RN°3)
Vs — NO
° (RO4) Slow chemistry:
Vi =V, (RNOs) Thermal and

reburning pathways

k Vo <+ NO (R@/

G. Maio, M. Cailler, A. Cuoci and B. Fiorina. A virtual chemical mechanism for prediction of NO emissions from flames. Comb. Theory and
Modeling, pp1-31 (2020)

M. Cailler, N. Darabiha and B. Fiorina. Development of a virtual optimized chemistry method. Application to hydrocarbon/air combustion.
Comb. Flame. Vol. 211. pp 281-302 (2020)

58

Optimizing the chemistry for turbulent flames

Issue:
o : . RHS(®) # RHS(®)
Transport equation of filtered species mass fraction: 4
I
OpYs = _ — . = =
g +V- (pqu) =7+ V- (pDrVY%) + pif(®) =|RES(®)
Retained formulation:
RHS* = V - (ﬁéﬁvffk) ]
A" = (4], E; j,ni;)
Constant in space and Ngr o\ My *
. . . _,:,A* pYL _Ea 1
identical for each species pw, =W; Z A; I/Zj — VIJ:‘ A\ H <_> exp (—f)
=1 ( J) ies, \ Wi RT

ISSUE: how do we compute A*and a?




SGS wrinkling also impact species mass
fraction Wrinkling factor CO mass fraction

| A

Learning database made of filtergelasdgk -
flamelets > f

Wrink hances C

Subgrid scale
wrinkling model

Machine learning
algorithm

-0.04 —0.02 0.00 0.02 0.04

C. Mehl, R. Mercier, V. Moureau and B. Fiorina. Optimized chemistry for Large Eddy Simulations of wrinkled flames.
Proceedings of the Combustion Institute, Vol 38, (2021) 0

ption 2: Ki 1 data

Training data Tes

Knowledge-Guided
data-Driven Methods = ...

Training ML

Stanford University



Physics-informed CombML

Leverage domain knowledge to reduce dependence on data

Opnon 2: Knowledge-guided data augmentation

Option 1: Knowledge-
gulded loss function

Option 3: Knowledge-
guided ML archltecture

Training

Option 4: Knowledge-
guided modelmg

Stanford University

Physics-informed CombML

» Large-eddy simulations enable predictions of complex combustion
processes through solution of filtered conservation equations:

op+V - ( )

O(pu) +V - (pun) =

I =

) =

V- (PD) + V- (7, + )
V- (@q,+q%)+ V- [(To +7%) - ul
-V (G, +3%) +w, where k=1,2,...,N,—1

9(per) + V - [u(pe; + )
0,(pY3) + V - (puY;

» High computational costs arises from:
» Many species
> Multiple scales and chemical stiffness

>

Stanford University
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Professur fiir Numerische Methoden
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Machine learning for turbulent combustion modelling

M. Klein, M. Pfitzner, R. Sandberg, N. Chakraborty,
J. Shin, C. Kasten, ...

'Department of Aerospace Engineering
University of the Bundeswehr Munich, Germany
Email:

TNF / PTF Workshop July 2022

Gene Expression Programming

GEP tries to find optimal forms of the scalar coefficients G, such that e.g. 7;7°
pAz Zg Ga(ll' Im) : Ti‘;

. . . TP = DAZ{—(I; + 0.04) - T3 }

Tg = |nteg rlty basis T0EP2 = 2N2(CIS] T — G - TR + GTE — Gy - T}, LES RUNS
) ) € = C3 = 0.01,C, = 0.146,C, = 011

I, =invariants _—

Parent 1 Parent 2 Offspring 1

B EF 8z 8

Offspring 2

I Caley-Hamilton
s Theorem )
2 o S — WS tr(s?) rr(w”)
xzw - wsz wz.c + .vw2 1 'Yj) 1 'le)
2 2 ) L) 5 ) 1r(s>w?)
STwT+ wsT SwWS™ — STws WSW™ — W™ sw

Mutation

2.2 2.2
WS W =W s w

Random number array:

Il'(SLUS:Lul)

R = {0.07,0.13,0.66,0.97}

TNF / PTF Workshop

July 2022

[31e)




Closing the SGS stress [1]

Goal:

= Model the SGS tensor in
turbulent Premixed combustion

= DNS data a-priori filtered for
a range of filter width

The best out of the 50 found models had the form

T 9
M = pA2 - - (T3 — T2 —T4) = pA*C L2 € =821-1072 ~ —

axk axk

GEP recovered Clarks model including an appropriate model constant !

TNF / PTF Workshop July 2022
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Closing the filtered reaction rate [2]

1.0

l 0.8
0.6
S 0.4
. 02
0.0

0.5
. 0.4
0.3

0.2
. 0.1
0.0

(a) filtered DNS ~ (b) NN-full  (c¢) NN-compact (d) Model-FSD

only 3 parameters (after feature importance analysis), and algebraic FSD model.

Instantaneous filtered reaction rate from DNS (left), full NN using 11 input parameters, compact NN using

TNF / PTF Workshop July 2022
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Closing the filtered reaction rate [3]

« DNS --- TANN — GEP - Algebraic FSD
u'/5,=1.0 .
D6 =0.4 Mo =22 D6y =58 Inference Times
0 050 P PN )
- N S 0.2| f;-\, 15 " -
k2 0.5 ‘}\ 0.25 F—— IR
L . \ A/"‘\ 00‘/ \\ g -FSD
0.0L shemeree® 0.00! 4 "% & Bcer
u'/5,=5.0 @
' = ‘ S 101 |ETANN
o
2
£
@
5
L N — &
o ~ ]
= |

u'/S =9.0

u'/S, =15.0
z 0.50{ =
; 0.2 A
0.25 \\
.0, <= " 0,00/ 0.0
0.0 05 10 00 05 0 00 0.5 10
¢ ¢ ¢

Normalised filtered reaction rate profiles from DNS, GEP, TANN (=Tiny ANN), and algebraic FSD model
expressions for 3 Aand 5 u'/S; .

TNF / PTF Workshop July 2022

68

Problem formulation

Initialization After 1 Eddy-turnover time

Computational Setup

= DNS: 1283 domain and Ax = 0(ng)
» Diffuse Interface Method

» Peng-Robinson Cubic EoS
» CH4/02 chemistry: 5-species

» [nitial conditions: von Karman/Pao
spectrum and decaying turbulence

= |pitial scalar flowfield initialized
with 1D counterflow diffusion flame

Yo: =10 Yena = 1.0
To2 =120 K

Tens = 300 K

' - 'f I‘2
e )
3 - ) | R
b‘rJ' I
-3

0 % 0 p
0 02 04 06 08 1 0 02 04 06 08 1
x/L z/L
WT Chung, AA Mishra, M Ihme, Interpretable data-driven methods for subgrid-scale closure in LES for transcritical Stanford Unlvel'Sity

LOX/GCH4 combustion, Combustion and Flame 239, 111758, 2022




Sparse symbolic regression for model discovery

Represent SGS model as an Introduce nonlinearities:
d
Ax =b or X3 = f problem. GYX)B =1
ot ‘217/ - - M1 X X oo Xin X XuXn oo XY
o 8—’;7 0:1:;‘:1; (B0 B - /3/‘?]1 T;ng : : : E : : : :
’ ’ 1 Xml an an )(7‘2”1 ‘le)(m‘z X;,lm,
Add L1 norm constraint for sparsity: Solve it as an optimization problem:
N 1
1 g . N LIPS
mﬁm{gnf—e (X)ﬁ||§+>\||51||} m,&“{m“ (X)BlL2

\4

Find 3 via any optimization scheme gradient descent.

Stanford University

Sparse regression for model discovery

= Can be computationally expensive as cost scales with MN¢
= Feature importance is measured through mean decrease in node impurity

)

o

c 58S

204 L llih

é_ [ 75

202 B 73

3 I—H
=

u i i3 iy dity iy Jiiy Jiy diiy diiz Juz dii 9% 2%y 9%

o . dw  ow  dn  dw  dn  dn  dn  gg pr a8

Feature importance simplifies sparse symbolic regression for model discovery

RO e (T BOW MOy N 0 B 0% K o
pu2 Y o’ Or; v Ox;’ W OxjOxy’ ' Or;0xy’ v Ox;0x;

v

sgs

P e (A0u B 0w, .
ouz i W Ory’ W Oy Stanford University




Sparse regression for model discovery

598

g o (B A0

pu'? ' Ay’ u Ory

l Apply sparse symbolic regression

I Ot Ot o, O 9, i
790~ A (JllGazlaﬂ 0.191 ula—ul ().207251%>
\ : 3 O3

10X TT‘Z ( Ly

L iia Dila - Vs O
19 A @%—* 0.17702 208
Taz = PR (V22 D Oy 0.'172 Oita

N

——2 Ou; Ou;

L3 3:)",3

Ot (917:;)

TZH“‘ ~ pC, A Rediscovered
- Ozx Orr  Clark and Ferziger’s
Gradient Model!
~1/6

1.0

e e e
> o o

Pearson Correlation

e
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Pearson Correlation

o
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Tested in Da = 780 DNS

s s sgs
13 T T

Tested in Da = 10 DNS

23

g5
T3

Filter width
3 A=2A
B A=4A
N A=8A

Filter width
. A=2A
1 A=4A
[ A=8A

Generative model for LES of

turbulent premixed reacting flows

L. Nista/, C. Schumann/, T. Grenga/,
M. Bode/, A.Attili%, H. Pitsch!

!Institute for Combustion Technology, RWTH Aachen University, DE

2School of Engineering, University of Edinburgh, UK

Premixed Turbulent Flame workshop, 22-23 July 2022,Vancouver, CA

THE UNIVERSITY
of EDINBURGH
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Introduction: data-driven closure modeling

Large Eddy Simulation and closure modeling

dt 6xl- ax]' 6xl- axl-
0pP, 0pu; P, dot]| o 0Py
TaR et Tt T PPy, )+
t Xi X 0% given
upsampling
> through super-resolution factor
T{j =| U; w, — U; Uj (unresolved stress tensor)
1} =|u; T\~ ; T (unresolved scalar flux)
DNS-like
evaluated at DNS resolution .
originally proposed by Bode et al.,
Proc. Combust. Inst., 202 11']
74 Institute for Combustion Technology |Ludovico Nista
[I]:tl"tl. I;ode etal, “Usingt physics-informeﬁyelhanced super—retsolution generative adversarial networks for subfilter modeling in turbulent reactive flows”, Itv ‘ me

Proc. Combust. Inst., 2021.

Methodology: Super-Resolution Generative Adversarial Network (SRGAN)

Preprocessing GAN architecture
SR

DNS

25

Discriminator(']

Generator[']

» filtering the DNS dataset (e.g. box or gaussian
kernel) to obtain the input data

» extracting sub-boxes to be used during the DNS :
training S TTmTm=m=m=T=T===

» normalizing input variables: (u,v,w, T) € [0,1] Lgen = PiLlpixer + BaLgragient + BsLaisc

-
I
I
I
F-DNS I
I
I
I
1
I

A 0O Q T a o o TH

[1]: Nista et al., “The influence of adversarial training on turbulence closure modelling”. AIAA SciTech 2022 Forum, 2022.

75 Institute for Combustion Technology |Ludovico Nista ItV ’ RWNTH




Application: Non-Premixed Temporal Jet

Description

* Data: Non-premixed temporally evolving .
planar jet from Denker et al., JFM, 2020

* Methane as fuel (30 species incl. NOx)
* Up to 1280 x 960 x 960 cells

Goal: Enable
cheaper high-fidelity
simulations at high
Reynolds numbers
with many species
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Generalization at different combustion regimes

Premixed hydrogen/air flames DNS dataset!!]
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[17: ). MacArt et al., “Effects of combustion heat release on velocity and scalar statistics in turbulent premixed jet flames at low and high Karlovitz numbers”.

Combustion and Flame, 2018
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CombML for experimental
analysis

Physical understanding and
discovery

Discovery of structures,
combustion-regime, and
coherent feature
Construction of low-order
models for control-oriented
applications
Data-generation

CombML for combustion
modeling

Parameterization of
combustion manifolds

Data augmentation and data
generation
Combustion-closure models
Physical embedding to reduce
computational cost

Stanford University

Shashank and Bruce

NREL

Stanford University
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Discussions: CombML @ 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-evalualation
» |ntegrate domain-knowledge into CombML

Stanford University




CombML @ TN/PF

Need for community effort

100
Meta Pseudo Labels (EfficientNet-L2)
SUN, 131K 90 FixResNeXt-101932x48d
[Xiao etal. ‘10] NASNET-A(6)
C 80 Inception.V.3.
&al}emlnll\{le], 37K g VGG-19
ussell et al. 07
——— IMAGENET 15M g .. wsih
Five Base + Five HiRes
PASCAL VOC, 30K [Denget al. = AlexNet
[Everingham et al. '06-"12] o
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Caltech1o1, 9K
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50
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2012 2014 2016 2018 2020 2022

Other models -e- State-of-the-art models

Stanford University

CombML @ TN/PF: Community-driven database

BLASTNet aims to curate 100 different reacting BLASTIE
DNS flow configurations

» Extension to incorporate experimental data

* Provides tutorials for sharing and accessing
data, ML-SampleS A Network-of-Datasets for Scientific Big Data

« Stores metadata in consistent JSON format

« Compression and unstructured data to deal with
large data sets (>100 GB)

- Provides standards and guidelines for as- L@ Cegas
shared data .

° Hosts discussion forum for user Support and This Bearable Large Accessible Scientific Training Network-of-Datasets (BLASTNet) is composed of:
community feedback :

* Growing list-of-authors to include each
contributor for fair attribution

ch as Kaggle
>100 GB data.
ble webpage. (Yo ing it right now!)

ach for contributions from 100 different

We are als ex ents and all kinds of data from other fields so
please contact us if you're interested in collaborating.

https://blastnet.github.io Stanford University




CombML @ TN/PF

What experimental configurations to consider

Driven by scientific questions

<

MODE e

<
Premixed Stratified

Flame series with parametric
variations in operating conditions,
fuels, ...

Scatter data
Planar images

] ] REGIME
High-speed image sequences (Re, Da, Ka, -.)
Simultaneous measurements

\ 4

P
Partially Premixed Nonpremixed

Stirred Reactor

Stanford University

CombML @ TN/PF

CombML-specific challenges

Interpretability and explainability

Quantifying uncertainties of CombML models
Evaluation out-of-distribution predictions
Integrating domain knowledge in CombML
Computational complexity and accuracy

Stanford University




CombML @ TN/PF

Benchmark problems for ML-applications
» Combustion-regime identification ==
= Feature identification
» Manifold parameterization
= Combustion modeling

TN/PF participation
= ML-model benchmark s
» Share ML-models through TN/PF infrastructure s%
= Establish best practice

Combustion regime

Stanford University

CombML @ TN/PF

Want to contribute? send email to mihme@stanford.edu and
wtchung@stanford.edu

Stanford University
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Closing Panel Discussion Summary:
Key Points, Opportunities, & Priorities
Ahmed, Dreizler, Hasse (chair), lhme, Im

Initially, the scientific focus of the two workshops PTF (premixed flames) and TNF (non-
premixed flames) was clearly distinguished from each other. In recent years, it has become
apparent that the physical challenges as well as the experimental and numerical methods
have converged more and more. The TNF workshop for some time also considers partially
premixed and stratified flames, therefore "non-premixed" was dropped from the title.

However, the structure of the two workshops is fundamentally different. The PTF workshop
is organized like a mini symposium with a series of presentations that reflect the richness of
the community's work. The TNF workshop is more in the nature of a workshop. Historically,
the talks have been grouped along particular flame configurations, e.g., for piloted partially
premixed jet flames. For the experimental data sets, particular attention was paid to a well
characterized set of boundary conditions (wall temperatures, inflow boundary conditions
etc.). These experimental data were provided to interested groups for model development
and simulation (initially RANS, now LES). The coordinator contacted all groups prior to the
TNF workshop, and they provided selected simulation results, e.g., temperature or mixing
fraction on specified lines. At the workshop, the numerical results of the different simulations
were then plotted against each other and compared with the experiments. Progress on the
models was discussed and unsolved challenges were identified. For the most part, this
showed a common progress every two years. Models improved, experimental data became
more complete, or additional flames/further metrics were provided. Future reference
configurations were jointly discussed to explore the limits of the models ("break the models").

By combining the two workshops, there were PTF style presentations as well as discussions
around flame configurations, in line with the previous TNF format. Other sessions, such as
premixed Hz, combined elements from both sides.

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, 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 NHs 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 H; or NHsz/H, 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 Hx 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 are in favor of having a TNF 15.5 in about a year's time, in
preparation for TNF16 in Milan.
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