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SUMMARY
Fourteenth Workshop on
Measurement and Computation of Turbulent Flames (TNF14)
July 27-28, Dublin, Ireland
Christoph Arndt, Rob Barlow, Bassam Dally, Andreas Dreizler, Benoît Fiorina, Rob Gordon,
Peter Hamlington, Evatt Hawkes, Matthias Ihme, Johannes Janicka, Andreas Kempf,
Wolfgang Meier, Michael Mueller, Adam Steinberg, Jeff Sutton, Luc Vervisch
INTRODUCTION
The objective of the TNF Workshop series is to provide a framework for collaborative experimental
and computational research on fundamental aspects of turbulent combustion. The emphasis has
been on measurement, DNS, and modeling of turbulence-chemistry interactions in flames that are
relatively simple in terms of both chemistry and flow geometry. The workshop series was initiated in
1996 to address validation of RANS based models for turbulent nonpremixed jet flames. Although
the TNF acronym has been retained, the word nonpremixed has been dropped from the title, and our
scope has expanded over the past decade to address three challenges:
•

Development and evaluation of modeling approaches that are accurate over a broad range
of combustion modes and regimes (nonpremixed, partially-premixed, stratified, and fully
premixed).

•

Extension to more complex fuels (beyond CH4) and fuel mixtures that are of practical
interest.

•

Establishment of a more complete framework for verification and validation of combustion
LES, including quality assessment of calculations, as well as development of approaches for
quantitative comparisons of multidimensional and time-resolved data from experiments and
simulations.

Additionally, there has been increasing activity in the areas of flame-wall interaction (FWI) and
combustion at elevated pressure. Our overall goal is to accelerate the development of advanced
combustion models that are soundly based in fundamental science, rigorously tested against
experiments and DNS, and capable of predicting flame behavior over a wide range of conditions.
One of the most useful functions of this workshop series has been to provide a framework for
collaborative comparisons of measured and modeled results. Such comparisons are most
informative when multiple modeling approaches are represented and when there has been early
communication and cooperation regarding how the calculations should be carried out, particularly in
the treatment of boundary conditions, and what results should be compared. Experience has shown
that comparisons on new target flames can generate significant new insights, but also many new
questions. These questions motivate further research, both computational and experimental, and
subsequent rounds of model comparisons. Another important function of the workshop series is to
provide overviews of new work on established target cases, as well as new burner configurations and
emerging topics that are relevant to our overall goals and have potential to attract a critical mass of
people interested in collaboratively investigating the new burner or topic.
Previous workshops were held in Naples, Italy (1996), Heppenheim, Germany (1997), Boulder,
Colorado (1998), Darmstadt, Germany (1999), Delft, The Netherlands (2000), Sapporo, Japan (2002),
Chicago, Illinois (2004), Heidelberg, Germany (2006), Montreal, Canada (2008), Beijing, China (2010),
Darmstadt, Germany (2012), Pleasanton, California (2014), and Seoul, Korea (2016). Proceedings and
summaries of all the workshops are available at tnfworkshop.org.
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TNF14 engaged 98 registered participants from 16 countries. Additionally, with help from local
organizers in Dublin, five satellite workshops of the International Symposium on Combustion were
held at the Trinity College Conference Center. This allowed for combined sessions with the Premixed
Turbulent Flames (PTF) Workshop and with the International Sooting Flames (ISF) Workshop on
topics of mutual interest. Coordination among the organizers allowed researchers to participate in
multiple workshops with minimal inconvenience.
The main TNF14 sessions addressed:
•

Sydney Compositionally Inhomogeneous Flames

•

Update on Cambridge Swirl Flames

•

Modeling of CO in Turbulent Flames

•

Highly Turbulent Premixed Flames (Joint PTF/TNF Session)

•

Progress of Turbulent Sooting Flames (Joint ISF/TNF Session)

•

Enclosed Flames and Flames at Elevated Pressure

•

Flame-Wall Interaction

•

Multi-mode Combustion

The complete TNF14 Proceedings are available for download in pdf format from tnfworkshop.org.
The pdf file includes the list of participants, workshop agenda, summary abstracts of the technical
sessions, presentation slides, and two-page abstracts of 30 contributed posters.
The move to this new web site follows termination of support for turbulent combustion research at
Sandia by the U.S. Department of Energy, Office of Basic Energy Sciences. Most of the content from
the old site has been moved, and we look forward to an easier process of adding content in the
future.
TNF14 ORGANIZING COMMITTEE
Robert Barlow, Andreas Dreizler, Benoît Fiorina, Christian Hasse, Matthias Ihme, Andreas Kempf,
Peter Lindstedt, Assaad Masri, Joe Oefelein, Heinz Pitsch, Steve Pope, Dirk Roekaerts, Luc Vervisch
ACKNOWLEDGMENTS
The work of all the session coordinators and contributors is gratefully acknowledged. Sponsorship
funds were provided by ANSYS, Continuum Lasers, Edgewave, ERCOFTAC, La Vision, Princeton
Instruments, Sirah Lasers, and TU Darmstadt through the SFB/Transregio 150 Project. These
contributions allowed reduction of registration fees for university faculty, postdocs, and students.
PLANNING
The 2020 TNF Workshop will be held in Adelaide, Australia prior to the 38th Combustion Symposium.
It is likely that the schedules of the TNF, ISF, and PTF Workshops will again overlap on the Friday and
Saturday before the Symposium, and it is expected that organizers will coordinate to make the
combined event as informative and productive as possible.
IMPORTANT NOTE ON USE OF THIS MATERIAL
Results in this and other TNF Workshop proceedings are contributed in the spirit of open scientific
collaboration. Some results represent completed work, while others are from work in progress.
Readers should keep this in mind when reviewing these materials.
It would be inappropriate to quote or reference specific results from these proceedings without
first checking with the individual author(s) for permission and for the latest information on results
and references.
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HIGHLIGHTS OF PRESENTATIONS AND DISCUSSIONS
The sections that follow were condensed from session summaries in the full proceedings. Comments
and conclusions given here are based on the perspectives of the authors and do not necessarily
represent consensus opinions of the workshop participants. This summary does not attempt to
address all topics discussed at the workshop or to define all the terms, acronyms, or references.
Readers are encouraged to consult the complete TNF14 Proceedings and also the Proceedings of
previous TNF Workshops, because each workshop builds upon what has been done before.
Sydney Compositionally Inhomogeneous Flames
Coordinators: Benoît Fiorina and Michael Mueller
The objective of this session was to compare recent simulations of the Sydney compositionally
inhomogeneous piloted flames and survey progress since the last Workshop. Some key points are as
follows: 1) An update on the experimental measurements was presented, including a comparison of
previous datasets as well as new measurements at the University of Sydney for non-reacting flows
made to directly address a number of modeling issues identified at the last Workshop associated
with predictions of the mixture fraction field. 2) Analysis by the Princeton group revealed that the
behavior of the pilot-coflow shear layer is very different for “cold” and “hot” configurations. All LES
contributions underpredicted the breakdown of this shear layer in the reacting configuration. The
influence of the predicted stability of the pilot-coflow shear layer on the variance between the
computations and discrepancies with the experimental measurements for the mixture fraction
remains an open question. 3) Analysis of the flame structure computed by all groups reveals
difficulty in predicting the temperature field, especially downstream of the pilot-coflow shear layer.
Identification of the cause of the discrepancies through a standard comparison between computed
and measured scalar radial profiles is difficult. Post processing to compute the Wasserstein metric
showed consistency among simulation results, and this approach should be further explored. 4)
Some convergence among simulations compared to TNF13 is apparent, but difference between
simulations and experiments remain. The next effort on this configuration should focus on analyzing
existing results with the objective of writing a joint paper.
Update on Cambridge Swirl Flames
Coordinators: Benoît Fiorina, Andreas Kempf and Eray Inanc
The main objective of this session was to present new simulation results for the stratified swirl
flames investigated at Cambridge and Sandia, with particular attention to CO modeling. New
simulation results on the non-stratified, non-swirled SwB1 case were also compared with recently
published flame-resolve simulations. For the swirled cases, five international groups contributed
results based on their own established techniques. The results showed that the CO predictions in the
swirled case are problematic close to the burner, unlike for the non-swirled variant. The Duisburg
group demonstrated that the almost laminar flow in the large recirculation zone (RZ) in the swirl
cases required a larger computational domain and longer run-time than for the non-swirled case. All
groups applied adiabatic combustion models. While there is an effect of heat loss close to the bluff
body surface, as demonstrated at TNF13 by the Paris group, the contributing groups showed that the
main thermochemical properties of the fluid after three inner tube diameters were in good
agreement when using an adiabatic solver. Generally, the computed Reynolds-averaged mean major
quantities, such as momentum, equivalence ratio, temperature and mass fractions of CH4, O2, and
CO2, agreed well with the measurements slightly further downstream, whereas the spread angle of
the swirled jet was under-predicted. Most of the deviations, however, occurred close to the bluffbody. Contributors came to the conclusion that the resolution and the settlement time of the RZ
could cause these deviations. CO and H2 mass fractions were over-estimated close to the burner.
The closest agreement was obtained by a Monte-Carlo FDF method. The Duisburg-group also
presented results using an ATF/FGM model with the same boundary conditions and computational
grid, but the computationally more expensive Monte-Carlo technique provided a better agreement
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for most quantities. Larger deviations were observed for the stratified cases SwB7 and SwB11.
However, results suggest that stratification can be predicted acceptably well by using FGM.
Modeling of CO in Turbulent Flames
Coordinators: Andreas Kempf and Benoit Fiorina
This session focused on issues related to prediction of CO in LES of turbulent flames. By comparison
with the temperature or major species mass fractions, the CO prediction is more sensitive to the
modeling of detailed combustion chemistry and subgrid scale flame wrinkling, due to the wide range
of time scales in CO chemistry. CO formation/consumption is sensitive to three physical phenomena:
i) the flame enthalpy (or heat losses); ii) the flame regimes (premixed, non-premixed, stratified,
etc.); and iii) the subgrid scale flame wrinkling. Three target cases were selected to establish the
state-of-the-art: Preccinsta combustion chamber (stable, φ = 0.83); Cambridge swirl flame (SwB3);
and Sydney inhomogeneous flames (Lr75-57 and Lr75-80). After a brief review of experimental
issues, modeling challenges to CO prediction in turbulent flames were discussed, and then results
from the target cases were presented and analyzed.
Comparison between numerical and experimental data for the Preccinsta combustor showed that
temperature is well captured by non-adiabatic simulations, unlike adiabatic computations that over
predict temperature in the near wall region. Heat losses have a strong impact on the CO formation,
such that adiabatic simulations strongly overestimate measured profiles. A strong effect of the mesh
refinement is also observed. This behavior is attributed to the lack of modeling of the impact of
subgrid scale flame wrinkling on the CO mass fraction.
Simulations of the Cambridge SwB3 flame show significant variation in the mean CO profiles. In
particular, the overestimation of the CO production by the Thickened Flame model for LES is evident.
Simulations conducted using a filtered wrinkled flamelet table show that accounting for the impact of
subgrid scale flame wrinkling on filtered species improves the CO prediction.
Discussion on the Sydney piloted inhomogeneous jet flames highlighted difficulties in predicting the
mixing and temperature fields, especially downstream of the pilot-coflow shear layer. It is therefore
difficult to draw clear conclusions on the origins of the CO deviation. However, the results appear
sensitive to the flame regime assumption made to tabulate the chemistry. In particular, premixed
flamelet based models tends to overestimate the CO profiles, whereas tabulation based on nonpremixed flame archetype are more adapted to this jet flame configuration.
Highly Turbulent Premixed Flames (Joint PTF/TNF Session)
Coordinators: Adam Steinberg, Peter Hamlington, Luc Vervisch, Matthias Ihme, Evatt Hawkes,
Jeff Sutton
This joint session was presented in three parts. The first provided an overview of recent
observations made through experiments and DNS regarding the structure and dynamics of highly
turbulent premixed flames. The second covered methods and issues in modeling of such flames. The
third dealt with needs for further improvements in simulations and experiments to address
knowledge gaps.
Observations on structure and dynamics (Steinberg, Hamlington):
Experiments in high Karlovitz number flames have primarily involved multi-dimensional imaging
(PLIF, Rayleigh, PIV). The most prevalent configurations have been atmospheric-pressure
methane/air jet- or Bunsen-flames issuing into a large coflow of combustion products. Imaging
experiments consistently show broadened preheat zones (CH2O), but results on the transition to
broadened reaction zones has not been fully consistent. Discrepancies may be due to different
definitions of Karlovitz number, the influence of geometry, or effects of mixing between main
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reactants and the hot coflow. Both DNS and experiments have shown significant stratification at the
reaction zone in high-Ka flames having large differences in jet and coflow equivalence ratio.
The influence of combustion on turbulence has been a key area of interest, which has primarily been
studied through DNS of isotropically forced turbulence. The flame influences the structure of the
turbulence by suppressing small scales through increased temperature/viscosity, and by enhancing
large scales through pressure-dilatation effects. The flame also induces anisotropy in the direction of
the flame normal and changes the alignment of vorticity and strain rate. Both of these effects
diminish with increasing Karlovitz number. Backscatter – viz. net up-scale transfer of kinetic energy –
has been observed in DNS through analyses in physical space, Fourier space, and wavelet space. This
process can lead to energization of large scale turbulent motions in some DNS.
Perspectives on modeling
(Vervisch) In the practice of real burners, it was discussed how high Karlovitz combustion actually
goes with a drastic reduction of the Damköhler number. Two routes were examined to support the
existence of low Damköhler combustion. First, the discrepancy between the enhancement in overall
burning rate and the enhancement in flame surface area measured for high-intensity turbulence has
been reported in the context of scaling laws for diffusivity enhancement from eddies smaller than
the flamelet thickness. The factor quantifying this discrepancy is formalized as a closed-form
function of the Karlovitz number. Second, basic scaling laws were presented which suggest that the
overall decrease of the burning rate due to very fast mixing can be compensated by the energy
brought to the reaction zone by burnt gases. The results confirm the possibility of reaching, with the
help of a vitiated mixture, very high Karlovitz combustion before quenching occurs.
(Ihme) Three aspects were considered. First, a Lagrangian flamelet analysis was performed on three
canonical DNS cases to identify whether these high-Ka flames retain an inherent flamelet character.
This analysis showed the presence of an intact but weakened inner core flamelet structure that is
well represented by 1D elongated flame-elements. Entrainment of hot combustion products by
turbulent transport leads to mixing of the unburned reactants that can be well represented by a
partially premixed reactor. Since the flame-structure and burning intensity is controlled by the
upstream reactant mixture, it is unlikely that unstrained premixed flamelet methods are able to
describe such flame regimes without taking into account the reactant mixing at the subgrid. Second,
LES modeling efforts on vitiated flames were reviewed. It was concluded that current combustion
models capture the main features of turbulent flame-structure at moderate Ka-regimes; in general,
models were found to over predict the reactivity at higher Ka; and extensions of flamelet models
show promise but lack key-physical aspects. Third, potential merits of combustion model adaptation
and data assimilation techniques were discussed to improve predictions and take advantage of
extensive measurements that are generated from high-speed, multi-dimensional measurements.
Needs for further improvement
(Hawkes) It was argued that the development of practical combustion models should be the primary
objective of DNS work going forward. New opportunities were identified in conducting partial
a posteriori tests, where some model inputs are taken directly from DNS, in order to focus attention
of the performance of specific sub-models. Based on insights from very high-Re experiments, is was
suggested that higher Re needs (somehow) to be accessed by DNS. The need to increase effort on
cases with complex geometries (e.g., having recirculation zones, mean shear, etc.) was highlighted;
these cases should have parametric sets and also preferably involve flows that can be computed
straightforwardly with LES at resolutions where the models are actually doing some work.
(Sutton) Experimental needs were discussed in the context of current knowledge gaps, which include
the understanding of configuration effects (i.e., geometry, pressure, turbulence generation, fuel
type, etc.), characterization of the internal structure of turbulent flames, and the effects of
turbulence-induced stratification. It was argued that specific measurement needs include
TNF14 Workshop
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quantitative multi-scalar measurements, high-resolution velocity measurements, simultaneous
velocity/scalar measurements, heat release rate measurements, and the coordination of new burner
designs with modeling efforts. Mach number and compressibility effects were discussed; new
measurements in turbulent, compressible flames have shown that turbulence is not attenuated
through the flame, but rather flame-generated turbulence is observed. Finally, emerging capabilities
to derive chemical mode and heat release rate from scalar measurements and to achieve high-spatial
resolution in velocity measurements were highlighted.
Progress of Turbulent Sooting Flames (Joint ISF/TNF Session)
Coordinators: Bassam Dally and Michael Mueller
The objective of the session was to bring together the TNF and ISF turbulent flames communities to
discuss common problems and strategies for addressing experimental and computational challenges
in turbulent sooting flames. Overviews were presented on current experimental capabilities for
turbulent sooting flames (time resolved LII, CARS, two-line atomic fluorescence for temperature, and
krypton PLIF for mixture fraction) as well as target flames and computational comparisons. The two
types of targets accentuate different aspects of soot-turbulence-chemistry interactions, with jet
flames stressing small-scale interactions including slow PAH chemistry, and recirculating flows
stressing large-scale interactions, notably the residence time at different mixture fractions where
different growth mechanisms dominate. For comparisons with experimental measurements,
progress between consecutive ISF Workshops has been rapid with decreasing variance between
models with detailed model improvements being made based on insights from limited experimental
measurements and DNS data. However, the fundamental challenge in understanding the underlying
physics and uncovering the source of discrepancies is a lack of data, particularly (simultaneous) data
on flame structure, combining temperature and speciation with soot measurements. These
overviews were followed by comments from three panelists: Simone Hochgreb discussed
experimental configurations, measurement techniques, and experimental challenges; William L
Roberts highlighted recent progress at KAUST in making high-pressure measurements in turbulent
sooting flames; Venkat Raman discussed the differences in the modeling challenges between jet
flames and recirculating flows with respect to small-scale and large-scale intermittency. The
importance of history in soot evolution was also discussed and the need to identify canonical
configurations that match the history of soot evolution in technical combustion systems.
Fundamental differences between detailed, PAH-based soot models and semi-empirical, acetylenebased soot models were also highlighted with a suggestion to design experiments to stress each class
of models.
Enclosed Flames and Elevated Pressure
Coordinators: Christoph Arndt and Wolfgang Meier

Recent experiments and simulations of enclosed flames and flames at elevated pressure, as well as

associated experimental and computational challenges, were discussed. In the first part of the
session, contributions on experiments and simulations of swirl combustors at atmospheric and
elevated pressure as well as a test case of a jet flame at elevated pressure were presented, including:
“Experimental study on dynamics of lean premixed swirl flames” from Shanghai Jiao Tong University;
“Experimental and numerical investigation of the response of a swirled flame to flow modulations in
a non-adiabatic combustor” from Centrale Supélec; “SFB 606 Gas Turbine Model Combustor” from
DLR Stuttgart; “LES studies on enclosed swirl flames in laboratory combustors” from the University
of Cambridge; “High-pressure syngas jet flames (CHN)” from KAUST; and “LES studies on enclosed
swirl flames in industrial combustors” from the University of Cambridge. The second part of the
session focused on FLOX® and MILD combustion with contributions on: “Flameless combustion in a
lab-scale furnace” from TU Delft; “Confined and pressurized jet in hot and vitiated coflow burner”
from Adelaide and Sydney; “High-pressure enclosed jet flames” from DLR Stuttgart; and
“Investigation of a high pressure jet flame with heat losses using tabulated and finite rate chemistry”
from University Duisburg-Essen.
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Flame Wall Interaction
Coordinators: Andreas Dreizler and Johannes Janicka
Flame-wall interaction (FWI) was introduced as a TNF topic in 2014, and a first target case of sidewall quenching (SWQ) was introduced at TNF13. FWI leads to flame quenching related to heat losses
and incomplete combustion causing primary pollutant formation such as carbon monoxide (CO) and
unburnt hydrocarbons (UHC). A deeper understanding of turbulent flames in the vicinity of walls is
needed to improve combustion modelling for practical systems.
The experimental portion of this session introduced a Forced Laminar Axisymmetric Quenching
(FLAQ) burner developed by the University of Melbourne to study FWI and the interaction of cooling
jets with flames. An overview of experimental progress by TU Darmstadt to significantly enlarge the
data base of the SWQ target flames was presented. Discussion focused on selected issues with the
following conclusions: 1) Quenching distance is decreased for increasing wall temperatures causing
an enhanced heat transfer rate within the FWI zone. 2) For a fixed wall temperature CO/T scatter
plots for stoichiometric methane/air flames show an impact on CO-formation for wall distances
below 0.2 mm whereas CO-oxidation at high temperatures (T > 1500 K) is influenced already for wall
distances up to ~1 mm. These effects were attributed to differences in chemical time scales in
relation to time scales for heat transfer. 3) Correlations of normalized heat release and curvature of
premixed flames in the near-wall region indicate an influence of Lewis-number.
Compared to TNF13 a large group contributed FWI simulations, including both DNS and modelling
studies of various configurations. Only a few of the many results and conclusions documented in the
proceedings are mentioned here. The quenching distance for turbulent conditions decreases and the
magnitude of the maximum wall heat flux increases in comparison to the corresponding laminar HOQ
values for cases with 𝐿𝐿𝑒𝑒<1. All the modelling assumptions associated with high Damköhler number
(𝐷𝐷𝑎𝑎≫1) and presumed bi-modal PDF of 𝑐𝑐 are rendered invalid close to the wall. Both conventional
flame surface density (FSD) and scalar dissipation rate (SDR) closures for mean reaction rate break
down in the near-wall region. Flame velocity seems to be the governing parameter in the
turbulence-chemistry interaction more than flame thickness vs. turbulence length scales. Based on
DNS studies, a modified FSD-based closure for mean reaction rate in terms of flame-wall interaction
has been proposed. LES of the SWQ target case using detailed chemistry and FGM-based tabulated
chemistry showed similar wall-normal temperature profiles but strongly different CO profiles due to
large diffusion effects close to the wall that are not reflected in the FGM tabulation.
Multi-mode Combustion
Coordinator: Rob Gordon
This session follows from discussions in TNF13 on combustion regime indicators and reaction
progress markers. Key information from TNF13 was briefly reviewed, then highlights were presented
on recent progress in four areas: 1) Extention of chemical explosive mode analysis (CEMA) to include
diffusion as well as local chemistry, allowing greater refinement in the identification of local
combustion modes, including assisted ignition, auto-ignition, and local extinction in DNS of a high-Ka
jet flame. 2) New applications of the gradient free regime identification (GFRI) method to derive
chemical mode and heat release rate from experimental data. 3) An approach for selecting the most
approprate models for local conditions within a simulation, based on a Combustion Model
Compliance Indicator. 4) Development of a modeling approach based on Generalized Multi-Modal
Manifolds.
Last Experiments at Sandia
Coordinator: Rob Barlow
This brief session outlined a series of visiting experiments conducted from March to July 2018 to take
maximum advantage of the unique diagnostic capabilities of the Turbulent Combustion Laboratory
before termination of DOE funding for experimental research on turbulent combustion at Sandia.
TNF14 Workshop
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KEY CHALLENGES AND PRIORITIES
Multi-mode combustion continues to be a challenging area for fundamental understanding and for
model development.
There has been some convergence in simulations of the Sydney
inhomogeneous flames. However, the sensitivity of these piloted flames to boundary conditions in
experiments as well as simulations, particularly with respect to stability of the pilot-coflow shear
layer, has complicated detailed comparison of measured and modeled results. Organizers have
proposed a joint publication on the current state of understanding, and they have encouraged
further analysis based on the Wasserstein metric to help quantify and interpret comparisons. One
future goal in the context of multi-mode combustion might be to apply one modeling framework
across regimes, which could be a single burner or multiple burners. A new multi-mode or MultiRegime Burner (MRB), with well-controlled and characterized boundary conditions, has been
developed by TU Darmstadt, and a first set of Raman/Rayleigh measurements has been conducted at
Sandia (see posters by Butz et al. and Hartl et al.). Meanwhile, PIV/PLIF of the same configurations
have been performed at Darmstadt. This burner could be a target case for TNF15.
Simulations of the Cambridge stratified swirl flames focused mainly on SwB3 (highest swirl number,
0.75 equivalence number in both streams). The high swirl cases exhibit a large, open recirculation
zone that transports diluted products from far downstream all the way to the bluff body surface.
This leads to a requirement for long run times to initialize the flow and scalar fields. Results for
SwB11, (highest swirl, highest stratification) were inconclusive, due to the need for longer
initialization. The highest stratification cases have and inner flow equivalence ratio of 1.125, and
there appears to be some influence of Lewis number going to these cases. Further work to address
these issues could be done. The new Darmstadt MRB cases also include stratified reaction zones that
cross lean and rich mixture fraction values, so those flames may allow for investigation of these same
issues without the complication of a very large recirculation zone.
Accurate modeling of CO remains a challenge, such that comparisons on three different target flames
showed significant variation in CO predictions.
The joint PTF/TNF session on highly turbulent premixed flames provided an excellent overview of the
current state of knowledge. One key point, taken from recent DNS of the Lund flames and recent
experiments on the HiPilot burner, is that the highest Ka cases, which are generated at laboratory
scale by surrounding a very lean reactant flow by combustion products of a more robust mixture,
actually burn as stratified flames. That is, significant mixing between jet and coflow occurs before
heat release, such that heat release occurs at intermediate values of mixture fraction and in the
presence of a mixture fraction gradient. Creating a truly premixed flame, with uniform equivalence
ratio across the flame brush, at laboratory scale remains a significant challenge. Further work is will
be needed to explore the high-Ka regime of uniformly premixed flames. That said, the high-Ka
stratified flames are very interesting in themselves and could be a good topic for further
collaborative research. Emerging diagnostics for very-high-resolution velocity measurements and
simultaneous velocity-scalar measurements show significant potential to provide new insights and
valuable data on highly turbulent flames.
For turbulent sooting flames, the fundamental challenge in understanding the underlying physics and
uncovering the source of discrepancies is a lack of data, particularly simultaneous data on flame
structure, combining temperature and speciation with soot measurements. Filtered Rayleigh
scattering combined with PIV and LII might be fruitful diagnostic direction. Raman scattering is
challenging even in blue, upstream regions of sooting flames, so it is not obvious that detailed multiscalar comparable to those acquired in TNF flames can ever become available for sooting flames.
However, benefit can be gained by using the same burner geometries with non-sooting and sooting
flames, that have as many parameters in common as possible.
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The side-wall-quench (SWQ) flame is proposed as a future TNF target configuration. Priorities for
experimental work are to measure more scalars, measure wall temperature and heat transfer, and
conduct parametric variation of such things as wall temperature, surface coatings, fuel, and effusion
cooling.
Important progress has been made in developing regime indicators for both simulation (CEMA
including both chemistry and diffusion effects) and experiments (application GFRI methods to lifted
flames and to DNS of premixed and mildly stratified flames). These and similar regime identification
tools can provide insights on variations in local reaction zone structure and might be included as
metrics in future comparisons between experiments and simulations.
Consideration of more complex fuels, specifically DME, took a pause for TNF14, although there work
on these flames was presented at the Symposium. Repeating comments from TNF13: It is important
to continue working with fuels more complex than methane. Goals should comprise computations of
the entire piloted DME jet flame series (Sandia DME D-G’) with focus on the accurate prediction of
the degree of localized extinction. We should also seek clarification of the predictions’ dependencies
on the chemical mechanisms. This may include the need for a quantitative comparison of
formaldehyde, as this is the measured species with the most pronounced differences for all flame
and flow conditions. Quantitative LIF of formaldehyde remains a challenge. Direct measurements of
intermediate species by Raman scattering have proven difficult, and no further work in this area will
be possible at Sandia.
In addition to new measurements in the Darmstadt multi-regime burner (MRB), experiments have
been conducted on a new version of the Sydney hot-coflow burner, which includes thermal
insulation around the central jet to minimize heat transfer to the jet fluid upstream of the exit. Two
types of flames have been measured: 1) Lean premixed CH4/air jet flames into hot H2/air products
with temperature matching the adiabatic equilibrium temperature of the jet; 2) Rich CH4/air jets,
producing lifted partially-premixed flames. The first cases are analogous to the Sydney PPJB flames
(Dunn et al.) but with only two streams rather than three. The lifted flame conditions were selected
to emphasize either flame propagation or auto-ignition as the primary stabilization mechanism.
These data sets may be available before the next workshop.
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ƌ͘

dƐŝŶŐŚƵĂhŶŝǀĞƌƐŝƚǇ
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TNF2018 Workshop – Agenda
27 – 28 July 2018
Trinity College Conference Centre
Dublin, Ireland

Friday, July 27:

Morning (Davis Theatre)

8:00 – 8:45

Arrival and Badge Pick-up
Hang posters in designated locations

8:45 – 9:00

Introduction and Announcements
(Rob Barlow)

9:00 – 10:30

Sydney Compositionally Inhomogeneous Flame Comparisons
(Coordinators: Benoît Fiorina, Michael Mueller)

10:30 – 11:00

Coffee Break (Poster Session)

11:00 – 12:00

Cambridge Stratified Swirl Flame Comparisons
(Coordinators: Andreas Kempf, Benoît Fiorina, Eray Inanc)

12:00 – 13:00

Modeling of CO
(Coordinators: Benoît Fiorina, Andreas Kempf)

13:00 – 14:00

Buffet Lunch (Dining Hall)

Friday, July 27:

Afternoon (Davis Theatre) Joint Session of the TNF and PTF
Workshops on Highly Turbulent Premixed Flames

14:00 – 15:00

Structure and dynamics of highly turbulent flames
(Coordinators: Peter Hamlington, Adam Steinberg)

15:00 – 16:00

Modeling of highly turbulent flames
(Coordinators: Matthias Ihme, Luc Vervisch)

16:00 – 16:30

Coffee Break (Poster Session)

16:30 – 17:30

Needs for further improvements
(Coordinators: Evatt Hawkes, Jeff Sutton)

18:00 –22:00

Poster Session and Reception (Dining Hall)

18:45–

Fork Supper (Dining Hall)
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TNF2018 Workshop – Agenda
27 – 28 July 2018
Trinity College Conference Centre
Dublin, Ireland

Saturday, July 28:

Burke Theatre for the 1st Session

8:30 – 10:00

Joint Session with ISF: Linkages between sooting and soot-free
turbulent flames
(Coordinators: Bassam Dally, Michael Mueller)

10:00 – 10:30

Coffee Break (Poster Session)
Davis Theatre

10:30 – 11:45

Enclosed Flames and Elevated Pressure 1:
Model GT Combustors and Diagnostics for High Pressure
(Coordinators: Wolfgang Meier, Christoph Arndt)

11:45 – 13:00

Enclosed Flames and Elevated Pressure 2:
FLOX and MILD Combustion
(Coordinators: Wolfgang Meier, Christoph Arndt)

13:00 – 14:00

Buffet Lunch (Dinning Hall)

14:00 – 15:30

Flame-Wall Interactions
(Coordinators: Andreas Dreizler, Johannes Janicka)

15:30 – 16:00

Coffee Break (Poster Session)

16:00 – 17:00

Multi-mode combustion: Combustion Mode analysis, measurement
and modelling
(Coordinator: Rob Gordon)

17:00 – 17:30

Final Discussion, Action Items, and Planning
(Coordinators: Rob Barlow, Andreas Dreizler)

17:30

Adjourn

18:45

Dinner Meeting of the TNF Organizing Committee and Session
Coordinators at The Church, Junction of Mary St & Jervis St, Dublin.
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^ǇĚŶĞǇŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ&ůĂŵĞƐ
ŽŽƌĚŝŶĂƚŽƌƐ͗ĞŶŽŠƚ&ŝŽƌŝŶĂ͕DŝĐŚĂĞůDƵĞůůĞƌ

dŚĞŽďũĞĐƚŝǀĞŽĨƚŚŝƐƐĞƐƐŝŽŶǁĂƐƚŽĐŽŵƉĂƌĞƌĞĐĞŶƚƐŝŵƵůĂƚŝŽŶƐŽĨƚŚĞ^ǇĚŶĞǇĐŽŵƉŽƐŝƚŝŽŶĂůůǇ
ŝŶŚŽŵŽŐĞŶĞŽƵƐƉŝůŽƚĞĚĨůĂŵĞƐĂŶĚƐƵƌǀĞǇƉƌŽŐƌĞƐƐƐŝŶĐĞƚŚĞůĂƐƚtŽƌŬƐŚŽƉ͘dŚĞďƵƌŶĞƌŐĞŽŵĞƚƌǇ
ĐŽŶƐŝƐƚƐŽĨƚǁŽĐŽŶĐĞŶƚƌŝĐƚƵďĞƐƐƵƌƌŽƵŶĚĞĚďǇĂƉŝůŽƚĂŶŶƵůƵƐĂŶĚĂĐŽͲĨůŽǁŝŶŐĂŝƌƐƚƌĞĂŵ͘/ŶƚŚĞ
ĐŽŶĨŝŐƵƌĂƚŝŽŶĐŽŶƐŝĚĞƌĞĚŝŶƚŚĞtŽƌŬƐŚŽƉ͕ƚŚĞĐĞŶƚƌĂůƚƵďĞŝƐĨĞĚǁŝƚŚĨƵĞůĂŶĚƚŚĞĐŽŶĐĞŶƚƌŝĐ
ĂŶŶƵůƵƐĨĞĚǁŝƚŚĂŝƌ͘ƐŝŶŐůĞĐĞŶƚƌĂůƚƵďĞƌĞĐĞƐƐĚŝƐƚĂŶĐĞŽĨϳϱŵŵǁĂƐĐŽŶƐŝĚĞƌĞĚǁŝƚŚƚǁŽďƵůŬ
ũĞƚǀĞůŽĐŝƚŝĞƐŽĨϱϵŵͬƐĂŶĚϴϬŵͬƐǁŝƚŚǀĂƌǇŝŶŐĚĞŐƌĞĞƐŽĨůŽĐĂůĞǆƚŝŶĐƚŝŽŶ;&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϱϳĂŶĚ
&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϴϬͿ͘ƚƚŚŝƐƌĞĐĞƐƐĚŝƐƚĂŶĐĞ͕ƚŚĞĨƵĞůͲĂŝƌŵŝǆƚƵƌĞĞǆŝƚŝŶŐƚŚĞďƵƌŶĞƌŚĂƐŚŝŐŚĚĞŐƌĞĞƐ
ŽĨĐŽŵƉŽƐŝƚŝŽŶŝŶŚŽŵŽŐĞŶĞŝƚǇƌĞƐƵůƚŝŶŐŝŶƉƌĞŵŝǆĞĚĐŽŵďƵƐƚŝŽŶŶĞĂƌƚŚĞŶŽǌǌůĞĞǆŝƚŝŶƚŚĞǀŝĐŝŶŝƚǇ
ŽĨƚŚĞƉŝůŽƚƚƌĂŶƐŝƚŝŽŶƚŽŶŽŶƉƌĞŵŝǆĞĚĐŽŵďƵƐƚŝŽŶĚŽǁŶƐƚƌĞĂŵ͘^ƵĐŚŵŝǆĞĚŵŽĚĞĐŽŵďƵƐƚŝŽŶ
ƉƌŽĐĞƐƐĞƐĂƌĞǀĞƌǇŵƵĐŚƌĞƉƌĞƐĞŶƚĂƚŝǀĞŽĨƉƌĂĐƚŝĐĂůĐŽŵďƵƐƚŝŽŶƐǇƐƚĞŵƐĂŶĚƉŽƐĞĂƐŝŐŶŝĨŝĐĂŶƚ
ĐŚĂůůĞŶŐĞĨŽƌĐŽŵďƵƐƚŝŽŶŵŽĚĞůǀĂůŝĚĂƚŝŽŶ͕ƉĂƌƚŝĐƵůĂƌůǇŵŽĚĞůƚŚĂƚƉƌĞƐĐƌŝďĞĂƉƌŝŽƌŝƚŚĞĂƐǇŵƉƚŽƚŝĐ
ŵŽĚĞŽĨĐŽŵďƵƐƚŝŽŶ͘

dŚĞƐĞƐƐŝŽŶĐŽŶƐŝƐƚĞĚŽĨĨŽƵƌŵĂũŽƌƉĂƌƚƐ͘&ŝƌƐƚ͕ĂďƌŝĞĨŽǀĞƌǀŝĞǁŽĨƚŚĞďƵƌŶĞƌǁĂƐƉƌĞƐĞŶƚĞĚ͘
^ĞĐŽŶĚ͕ĂŶƵƉĚĂƚĞŽŶƚŚĞĞǆƉĞƌŝŵĞŶƚĂůŵĞĂƐƵƌĞŵĞŶƚƐǁĂƐƉƌĞƐĞŶƚĞĚŝŶĐůƵĚŝŶŐĂĐŽŵƉĂƌŝƐŽŶŽĨ
ƉƌĞǀŝŽƵƐĚĂƚĂƐĞƚƐĂƐǁĞůůĂƐŶĞǁŵĞĂƐƵƌĞŵĞŶƚƐĂƚƚŚĞhŶŝǀĞƌƐŝƚǇŽĨ^ǇĚŶĞǇĨŽƌŶŽŶͲƌĞĂĐƚŝŶŐĨůŽǁƐ
ŵĂĚĞƚŽĚŝƌĞĐƚůǇĂĚĚƌĞƐƐĂŶƵŵďĞƌŽĨŵŽĚĞůŝŶŐŝƐƐƵĞƐŝĚĞŶƚŝĨŝĞĚĂƚƚŚĞůĂƐƚtŽƌŬƐŚŽƉĂƐƐŽĐŝĂƚĞĚ
ǁŝƚŚƉƌĞĚŝĐƚŝŽŶƐŽĨƚŚĞŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶĨŝĞůĚ͘dŚŝƌĚ͕ĐŽŵƉĂƌŝƐŽŶƐŽĨŵŝǆŝŶŐŝŶďŽƚŚƚŚĞŶŽŶͲƌĞĂĐƚŝŶŐ
ĨůŽǁĂŶĚƌĞĂĐƚŝŶŐĨůŽǁƐǁĞƌĞƉƌĞƐĞŶƚĞĚĂŶĚƌĞŵĂŝŶŝŶŐŵŽĚĞůŝŶŐĐŚĂůůĞŶŐĞƐŝĚĞŶƚŝĨŝĞĚ͘&ŝŶĂůůǇ͕
ĚĞƚĂŝůĞĚĨůĂŵĞƐƚƌƵĐƚƵƌĞĐŽŵƉĂƌŝƐŽŶƐǁĞƌĞŵĂĚĞ͘

ƚƚŚĞƉƌĞǀŝŽƵƐtŽƌŬƐŚŽƉ͕ƐŝŐŶŝĨŝĐĂŶƚǀĂƌŝĂŶĐĞǁĂƐŽďƐĞƌǀĞĚŝŶĐŽŵƉƵƚĂƚŝŽŶĂůƉƌĞĚŝĐƚŝŽŶƐŽĨƚŚĞ
ŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶĨŝĞůĚ͕ĞǀĞŶǁŝƚŚƚŚĞƵƐĞŽĨĂĐŽŵŵŽŶŝŶĨůŽǁďŽƵŶĚĂƌǇĐŽŶĚŝƚŝŽŶƉƌŽǀŝĚĞĚďǇ
WƌŝŶĐĞƚŽŶĨŽƌĂůůĐĂƐĞƐ͘dŽĂŝĚŝŶƵŶĚĞƌƐƚĂŶĚŝŶŐƚŚŝƐǀĂƌŝĂŶĐĞ͕ƚŚĞhŶŝǀĞƌƐŝƚǇŽĨ^ǇĚŶĞǇĐŽŶĚƵĐƚĞĚĂŶ
ĞǆƉĂŶƐŝǀĞĞǆƉĞƌŝŵĞŶƚĂůĐĂŵƉĂŝŐŶĨŽƌŶŽŶͲƌĞĂĐƚŝŶŐĨůŽǁƐ͘dǁŽŶŽŶͲƌĞĂĐƚŝŶŐĐŽŶĨŝŐƵƌĂƚŝŽŶƐǁĞƌĞ
ĐŽŶƐŝĚĞƌĞĚ͗Ă͞ĐŽůĚ͟ĨƵĞůͬĂŝƌĐŽŶĨŝŐƵƌĂƚŝŽŶǁŝƚŚĂŶƵŶůŝƚĨƵĞůͬĂŝƌƉŝůŽƚĂŶĚĂ͞ŚŽƚ͟ĂŝƌͬĂŝƌ
ĐŽŶĨŝŐƵƌĂƚŝŽŶǁŝƚŚĂůŝƚĨƵĞůͬĂŝƌƉŝůŽƚ͘DƵůƚŝƉůĞƌĞĐĞƐƐĚŝƐƚĂŶĐĞƐĂŶĚũĞƚǀĞůŽĐŝƚŝĞƐǁĞƌĞŵĂĚĞ
ĂǀĂŝůĂďůĞ͘&ŽƌďŽƚŚƚŚĞ͞ĐŽůĚ͟ĂŶĚ͞ŚŽƚ͟ŶŽŶͲƌĞĂĐƚŝŶŐĐŽŶĨŝŐƵƌĂƚŝŽŶƐ͕ĐŽŵƉƵƚĂƚŝŽŶĂůƌĞƐƵůƚƐǁĞƌĞ
ĂďůĞƚŽƌĞƉƌŽĚƵĐĞƚŚĞŵĞĂŶĂŶĚĨůƵĐƚƵĂƚŝŶŐƐƚƌĞĂŵǁŝƐĞǀĞůŽĐŝƚǇƉƌŽĨŝůĞƐ͕ĂŶĚƚŚĞǀĂƌŝĂŶĐĞŝŶƚŚĞ
ƉƌĞĚŝĐƚŝŽŶƐŽĨƚŚĞŵĞĂŶƉƌŽĨŝůĞƐǁĞƌĞƐŝŐŶŝĨŝĐĂŶƚůǇƐŵĂůůĞƌďĞƚǁĞĞŶƚŚĞŐƌŽƵƉƐĨŽƌƚŚĞŶŽŶͲƌĞĂĐƚŝŶŐ
ĐĂƐĞƐƚŚĂŶĨŽƌƚŚĞƌĞĂĐƚŝŶŐĐĂƐĞƐ͕ĞǀĞŶǁŚĞŶƵƐŝŶŐƚŚĞĞǆĂĐƚƐĂŵĞďŽƵŶĚĂƌǇĐŽŶĚŝƚŝŽŶƐ͘^ƵďƐĞƋƵĞŶƚ
ĂŶĂůǇƐŝƐďǇƚŚĞWƌŝŶĐĞƚŽŶŐƌŽƵƉƌĞǀĞĂůĞĚƚŚĂƚƚŚĞƉŝůŽƚͲĐŽĨůŽǁŵŝǆŝŶŐǁĂƐǀĞƌǇĚŝĨĨĞƌĞŶƚďĞƚǁĞĞŶƚŚĞ
ƚŚƌĞĞĐŽŶĨŝŐƵƌĂƚŝŽŶƐ͘/ŶƚŚĞ͞ĐŽůĚ͟ŶŽŶͲƌĞĂĐƚŝŶŐĐŽŶĨŝŐƵƌĂƚŝŽŶ͕ƚŚĞĐŽĨůŽǁƌĂƉŝĚůǇŵŝǆĞƐǁŝƚŚƚŚĞůŽǁ
ŵŽŵĞŶƚƵŵͲĨůƵǆƉŝůŽƚ͘/ŶƚŚĞ͞ŚŽƚ͟ŶŽŶͲƌĞĂĐƚŝŶŐĐŽŶĨŝŐƵƌĂƚŝŽŶ͕ƚŚĞĐŽĨůŽǁŵŝǆĞƐƐŝŐŶŝĨŝĐĂŶƚůǇƐůŽǁĞƌ
ǁŝƚŚƚŚĞŚŝŐŚŵŽŵĞŶƚƵŵͲĨůƵǆƉŝůŽƚ͕ďƵƚƚŚĞWƌŝŶĐĞƚŽŶ>^ƌĞǀĞĂůĞĚƚŚĂƚƚŚĞƉŝůŽƚͲĐŽĨůŽǁƐŚĞĂƌůĂǇĞƌ
ƌĞŵĂŝŶĞĚůĂŵŝŶĂƌŝŶƚŚĞŶĞĂƌͲĨŝĞůĚ͘ŽŶǀĞƌƐĞůǇ͕ŝŶƚŚĞƌĞĂĐƚŝŶŐĐŽŶĨŝŐƵƌĂƚŝŽŶ͕ƚŚĞƉŝůŽƚͲĐŽĨůŽǁƐŚĞĂƌ
ůĂǇĞƌďĞĐŽŵĞƐƵŶƐƚĂďůĞ͕ƋƵĂůŝƚĂƚŝǀĞůǇĐŽŶƐŝƐƚĞŶƚǁŝƚŚƚŚĞĞǆƉĞƌŝŵĞŶƚĂůŵĞĂƐƵƌĞŵĞŶƚƐ;Ğ͘Ő͕͘ZD^
ƚĞŵƉĞƌĂƚƵƌĞĂŶĚŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶͿďƵƚŶŽƚƋƵĂŶƚŝƚĂƚŝǀĞůǇĐŽƌƌĞĐƚŝŶĂŶǇ>^ĐŽŶƚƌŝďƵƚŝŽŶ͕ǁŝƚŚĂůů>^
ĐŽŶƚƌŝďƵƚŝŽŶƐƚĞŶĚŝŶŐƚŽƵŶĚĞƌƉƌĞĚŝĐƚƚŚĞďƌĞĂŬĚŽǁŶŽĨƚŚŝƐƐŚĞĂƌůĂǇĞƌ͘dŚĞĞǆƉĞƌŝŵĞŶƚĂůƌĞƐƵůƚƐ
ŝŶĚŝĐĂƚĞŚŝŐŚƐĞŶƐŝƚŝǀŝƚǇŽĨďůŽǁͲŽĨĨƚŽƉŝůŽƚĐŽŶĚŝƚŝŽŶƐ͕ǁŚŝĐŚŝƐƉĞƌŚĂƉƐƌĞůĂƚĞĚƚŽƚŚĞƉŝůŽƚͲĐŽĨůŽǁ
ƐŚĞĂƌůĂǇĞƌƐƚĂďŝůŝƚǇ͘dŚĞŝŶĨůƵĞŶĐĞŽĨƚŚĞƉƌĞĚŝĐƚĞĚƐƚĂďŝůŝƚǇŽĨƚŚĞƉŝůŽƚͲĐŽĨůŽǁƐŚĞĂƌůĂǇĞƌŽŶƚŚĞ
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ǀĂƌŝĂŶĐĞďĞƚǁĞĞŶƚŚĞĐŽŵƉƵƚĂƚŝŽŶƐĂŶĚĚŝƐĐƌĞƉĂŶĐǇǁŝƚŚƚŚĞĞǆƉĞƌŝŵĞŶƚĂůŵĞĂƐƵƌĞŵĞŶƚƐĨŽƌƚŚĞ
ŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶƌĞŵĂŝŶƐĂŶŽƉĞŶƋƵĞƐƚŝŽŶ͘ŶƵŵďĞƌŽĨƐƵŐŐĞƐƚŝŽŶƐĨŽƌĨŽůůŽǁͲƵƉƐĞŶƐŝƚŝǀŝƚǇ
ĂŶĂůǇƐĞƐǁĂƐĚŝƐĐƵƐƐĞĚŝŶĐůƵĚŝŶŐƚƵƌďƵůĞŶĐĞŵŽĚĞůƐĂŶĚŐƌŝĚƌĞƐŽůƵƚŝŽŶ͘

ŶĂůǇƐŝƐŽĨƚŚĞĨůĂŵĞƐƚƌƵĐƚƵƌĞĐŽŵƉƵƚĞĚďǇĂůůŐƌŽƵƉƐƌĞǀĞĂůƐĚŝĨĨŝĐƵůƚǇŝŶƉƌĞĚŝĐƚŝŶŐƚŚĞ
ƚĞŵƉĞƌĂƚƵƌĞĨŝĞůĚ͕ĞƐƉĞĐŝĂůůǇĚŽǁŶƐƚƌĞĂŵŽĨƚŚĞƉŝůŽƚͲĐŽĨůŽǁƐŚĞĂƌůĂǇĞƌ͘'ĞŶĞƌĂůůǇ͕ƚŚĞĞǆƉĂŶƐŝŽŶ
ŽĨƚŚĞũĞƚŝƐŽǀĞƌƉƌĞĚŝĐƚĞĚ͕ũƵĚŐŝŶŐĨƌŽŵĨůŽǁƉƌŽĨŝůĞƐ͘dŚĞƌĞĂĐƚŝŶŐůĂǇĞƌƉŽƐŝƚŝŽŶŝƐǀĞƌǇƐĞŶƐŝƚŝǀĞƚŽ
ďŽƚŚĨƵĞůͲĂŝƌŵŝǆŝŶŐĂŶĚƚƵƌďƵůĞŶƚĐŽŵďƵƐƚŝŽŶ͕ƐŽŝĚĞŶƚŝĨŝĐĂƚŝŽŶŽĨƚŚĞĐĂƵƐĞŽĨƚŚĞĚŝƐĐƌĞƉĂŶĐŝĞƐ
ƚŚƌŽƵŐŚĂƐƚĂŶĚĂƌĚĐŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶĐŽŵƉƵƚĞĚĂŶĚŵĞĂƐƵƌĞĚƐĐĂůĂƌƌĂĚŝĂůƉƌŽĨŝůĞƐŝƐĚŝĨĨŝĐƵůƚĂƚ
ƚŚŝƐƉŽŝŶƚ͘dŽĂĚĚƌĞƐƐƚŚŝƐĐŚĂůůĞŶŐĞ͕ƐŝŵƵůĂƚŝŽŶƌĞƐƵůƚƐŚĂǀĞďĞĞŶƉŽƐƚͲƉƌŽĐĞƐƐĞĚƚŽĐŽŵƉƵƚĞƚŚĞ
tĂƐƐĞƌƐƚĞŝŶŵĞƚƌŝĐ͕ǁŚŝĐŚĞŶĂďůĞƐĂŵŽƌĞƋƵĂŶƚŝƚĂƚŝǀĞĐŽŵƉĂƌŝƐŽŶŽĨƐŝŵƵůĂƚŝŽŶƌĞƐƵůƚƐ͘
WƌĞůŝŵŝŶĂƌǇƌĞƐƵůƚƐĂŶĚĂŶĂůǇƐŝƐƐŚŽǁĐŽŶƐŝƐƚĞŶĐǇďĞƚǁĞĞŶƐŝŵƵůĂƚŝŽŶƌĞƐƵůƚƐ͕ďƵƚƚŚĞtĂƐƐĞƌƐƚĞŝŶ
ĂŶĂůǇƐŝƐƐŚŽƵůĚďĞĨƵƌƚŚĞƌĞǆƉůŽƌĞĚƚŽĂƐƐĞƐƐƚŚĞĂďŝůŝƚǇŽĨƚŚĞƐŝŵƵůĂƚŝŽŶƐƚŽƉƌĞĚŝĐƚŵƵůƚŝƉůĞ
ĐŽŵďƵƐƚŝŽŶƌĞŐŝŵĞƐ͘

ŽŵƉĂƌĞĚƚŽƚŚĞũŽŝŶƚƐƚƵĚǇĐŽŶĚƵĐƚĞĚƚǁŽǇĞĂƌƐĂŐŽĂƚƚŚĞƉƌĞǀŝŽƵƐtŽƌŬƐŚŽƉ͕ĂĐŽŶǀĞƌŐĞŶĐĞ
ďĞƚǁĞĞŶƚŚĞƐŝŵƵůĂƚŝŽŶƐŝƐŽďƐĞƌǀĞĚ͘/ŶĚĞĞĚ͕ƚŚĞƌĞŝƐůĞƐƐĚŝƐƉĞƌƐŝŽŶďĞƚǁĞĞŶƚŚĞĐŽŵƉƵƚĂƚŝŽŶĂů
ƌĞƐƵůƚƐ͕ďƵƚƚŚĞĚŝĨĨĞƌĞŶĐĞďĞƚǁĞĞŶƚŚĞƐŝŵƵůĂƚŝŽŶƐĂŶĚƚŚĞĞǆƉĞƌŝŵĞŶƚĂůĚĂƚĂƐĞĞŵƐƚŽŚĂǀĞ
ƌĞĂĐŚĞĚĂŶĂƐǇŵƉƚŽƚĞ͘dŚĞŵŽĚĞůŝŶŐĞǆĞƌĐŝƐĞŝƐŝŶĚĞĞĚĚŝĨĨŝĐƵůƚďĞĐĂƵƐĞŽĨƚŚĞŶƵŵďĞƌŽĨƉŚǇƐŝĐĂů
ĐŚĂůůĞŶŐĞƐƚŽŽǀĞƌĐŽŵĞŝŶƚŚŝƐƉĂƌƚŝĐƵůĂƌĐŽŶĨŝŐƵƌĂƚŝŽŶ͗ŵƵůƚŝƉůĞĐŽŵďƵƐƚŝŽŶƌĞŐŝŵĞƐ͕ŵƵůƚŝƉůĞ
ƐƚƌĞĂŵƐ͕ƐŚĞĂƌůĂǇĞƌŝŶƐƚĂďŝůŝƚŝĞƐ͕ƚƵƌďƵůĞŶĐĞ͕ĞƚĐ͘/ƚŚĂƐďĞĞŶĐŽŶĐůƵĚĞĚƚŚĂƚƚŚĞŶĞǆƚĞĨĨŽƌƚŽŶƚŚŝƐ
ĐŽŶĨŝŐƵƌĂƚŝŽŶƐŚŽƵůĚĨŽĐƵƐŽŶĂŶĂůǇǌŝŶŐĞǆŝƐƚŝŶŐƌĞƐƵůƚƐǁŝƚŚƚŚĞŽďũĞĐƚŝǀĞŽĨǁƌŝƚŝŶŐĂũŽŝŶƚƉĂƉĞƌ
ǁŝƚŚĐŽŶƚƌŝďƵƚŽƌƐǁŚŽĂƌĞŝŶƚĞƌĞƐƚĞĚ͘/ƚŚĂƐďĞĞŶĂůƐŽƐƵŐŐĞƐƚĞĚƚŽĂĚĚĨŽƌƚŚĞŶĞǆƚdE&ĂŶĞǁ
ĐŽŶĨŝŐƵƌĂƚŝŽŶŝŶƚŚŝƐƐĞƐƐŝŽŶǁŚŝĐŚĞůŝŵŝŶĂƚĞƐƐŽŵĞƉŚĞŶŽŵĞŶĂƚŚĂƚǁĞĚŽŶŽƚǁŝƐŚƚŽĨŽĐƵƐŽŶƐŽ
ǁĞĐĂŶĨƵƌƚŚĞƌŝŶǀĞƐƚŝŐĂƚĞŵƵůƚŝͲŵŽĚĞĐŽŵďƵƐƚŝŽŶŝƐƐƵĞƐ͘ŶŝŶƚĞƌĞƐƚŝŶŐĐĂŶĚŝĚĂƚĞĐŽƵůĚďĞƚŚĞ
DƵůƚŝZĞŐŝŵĞƵƌŶĞƌĐƵƌƌĞŶƚůǇďĞŝŶŐŝŶǀĞƐƚŝŐĂƚĞĚďǇdhĂƌŵƐƚĂĚƚ͘
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^ǇĚŶĞǇŽŵƉŽƐŝƚŝŽŶĂůůǇ
/ŶŚŽŵŽŐĞŶĞŽƵƐ&ůĂŵĞ
ĞŶŽŠƚ&ŝŽƌŝŶĂ
DϮ>ĂďŽƌĂƚŽƌǇ
ĞŶƚƌĂůĞ^ƵƉĠůĞĐ

DŝĐŚĂĞů͘DƵĞůůĞƌ
ĞƉĂƌƚŵĞŶƚŽĨDĞĐŚĂŶŝĐĂůĂŶĚĞƌŽƐƉĂĐĞŶŐŝŶĞĞƌŝŶŐ
WƌŝŶĐĞƚŽŶhŶŝǀĞƌƐŝƚǇ

/ŶƚĞƌŶĂƚŝŽŶĂůtŽƌŬƐŚŽƉŽŶDĞĂƐƵƌĞŵĞŶƚĂŶĚŽŵƉƵƚĂƚŝŽŶŽĨdƵƌďƵůĞŶƚ&ůĂŵĞƐ
ƵďůŝŶ͕/ƌĞůĂŶĚ
:ƵůǇϮϳ͕ϮϬϭϴ

KƵƚůŝŶĞ
 KƵƚůŝŶĞŽĨ^ĞƐƐŝŽŶ
±
±
±
±
±
±
±
±
±

KǀĞƌǀŝĞǁŽĨƵƌŶĞƌ;DƵĞůůĞƌͿ
dĂƌŐĞƚĂƐĞƐ;DƵĞůůĞƌͿ
EĞǁǆƉĞƌŝŵĞŶƚĂůĂƚĂ;DƵĞůůĞƌͿ
ŽŵƉƵƚĂƚŝŽŶĂůŚĂůůĞŶŐĞƐǁŝƚŚDŝǆŝŶŐ;DƵĞůůĞƌͿ
ŽŵƉƵƚĂƚŝŽŶĂůŽŶƚƌŝďƵƚŝŽŶƐ;&ŝŽƌŝŶĂͿ
ŽŵƉƵƚĂƚŝŽŶĂůŽŵƉĂƌŝƐŽŶƐ;&ŝŽƌŝŶĂͿ
ŽŵƉƵƚĂƚŝŽŶĂůŽŵƉĂƌŝƐŽŶƐ͗tĂƐƐĞƌƐƚĞŝŶ;/ŚŵĞͿ
^ƵŵŵĂƌǇĂŶĚŽŶĐůƵƐŝŽŶƐ;&ŝŽƌŝŶĂͿ
ŝƐĐƵƐƐŝŽŶ;&ŝŽƌŝŶĂͬDƵĞůůĞƌͿ
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ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 KǀĞƌǀŝĞǁŽĨƵƌŶĞƌϭ͕Ϯ͕ϯ
 &ƵĞů͗,ϰ
 WŝůŽƚ;ϱ'WͿ͗Ϯ,Ϯ͕,Ϯ͕KϮ͕EϮ͕ĂŝƌƚŽŵĂƚĐŚƚŚĞͬ,
ƌĂƚŝŽĂŶĚĞƋƵŝůŝďƌŝƵŵƚĞŵƉĞƌĂƚƵƌĞŽĨŵĞƚŚĂŶĞ

['

± 'ĞŽŵĞƚƌŝĐĂůůǇƐŝŵŝůĂƌƚŽƉƌĞǀŝŽƵƐ^ǇĚŶĞǇƉŝůŽƚĞĚ
ďƵƌŶĞƌƐ

± ZĂƚŚĞƌƚŚĂŶŚŽŵŽŐĞŶĞŽƵƐĨƵĞůĂŝƌŵŝǆƚƵƌĞŝŶƚŚĞ
ĐĞŶƚƌĂůũĞƚ͕ĂŝƌĂŶĚĨƵĞůĂŶĚŝŶũĞĐƚĞĚƚŚƌŽƵŐŚĂŶ
ŝŶŶĞƌũĞƚĂŶĚĂŶŶƵůƵƐǁŝƚŚŝŶƚŚĞďƵƌŶĞƌŶŽǌǌůĞ

/U

 ŵƉŚĂƐŝƐŽŶƚŚĞĨƵĞůŝŶũĞĐƚĞĚŝŶƚŚĞŝŶŶĞƌũĞƚĂŶĚ
ĂŝƌŝŶũĞĐƚĞĚŝŶƚŚĞĂŶŶƵůƵƐ;&:Ϳ
 DĞĂƐƵƌĞŵĞŶƚƐĂůƐŽĂǀĂŝůĂďůĞǁŝƚŚĂŝƌŝŶũĞĐƚĞĚŝŶ
ŝŶŶĞƌũĞƚĂŶĚĨƵĞůŝŶũĞĐƚĞĚŝŶƚŚĞĂŶŶƵůƵƐ;&Ϳ &RIORZ $LU3LORW$LU

)XHO &+

ϭ^͘DĞĂƌĞƐ͕s͘E͘WƌĂƐĂĚ͕'͘DĂŐŶŽƚƚŝ͕Z͘^͘ĂƌůŽǁ͕͘Z͘DĂƐƌŝ͕WƌŽĐ͘ŽŵďƵƐƚ͘/ŶƐƚ͘ϯϱ;ϮϬϭϰͿϭϰϳϳͲϭϰϴϰ
ϮZ͘^͘ĂƌůŽǁ͕^͘DĞĂƌĞƐ͕'͘DĂŐŶŽƚƚŝ͕,͘ƵƚĐŚĞƌ͕͘Z͘DĂƐƌŝ͕ŽŵďƵƐƚ͘&ůĂŵĞϭϵϮ;ϮϬϭϱͿϯϱϭϲͲϯϱϰϬ
ϯ,͘ƵƚĐŚĞƌ͕Z͘^͘ĂƌůŽǁ͕'͘DĂŐŶŽƚƚŝ͕͘Z͘DĂƐƌŝ͕WƌŽĐ͘ŽŵďƵƐƚ͘/ŶƐƚ͘ϯϲ;ϮϬϭϳͿϭϳϯϳͲϭϳϰϱ

ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
± ZĞĐĞƐƐĚŝƐƚĂŶĐĞŽĨŝŶŶĞƌƉŝƉĞĐĂŶďĞǀĂƌŝĞĚƚŽ
ƌĂŶŐĞĨƌŽŵŶŽƉƌĞŵŝǆŝŶŐƚŽŝŶŚŽŵŽŐĞŶĞŽƵƐ
ƉƌĞŵŝǆŝŶŐƚŽŚŽŵŽŐĞŶĞŽƵƐƉƌĞŵŝǆŝŶŐ

['

 KǀĞƌǀŝĞǁŽĨƵƌŶĞƌ

 ŵƉŚĂƐŝƐŽŶŝŶŚŽŵŽŐĞŶĞŽƵƐƉƌĞŵŝǆŝŶŐ
&ƵĞůͬŝƌDŝǆƚƵƌĞĂƚEŽǌǌůĞǆŝƚ
YF
/U

>ƌ сϬŵŵ

>ƌ сϳϱŵŵ

>ƌ сϯϬϬŵŵ
&RIORZ $LU
$LU )XHO &+
3LORW
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ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 KǀĞƌǀŝĞǁŽĨƵƌŶĞƌ

>ƌϳϱ
ǆͬсϮϬ

± ŶŚĂŶĐĞŵĞŶƚŽĨůŽǁͲKĨĨsĞůŽĐŝƚǇ

>ƌϯϬϬ
ǆͬсϮϬ

EŽŶƉƌĞŵŝǆĞĚ
ŽŵďƵƐƚŝŽŶ

ǆͬсϭ

WƌĞŵŝǆĞĚ
ŽŵďƵƐƚŝŽŶ

ǆͬсϭ

ܼ

 DĂǆŝŵƵŵƐƚĂďŝůŝƚǇĂƚŝŶƚĞƌŵĞĚŝĂƚĞƌĞĐĞƐƐĚŝƐƚĂŶĐĞǁŝƚŚŝŶŚŽŵŽŐĞŶĞŝƚǇ
ďƵƚŽŶůǇŝŶ&:ĐŽŶĨŝŐƵƌĂƚŝŽŶ
 ƚƚƌŝďƵƚĞĚƚŽƐƚŽŝĐŚŝŽŵĞƚƌŝĐŵŝǆƚƵƌĞƐĂŶĚƐƵďƐĞƋƵĞŶƚƉƌĞŵŝǆĞĚ
ĐŽŵďƵƐƚŝŽŶĂĚũĂĐĞŶƚƚŽƚŚĞƉŝůŽƚ

ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 EŽŵĞŶĐůĂƚƵƌĞ

&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϱϳ
ŽŶĨŝŐƵƌĂƚŝŽŶ
&:с&ƵĞůŝŶĞŶƚƌĂů:Ğƚ
&сŝƌŝŶĞŶƚƌĂů:Ğƚ

:ĞƚƵůŬsĞůŽĐŝƚǇ;ŵͬƐͿ

ĞŶƚƌĂůŝƌͲ&ƵĞůsŽůƵŵĞ
&ůŽǁZĂƚĞZĂƚŝŽ

ZĞĐĞƐƐŝƐƚĂŶĐĞ;ŵŵͿ

WŝůŽƚ
ϯ'WсdŚƌĞĞͲ'ĂƐ
ϱ'Wс&ŝǀĞͲ'ĂƐ
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8SGDWHVRQWKH6\GQH\3LORWHG
,QKRPRJHQHRXV%XUQHU
H. Cutcher1, R.S. Barlow2, A.R. Masri1

6FKRRORI$HURVSDFH0HFKDQLFDODQG0HFKDWURQLF(QJLQHHULQJ7KH

8QLYHUVLW\RI6\GQH\16:$XVWUDOLD
6DQGLD1DWLRQDO/DERUDWRULHV/LYHUPRUH&$86$

 ,QWHUQDWLRQDO:RUNVKRSRQ0HDVXUHPHQWV
DQG&RPSXWDWLRQV RI7XUEXOHQW)ODPHV 71)

'XEOLQ,UHODQG-XO\±

5DPDQ5D\OHLJK/,)'DWDVHW6XPPDU\
7KUHHGDWDVHWVQRZDYDLODEOH
¾ ,*3

¾ ,*3
¾ ,*3
'DWDVHWV,*3DQG,*3KDYHSUHYLRXVO\EHHQDYDLODEOH
VHSDUDWHO\DQGSURYLGHGWHPSHUDWXUHDQGPDMRUVSHFLHVPDVVIUDFWLRQ
FROOHFWHGXVLQJDȝPGDWDVSDFLQJDWD[LDOORFDWLRQV [' 
DQG 
'DWDVHW,*3FRQVLVWVRQQHZPHDVXUHPHQWVRQWKHVDPHILYHIODPHV
DVVHHQLQ,*3EXWXVLQJDȝPGDWDVSDFLQJZLWKPHDVXUHPHQWV
DWWKUHHDGGLWLRQDOD[LDOORFDWLRQV [' DQG 
DQGLQFOXGHVPHDVXUHPHQWVRIWKUHHGLPHQVLRQDOVFDODUGLVVLSDWLRQUDWHVLQ
DGGLWLRQWRWHPSHUDWXUHDQGFRPSRVLWLRQ
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5DPDQ5D\OHLJK/,)'DWDVHW6XPPDU\
7KUHHGDWDVHWGHWDLOV
/ϮϬϭϯͲϯ'W
&ϮϬϬͲϯ'WͲ>ƌϭϬϬͲϴϮ
&:ϮϬϬͲϯ'WͲ>ƌϯϬϬͲϴϮ
&:ϮϬϬͲϯ'WͲ>ƌϭϬϬͲϴϮ
&:ϮϬϬͲϯ'WͲ>ƌϭϬϬͲϭϭϱ
&:ϮϬϬͲϯ'WͲ>ƌϭϬϬͲϭϯϵ
/ϮϬϭϯͲϱ'W
&ϮϬϬͲϱ'WͲ>ƌϳϱͲϰϱ
&:ϮϬϬͲϱ'WͲ>ƌϯϬϬͲϱϵ
&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϱϳ
&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϴϬ
&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϭϬϯ
/ϮϬϭϱͲϱ'W
&ϮϬϬͲϱ'WͲ>ƌϳϱͲϰϱ
&:ϮϬϬͲϱ'WͲ>ƌϯϬϬͲϱϵ
&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϱϳ
&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϴϬ
&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϭϬϯ

>ƌ;ŵŵͿ
ϭϬϬ
ϯϬϬ
ϭϬϬ
ϭϬϬ
ϭϬϬ

hũ;ŵͬƐͿ
ϴϮ
ϴϮ
ϴϮ
ϭϭϱ
ϭϯϵ

hũ ͬhďŽ
Ϭ͘ϵϰ
Ϭ͘ϳϴ
Ϭ͘ϱϳ
Ϭ͘ϴϬ
Ϭ͘ϵϳ

ZĞ
ϯϴϯϬϬ
ϯϴϯϬϬ
ϯϴϯϬϬ
ϱϯϲϬϬ
ϲϱϬϬϬ

ZĞƐ;ȝŵͿ
ϭϬϬ
ϭϬϬ
ϭϬϬ
ϭϬϬ
ϭϬϬ

ǆͬ
ϭ͕ϱ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕ϱ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕ϱ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕ϱ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕ϱ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ

ϳϱ
ϯϬϬ
ϳϱ
ϳϱ
ϳϱ

ϰϱ
ϱϵ
ϱϳ
ϴϬ
ϭϬϯ

Ϭ͘ϳϬ
Ϭ͘ϳϬ
Ϭ͘ϱϬ
Ϭ͘ϳϬ
Ϭ͘ϵϬ

ϮϭϮϬϬ
ϮϳϲϬϬ
ϮϲϴϬϬ
ϯϳϱϬϬ
ϰϴϯϬϬ

ϭϬϬ
ϭϬϬ
ϭϬϬ
ϭϬϬ
ϭϬϬ

ϭ͕ϱ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕ϱ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕ϱ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕ϱ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕ϱ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ

ϳϱ
ϯϬϬ
ϳϱ
ϳϱ
ϳϱ

ϰϱ
ϱϵ
ϱϳ
ϴϬ
ϭϬϯ

Ϭ͘ϳϬ
Ϭ͘ϳϬ
Ϭ͘ϱϬ
Ϭ͘ϳϬ
Ϭ͘ϵϬ

ϮϭϮϬϬ
ϮϳϲϬϬ
ϮϲϴϬϬ
ϯϳϱϬϬ
ϰϴϯϬϬ

ϮϬ
ϮϬ
ϮϬ
ϮϬ
ϮϬ

ϭ͕Ϯ͕ϯ͕ϱ͕ϳ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕Ϯ͕ϯ͕ϱ͕ϳ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕Ϯ͕ϯ͕ϱ͕ϳ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕Ϯ͕ϯ͕ϱ͕ϳ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ
ϭ͕Ϯ͕ϯ͕ϱ͕ϳ͕ϭϬ͕ϭϮ͕ϭϱ͕ϮϬ͕ϯϬ



,*3DQG,*3&RPSDULVRQ






,QLWLDOO\WHPSHUDWXUH
SURILOHVDUHVLPLODU
ZKLOHWKHUHLVVRPH
YDULDWLRQLQPL[WXUH
IUDFWLRQSURILOHV
$VD[LDOGLVWDQFH
LQFUHDVHVVLJQLILFDQW
GLIIHUHQFHVLQWKH
WHPSHUDWXUHSURILOHV
DSSHDUZLWKWKH
IODPHVH[SHULHQFLQJ
JUHDWHUOHYHOVRIORFDO
H[WLQFWLRQ
'LIIHUHQFHVDUH
EHOLHYHGWRWKHUHVXOW
RIFKDQJHVWRPL[LQJ
XSVWUHDPRIWKH
EXUQHUH[LWIORZUDWH
PHWHULQJDQG
SRWHQWLDOFRIORZ
YDULDWLRQV
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1HZ/'90HDVXUHPHQWV
7ZRQHZVHWVRIIORZILHOGPHDVXUHPHQWVIURPWZRFRPSRQHQW/'9DUHQRZ
DYDLODEOH

¾ -HWPHDVXUHPHQWVLQVHOHFWHG*3IODPHV
&DVH

5HDFWLQJ
<HV
)-*3/U
1R
<HV
)-*3/U
1R
<HV
)-*3/U
1R

3LORW

*3

8S PV

/U P

8M PV





$LU&1* 





$LU&1* 





$LU&1* 



-HW&RPS

/RFDWLRQV ['

¾ %RXQGDU\FRQGLWLRQPHDVXUHPHQWVRIWKHSLORWVDQGFRIORZ
&DVH
*DV3LORW
*DV3LORW
&RIORZ

5HDFWLQJ
<HV
<HV
1R

3LORW
*3
*3


8S PV




/U P




8M PV




-HW&RPS /RFDWLRQV ['
$LU

$LU






1RQUHDFWLQJ-HW0HDVXUHPHQWV
1RQ5HDFWLQJ

 &HQWUHOLQHD[LDOYHORFLWLHVDUH
DSSUR[LPDWHO\WKHEXONMHW
YHORFLW\DW[' 
 $[LDOYHORFLW\SURILOHVRI)-
/UDQG)-/UDUH
VLPLODUGHVSLWHGLIIHUHQFHVLQ
PL[LQJSURILOH
 0HDQUDGLDOYHORFLWLHVDUH
DSSUR[LPDWHO\WZRRUGHUVRI
PDJQLWXGHORZHUWKDQWKHD[LDO
FRPSRQHQW
 5H\QROG¶VVWUHVVSHDNVDW[' 
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5HDFWLQJ-HW0HDVXUHPHQWV
5HDFWLQJ

 9HORFLW\SURILOHVDW[' 
DUHVLPLODUWRWKHLUQRQUHDFWLQJ
FRXQWHUSDUWV
 'HFD\RIPHDQD[LDOYHORFLW\LV
DSSUR[LPDWHO\OLQHDUZLWKD[LDO
GLVWDQFH
 5H\QROG¶VVWUHVVSHDNVDWDURXQG
[' ZKLFKFRUUHVSRQGVWRWKH
SHDNLQORFDOH[WLQFWLRQ
['§ 



3LORWDQG&RIORZ0HDVXUHPHQWV
 3LORWD[LDO
YHORFLW\SURILOHV
VKRZSHDNV
ZKLFK
FRUUHVSRQGZLWK
WKHORFDWLRQRI
SLORWKROHV
 6KHDUOD\HUZLWK
WKHMHW DV
LQGLFDWHGE\
5H\QROG¶VVWUHVV 
H[WHQGV
PPLQWRWKH
SLORW
 &RIORZ
ERXQGDU\OD\HULV
DSSUR[LPDWHO\
PPZLGH
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ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 ĂƐĞƐŽĨ/ŶƚĞƌĞƐƚ

± &ŽĐƵƐŽŶƚǁŽĐĂƐĞƐ͗&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϱϵĂŶĚ&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϴϬ
 sĂƌǇŝŶŐĚĞŐƌĞĞƐŽĨůŽĐĂůĞǆƚŝŶĐƚŝŽŶ

± DŝǆĞĚŵŽĚĞĐŽŵďƵƐƚŝŽŶĐŚĂůůĞŶŐŝŶŐƚŽƚŚĞŵŽĚĞůƐŝŶƚŚĞŶĞĂƌͲĨŝĞůĚ
ďƵƚ͞ƌĞůĂǆĞƐ͟ƚŽŶŽŶƉƌĞŵŝǆĞĚĐŽŵďƵƐƚŝŽŶĚŽǁŶƐƚƌĞĂŵ

ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 ^ŽŵĞ/ŶŝƚŝĂůŽŵƉƵƚĂƚŝŽŶĂůZĞƐƵůƚƐ
>ƌϳϱͲϱϳ

>ƌϳϱͲϴϬ

± KďƐĞƌǀĂƚŝŽŶ͗ǀĞŶŝĨĂƐŝŵƵůĂƚŝŽŶƵƐĞĚƚŚĞĐŽƌƌĞĐƚďŽƵŶĚĂƌǇĐŽŶĚŝƚŝŽŶ͕
ŵŝǆŝŶŐƚĞŶĚĞĚƚŽďĞƵŶĚĞƌƉƌĞĚŝĐƚĞĚĚŽǁŶƐƚƌĞĂŵ
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ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 ^ŽŵĞ/ŶŝƚŝĂůŽŵƉƵƚĂƚŝŽŶĂůZĞƐƵůƚƐ
>ƌϳϱͲϱϳ

>ƌϳϱͲϴϬ

± KďƐĞƌǀĂƚŝŽŶ͗dŚĞĨůƵĐƚƵĂƚŝŽŶƐŝŶƚĞŵƉĞƌĂƚƵƌĞ;ŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶͿĂƌĞ
ĐŽƌƌĞĐƚůǇƉƌĞĚŝĐƚĞĚŝŶƚŚĞƐŚĞĂƌůĂǇĞƌďĞƚǁĞĞŶƚŚĞũĞƚĂŶĚƚŚĞƉŝůŽƚďƵƚ
ŶŽƚďĞƚǁĞĞŶƚŚĞƉŝůŽƚĂŶĚƚŚĞĐŽĨůŽǁ
 ^ŚŝĨƚŝŶŵĂǆŝŵƵŵƚŽǁĂƌĚƚŚĞƉŝůŽƚ;ŝŶƐĞŶƐŝƚŝǀĞƚŽĞǀĞƌǇƚŚŝŶŐͿ
 'ĞŶĞƌĂůůǇƐŵĂůůĞƌŵĂŐŶŝƚƵĚĞ;ƐĞŶƐŝƚŝǀĞƚŽĞǀĞƌǇƚŚŝŶŐͿ

± tŚĂƚŝƐŐŽŝŶŐǁƌŽŶŐǁŝƚŚƚŚĞŵŝǆŝŶŐ͍

ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 dǁŽEĞǁEŽŶͲZĞĂĐƚŝŶŐĂƚĂ^ĞƚƐ
± ŽůĚWŝůŽƚ





sĞůŽĐŝƚǇ;>sͿ
&:ϮϬϬͲϱ'WͲ>ƌϯϬϬͲϱϵ
&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϱϳ
&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϴϬ

/U

&RIORZ $LU
$LU )XHO &1*
&ROG3LORW

± ,ŽƚWŝůŽƚ
 sĞůŽĐŝƚǇ;>sͿ
 &:ϮϬϬͲϱ'WͲ>ƌϯϬϬͲϱϵ
 &:ϮϬϬͲϱ'WͲ>ƌϳϱͲϴϬ

/U

± ŝŐƚŚĂŶŬƐƚŽƐƐĂĂĚ DĂƐƌŝ ŝŶƚƌƵĞdE&ƐƉŝƌŝƚ͊
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ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 ^ŽŵĞDŽƌĞŽŵƉƵƚĂƚŝŽŶĂůZĞƐƵůƚƐ
± ŽůĚWŝůŽƚ͗>ƌϳϱͲϱϳ

ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 ^ŽŵĞDŽƌĞŽŵƉƵƚĂƚŝŽŶĂůZĞƐƵůƚƐ
± ŽůĚWŝůŽƚ͗>ƌϳϱͲϴϬ
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ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 ^ŽŵĞDŽƌĞŽŵƉƵƚĂƚŝŽŶĂůZĞƐƵůƚƐ
± ,ŽƚWŝůŽƚ͗>ƌϳϱͲϴϬ

ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 ^ŽŵĞDŽƌĞŽŵƉƵƚĂƚŝŽŶĂůZĞƐƵůƚƐ
± ŽŶĐůƵƐŝŽŶ͗&ŽƌƚŚĞŵŽƐƚƉĂƌƚ͕ĂůůŽĨƚŚĞŵŽĚĞůƐĂƌĞĂďůĞƚŽĐĂƉƚƵƌĞ
ƚŚĞǀĞůŽĐŝƚǇĨŝĞůĚƐŝŶƚŚĞŶŽŶͲƌĞĂĐƚŝŶŐĨůŽǁƐǁŚĞƚŚĞƌƚŚĞƉŝůŽƚŝƐŚŽƚŽƌ
ĐŽůĚ;ƐŽŵĞĚĞƚĂŝůƐŶŽƚǁŝƚŚƐƚĂŶĚŝŶŐͿ͘
± tŚǇ͍
 dŚĞĂŶƐǁĞƌŵĂǇďĞŝŶƚŚĞƐƚĂďŝůŝƚǇŽĨƚŚĞƉŝůŽƚͲĐŽĨůŽǁƐŚĞĂƌůĂǇĞƌĂŶĚŝƚƐ
ƌĞƐƉŽŶƐĞƚŽƚŚĞŚĞĂƚƌĞůĞĂƐĞŝŶƚŚĞŵĂŝŶũĞƚ͘
 dŚĞŶĂƚƵƌĞŽĨƚŚŝƐƐŚĞĂƌůĂǇĞƌŝƐĚŝĨĨĞƌĞŶƚĨŽƌĞĂĐŚŽĨƚŚĞŶŽŶͲƌĞĂĐƚŝŶŐĐŽůĚ
ƉŝůŽƚ͕ŶŽŶͲƌĞĂĐƚŝŶŐŚŽƚƉŝůŽƚ͕ĂŶĚƌĞĂĐƚŝŶŐ͘
 dŚĞŵŽĚĞůƐĐĂŶĐĂƉƚƵƌĞƚŚĞĚŝĨĨĞƌĞŶĐĞƐďĞƚǁĞĞŶƚŚĞĐŽůĚĂŶĚŚŽƚƉŝůŽƚƐ
ďƵƚŽĨĐŽƵƌƐĞƐƚƌƵŐŐůĞǁŝƚŚƚŚĞƌĞĂĐƚŝŶŐĐĂƐĞ͙
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ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 WŝůŽƚͲŽĨůŽǁDŝǆŝŶŐ
± >^/ŵĂŐĞƐŽĨsĞůŽĐŝƚǇDĂŐŶŝƚƵĚĞ;WĞƌƌǇͬDƵĞůůĞƌͿ
EŽŶͲZĞĂĐƚŝŶŐ;ŽůĚWŝůŽƚͿ

EŽŶͲZĞĂĐƚŝŶŐ;,ŽƚWŝůŽƚͿ

 &ŽƌƚŚĞĐŽůĚƉŝůŽƚ͕ƚŚĞůŽǁĞƌŵŽŵĞŶƚƵŵĨůƵǆĚŽĞƐŶŽƚĂůůŽǁƚŚĞƉŝůŽƚƚŽ
ƉĞŶĞƚƌĂƚĞƚŚĞĐŽĨůŽǁ͕ƐŽƚŚĞƐŚĞĂƌůĂǇĞƌŝƐĚĞƐƚƌŽǇĞĚ͘
 &ŽƌƚŚĞŚŽƚƉŝůŽƚ͕ƚŚĞŚŝŐŚŵŽŵĞŶƚƵŵĨůƵǆĞƐƚĂďůŝƐŚĞƐĂƐƚĂďůĞƐŚĞĂƌůĂǇĞƌ͘

ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 WŝůŽƚͲŽĨůŽǁDŝǆŝŶŐ
± >^/ŵĂŐĞƐŽĨsĞůŽĐŝƚǇDĂŐŶŝƚƵĚĞ;WĞƌƌǇͬDƵĞůůĞƌͿ
EŽŶͲZĞĂĐƚŝŶŐ;,ŽƚWŝůŽƚͿ

ZĞĂĐƚŝŶŐ

 tŝƚŚƌĞĂĐƚŝŽŶƐ͕ƚŚĞƚŚĞƌŵĂůĞǆƉĂŶƐŝŽŶĨƌŽŵƚŚĞŚĞĂƚƌĞůĞĂƐĞƉƵƐŚĞƐƚŚĞ
ƐŚĞĂƌůĂǇĞƌŽƵƚ͕ĂŶĚŝƚďĞĐŽŵĞƐƵŶƐƚĂďůĞ͘
± ,ŽǁĞǀĞƌ͕ƐŝŶĐĞŵŝǆŝŶŐŝƐƵŶĚĞƌƉƌĞĚŝĐƚĞĚ͕ƚŚŝƐŝƐŶŽƚƵŶƐƚĂďůĞĞŶŽƵŐŚ͙
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ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 WŝůŽƚͲŽĨůŽǁDŝǆŝŶŐ
± >^/ŵĂŐĞƐŽĨsĞůŽĐŝƚǇDĂŐŶŝƚƵĚĞ;WĞƌƌǇͬDƵĞůůĞƌͿ
ZĞĂĐƚŝŶŐ;ƵůŬŽĨůŽǁͿ

ZĞĂĐƚŝŶŐ;ŽƵŶĚĂƌǇ>ĂǇĞƌͿ

 tĞƚƌŝĞĚĂŶƵŵďĞƌŽĨĚŝĨĨĞƌĞŶƚƚĞƐƚƐĂŶĚŚĂǀĞŶŽƚďĞĞŶĂďůĞƚŽŵĂŬĞƚŚĞ
ƐŚĞĂƌůĂǇĞƌďƌĞĂŬĚŽǁŶĨĂƐƚĞƌ͘
± &ŽƌĞǆĂŵƉůĞ͕ĂďŽƵŶĚĂƌǇůĂǇĞƌƉƌŽĨŝůĞŝŶƚŚĞĐŽĨůŽǁĂĐƚƵĂůůǇƐƚĂďŝůŝǌĞƐƚŚĞ
ƐŚĞĂƌůĂǇĞƌ͘

ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 WŝůŽƚͲŽĨůŽǁDŝǆŝŶŐ
± ǆƉĞƌŝŵĞŶƚĂůƐƚƵĚǇƚŽĂƐƐĞƐƐƐĞŶƐŝƚŝǀŝƚǇŽĨďůŽǁͲŽĨĨƚŽƉŝůŽƚĐŽŶĚŝƚŝŽŶƐϭ

± ^ŝŵŝůĂƌƐĞŶƐŝƚŝǀŝƚǇŽĨƚŚĞƐƚĂďŝůŝƚǇŽĨƚŚĞƉŝůŽƚͲĐŽĨůŽǁƐŚĞĂƌůĂǇĞƌ͍
± tŚĂƚŶĞĞĚƐƚŽďĞĐŚĂŶŐĞĚŝŶƚŚĞďŽƵŶĚĂƌǇĐŽŶĚŝƚŝŽŶƐŽƌƚŚĞŵŽĚĞůƚŽ
ĐĂƉƚƵƌĞƚŚĞĐŽƌƌĞĐƚŝŶƐƚĂďŝůŝƚǇĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ͍
 ^ĞŶƐŝƚŝǀŝƚǇƚŽƚŚĞƉŝůŽƚĐŽŵƉŽƐŝƚŝŽŶ͍

ϭd͘&͘'ƵŝďĞƌƚŝ͕,͘ƵƚĐŚĞƌ͕t͘>͘ZŽďĞƌƚƐ͕͘Z͘DĂƐƌŝ͕ŶĞƌŐǇ&ƵĞůƐϯϭ;ϮϬϭϳͿϮϭϮϴͲϮϭϯϳ
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ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 ǀĂŝůĂďŝůŝƚǇŽĨŽŵƉƵƚĞĚŽƵŶĚĂƌǇŽŶĚŝƚŝŽŶƐ
± ŽŵƉƵƚĂƚŝŽŶŽĨƚŚĞƐĞĨůĂŵĞƐĂĐƚƵĂůůǇƌĞƋƵŝƌĞƐƚŚƌĞĞ>^ĐĂůĐƵůĂƚŝŽŶƐ͗
)XOO\'HYHORSHG
3LSH$QQXOXV

7XUEXOHQW0L[LQJ7XEH

7XUEXOHQW)ODPH

/U[[03RLQWV

[[03RLQWV
ƌͬ: сϯϬ

[[
03RLQWV
3LORW

sĞůŽĐŝƚǇ;ŵͬƐͿ

Ύ

ϬϭϬϬ

Ϭϭ

dĞŵƉĞƌĂƚƵƌĞ;<Ϳ

ǆͬ: сϱϬ

ϯϬϬϮϮϬϬ

 tĞŚĂǀĞƐƚŽƌĞĚƚŚĞƵŶƐƚĞĂĚǇďŽƵŶĚĂƌǇĐŽŶĚŝƚŝŽŶƐĂƚƚŚĞĞŶĚŽĨƚŚĞ
͞ŵŝǆŝŶŐƚƵďĞ͟;ǀĞůŽĐŝƚǇĂŶĚŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶͿĨŽƌĂŶƵŵďĞƌŽĨĐĂƐĞƐ͕ĂŶĚ
ƚŚĞƐĞĂƌĞĨƌĞĞůǇĂǀĂŝůĂďůĞƚŽƐĂǀĞǇŽƵƚŚĞƚƌŽƵďůĞ͘
± ϭϬ͕ϬϬϬƚŝŵĞƐƚĞƉƐǁŝƚŚϬ͘ϮϱɊ ƐƉĂĐŝŶŐ;Ϯ͘ϱŵƐ ƚŽƚĂůͿ

ŽŵƉŽƐŝƚŝŽŶĂůůǇ/ŶŚŽŵŽŐĞŶĞŽƵƐ
 ǀĂŝůĂďŝůŝƚǇŽĨŽŵƉƵƚĞĚŽƵŶĚĂƌǇŽŶĚŝƚŝŽŶƐ
± ŽǁŶůŽĂĚůŝŶŬ͗
ŚƚƚƉƐ͗ͬͬĚƌŝǀĞ͘ŐŽŽŐůĞ͘ĐŽŵͬĚƌŝǀĞͬĨŽůĚĞƌƐͬϭŝKͺyŽZhŬϴϰĞŝK,y&ǌϰͲ
DŽŽ//ƐǀED^&Žŝ͍ƵƐƉсƐŚĂƌŝŶŐ
± ĂƐĞƐĂǀĂŝůĂďůĞ;ĨƵĞůͲĂŝƌĂŶĚĂŝƌͲĂŝƌͿ
 &:ϮϬϬͲϱ'WͲ>ƌϳϱͲϱϳ
 &:ϮϬϬͲϱ'WͲ>ƌϳϱͲϴϬ
 &:ϮϬϬͲϱ'WͲ>ƌϯϬϬͲϱϵ;ŶŽƚĞ͗ĂŝƌͲĂŝƌĨŽƌƚŚŝƐĐĂƐĞŝƐĐŽƌƌƵƉƚĞĚďƵƚĐĂŶďĞ
ƌĞŐĞŶĞƌĂƚĞĚŝĨĂŶǇŽŶĞŝƐŝŶƚĞƌĞƐƚĞĚͿ

± hƐĂŐĞ
 ĐŽĚĞƐĂǀĂŝůĂďůĞĨŽƌƌĞĂĚŝŶŐƚŚĞĚĂƚĂĂŶĚƚĞƐƚŝŶŐ
 KƚŚĞƌǁŝƐĞ͕ŶŽƌĞƐƚƌŝĐƚŝŽŶƐ;ũƵƐƚĐŝƚĞŽƵƌƉĂƉĞƌƐͿ

± ŽŶƚĂĐƚŵǇƐĞůĨĂŶĚDƌ͘ƌƵĐĞWĞƌƌǇǁŝƚŚĂŶǇƋƵĞƐƚŝŽŶƐ
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Piloted turbulent jet *ame with
inhomogeneous inlets
Model comparisons
Giampaolo Maio, Constantin Nguyen Van,
Benoît Fiorina
EM2C - CNRS
CentraleSupélec
University of Paris Saclay

Michael Mueller
Princeton University

Matthias Ihme
Stanford University
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Qing wang and
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and F. Zhang
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Hansinger and
Michael P:tzner

Ping Wang

Bruce Perry, Michael Mueller

Ivan Langella, Zhi
Chen

Giampaolo Maio and Benoît Fiorina

Martin Rieth and Andreas
Kempf.
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Inlet BC’s
  





 


7.5mm

18mm



Non reactive LES of the
mixing tube

  

Bruce A. Perry, Michael E. Mueller
2016 TNF Workshop

Reactive LES of the combustion chamber

COLD case A
Lr

300K

Coow

Coow
Pilot fresh
gases
(not ignited) Air

TNF14 Workshop

Fuel

Pilot fresh
gases
Air (not ignited)
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INERT HOT case B
Lr

300K
2220K

Coow

Coow
Pilot burnt
gases

Air
Air

Air

Pilot burnt
gases

REACTIVE case C
Lr

300K
2220K

Coow

Coow
Pilot burnt
gases

TNF14 Workshop
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Codes
Group
JIA

KIT

PRI

EM2C
STA

UBM

CAM

DUE

Code

Spatial scheme

temporal
scheme

Turbulence

Nb of Cells

2nd

2nd

Dyn. Samg.

5.25M

Unstructured

4th

2nd order
implicit

No

150M

Structured
(cylindrical)

2nd order
(momentum), 3rd
order WENO (scalars)

2nd order
semiimplicit

Dyn. Samg.

2.9M

Unstructured

4th

4th order
explicit

Wale

53M

structured

2nd

2nd

Dyn. Samg.

1M

Unstructured

2nd

2nd order
implicit

Wale / Keqn

4.5M

2nd order
implicit

Wale / Keqn

3.2M

3rd order
explicit

Dyn. Samg.

18M

Grid

type
LESOCC2C

Multibloc

Low Mach

Structured

Open Foam
Compressible
Low Mach
YALES2
Low Mach
3DA
Low Mach
Open Foam
Compressible
Open Foam
Compressible

2nd order CD
(momentum)

Unstructured

PsiPhi
Low Mach

2nd order TVD (scalars)

Structured

2nd order CDS (mom.)
2nd order TVD (scalars)

7

Models
Group

Turbulent
Combustion
Model

Chemistry

Group

Turbulent
Combustion
Model

Chemistry

JIA

Presumed FDF

Tab. Chem. (hybrid
flamelets - REDIM)

STA

FPV

Tab. Chem. (nonpremixed)

KIT

None

Skeletal (19
species)

UBM

Eulerian
Stochastic field

Skeletal (19
species)

Tab. Chem. (hybrid
premixed)

CAM

Presumed FDF

Tab. Chem. (hybrid
flamelets)

Tab. Chem.
(premixed)

DUE

Transport &
presumed FDF

skeletal &Tab.
Chem. (premixed)

PRI

EM2C

FPV
2 mixt. Pres. FDF

TFLES
 anal. model

8
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Main jet BC’s
Main jet

Group
JIA

Own mixing tube
simulation

KIT

Own mixing tube
simulation
Princeton data !

PRI

Princeton data

EM2C
STA

Own mixing tube
simulation

UBM

Own mixing tube
simulation

CAM

Own mixing tube
simulation
Princeton data

DUE

9

Flame con;gurations
Lr75-57

Group
COLD

EXPERIMENTS

U

INERT HOT

-

Lr75-80
REACTIVE
U, Z, T,
species

JIA

x

KIT

x

PRI

x

x

x

EM2C

COLD

INERT HOT

U

U

U, Z, T,
species

x

x

x

x

STA

REACTIVE

x

x

x

UBM

x

x

x

x

x

x

CAM

x

x

x

x

x

x

DUE

x

x

x

x

x

x

10
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Experimental data
Radial pro;les
Raman/Rayleigh
measurements

X/D = 30

Temperature (T)
Mixture fraction (Z)
YO2 - YCH4 - YCO2 - YH2O YN2 - YCO

X/D = 20
X/D = 15
X/D = 12
X/D = 10
X/D = 5
X/D = 1

X/D = 0
11

Mean and RMS radial pro:les

12
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FJ-5GP-Lr75-80
COLD
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NEW !
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Experiments
Measure

z [m.s−1 ] at 20 D
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z [m.s−1 ] at 5 D
M EAN U

z [m.s−1 ] at 1 D
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Lr75-80, COLD, mean axial velocity
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• Fair agreement
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• Inlet velocity mean pro8le not
retrieved ?
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z [m.s−1 ] at 10 D
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Measure
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NEW !
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z [m.s−1 ] at 20 D
RM S U

z [m.s−1 ] at 5 D
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z [m.s−1 ] at 1 D
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Lr75-80, COLD, RMS axial velocity
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• Turbulence quite well reproduced
at the inlet

16
12
8
4
0

0

3

6
9
r [mm]

12

15

15

M EAN Z [−] at 10 D

M EAN Z [−] at 1 D

Lr75-80, COLD, mean mixture fraction
0.60
0.45
0.30
0.15
0.00
3

6
9
r [mm]

12

CAM

0.45

EM2C

PRIN

0.30

UBM

UDE

0.15
0.00

15

0

M EAN Z [−] at 20 D

M EAN Z [−] at 5 D

0

Measure

0.60

0.60
0.45
0.30
0.15
0.00
0

3

6
9
r [mm]

12

15

3

6
9
r [mm]

12

15

• Deviation in the mixing
prediction
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Lr75-80, COLD, RMS mixture fraction
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RM S Z [−] at 1 D
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•Large dispersion of the
RMS, especially at X/D=1
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NEW !
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• Better consistency between
experiments
and simulation observed at X/D=1
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•Simulations performed with
a scalar in the air inner tube
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VS
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HOT INERT
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Mean mixture fraction
M EAN Z [−] at 5 D
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REACTING
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Lr75-57, REACT, mean mixture fraction
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Lr75-57, REACT, RMS mixture fraction
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Lr75-57, REACT, RMS temperature
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BULK Velocity
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mean axial velocity
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SO WHAT ?

Wasserstein metric

40
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TNF convergence
study

41

Lr75-80, REACT, mean mixture fraction
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15

Conclusions
• Simulations have been consolidated since the last TNF: start to observe a
convergence of the simulations:
• less dispersion between numerical curves
• but the dierence between simulations and experiments seems to reach
an asymptote

45

Conclusions
• Objective of such 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
• State of the start is here somehow biased by
• the number of physical challenge to overcome (combustion regime,
multiple streams problem, shear layer instabilities, turbulence, etc. )
• strong uncertainties and sensitivities (geometrical, BC’s, mesh, numerics,
pilot composition )
• Should try to eliminate the physical phenomena that we do not want to focus
on -> +rstly virtually and then see how it could be addressed experimentally
46
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Thanks to the guys behind the plots !

Giampaolo Maio

Constantin Nguyen Van
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Johnson, R., Wu, H., and Ihme, M. (2017). A general probabilistic approach
for the quantitative assessment of LES combustion models. Combustion and Flame, 183, 88-101
Analysis tool available at: https://github.com/IhmeGroup/WassersteinMetricSample
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Institution

KIT

   

BW U Munich

Stanford

Cambridge

UJS

Princeton

4

5

6

Number

1

2

3

Code used

OpenFOAM &
Cantera

OpenFOAM &
Cantera

3DA (low-Mach
variable den.)

OpenFOAM

LESOCC2C

NGA (low-mach
compressible)

Mesh type,
and millions
of cells

150m hex,
unstructured

4.5m hex

0.2m,
structured

3.2m hex,
unstructured

5.25m,
structured

2.9m,
structured

Domain size
& Min.
resolution
[radial /
axial]

67D x 13D x 2
Tube inlet: -1D
10 / 75 microns

67D x 13D x 2
Tube inlet: -1D
30 / - Microns

20D x 20D x 2
Tube inlet: -1D
210 / - microns

50D x 15D x 15D
Tube inlet: 13.3D
60 / 130 microns

76D x 33.3D x
33.3D
Tube inlet: 14.7D
150 / 400 microns

50D x 32D x 2
Tube inlet: -1D
50 / - microns

Combustion
mechanism

19 species, 15
reactions
(reduced GRI 3.0
[1])

19 species, 15
reactions (reduced
GRI 3.0 [1])

GRI 3.0

GRI 3.0

GRI 3.0
2D REDIM
chemistry table
[Y_CO2, Y_N2]

GRI 3.0

Turbulence
and
combustion
models

FRC
DNS

Two simulations
1 / LES: WALE
(turbulence SGS),
Transported PDF (
ESF MC)
2/ RANS: k-eps, FPV
[not used]

LES with
dynamic
Smagorinsky,
beta PDF and
FPV

Les with
flamelet model,
presumed PDF
SGS: dynamic
model [2]

LES with dynamic
Smagorinsky and
presumed PDF
(CO2: clippedGaussian, N2:
Top-hat)

LES with
dynamic
Smagorisnky (like) model,
beta PDF and
FPV

Central jet
inlet
conditions

2 Separate LES &
DNS to prescribe
inlet at x/D = -1

Use data from KIT
and prescribe inlet
at x/D = -1

Use separate
simulation to
prescribe inlet
at x/D = -1

Synthetic eddy
method based
on RANS
prescribes inlet
at x/D = -13.3

Periodic
computation in
-14.7<x/D<-10.6

Use separate
simulation to
prescribe inlet
at x/D = -1
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Piloted turbulent jet ame with
inhomogeneous inlets
Conclusions & perspectives
Michael Mueller

Benoît Fiorina

Princeton University

EM2C - CNRS
CentraleSupélec
University of Paris Saclay

Matthias Ihme
Stanford University



Progress made since last TNF

• Very welcome update of 5ow measurement in non-reactive conditions
Experimental and numerical characterization of the 5ow and mixing in cold and hot-inert
•conditions
Shows a strong in5uence of the pilot stream 
Sensitivity analysis highlight the diculties to numerically predict the mixing

• Simulations have been consolidated 
 numerical results look consistent
 less dispersion between predictions
 the dierence between simulations and experiments reach an asymptote: 
 physical phenomena not related to combustion are not addressed
 strong sensibility to the boundary condition uncertainties, shear layer resolution,
2
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Outcome of this joined experimental-numerical
study

• Data post-processed for four con4gurations:
Velocity, mixture fraction, temperature and CO
• Mean and RMS radial pro4les
• Scatter plot
• Wasserstein metric
• Give a 4rst state of the art quite representative
tabulated-skeletal chemistry
structured - unstructured solver
presumed - transported PDF
etc.
3

What’s next ?
1. Should have a conclusion on this con4guration before the next TNF
consolidate the analysis by quantifying as much as possible the ability of the
simulations
to retrieve multiple combustion regime (with the Wasserstein
metric ?)

so we can illustrate the state of the art,
write a joined paper with contributors who are interested
2. Suggest to add for the next TNF a new con4guration in this session which: 

eliminates some phenomena that we wish not want to focus on (or we don’t
know
how to address)
 so we can further investigate multi mode combustion issues
4
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Multi-Regime Burner (MRB)
STFS/HDA/RSM/Sandia joint project,

•

experimental/numerical methods

Stabilize flames in confined region 

•

premixed/part. premixed/non-premixed

 multi-regime combustion model
Burner geometry

•

• Mixing of two fuel(methane)/air streams
directly at nozzle exit by large shear
 central jet (rich  NP)
 slot 1 (rich  NP)

• Stabilization by recirculation zone of a lean
third flow on a bluff body (slot 2)
• Slot 2: Movable block: addition of swirl
• Defined boundary conditions (temp-cntrl)
• Optical access for laser diagnostics
5

Darmstadt MRB – Raman/Rayleigh/LIF & GFRI

6
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Darmstadt MRB – Raman/Rayleigh/LIF & GFRI
MRB26,
equivalence ratios
2.6 / 0.0 / 0.8
Jet /Slot 1 / Slot 2
Sandia (Rob Barlow) Raman/Rayleigh/LIF & X-PLIF
Future: PIV/PLIF, more cases Raman/Rayleigh/1DOHLIF (DA)
Combustion regime identification  GFRI (S.
Hartl)

•
•
•

• applying CEMA, heat-release, Z,…
• 1D Raman/Rayleigh, samples along 6mm
• No pure premixed (PP), none-premixed and partially
premixed(PP) samples

7
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Update on Cambridge swirled flames
Coordinators: Benoit Fiorina, Andreas Kempf and Eray Inanc
There were two objectives of this session, i.) presenting new simulation results for the stratified
swirled burners investigated at Cambridge and Sandia and ii.) analyzing current CO models and
developing them further.
The swirl burner SwB [Sweeney et al. C&F 159:9, 2012] includes three concentric tubes in a laminar
co-flow, where the center of the tube is sealed with a ceramic cap (bluff-body) that minimizes heatlosses. The non-swirled configuration of this burner has been considered at TNF since 2012,
however, the swirled configuration is now considered for the first time. Similar to the non-swirled
variant, the swirled flame is stabilized by the recirculation of combustion products downstream of
the central bluff-body. The strong swirl increases the strength of recirculation.
Recently, Proch et al. [C&F 180, 2017] published first flame-resolved simulations of the non-stratified
and non-swirled case SwB1. The Connecticut and Duisburg groups presented their updated results
on this case. These results were in agreement with the Proch data and the other groups’ results. The
transported FDF model used by the Connecticut group included (partially implemented) differential
diffusion effects, whereas the Duisburg group applied a Monte-Carlo FDF method without
differential diffusion effects. Results from these advanced models showed no improvement over the
classical ATF/FGM approach.
For the swirled cases, five international groups contributed their own established techniques, i.) the
group of Zhao at the University of Connecticut, ii.) the group of van Oijen at Eindhoven, iii.) the
group of Parente at Bruxelles, iv.) the group of Fiorina at EM2C in Paris, and v.) the group of Kempf
at Duisburg-Essen. The results presented showed that the CO predictions in the swirled case are
problematic close to the burner, unlike for the non-swirled variant.
As demonstrated by the Duisburg group, the slow, almost laminar flow in the vast recirculation zone
(RZ) required a larger computational domain (due to the size of the RZ) and longer run-time (due to
the larger integral scales of the RZ) than for the non-swirled case. The group estimated that the
domain should be at least 175 mm wide and that the flame stabilized just after one and a half flow
through times of the slow co-flow. (It should be noted that these values depend on the initialization
strategy.)
The heat loss effects in this configuration were claimed to be low by the experimentalists. However,
it was expected that the enhanced RZ yielded more heat losses to the bluff-body in the swirled
variant than in the non-swirled case. Hence, predicting correct flame propagation speeds could be
difficult with adiabatic combustion models. Nevertheless, the contributed groups showed that the
main thermochemical properties of the fluid after three inner tube diameters were in good
agreement when using an adiabatic solver. AT TNF 14, the Paris group had demonstrated that there
was an effect of heat loss in the region next to the bluff-body. Considering this finding, a nonadiabatic model could possibly improve results very close to the burner, but this hypothesis was not
confirmed since no group used a non-adiabatic model.
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It was apparent that some of the contributed results suffered from small computational domains or
early sampling. Generally, the computed Reynolds-averaged mean major quantities, such as
momentum, equivalence ratio, temperature and mass fractions of CH4, O2, and CO2, agreed well
with the measurements slightly further downstream, whereas the spread angle of the swirled jet
was under-predicted. The same trend was observed for the root-mean square (RMS) values. Most of
the deviations, however, occurred close to the bluff-body. Contributors came to the conclusion that
the resolution and the settlement time of the RZ could cause these deviations.
As for the CO and H2 mass fractions, they were over-estimated close to the burner. The closest
agreement was obtained by a Monte-Carlo FDF method. The Duisburg-group also presented results
using an ATF/FGM model with the same boundary conditions and computational grid, but the
computationally more expensive Monte-Carlo technique provided a better agreement for most
quantities.
The Connecticut group presented the results of a transported FDF method that (partially) includes
differential diffusion effects. Where the results were quite impressive, a clear advantage over
simulations (from the same group) without differential diffusion was not observed. The Bruxelles
group showed two sets of simulation results, using a cylindrical and a Cartesian coordinate system
and grid. The radial system improved the results, however, corresponded grid size on the simulation
with Cartesian coordinates were too large to expect otherwise.
Larger deviations were observed for the stratified cases SwB7 and SwB11. The Duisburg group, as
the sole contributor, showed that the stratification can be predicted acceptably well by using FGM.
The stratified flames were also affected by the recirculated products, which yielded strong
deviations of the temperature fields near the bluff-body. Surprisingly, the predictions tended to get
better at downstream locations. It was observed that the locations close to the burner featured high
H2O, CO2 and CO concentrations, which could either be recirculated from downstream or diffused
from the thin flame brush.
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2YHUYLHZ6Z%
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7RPRJUDSK\RI&KHPLOXPLQHVFHQFH &7&
Experimental setup
 &&'FDPHUDVPRXQWHGRQDQDOXPLQLXPSODWH
ZLWKHTXLDQJXODUVSDFLQJRI
 6HQVRU ½LQFK6RQ\,&;E\SL[HOVRI
VL]HP
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The CTC
 &KHPLOXPLQHVFHQFHLPDJHVREWDLQHGIURPGLIIHUHQW
DQJOHVDURXQGWKHIODPH
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H[SHULPHQWV>@
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[2] J. Floyd, A. Kempf, Proc. Combust. Inst.
33, 2011
[3] R. Gordon, IEEE T. Nucl. Sci. 21, 1974
[4] K. Mohri, S. Görs, J. Schöler, A. Rittler,
T. Dreier, C. Schulz, A. Kempf, Appl. Optics
56, 2017
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2YHUYLHZ6Z%
QRQ6ZLUOHGQRVWUDWLILFDWLRQ

Contributions and their labels:
Experiments Sweeney et al. C&F 2012
„Quasi“-DNS Proch et al., C&F 2017
LES Proch et al., C&F 2017
• UDE - OF, Gruhlke et al., OpenFOAM
• UDE - SB, Baik et al., Hybrid FDF/Flamelet
• UCONN - ED, Türkeri et al., Trans. PDF - no Diff. Diffusion
• UCONN - DD, Türkeri et al., Trans. PDF - Diff. Diffusion



2YHUYLHZ6Z%
'16E\3URFKHWDO>& )@ PP

$[LDO9HORFLW\

7HPSHUDWXUH

0L[WXUHIUDFWLRQ
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2YHUYLHZ6Z%
'16E\3URFKHWDO>& )@ PP
(TXLYDOHQFHUDWLR



6Z%$[LDO9HORFLW\
0HDQ

Good agreement for
recirculation, Connecticut
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6Z%$[LDO9HORFLW\
506



6Z%(TXLYDOHQFH5DWLR

Differential diffusion

0HDQ

Too much spreading - UDE
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6Z%(TXLYDOHQFH5DWLR
506

A bit much spreading, UDE



6Z%7HPSHUDWXUH
0HDQ

Spreading
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6Z%7HPSHUDWXUH
506



6Z%&20DVV)UDFWLRQ
0HDQ

Good agreement in all
simulations!
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6Z%&20DVV)UDFWLRQ
506

Reasonable agreement in
all simulations



6Z%6Z%
&URVVHIIHFWVRIKHDWORVVHVDQGSUHIHUHQWLDOGLIIXVLRQ
RQWKH,QQHU5HFLUFXODWLRQ=RQH ,5= WHPSHUDWXUH

0HUFLHUHWDO3URF&RPE
,QVW
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6Z%&RQFOXVLRQV
 6Z%LVZHOOFDSWXUHGE\DOOJURXSV
 7KHUHLVQRUHDO&2LVVXHHYHQDWXSVWUHDPORFDWLRQV
 (TXLYDOHQFHUDWLRVDWWKHFHQWUHOLQHLVHYHQXQGHUSUHGLFWHGZKHUH
GLIIHUHQWLDOGLIIXVLRQZDVLQFOXGHG &RQQHWLFXW 
 6Z%FDQEHPRGHOHGDQGSUHGLFWHGZHOOEXWTXHVWLRQVUHPDLQ
 :KDWKDSSHQVIXUWKHUGRZQVWUHDP" 0L[LQJRIDLUUHDFWDQWV
DQGSURGXFWV
 :KDWKDSSHQVLQVWUDWLILHGFDVHV GRZQVWUHDPRI VWUDWLILFDWLRQ
]RQH"



6Z%
7KLVVZLUOIODPHLVFRVWO\WRVLPXODWH
/DUJHUHFLUFXODWLRQ]RQHELJGRPDLQ
6ORZUHFLUFXODWLRQORQJLQLWLDOLVDWLRQWRVWDWLVWLFDOO\FRQYHUJHGUHVXOWV
$VDUHVXOWPRVWSUHGLFWLRQVORRNIDUZRUVHWKDQIRU6Z%
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2YHUYLHZRI&DVHVZLWKODUJHVW6ZLUO1XPEHU
/(6E\(,QDQF PP

,VRVXUIDFH)ODPH)URQW

6Z%
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QRVWUDWLILFDWLRQ

ZHDNVWUDWLILFDWLRQ

KLJKVWUDWLILFDWLRQ



2YHUYLHZ6Z%
6ZLUOHGQRVWUDWLILFDWLRQ

Contributions and their legends:
Experiments Sweeney et al. C&F 2012
• UDE AF, Inanc et al., ATF/PFGM
• UDE OF, Gruhlke et al., OpenFOAM
• UDE SB, Baik et al., Hybrid FDF/Flamelet
• TUE, Karaca et al., FGM
• TUE - CO, Karaca et al., FGM/Transported CO
• UCONN - ED, Türkeri et al., Trans. PDF
• UCONN - DD, Türkeri et al., Trans. PDF/Diff. Diffusion
• EM2C - FWF, Nguyen et al., Tabulated Chem.
• EM2C - FOC, Nguyen et al., Filtered Optimised Chem.
• ULB - CY, Li et al., PSR - Cylindrical Mesh
• ULB - CB, Li et al., PSR - Cubic Mesh
,VRVXUIDFHRIUHDFWLRQUDWH6OLFHFRORUHGE\IUHVKJDV
HTXLYDOHQFHUDWLRIRUWKH6Z%FDVH



TNF14 Workshop

97

27-28 July 2018, Dublin, Ireland

2YHUYLHZ6Z%
/(6E\(,QDQF PP
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0HDQ

0HDQ

0HDQ





6Z%$[LDO9HORFLW\
0HDQ

Poor agreement near BCs

Now: OF-UDE not
spreading enough.
Sampling?
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6Z%$[LDO9HORFLW\
506

Sampling?

Sampling?



6Z%5DGLDO9HORFLW\
0HDQ
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6Z%5DGLDO9HORFLW\
506



6Z%7DQJHQWLDO9HORFLW\
0HDQ

Sampling?



TNF14 Workshop

100

27-28 July 2018, Dublin, Ireland

6Z%7DQJHQWLDO9HORFLW\
506



6Z%(TXLYDOHQFH5DWLR
0HDQ

Two „branches“ in
experiment

Effect of
recirculation

OF-DUE: lean
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6Z%(TXLYDOHQFH5DWLR
506

sampling?



6Z%7HPSHUDWXUH
0HDQ

Heat loss?
Radiative?

Temperature predictions are
consistent with species H2O,
CO2 concentrations (later)
Remember: OFDUE too lean

Heat loss? But not
to bluff body…
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6Z%7HPSHUDWXUH
506

Consistent: 
DUE, EM2C, UCONN



6Z%+20DVV)UDFWLRQ
0HDQ

Not all species with virtual
chemistry (EM2C)

Consistent with overpredicted
temperatures.
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6Z%+20DVV)UDFWLRQ
506



6Z%2
20DVV)UDFWLRQ
0HDQ

Consistent with overpredicted
temperatures.



TNF14 Workshop

104

27-28 July 2018, Dublin, Ireland

6Z%2
20DVV)UDFWLRQ
506



6Z%&+0DVV)UDFWLRQ
0HDQ
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6Z%&+0DVV)UDFWLRQ
506



6Z%&2
20DVV)UDFWLRQ
0HDQ

Consistent with overpredicted
temperatures. Recirculation of
unburned gas? Quenching?

Swirl increases turbulence level and mixing.
- Broken reaction zones?
- Very lean stratified combustion downstream?
- Good grid and model needed downstream!
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6Z%&2
20DVV)UDFWLRQ
506

Are these fluctuations relevant?
Recirculating inhomogeneous gas?



6Z%&20DVV)UDFWLRQ

CO transport

0HDQ
CO transport

Difference red/
green: FDF
(assumed/
transported)

Consistently good:
FDF-methods
(UCONN, DUE-FM)
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6Z%&20DVV)UDFWLRQ
506



Simulation of Cambridge SWB3 con$guration, EM2C
([SHULPHQWV
/(6ZLWK)LOWHUHG7DEXODWHG
&KHPLVWU\
)LOWHUHG3ODQDU)ODPHOHWV
)LOWHUHG:ULQNOHG)ODPHOHWV
Q 
)LOWHUHG:ULQNOHG)ODPHOHWV
Q 

R. Mercier, C. Mehl, B. Fiorina and V. Moureau. Submitted (2018)
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5HFLUFXODWLRQ=RQH
,QLWLDOL]DWLRQLVVXHVDQGVWDELOL]DWLRQGXUDWLRQ

$[LDO9HORFLW\

7HPSHUDWXUH

)ODPHTXHQFKHVDWPVQHDUWKHLQOHW

0L[WXUHIUDFWLRQ
Sufficient inhomogeneity
to explain deviations in
bluff body wake?



5HFLUFXODWLRQ=RQH
,QLWLDOLVDWLRQLVVXHVDQGVWDELOLVDWLRQGXUDWLRQ
8PV

 'LIIHUHQWLQLWLDOL]DWLRQLGHDVFRXOGVROYHWKLVLVVXH UHPDSSLQJHWF 
 PVLVQHHGHGWRDFKLHYHDVWDEOHIODPH
 5HFLUFXODWLRQ]RQHLVLPSRUWDQW
 7UDQVSRUWVFRIORZDLUWRWKHEOXIIERG\
 $ODUJHFRPSXWDWLRQDOGRPDLQLVQHHGHG
 +HDWORVVHVFRXOGEHLPSRUWDQWXSVWUHDP [PP 
 3RVVLEOHTXHQFKLQJ OHDQ GRZQVWUHDPPD\UHFLUFXODWHXQEXUQHGUHDFWDQWV
 2QO\SRVVLEOHZLWKRXWÄPLOG³FRPEXVWLRQLHODUJHXQPL[HGVWUXFWXUHV
ZRXOGKDYHWRUHFLUFXODWH%LJFKDOOHQJHIRUflowVLPXODWLRQ
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6Z%&RQFOXVLRQV
 6Z%LVUHDVRQDEO\FDSWXUHGE\PRVWJURXSV
 6Z%LVPRUHVHQVLWLYHIRU&2WKDQQRQ6ZLUOHG6Z%
 5HFLUFXODWLRQ]RQHQHHGVDODUJHFRPSXWDWLRQDOGRPDLQ
 6DPSOLQJVKRXOGVWDUWDIWHUWKHUHFLUFXODWLRQ]RQHEXLOGVXSZKLFKLV
ORQJHUWKDQIRU6Z%
 (TXLYDOHQFHUDWLRVDWWKHFHQWUHOLQHDUHDOVRXQGHUSUHGLFWHGZLWK
GLIIHUHQWLDOGLIIXVLRQLQFOXGHGPRGHODVLQ6Z%
 +HDWORVVHVQHDUWKHEOXIIERG\FRXOGEHDPRUHLPSRUWDQWLVVXHWKDQIRU
6Z%6ZLUOEULQJVPRUHDLULQWRWKHUHFLUFXODWLRQ]RQH
 /HDQTXHQFKLQJGRZQVWUHDP"5HFLUFXODWLRQRIXQEXUQHGUHDFWDQWV"


6Z%
6ZLUOHGZHDNVWUDWLILFDWLRQ

Contributions and their legends:
Experiments Sweeney et al. C&F 2012
• UDE AF, Inanc et al., ATF/PFGM
• UDE SB, Baik et al., Hybrid FDF/Flamelet

,VRVXUIDFHRIUHDFWLRQUDWH6OLFHFRORUHGE\IUHVKJDV
HTXLYDOHQFHUDWLRIRUWKH6Z%FDVH
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2YHUYLHZ6Z%
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0HDQ

0HDQ

0HDQ

0HDQ




6Z%$[LDO9HORFLW\
0HDQ
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6Z%$[LDO9HORFLW\
506



6Z%7DQJHQWLDO9HORFLW\
0HDQ
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6Z%7DQJHQWLDO9HORFLW\
506



6Z%(TXLYDOHQFH5DWLR
0HDQ
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6Z%7HPSHUDWXUH
0HDQ



6Z%&2
20DVV)UDFWLRQ
0HDQ
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6Z%&20DVV)UDFWLRQ
0HDQ

Insufficient initialization?
(Too rich)



6Z%&RQFOXVLRQV

 6Z%LVUHDVRQDEO\FDSWXUHG
 ,VVXHVDERXW&2LQVWUDWLILHGFDVHVSHUVLVWDQGDUHPRUHYLVLEOH
 5HFLUFXODWLRQ]RQHLVVXHVSHUVLVW
 $EHWWHU)')RIWKHFRPEXVWLRQPRGHOFOHDUO\KHOSV
 8QLW\/HZLVQXPEHUDVVXPSWLRQFRXOGEHSUREOHPDWLF
PHQWLRQHGPRUHGHWDLOHGO\LQ6Z%
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6Z%
6ZLUOHGKLJKVWUDWLILFDWLRQ

Contributions and their legends:
Experiments Sweeney et al. C&F 2012
• UDE AF, Inanc et al., ATF/PFGM
• UDE SB, Baik et al., Hybrid FDF/Flamelet

,VRVXUIDFHRIUHDFWLRQUDWH6OLFHFRORUHGE\IUHVKJDV
HTXLYDOHQFHUDWLRIRUWKH6Z%FDVH



2YHUYLHZ6Z%
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0HDQ

0HDQ

0HDQ

0HDQ
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6Z%$[LDO9HORFLW\
0HDQ



6Z%$[LDO9HORFLW\
506
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6Z%7DQJHQWLDO9HORFLW\
0HDQ



6Z%7DQJHQWLDO9HORFLW\
506
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6Z%(TXLYDOHQFH5DWLR
0HDQ

Longer initialization
needed?



6Z%7HPSHUDWXUH
0HDQ

Consistent with equivalence
ratio.
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6Z%&2
20DVV)UDFWLRQ
0HDQ

Good agreement
downstream!



6Z%&2
20DVV)UDFWLRQ
506

Reasonable
agreement
downstream.
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6Z%&20DVV)UDFWLRQ
0HDQ

Poor agreement.
In spite of accurate
temperatures, CO2!



/HZLVQXPEHU
3UREOHPVLQULFKPL[WXUHV

ϕ

6Z%

6Z%

6Z%

')UHHIODPHVLPXODWLRQ 6Z%

&DQWHUD

&DQWHUD

)ODPHVSHHGVVWDUWWRGLIIHUIRUULFKHUPL[WXUHV ϕ
!
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/HZLVQXPEHU
3UREOHPVLQULFKPL[WXUHV

0L[WXUH)UDFWLRQRYHUPV

6Z%
/H 

6Z%
/H 

6Z%
4XDVL0XOWL/H



/HZLVQXPEHU
3UREOHPVLQULFKPL[WXUHV

7HPSHUDWXUHRYHUPV

6Z%
/H 
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6Z%&RQFOXVLRQV

 3UREDEO\VWURQJ/HZLVQXPEHUHIIHFWV
 $PRGHOWKDWLQFOXGHVGLIIHUHQWLDOGLIIXVLRQFRXOGEHYHU\XVHIXO



3URJUHVVIURP71)
&DPEULGJH)ODPH

 1HZFDVHV VZLUOHG 
 )RFXVRQVSHFLHVFRQFHQWUDWLRQ
 0RUHFRQWULEXWLRQV
 $GYDQFHGFRPEXVWLRQPRGHOV
 %XWORQJUXQWLPHIRUVRPHIODPHVOHDGVWRTXHVWLRQDEOHFRQYHUJHQFH
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6SHFLDO$FNQRZOHGJHPHQW

7KDQN\RXIRU\RXUDWWHQWLRQ
0DQ\WKDQNVWR(UD\,QDQFIRUJDWKHULQJDQGSORWWLQJWKHGDWD
%LJWKDQNVWR0U$OYLQ6XUMDQDZKRVSHQWPDQ\KRXUVWRSURFHVVDOORIWKLVGDWD
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blank
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DŽĚĞůŝŶŐKŝŶƚƵƌďƵůĞŶƚĨůĂŵĞƐ

'ŝĂŵƉĂŽůŽDĂŝŽ͕ŽŶƐƚĂŶƚŝŶEŐƵǇĞŶsĂŶ͕ŶĚƌĞĂƐ<ĞŵƉĨ͕ZŽďĞƌƚĂƌůŽǁĂŶĚĞŶŽŠƚ&ŝŽƌŝŶĂ


dŚĞŽďũĞĐƚŝǀĞƐŽĨƚŚŝƐƐĞƐƐŝŽŶĂƌĞƚŽĚŝƐĐƵƐƐĂŶĚŝůůƵƐƚƌĂƚĞŝƐƐƵĞƐƌĞůĂƚŝǀĞƚŽƚŚĞƉƌĞĚŝĐƚŝŽŶŽĨ
K ŝŶ >ĂƌŐĞ ĚĚǇ ^ŝŵƵůĂƚŝŽŶ ŽĨ ƚƵƌďƵůĞŶƚ ĨůĂŵĞƐ͘  Ǉ ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ ƚŚĞ ƚĞŵƉĞƌĂƚƵƌĞ Žƌ
ŵĂũŽƌƐƉĞĐŝĞƐŵĂƐƐĨƌĂĐƚŝŽŶƐ͕ƚŚĞKƉƌĞĚŝĐƚŝŽŶŝƐŵŽƌĞƐĞŶƐŝƚŝǀĞƚŽƚŚĞŵŽĚĞůŝŶŐŽĨĚĞƚĂŝůĞĚ
ĐŽŵďƵƐƚŝŽŶĐŚĞŵŝƐƚƌǇĂŶĚƚŽƚŚĞƐƵďŐƌŝĚƐĐĂůĞĨůĂŵĞǁƌŝŶŬůŝŶŐŵŽĚĞůŝŶŐ͘dŚŝƐŝƐƐƉĞĐŝĨŝĐƚŽ
ƚŚĞǁŝĚĞƌĂŶŐĞŽĨƚŝŵĞƐĐĂůĞƐĐŽǀĞƌĞĚďǇƚŚĞKĐŚĞŵŝƐƚƌǇ͘dŽĞƐƚĂďůŝƐŚĂƐƚĂƚĞͲŽĨͲƚŚĞͲĂƌƚŽĨ
KŵŽĚĞůŝŶŐŝŶƚƵƌďƵůĞŶƚĨůĂŵĞƐ͕ƚŚĞƚŚƌĞĞĨŽůůŽǁŝŶŐƚĂƌŐĞƚĨůĂŵĞƐĂƌĞƐĞůĞĐƚĞĚ͗

Ͳ dŚĞWƌĞĐĐŝŶƐƚĂĐŽŵďƵƐƚŝŽŶĐŚĂŵďĞƌ͘dŚĞƌĞƚĂŝŶĞĚĐŽŶĨŝŐƵƌĂƚŝŽŶĐŽƌƌĞƐƉŽŶĚƐƚŽƚŚĞ
ƐƚĂďůĞƌĞŐŝŵĞǁŝƚŚĂŶĞƋƵŝǀĂůĞŶĐĞƌĂƚŝŽĞƋƵĂůƚŽϬ͘ϴϯ

Ͳ dŚĞ ĂŵďƌŝĚŐĞ ƐƚƌĂƚŝĨŝĞĚ ďƵƌŶĞƌ ^ǁϯ ĐŽŶĨŝŐƵƌĂƚŝŽŶ ;ĚĞƚĂŝůĞĚ ŝŶ dE& ƐĞƐƐŝŽŶ
͞ĂŵďƌŝĚŐĞƐǁŝƌůĞĚĨůĂŵĞƐ͟Ϳ

Ͳ dŚĞ /ŶŚŽŵŽŐĞŶĞŽƵƐ ŝŶůĞƚ ďƵƌŶĞƌ͕ ĂůƐŽ ŝŶǀĞƐƚŝŐĂƚĞĚ ǁŝƚŚŝŶ ƚŚĞ ͞^ǇĚŶĞǇ
ŽŵƉŽƐŝƚŝŽŶĂůůǇ /ŶŚŽŵŽŐĞŶĞŽƵƐ &ůĂŵĞƐ͟ dE& ƐĞƐƐŝŽŶ͘ ŽƚŚ &:ϮϬϬͲϱ'WͲ>ƌϳϱͲϱϳ ĂŶĚ
&:ϮϬϬͲϱ'WͲ>ƌϳϱͲϴϬŽƉĞƌĂƚŝŶŐĐŽŶĚŝƚŝŽŶƐĂƌĞƌĞƚĂŝŶĞĚ͘

dŚĞ ƐĞƐƐŝŽŶ ĐŽŶƐŝƐƚƐ ŽĨ ƚŚƌĞĞ ŵĂũŽƌ ƉĂƌƚƐ͘  &ŝƌƐƚ Ă ƐŚŽƌƚ ƌĞǀŝĞǁ ŽĨ ĞǆƉĞƌŝŵĞŶƚĂů ŝƐƐƵĞƐ ŝŶ
ŵĞĂƐƵƌŝŶŐKŚĂƐďĞĞŶƉƌĞƐĞŶƚĞĚ͘dŚĞŶĂĚŝƐĐƵƐƐŝŽŶŽŶŵŽĚĞůŝŶŐĐŚĂůůĞŶŐĞƐƚŽƉƌĞĚŝĐƚK
ĨŽƌŵĂƚŝŽŶŝŶƚƵƌďƵůĞŶƚĨůĂŵĞƐŚĂƐďĞĞŶƉƌŽƉŽƐĞĚ͘&ŝŶĂůůǇ͕ƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚŝŶĐŽŵƉƵƚŝŶŐ
ƚŚĞƚŚƌĞĞƚĂƌŐĞƚƐĨůĂŵĞŚĂǀĞďĞĞŶƉƌĞƐĞŶƚĞĚĂŶĚĂŶĂůǇǌĞĚ͘

&Žƌ ŵŽƐƚ ŽĨ ƚŚĞ dE& ƚĂƌŐĞƚ ĨůĂŵĞƐ ŝŶǀĞƐƚŝŐĂƚĞĚ Ăƚ ^ĂŶĚŝĂ͕ K ŝƐ ŵĞĂƐƵƌĞĚ ďŽƚŚ ďǇ ZĂŵĂŶ
ƐĐĂƚƚĞƌŝŶŐ ĂŶĚďǇƚǁŽͲƉŚŽƚŽŶ>/&͘ K>/&ŵĞĂƐƵƌĞŵĞŶƚƐĂƌĞůĞƐƐĂĨĨĞĐƚĞĚďǇŚǇĚƌŽĐĂƌďŽŶ
ĨůƵŽƌĞƐĐĞŶĐĞŝŶƚĞƌĨĞƌĞŶĐĞĂŶĚĐĂŶǇŝĞůĚŚŝŐŚĞƌƉƌĞĐŝƐŝŽŶ;ůŽǁĞƌŶŽŝƐĞͿ͕ĞƐƉĞĐŝĂůůǇĂƚůŽǁK
ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ͘  ,ŽǁĞǀĞƌ͕ ƚŚĞ K ZĂŵĂŶ ŵĞĂƐƵƌĞŵĞŶƚƐ ĂƌĞ ĐŽŶƐŝĚĞƌĞĚ ŵŽƌĞ ƌĞůŝĂďůĞ ŝŶ
ĨůĂŵĞƐ ǁŝƚŚ ůŽǁ ůĞǀĞůƐ ŽĨ ĨůƵŽƌĞƐĐĞŶĐĞ ŝŶƚĞƌĨĞƌĞŶĐĞ͕ ƐƵĐŚ ĂƐ ůĞĂŶ ƉƌĞŵŝǆĞĚ Žƌ ƐƚƌĂƚŝĨŝĞĚ
ĨůĂŵĞƐ͕ ĚƵĞ ƚŚĞ ůŝŶĞĂƌŝƚǇ ĂŶĚ ƌĞůĂƚŝǀĞ ƐŝŵƉůŝĐŝƚǇ ŽĨ ƚŚĞ ZĂŵĂŶ ƚĞĐŚŶŝƋƵĞ͘  dŚĞ ƐĂŵĞ
ĐĂůŝďƌĂƚŝŽŶ ŵĞƚŚŽĚƐ ŚĂǀĞ ďĞĞŶ ƵƐĞĚ ĨŽƌ ďŽƚŚ ƚĞĐŚŶŝƋƵĞƐ ŽǀĞƌ ƚŚĞ ƉĂƐƚ ƚǁĞŶƚǇ ǇĞĂƌƐ͕ ƐŽ
ƚŚĞƌĞƐŚŽƵůĚďĞƌĞĂƐŽŶĂďůĞĐŽŶƐŝƐƚĞŶĐǇĂĐƌŽƐƐĚŝĨĨĞƌĞŶƚĚĂƚĂƐĞƚƐ͘

dŚƌŽƵŐŚƚŚĞĂŶĂůǇƐŝƐŽĨĐĂŶŽŶŝĐĂůƉůĂŶĂƌĂŶĚǁƌŝŶŬůĞĚĨůĂŵĞĐŽŶĨŝŐƵƌĂƚŝŽŶƐ͕ƚŚĞƉƌĞƐĞŶƚĂƚŝŽŶ
ƚŚĞŶ ŚŝŐŚůŝŐŚƚĞĚ ƚŚĞ ŐƌĞĂƚ ƐĞŶƐŝďŝůŝƚǇ ŽĨ ƚŚĞ K ĨŽƌŵĂƚŝŽŶͬĐŽŶƐƵŵƉƚŝŽŶ ƚŽ ƚŚƌĞĞ ƉŚǇƐŝĐĂů
ƉŚĞŶŽŵĞŶĂ͗ŝͿƚŚĞĨůĂŵĞĞŶƚŚĂůƉǇ;ŽƌŚĞĂƚ ůŽƐƐĞƐͿ͕ ŝŝͿ ƚŚĞĨůĂŵĞ ƌĞŐŝŵĞƐ;ƉƌĞŵŝǆĞĚ͕ŶŽŶͲ
ƉƌĞŵŝǆĞĚ͕ ƐƚƌĂƚŝĨŝĞĚ͕ ĞƚĐ͘Ϳ  ŝŝŝͿ ƚŚĞ ƐƵďŐƌŝĚ ƐĐĂůĞ ĨůĂŵĞ ǁƌŝŶŬůŝŶŐ͘  Ŷ ĂĐĐƵƌĂƚĞ ƉƌĞĚŝĐƚŝŽŶ ŽĨ
ƚŚĞKĨŽƌŵĂƚŝŽŶƌĞƋƵŝƌĞƐĂĨŝŶĞĚĞƐĐƌŝƉƚŝŽŶŽĨĂůůƚŚĞƐĞƉŚĞŶŽŵĞŶĂ͘ĂĐŚŽĨƚŚĞƐĞŝƐƐƵĞƐ
ĂƌĞŝůůƵƐƚƌĂƚĞĚŽŶƚŚĞƚŚƌĞĞƚĂƌŐĞƚĨůĂŵĞƐ͘

dŚĞ WƌĞĐĐŝŶƐƚĂ ĐŽŵďƵƐƚŽƌ͕ ĞǆƚĞŶƐŝǀĞůǇ ƐƚƵĚŝĞĚ ŝŶ ĂŶ >^ ĐŽŶƚĞǆƚ͕ ŝƐ ŚĞƌĞ ŝŶǀĞƐƚŝŐĂƚĞĚ ďǇ
ƚŚƌĞĞ ŐƌŽƵƉƐ͗ DϮ͕ KZ/ ĂŶĚ :ŝĂŶƐŐƵ hŶŝǀĞƌƐŝƚǇ͘  ůů ƐŝŵƵůĂƚŝŽŶƐ ŚĂǀĞ ďĞĞŶ ƉĞƌĨŽƌŵĞĚ
ƵƐŝŶŐ Ă >Žǁ DĂĐŚ ŶƵŵďĞƌ ƐŽůǀĞƌ͘  ŚĞŵŝƐƚƌǇ ŚĂƐ ďĞĞŶ ŵŽĚĞůĞĚ ďǇ ĚŝĨĨĞƌĞŶƚ ůĞǀĞů ŽĨ
ĂĐĐƵƌĂĐǇ͕ ŝŶĐůƵĚŝŶŐ Ă ŐůŽďĂů ƐƚĞƉ͕ Ă ǀŝƌƚƵĂů ĂŶĚ Ă ĚĞƚĂŝůĞĚ ŵĞĐŚĂŶŝƐŵ͘  dŚĞ ĞǆƉĞƌŝŵĞŶƚĂů
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ĐŽŶĚŝƚŝŽŶƐ ĂƌĞ ƐƵďũĞĐƚ ƚŽ ĐŽŶǀĞĐƚŝǀĞ ŚĞĂƚ ƚƌĂŶƐĨĞƌƐ ŽĐĐƵƌƌŝŶŐ ƚŚƌŽƵŐŚ ƚŚĞ ŝŶũĞĐƚŽƌ ƐǇƐƚĞŵ
ĂŶĚƋƵĂƌƚǌǁŝŶĚŽǁƐ͘tĂůůƚĞŵƉĞƌĂƚƵƌĞŝƌŝĐŚůĞƚďŽƵŶĚĂƌǇĐŽŶĚŝƚŝŽŶƐŚĂǀĞďĞĞŶŝĚĞŶƚŝĨŝĞĚ
ďǇKZ/ŐƌŽƵƉƚŽŵĂƚĐŚƚŚĞĞǆƉĞƌŝŵĞŶƚĂůŵĞĂƐƵƌĞŵĞŶƚƐŽĨƚĞŵƉĞƌĂƚƵƌĞĂŶĚƚŚĞƐƉĞĐŝĞƐŝŶ
ƚŚĞŶĞĂƌǁĂůůƌĞŐŝŽŶ͘ŽƚŚĂĚŝĂďĂƚŝĐĂŶĚŶŽŶͲĂĚŝĂďĂƚŝĐƐŝŵƵůĂƚŝŽŶŚĂǀĞďĞĞŶĐŽŶĚƵĐƚĞĚ͘/Ŷ
ĂĚĚŝƚŝŽŶ͕ĨŽƵƌŵĞƐŚĞƐŵĂĚĞŽĨϰƚŽϵϬϬŵŝůůŝŽŶŽĨĐĞůůƐŚĂǀĞďĞĞŶƵƐĞĚ͘ůůƐŝŵƵůĂƚŝŽŶƐƚƌĂĐŬ
ƚŚĞĨůĂŵĞĨƌŽŶƚďǇƵƐŝŶŐĂdŚŝĐŬĞŶĞĚ&ůĂŵĞŵŽĚĞůĨŽƌ>^ĂƉƉƌŽĂĐŚ͘dŚĞŚĂƌůĞƚƚĞĂŶĂůǇƚŝĐĂů
ŵŽĚĞů ŝƐ ƵƐĞĚ ƚŽ ĂĐĐŽƵŶƚ ĨŽƌ ƚŚĞ ŝŶĨůƵĞŶĐĞ ŽĨ ƵŶƌĞƐŽůǀĞĚ ĨůĂŵĞ ǁƌŝŶŬůŝŶŐ ŽŶ ƚŚĞ ĨůĂŵĞ
ƉƌŽƉĂŐĂƚŝŽŶ ƐƉĞĞĚ͘  dŚĞ ŝŵƉĂĐƚ ŽĨ ƚƵƌďƵůĞŶĐĞ ŽŶ ƚŚĞ K ƉƌĞĚŝĐƚŝŽŶ ŝƐ ŚŽǁĞǀĞƌ ŶĞŐůĞĐƚĞĚ͘
ŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶŶƵŵĞƌŝĐĂůĂŶĚĞǆƉĞƌŝŵĞŶƚĂůĚĂƚĂƐŚŽǁƐƚŚĂƚƚŚĞƚĞŵƉĞƌĂƚƵƌĞŝƐǁĞůů
ĐĂƉƚƵƌĞĚďǇŶŽŶͲĂĚŝĂďĂƚŝĐƐŝŵƵůĂƚŝŽŶƐƵŶůŝŬĞƚŽĂĚŝĂďĂƚŝĐĐŽŵƉƵƚĂƚŝŽŶƐƚŚĂƚŽǀĞƌƉƌĞĚŝĐƚƚŚĞ
ƚĞŵƉĞƌĂƚƵƌĞ ŝŶ ƚŚĞ ŶĞĂƌ ǁĂůů ƌĞŐŝŽŶ͘ /Ŷ ĂĚĚŝƚŝŽŶ͕ ŚĞĂƚ ůŽƐƐĞƐ ŚĂǀĞ ĂůƐŽ Ă ƐƚƌŽŶŐ ŝŵƉĂĐƚ ŽŶ
ƚŚĞKĨŽƌŵĂƚŝŽŶ;ĂĚŝĂďĂƚŝĐƐŝŵƵůĂƚŝŽŶƐƐƚƌŽŶŐůǇŽǀĞƌĞƐƚŝŵĂƚĞŵĞĂƐƵƌĞĚƉƌŽĨŝůĞƐͿ͘ƐƚƌŽŶŐ
ĞĨĨĞĐƚŽĨƚŚĞŵĞƐŚƌĞĨŝŶĞŵĞŶƚŝƐĂůƐŽŽďƐĞƌǀĞĚ͘dŚŝƐďĞŚĂǀŝŽƌŚŝƐĂƚƚƌŝďƵƚĞĚƚŽƚŚĞůĂĐŬŽĨ
ŵŽĚĞůŝŶŐŽĨƚŚĞŝŵƉĂĐƚŽĨƐƵďŐƌŝĚƐĐĂůĞĨůĂŵĞǁƌŝŶŬůŝŶŐŽŶƚŚĞKŵĂƐƐĨƌĂĐƚŝŽŶ͘

dŚĞKƌĞƐƵůƚƐĨƌŽŵƚŚĞƐŝŵƵůĂƚŝŽŶƐŽĨƚŚĞĂŵďƌŝĚŐĞďƵƌŶĞƌ^ǁϯĐŽŶĨŝŐƵƌĂƚŝŽŶŚĂǀĞďĞĞŶ
ƚŚĞŶ ĂŶĂůǇǌĞĚ͘  ^ŝŐŶŝĨŝĐĂŶƚ ƐĐĂƚƚĞƌŝŶŐ ŝŶ ƚŚĞ ŵĞĂŶ K ƉƌŽĨŝůĞƐ ƉƌĞĚŝĐƚŝŽŶ ĂƌĞ ŽďƐĞƌǀĞĚ͘ /Ŷ
ƉĂƌƚŝĐƵůĂƌ͕ƚŚĞŽǀĞƌĞƐƚŝŵĂƚŝŽŶŽĨƚŚĞKƉƌŽĚƵĐƚŝŽŶďǇƚŚĞdŚŝĐŬĞŶĞĚ&ůĂŵĞŵŽĚĞůĨŽƌ>^ŝƐ
ĞǀŝĚĞŶĐĞĚ͘  ^ŝŵƵůĂƚŝŽŶƐ ĐŽŶĚƵĐƚĞĚ ƵƐŝŶŐ Ă ĨŝůƚĞƌĞĚ ǁƌŝŶŬůĞĚ ĨůĂŵĞůĞƚ ƚĂďůĞ ƐŚŽǁ ƚŚĂƚ
ĂĐĐŽƵŶƚŝŶŐ ĨŽƌ ƚŚĞ ƐƵďŐƌŝĚ ƐĐĂůĞ ĨůĂŵĞ ǁƌŝŶŬůŝŶŐ ŝŵƉĂĐƚ ŽŶ ĨŝůƚĞƌĞĚ ƐƉĞĐŝĞƐ ƋƵĂŶƚŝƚŝĞƐ
ŝŵƉƌŽǀĞƐƚŚĞKƉƌĞĚŝĐƚŝŽŶ͘

&ŝŶĂůůǇ͕ K ƉƌŽĨŝůĞƐ ƉƌĞĚŝĐƚĞĚ ĨƌŽŵ ƚŚĞ ƉŝůŽƚĞĚ /ŶŚŽŵŽŐĞŶĞŽƵƐ :Ğƚ &ůĂŵĞ ƵƌŶĞƌ ĂƌĞ
ƉƌĞƐĞŶƚĞĚ͘  ŝƐĐƵƐƐŝŽŶ ǁŝƚŚŝŶ ƚŚĞ ͞^ǇĚŶĞǇ ŽŵƉŽƐŝƚŝŽŶĂůůǇ /ŶŚŽŵŽŐĞŶĞŽƵƐ &ůĂŵĞƐ͟ dE&
ƐĞƐƐŝŽŶ͕ ŚŝŐŚůŝŐŚƚĞĚ ĚŝĨĨŝĐƵůƚŝĞƐ ŝŶ ƉƌĞĚŝĐƚŝŶŐ ƚŚĞ ŵŝǆŝŶŐ ĂŶĚ ƚĞŵƉĞƌĂƚƵƌĞ ĨŝĞůĚƐ͕ ĞƐƉĞĐŝĂůůǇ
ĚŽǁŶƐƚƌĞĂŵŽĨƚŚĞƉŝůŽƚͲĐŽĨůŽǁƐŚĞĂƌůĂǇĞƌ͘/ƚŝƐƚŚĞƌĞĨŽƌĞĚŝĨĨŝĐƵůƚƚŽĚƌĂǁĐůĞĂƌĐŽŶĐůƵƐŝŽŶƐ
ŽŶ ƚŚĞ ŽƌŝŐŝŶƐ ŽĨ ƚŚĞ K ĚĞǀŝĂƚŝŽŶ͘  ,ŽǁĞǀĞƌ͕ ƚŚĞ ƌĞƐƵůƚƐ ĂƉƉĞĂƌ ƐĞŶƐŝƚŝǀĞ ƚŽ ƚŚĞ ĨůĂŵĞ
ƌĞŐŝŵĞĂƐƐƵŵƉƚŝŽŶŵĂĚĞƚŽƚĂďƵůĂƚĞƚŚĞĐŚĞŵŝƐƚƌǇ͘/ŶƉĂƌƚŝĐƵůĂƌ͕ƉƌĞŵŝǆĞĚĨůĂŵĞůĞƚďĂƐĞĚ
ŵŽĚĞůƐƚĞŶĚƐƚŽŽǀĞƌĞƐƚŝŵĂƚĞƚŚĞKƉƌŽĨŝůĞƐ͕ǁŚĞƌĞĂƐƚĂďƵůĂƚŝŽŶďĂƐĞĚŽŶŶŽŶͲƉƌĞŵŝǆĞĚ
ĨůĂŵĞĂƌĐŚĞƚǇƉĞĂƌĞŵŽƌĞĂĚĂƉƚĞĚƚŽƚŚŝƐũĞƚĨůĂŵĞĐŽŶĨŝŐƵƌĂƚŝŽŶ͘



TNF14 Workshop

127

27-28 July 2018, Dublin, Ireland

KZĂŵĂŶĂŶĚ>/&ŵĞĂƐƵƌĞŵĞŶƚƐ
ĂŶĚƵŶĐĞƌƚĂŝŶƚǇ͗ƌŝĞĨŽǀĞƌǀŝĞǁ
ZŽďĂƌůŽǁ
^ĂŶĚŝĂEĂƚŝŽŶĂů>ĂďŽƌĂƚŽƌŝĞƐ

KZĂŵĂŶƐĐĂƚƚĞƌŝŶŐ

 EŽŶͲƌĞƐŽŶĂŶƚƉƌŽĐĞƐƐ;ǁĞĂŬͿƌĞƋƵŝƌĞƐŚŝŐŚůĂƐĞƌĞŶĞƌŐǇĨŽƌƐŝŶŐůĞͲ
ƐŚŽƚŵĞĂƐƵƌĞŵĞŶƚƐ
 ^ĐĂƚƚĞƌŝŶŐƐŝŐŶĂůŝƐůŝŶĞĂƌǁŝƚŚůĂƐĞƌĞŶĞƌŐǇ
 dĞŵƉĞƌĂƚƵƌĞĚĞƉĞŶĚĞŶƚƌĞƐƉŽŶƐĞĂŶĚĐƌŽƐƐƚĂůŬĨƌŽŵEϮďĂƐĞĚŽŶ
ƚŚĞŽƌĞƚŝĐĂůĐĂůĐƵůĂƚŝŽŶƐŽĨZĂŵĂŶƐƉĞĐƚƌĂ;&ƵĞƐƚĞƚĂů͘W/ϮϬϭϭͿ
 DĂŝŶƉƌŽďůĞŵŝƐǁŝƚŚ,ĨůƵŽƌĞƐĐĞŶĐĞŝŶƚĞƌĨĞƌĞŶĐĞ͖ŵĞĂƐƵƌĞŵĞŶƚƐ
ůŝŵŝƚĞĚƚŽZĂŵĂŶĨƌŝĞŶĚůǇĨůĂŵĞƐ;ƉƌĞŵŝǆĞĚĂŶĚƉĂƌƚŝĂůůǇƉƌĞŵŝǆĞĚ
,ϰĂŶĚDĨůĂŵĞƐͿ
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>/&ŽĨKĂƐĂƉƉůŝĞĚĂƚ^ĂŶĚŝĂ;ĂƌƚĞƌ͕&ŝĞĐŚƚŶĞƌͿ
 dǁŽƉŚŽƚŽŶĞǆĐŝƚĂƚŝŽŶĂƚϮϯϬ͘ϭŶŵƵƐŝŶŐŶƐEĚ͗z'ͬĚǇĞůĂƐĞƌƐ

 ĞƚĞĐƚŝŽŶĂƚΕϰϴϰŶŵ;ϭϬͲŶŵďĂŶĚƉĂƐƐͿ
 ϯƌĚƉŚŽƚŽŶĐĂŶŝŽŶŝǌĞƚŚĞĞǆĐŝƚĞĚƐƚĂƚĞK
 tŝƚŚŝŶĐƌĞĂƐŝŶŐůĂƐĞƌŝŶƚĞŶƐŝƚǇ͕ŝŽŶŝǌĂƚŝŽŶ
ďĞĐŽŵĞƐĚŽŵŝŶĂŶƚůŽƐƐŵĞĐŚĂŶŝƐŵŽǀĞƌƋƵĞŶĐŚŝŶŐ
 ůŽƐĞƚŽůŝŶĞĂƌ;^Ĩܫן Ǣ  ͳ ǤʹͿ
 ĂŶĂƐƐƵŵĞůŝŶĞĂƌŝĨůŽǁůĂƐĞƌĞŶĞƌŐǇĨůƵĐƚƵĂƚŝŽŶƐ

 ZĞĚƵĐĞƐƐĞŶƐŝƚŝǀŝƚǇƚŽƋƵĞŶĐŚŝŶŐĞŶǀŝƌŽŶŵĞŶƚ
 ĂŶŝŐŶŽƌĞƋƵĞŶĐŚŝŶŐǀĂƌŝĂƚŝŽŶƐŝŶ͞ZĂŵĂŶĨƌŝĞŶĚůǇ͟,ϰĨůĂŵĞƐ
;^ĞƚƚĞƌƐƚĞŶĞƚĂů͘:ŚĞŵWŚǇƐϮϬϬϮͿ
 dŚŝƐĚŝĚŶŽƚǁŽƌŬŝŶŽǆǇͲĨƵĞůƐƚƵĚǇ;^ĞǀĂƵůƚĞƚĂů͘E&ϮϬϭϮͿ



ĚǀĂŶƚĂŐĞƐŽĨK>/&ŽǀĞƌZĂŵĂŶƐĐĂƚƚĞƌŝŶŐ
 DƵĐŚůĞƐƐĂĨĨĞĐƚĞĚďǇ,ĨůƵŽƌĞƐĐĞŶĐĞŝŶƚĞƌĨĞƌĞŶĐĞ



>ZͲ,ϰͬ,ϮͬEϮĨůĂŵĞ
;DĞŝĞƌĞƚĂů͕͘E&ϮϬϬϬͿ

WŝůŽƚĞĚĨůĂŵĞ;ĂƌůŽǁΘ&ƌĂŶŬ͕W/ϭϵϵϴͿ
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ĚǀĂŶƚĂŐĞƐŽǀĞƌKZĂŵĂŶƐĐĂƚƚĞƌŝŶŐ


 ĞůĨƚ///ŶŽŶƉƌĞŵŝǆĞĚŶĂƚƵƌĂůŐĂƐũĞƚĨůĂŵĞ


ĚǀĂŶƚĂŐĞŽǀĞƌKZĂŵĂŶƐĐĂƚƚĞƌŝŶŐ
 >ŽǁĞƌŶŽŝƐĞĂƚůŽǁKůĞǀĞůƐ
  E ZĂŵĂŶĐƌŽƐƐƚĂůŬŽŶƚŽK

Kͬ,ϮͬĂŝƌĨůĂƚĨůĂŵĞ;,ĞŶĐŬĞŶďƵƌŶĞƌͿ

Ϯ


 ĂƚĂƐŚŽǁŶĨŽƌƚŚĞŽůĚƉŽŝŶƚ
ŵĞĂƐƵƌĞŵĞŶƚƐǇƐƚĞŵ

 EŽƚĂďŝŐĚŝĨĨĞƌĞŶĐĞŝŶŶŽŝƐĞĨŽƌ
ƚŚĞůŝŶĞŵĞĂƐƵƌĞŵĞŶƚƐǇƐƚĞŵĂƚ
ƉĞĂŬKůĞǀĞůƐŝŶƉƌĞŵŝǆĞĚĂŶĚ
ƐƚƌĂƚŝĨŝĞĚŵĞƚŚĂŶĞĨůĂŵĞƐ
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ŝƐĂĚǀĂŶƚĂŐĞƐŽĨK>/&
 ĚĚĞĚĐŽŵƉůĞǆŝƚǇ

 ,ĂƌĚǁĂƌĞ
 EŽŶůŝŶĞĂƌƉƌŽĐĞƐƐ

 Dh^dďĞŵĞĂƐƵƌĞĚĂĨƚĞƌƚŚĞZĂŵĂŶŵĞĂƐƵƌĞŵĞŶƚ
 ϱPƐĚĞůĂǇŝŶ^ĂŶĚŝĂƐĞƚƵƉƚŽĂůůŽǁZĂŵĂŶƐŚƵƚƚĞƌƚŽĨƵůůǇĐůŽƐĞ
 ĞĐŽŵĞƐƵƐĞůĞƐƐŝŶŚŝŐŚƐƉĞĞĚĨůŽǁƐ;ϭŵŵĚŝƐƉůĂĐĞŵĞŶƚŝŶϮϬϬŵͬƐĨůŽǁͿ

 ^ŽŵĞƵŶƌĞƐŽůǀĞĚŵǇƐƚĞƌŝĞƐǁŝƚŚƚŚĞ^ĂŶĚŝĂƐǇƐƚĞŵ
 ĂůŝďƌĂƚŝŽŶƐŽŵĞƚŝŵĞƐĚƌŝĨƚƐĚƵƌŝŶŐĂĚĂǇ͕ƐŽŵĞƚŝŵĞƐƌŽĐŬƐƚĞĂĚǇŝŶƌĞĨĞƌĞŶĐĞ
ƚŽKZĂŵĂŶŵĞĂŶǀĂůƵĞƐ
 KZĂŵĂŶ;ůŝŶĞĂƌƉƌŽĐĞƐƐ͕ůŝŶĞĂƌĚĞƚĞĐƚŝŽŶͿŝƐĐŽŶƐŝĚĞƌĞĚŵŽƌĞƌĞůŝĂďůĞ
 ĚũƵƐƚK>/&ŵƵůƚŝƉůŝĞƌƚŽŵĂƚĐŚKZĂŵĂŶŵĞĂŶĂƚƉĞĂŬůĞǀĞůƐ
ǁŚĞŶƚŚĞƌĞŝƐĂĚŝƐĐƌĞƉĂŶĐǇ



ĂůŝďƌĂƚŝŽŶĂŶĚƵŶĐĞƌƚĂŝŶƚǇ
 ^ĂŵĞĐĂůŝďƌĂƚŝŽŶƉƌŽĐĞĚƵƌĞĨŽƌďŽƚŚ 
ƚĞĐŚŶŝƋƵĞƐ
 ^ĞƌŝĞƐŽĨ,ϰͬĂŝƌĨůĂƚĨůĂŵĞƐ
 ƋƵŝůŝďƌŝƵŵĂƚܶ ൌ ܶௗ െ ͵ͷ ܭേʹͷ ܭ
 ƐƚŝŵĂƚĞĚƵŶĐĞƌƚĂŝŶƚǇŝŶŵĞĂŶ͗цϭϬй
 hŶĐĞƌƚĂŝŶƚǇŝŶd͕I͕ƌĞƉĞĂƚĂďŝůŝƚǇ
 ^ĞǀĞƌĂůĚĂƚĂƐĞƚƐ;ϰ͘ϰйƌŵƐͿ
 ĂůŝďƌĂƚŝŽŶŽƉƚŝŵŝǌĂƚŝŽŶĐŽĚĞ;DĂŐŶŽƚƚŝ͕
,ĂƌƚůͿǁŝůůĨĂĐŝůŝƚĂƚĞŵŽƌĞĐŽŵƉůĞƚĞĂŶĂůǇƐŝƐ

 ,ŝŐŚĞƌƵŶĐĞƌƚĂŝŶƚǇĨŽƌ͗
 KZĂŵĂŶŝŶĨůĂŵĞƐǁŝƚŚ,ŝŶƚĞƌĨĞƌĞŶĐĞ
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Modeling CO in
turbulent /ames
Giampaolo Maio, Constantin Nguyen Van,
Benoît Fiorina
EM2C - CNRS
CentraleSupélec
University of Paris-Saclay

Andreas Kempf
Duisburg Essen University

Content
1. Experimental issues in measuring CO (R. Barlow)
2. Modeling issues to predict CO formation in turbulent
Bames (B. Fiorina)
3. Analysis of three target Bames (B. Fiorina)
1. Preccinsta burner
2. Inhomogeneous inlet burner
3. Cambridge swirled Bame
4. Conclusions
2
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CO chemistry apparently simple …
•CO is produced by the hydro-carbon oxydation
mechanism FAST
•Then oxided through a very simple mechanism
CO + O + M

CO2 + M

R1

CO + O2

CO2 + O

R2

CO + OH

CO2 + H

R3

CO + HO2

CO2 + OH

R4

SLOW

3

… CO covers then a wide range of
time and length scales


         
$$ 

φ=1

φ=2

$

 

 
$




10-6 s

10-1 s
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10-6 s
Fuel:
C3H8
4
Oxidizer: Air
T: 1800 K
P: 1 atm
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CO modeling is very sensitive to:
•

Heat losses or Bame enthalpy

•

The Bame regime (premixed, non-premixed, stratiAed)

•

Flame turbulence interactions (LES):

 (subgrid scale) Bame wrinkling

5

Sensibility of CO formation-consumption
to the Bame enthalpy
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CO tends to decrease with
enthalpy at equilibrium
10−1

eq
YCO
[−]

10−2
10−3
Δh = 0.0
Δh = 2.0
Δh = 4.0
Δh = 6.0

10−4
10−5
0.8

1.0
φ [−]

× 105 J.kg−1
× 105 J.kg−1
× 105 J.kg−1
× 105 J.kg−1

1.2

1.4

       
       
 Δh = had − h


CO chemistry is affected by heat
losses in ?ames
0.03

H eq

λ ∂T
= Hf −
ṁ ∂x


YCO[−]



Δh = 0.0E + 00 [J.kg−1]

Δh = 2.0E + 05 [J.kg−1]

Δh = 4.0E + 05 [J.kg−1]

Δh = 6.0E + 05 [J.kg−1]

0.02

0.01

0.00

YCO[−]

0.03

0.02

0.01

0.00
0.0

 

     

2.5

5.0
x [mm]

7.5

10.0

0.0

2.5

5.0

7.5

x [mm]
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But too low temperature promote extinction,
incomplete combustion and therefore more CO

Unburnt
hydrocarbons and
CO production
From Lefebvre and Ballal, 2010



Sensibility of CO modeling to the Bame
regime
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Chemistry reduction reduces the range
of application of the kinetics scheme
Detailed
Chemistry

ΦF = +∞

1) compute a 1D diusion Bamelet
2) a priori test chemistry tabulation
strategies

ΦF = +∞

Premixed ?amelet
tabulated chemistry

1-D methane-air diusion !ame simulations with detailed and tabulated
chemistry for dierent strain rates. (Fiorina et al, Comb & Flame, 2005)


Simulation of hybrid flame regime with reduced chemistry is
therefore challenging

NON PREMIXED:
intermediate species
recombine with fresh air
PARTIALLY PREMIXED:
very rich mixture due to
evaporation

O
O2
2
CO2
C
C10H22

evap

CO
prod
d ction
duc
production
rate

-0.4
0.4

Franzelli et al. (PROCI, 2013)

TNF14 Workshop

-0.2
0

0.0
0

0.2
0

A
Axial
i l position
iti [[cm]]

0.4

12

137

27-28 July 2018, Dublin, Ireland

Tabulated chemistry for spray ,ames
Detailed chemistry
0.12

50

CO mass fraction [-]

3

Yc production rate [kg/m /s]

60

40
30
20
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Franzelli et al. (PROCI, 2013)

Tabulated chemistry for spray ,ames
Premixed Flamelet
Tabulation

Detailed chemistry
0.12

50

CO mass fraction [-]

3

Yc production rate [kg/m /s]

60

40
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0.10
0.08
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0
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Franzelli et al. (PROCI, 2013)
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Tabulated chemistry for spray ,ames
Premixed Flamelet
Tabulation

Detailed chemistry
0.12

50

CO mass fraction [-]

3

Yc production rate [kg/m /s]

60

40
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0.10
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0.4
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Diusion ,amelet
tabulation
Franzelli et al. (PROCI, 2013)

Tabulated chemistry for spray ,ames
Premixed Flamelet
Tabulation

Detailed chemistry
0.12

50

CO mass fraction [-]

3

Yc production rate [kg/m /s]

60

40
30
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10

0.10
0.08
0.06
0.04
0.02
0.00

0
-0.2

0.0
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0.2

0.0

0.2

0.4

Axial position [cm]

Axial position [cm]

Partially premixed
,amelet tabulation

Diusion ,amelet
tabulation
Franzelli et al. (PROCI, 2013)
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Premixed
configuration

Counterflow
configuration

Legends : (••) GRI detailed chemistry, (—) BFER global mechanism,
(—) FPI premixed tabulated, (—) LU19 analytic scheme,
17
(—) CO-PREM-DIFF virtual mechanism
M. Cailler et al. submitted (2018)

Subgrid scale Bame wrinkling impact on
Altered CO quantities
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Modeling the chemical flame structure in an LES context
Laminar
No subgrid
flame wrinkling

LES Grid

PREMIXED FLAME
(FLAMELET REGIME)
[1] Colin et al., Physics of Fluids, 2000
[2] Kuenne et al., Combustion and Flame, 2011
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Modeling the chemical flame structure in an LES context
Laminar
No subgrid
flame wrinkling

LES solution
Thickened Flame Model for LES [1,2]
• Thickening by F of the 1D flamelet:
•

TFLES

Same peak of intermediate species as in the
laminar flame

Flame
filter

LES Grid

PREMIXED FLAME
(FLAMELET REGIME)
[1] Colin et al., Physics of Fluids, 2000
[2] Kuenne et al., Combustion and Flame, 2011
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Filtered species modeling using geometrical approaches
F-TACLES
No SGS
wrinkling

LES solution
Filtered flame models [1, 2, 3]
• Explicit filtering of the 1D flamelet:

TFLES

Flame
filter

LES Grid

[1] Duwig, Combustion Theory and Modelling, 2009.
[2] Fiorina et al., Combustion and Flame, 2010.
[3] Moureau et al., Combustion and Flame, 2011.
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Filtered species modeling using geometrical approaches
What happens
when

LES solution
•

The turbulent flame consumption speed
accounts for the effect of subfilter scale
wrinkling:

•

Species ?

?
Flame
filter

TFLES

LES Grid

22
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Filtered species modeling using geometrical approaches
What happens
when

?

TFLES
Filtered laminar flamelet

Filtered DNS

Filtered species mass fraction depends on
the level of SGS wrinkling

1
[1] Moureau et al., Combustion and Flame, 2011.
[2] Meier et al., Combustion and Flame, 2007.

• A priori estimation of
from the DNS [1] of the lean turbulent
premixed burner PRECCINSTA [2]

R. Mercier, C. Mehl, B. Fiorina and V. Moureau. Filtered Wrinkled Flamelets model for Large-Eddy Simulation of turbulent
premixed combustion, Submitted (2018).
23

Comprehensive analysis by filtering manufactured
wrinkled flames
R. Mercier, C. Mehl, B. Fiorina and V. Moureau. Submitted (2018)

1) Manufacture wrinkled Bamelets
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Comprehensive analysis by filtering manufactured
wrinkled flames
R. Mercier, C. Mehl, B. Fiorina and V. Moureau. Submitted (2018)

Filter size

x
y

1) Manufacture wrinkled Bamelets

Comprehensive analysis by filtering manufactured
wrinkled flames
R. Mercier, C. Mehl, B. Fiorina and V. Moureau. Submitted (2018)

2) Filter the manufactured wrinkled Bamelets

TNF14 Workshop

144

27-28 July 2018, Dublin, Ireland

Comprehensive analysis by filtering manufactured
wrinkled flames
R. Mercier, C. Mehl, B. Fiorina and V. Moureau. Submitted (2018)

Flamelet
assumption:
?ame structure is
even not altered by
turbulence !

1DF lamelet

Y CO = ΞY CO

2) Filter the manufactured wrinkled Bamelets

?

Normalized mass of CO in the filter volume in
terms of flame wrinkling
1DF lamelet

Y CO = ΞY CO

laminar

(ρYCO )





Ξ
ρΞ YCO

[−]

(c) Δ/δl0 = 10

2.0
1.8
1.6
1.4
1.2
n =1
n =2
1.0
n =3
n =4
0.8
1.0 1.5 2.0 2.5 3.0
Δ
Δ
Δ
Δ

ΞΔ [−]
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Target ?ames

1. Preccinsta burner
2. Inhomogeneous inlet burner
3. Cambridge Bame



PRECCINSTA: turbulent (quasi) premixed
ame
Air + CH4
(assumed perfectly
premixed)

Available diagnostics:
Velocity components (LDV)
• Temperature and major species
mass fractions (RAMAN)

30kW

•

Geometry of the Preccinsta burner
(Moreau et al., Combust. Flame, 2011)

• Previous numerical works reproduce fairly well flow dynamics as well
as the
mean flame front position
=1.6
=1.6

but problems for Temperature and CO prediction in the ORZ

0

0

B. Franzelli, E. Riber, L.Y. Gicquel,T. Poinsot, Combust. Flame 159 (2012) 621–637
S. Roux, G. Lartigue,T. Poinsot, U. Meier, C. Bérat, Combust. Flame 141 (2005) 40–54
V. Moureau, P. Domingo, L.Vervisch, Combust. Flame 158 (2011) 1340–1357
B. Fiorina, R.Vicquelin, P. Auzillon, N. Darabiha, O. Gicquel, D.Veynante, Combust. Flame 157 (2010) 465–475
R. Mercier,V. Moureau, D.Veynante, B. Fiorina, Proc. Combust. Inst. 35 (2015) 1359–1366
P. S.Volpiani,T. Schmitt, D.Veynante, Combust. Flame 180 (2017) 124–135
.
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Non-adiabatic condition

Determination of the wall thermal condition
• Iterative process
1.
2.
3.
4.

Modification of wall thermal condition
Convergence of LES results
Comparison of temperature profile to experiments
Back to 1.

• On 14M and 110M meshes
• Obtained Dirichlet condition
– External injector wall
+ chamber base
+ chamber windows
– Start at T=300K
– Slight rise of temperature in injector
– T=500K on chamber base
– High rise up to 1800K on windows

Benard, P., Lartigue, G., Moureau, V., and Mercier, R., Proceedings of the Combustion Institute, 2018.
$"")$"#*

%#

3 groups for PRECCINSTA
Ping Wang

Giampaolo Maio and
Benoît Fiorina

Pierre Bénard and Vincent
Moureau
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Codes
Code

Group

type

JIA

Turbulence

2nd

2nd

Dyn. Smag.

Unstructured

4th

4th order
explicit

Wale

Unstructured

4th

4th order
explicit

Dyn. Smag.

Multibloc

Low Mach

Structured

Low Mach

YALES2

CORIA

temporal
scheme

LESOCC2C

YALES2

EM2C

Spatial scheme

Grid

Low Mach

33

Simulations performed
Turb. Comb. Model

Chemistry

Heat losses

Mesh

-

2-steps mechanism

ADIAB.

4M cells (struct.)

REDIM (tabulated)

ADIAB.

4M cells (struct.)

Virtual optimized
chemistry

ADIAB.

14M cells (unstr.)

Virtual optimized
chemistry

NON ADIAB.

14M cells (unstr.)

Group
TFLES

-  anal. model (Colin)
JIA

EM2C

TFLES

-  anal. model
(Charlette)

- TFLES

-

CORIA

- Resolved flame front

TNF14 Workshop

Skeletal (19 species) ADIAB.

14M cells (unstr.)

Skeletal (19 species) NON ADIAB.

14M cells (unstr.)

Skeletal (19 species) NON ADIAB.

110M cells (unstr.)

Skeletal (19 species) NON ADIAB.

900M cells (unstr.)

 anal. model
(Charlette)
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INERT COLD SIMULATIONS
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REACTIVE SIMULATIONS
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Temperature - Adia VS Non-Adia
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Go back to Piloted Inhomogeneous Jet Flame Burner
Group

Turbulent
Combustion
Model

Chemistry

JIA

Presumed FDF

Tab. Chem. (hybrid
flamelets - REDIM)

KIT

None

PRI

EM2C

FPV
2 mixt. Pres. FDF

TFLES

Group

Turbulent
Combustion
Model

Chemistry

MULTI
REGIMES

STA

FPV + ??

Tab. Chem. (nonpremixed)

Skeletal (19
species)

MULTI
REGIMES

UBM

Eulerian
Stochastic field

Skeletal (19
species)

MULTI
REGIMES

Tab. Chem. (nonpremixed)

NON
PREMIXED

CAM

Presumed FDF

Tab. Chem. (hybrid
flamelets)

MULTI
REGIMES

Tab. Chem.
(premixed)

PREMIXED

DUE

Transport &
presumed FDF

skeletal &Tab.
Chem. (premixed)

MULTI
REGIMES

 anal. model

NON
PREMIXED
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SwB3 - CO Mass Fraction
Mean

49

Simulation of Cambridge SWB3 conAguration
Experiments
LES with Filtered Tabulated
Chemistry
Filtered Planar Flamelets
Filtered Wrinkled Flamelets
n=1
Filtered Wrinkled Flamelets
n=3

R. Mercier, C. Mehl, B. Fiorina and V. Moureau. Submitted (2018)
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Conclusions
• Discuss some modeling issues for CO
• SpeciAc to the wide range of time scales covered by CO chemistry
• List is not exhaustive
• Show examples
• Need more target Bames (stratiAed non-adiabatic Bames)
• Compensating errors are easy to obtain but not trivial to detect
• Thickened Bame model overestimate CO …
• … but neglecting the impact of SGS Bame wrinkling underestimate CO

51
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PTF/TNF Joint Session on Highly Turbulent Premixed Flames
Cordinators: A. Steinberg, P. Hamlington, L. Vervisch, M. Ihme, E. Hawkes, J. Sutton
This joint session between the PTF and TNF workshops focused on various issues pertaining to the
physics, measurement, and simulation of “highly turbulent” premixed flames. The first talk by A.
Steinberg and P. Hamlington focused on recent observations made through experiments and direct
numerical simulations (DNS). Subsequent talks by L. Vervisch and M. Ihme focused on modeling
capabilities and gaps. The final two talks by E. Hawkes and J. Sutton discussed future directions in
DNS and experiments.
Summary by A. Steinberg and P. Hamlington
Experiments in flames with high Karlovitz numbers have predominantly been performed through
multi-dimensional imaging techniques such as planar laser-induced fluorescence (PLIF) and Rayleigh
scattering. The most prevalent configurations have been jet- and Bunsen-flames issuing into a large
co-flow of combustion products, although some results from bluff-body flames and expanding
flames were noted. The vast majority of experiments have focused on methane/air combustion at 1
atm; some data at up to 20 bar and other data with propane and ethylene were highlighted.
Imaging results show a prevalence of broadened preheat zones (or CH2O zones) while maintaining
thin regions of high heat release rate, although broadened reaction zones have also been observed.
There is a discrepancy between the reported Karlovitz numbers at which reaction zone broadening
occurs between different burners, which may be due to different definitions of Karlovitz number or
the influence of geometry. Despite the prevalence of thin reaction zones, there is a discrepancy
between the turbulent burning velocity and the reaction zone area.
Results from DNS and from multi-scalar imaging experiments using Raman/Rayleigh diagnostics
indicate a complicated interplay between mixing and chemistry, leading to a large number of
thermochemical states and reaction rates. This is clearly evidenced by premixed flames at a given
equivalence ratio issuing into a co-flow of products at a different equivalence ratio. Both DNS and
experiments show significant stratification at the reaction zone due to mixing of the co-flow
products. Hence, many flames that have been reported to be premixed in the literature may
actually be better classified as stratified.
Another key area of interest is the influence of combustion on the structure and dynamics of
turbulence. This has primarily been studied through DNS of isotropically forced turbulence. The
flame influences the structure of the turbulence by suppressing small scales through increased
temperature/viscosity, and by enhancing large scales through pressure-dilatation effects. The flame
also induces anisotropy in the direction of the flame normal and changes the alignment of vorticity
and strain rate. Both of these effects diminish with increasing Karlovitz number.
Backscatter – viz. net up-scale transfer of kinetic energy – has been observed in DNS through
analyses in physical space, Fourier space, and wavelet space. This process can lead to energization
of large scale turbulent motions in some DNS. Enstrophy transport budgets indicate a range of
moderate Karlovitz numbers over which flame-scale baroclinic vorticity production is significant,
which may provide the necessary injection of small-scale turbulence to drive backscatter.
Experiments have noted that large-scale pressure gradients – e.g. induced by swirling flows or
confinement geometry – may play an important role in flame-scale turbulence production through
baroclinic torque, and hence of the dynamics of reacting turbulence.
Summary by L. Vervisch, P. Domingo, G. V. Nivarti, R. S. Cant and S. Hochgreb
In the practice of real burners featuring a limited range of variation of their turbulent Reynolds
number, it was discussed how high Karlovitz combustion actually goes with a drastic reduction of the
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Damköhler number. Then, two routes have been examined to support the existence of low
Damköhler combustion.
The discrepancy between the enhancement in overall burning rate and the enhancement in flame
surface area measured for high-intensity turbulence has been reported in the context of scaling laws
for diffusivity enhancement from eddies smaller than the flamelet thickness. The factor quantifying
this discrepancy is formalized as a closed-form function of the Karlovitz number.
The relation between the dilution by burnt gases and the apparition of high Karlovitz flames was also
discussed. Basic scaling laws have been presented which suggest that the overall decrease of the
burning rate due to very fast mixing can indeed be compensated by the energy brought to the
reaction zone by burnt gases. The results confirm the possibility of reaching, with the help of a
vitiated mixture, very high Karlovitz combustion before quenching occurs.
Summary by M. Ihme
In coordination with the presentation flame experiments at high-Karlovitz number conditions, this
presentation focused on three aspects, namely the analysis of the flame-structure from direct
numerical simulations, the evaluation of the current state-of-the-art in modeling these flame
conditions, and a discussion on potential pathways for directly integrating measurements and
experimental observations into simulations.
In the first part, three different canonical DNS-configurations at large Ka-conditions were examined.
By modulating the initial conditions and stratification, notional conditions of premixed, nonpremixed and stratified flames were considered. A Lagrangian flamelet analysis was performed to
identify whether these high-Ka flames retain an inherent flamelet characteristics. Despite
simplifying assumptions about transport properties, scale separation, and chemical complexity
employed in this DNS, this Lagrangian analysis showed the presence of an intact but weakened inner
core flamelet structure that is well represented by 1D elongated flame-elements. Entrainment of
hot combustion products by turbulent transport leads to mixing of the unburned reactants that can
be well represented by a partially premixed reactor. Since the flame-structure and burning intensity
is controlled by the upstream reactant mixture, it is unlikely that unstrained premixed flamelet
methods are able to describe such flame regimes without taking into account the reactant mixing at
the subgrid.
The second part of this presentation reviewed LES-modeling efforts on simulating vitiated flames.
Progress and challenges in predicting general flame structure, heat-release and emissions were
discussed. Significant efforts have been made in modeling the Sydney partially-premixed jet burner
(PPJB), employing different modeling strategies that include “implicit” finite-rate chemistry,
thickened flame models, transported PDF-methods, and flamelet modeling strategies employing
multistream non-premixed and stretched premixed methods, and more recent models such as the
conditional dissipation mapping closure and were presented. It was concluded that current
combustion models capture the main features of turbulent flame-structure at moderate Ka-regimes;
in general, models were found to over predict the reactivity at higher Ka; and extensions of flamelet
models show promise but lack key-physical aspects. In regard to outstanding research issues,
opportunities arise by extending the flame-structure analysis beyond statistical and conditional
analyses. Inherent to vitiated flame configurations considered, it is noted that simulations can be
overwhelmed by sensitivities to boundary conditions.
In the last part, potential merits of combustion model adaptation and data assimilation techniques
were discussed to improve predictions and take advantage of extensive measurements that are
generated from high-speed, simultaneous, and multi-dimensional measurements. An example was
showcased in which data assimilation was employed to integrate simultaneous PIV/PLIFmeasurements into LES with the goal to improve state-estimates in predicting local ignition events.
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Other, and perhaps more useful, opportunities arise in utilized assimilation techniques for model
evaluations and the direct assessment of the model performance in capturing the instantaneous
flame-structure at high turbulent conditions.
Summary by E. Hawkes
Needs for further improvements, specifically in application of DNS for model development, were
discussed. It was argued that the development of practical combustion models that industry can use
should arguably be the primary objective of DNS work going forwards, however there have been
generally only low levels of DNS work targeted at this objective. Particularly, there are low levels of
work targeting a posteriori tests, with almost all studies offering only fundamental information or a
priori tests, despite a posteriori tests offering the most definitive conclusions regarding the
performance of a model. New opportunities were identified in conducting partial a posteriori tests,
where some model inputs are taken directly from DNS, in order to focus attention of the
performance of specific sub-models.
Parameter regimes and configurations were discussed. Recent experiments carried out at Michigan
at higher Re than previous work show major, qualitative and quantitative differences to lower Re
conditions, suggesting that higher Re needs (somehow) to be accessed by DNS. In high Re, high Da
conditions in particular, there may be a significant separation between the scales of the thickened
local flame structure and large scales of flame wrinkling, which may have as yet unknown effects on
many aspects, such as the influence of heat release on scalar transport, scaling of terms in the flame
surface density balance equation and the implications for modelling them, etc.
In terms of configurations, recent work from Alexei Poludnenko demonstrates a lack of convergence
of large-scaled quantities in DNS of flame-in-a-box cases as the dimension of the box was increased,
with fixed forcing length scales. This potentially invalidates the use of these simulations to assess
models of large-scaled quantities such as the turbulent velocity (at least in steady state conditions).
A need to increase effort on cases with less trivial geometries was identified; e.g. having
recirculation zones, mean shear, etc; these cases should have parametric sets and also preferably
involve flows that be computed straightforwardly with LES at resolutions where the models are
actually doing some work, which will be challenging due to the required scale separation. Such
configurations also avoid the problem of convergence with scale observed in flame-in-a-box cases,
by only allowing a finite development time or length, which limits the attainable flame growth.
Summary by J. Sutton
The overall discussion was on needs for further improvements in experiments with a focus on
current knowledge gaps. These include the understanding of configuration effects (i.e., geometry,
pressure, turbulence generation, fuel type, etc.), characterization of the internal structure of
turbulent flames, the effects of turbulence-induced stratification, etc. It was argued that specific
measurement needs include quantitative multi-scalar measurements, high-resolution velocity
measurements, simultaneous velocity/scalar measurements, and heat release rate measurements,
and the coordination of new burner designs with modeling efforts. In terms of configuration needs,
it was discussed that multiple turbulence generation mechanisms (shear, decaying turbulence,
other?) should be tested and to analyze whether measurements in different setups including jets,
Bunsen flames, swirl flames are consistent. The need to study more realistic or at least more
complex fuels was discussed. Finally, Mach number and compressibility effects were discussed.
New measurements in turbulent, compressible flames have shown that turbulence is not attenuated
through the flame, but rather flame-generated turbulence is observed.
The final portion of the session focused on emerging capabilities. A collaboration between
Darmstadt and Sandia presented a new method to approximate chemical explosive mode and heat
release rate using only major species, temperature, and OH. Test data in the Lund premixed jet
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flame showed sufficient accuracy in the new methodology. A new high-resolution velocimetry
approach being developed at Ohio State was presented. Results from turbulent synthetic flows and
tracer particle fields showed much improved results and an order-of-magnitude increases in spatial
resolution as compared to traditional particle imaging velocimetry.
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Adam M. Steinberg1 and Peter E. Hamlington2

1Guggenheim School of Aerospace Engineering, Georgia Institute of Technology
2Department of
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*Not a comprehensive review






In highly turbulent premixed flames, turbulence time
scales are short relative to flame time scales
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The intensity of the turbulence results in some behavior
that is different from would occur at lower intensity

Scramjet

TNF14 Workshop

Detonation engine

High-swirl combustor

162

Supernova

27-28 July 2018, Dublin, Ireland



Physical aspects – A. Steinberg and P. Hamlington



Modeling aspects – L. Vervisch and M. Ihme



Looking forward – E. Hawkes and J. Sutton



What is the ‘structure’ of highly turbulent flames?
o Local thermo-chemical states
o Location of states relative to each other



What are the ‘dynamics’ of highly turbulent flames?
o Local and global flame speeds
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What is the ‘structure’ of turbulence at high intensities?
o Vorticity variations through flame
o Spectra and scales of motion



What are the ‘dynamics’ of turbulence at high intensities?
o Enstrophy dynamics and baroclinic torque production
o Kinetic energy transfer dynamics and backscatter

Energy spectra

BT

Flame images, regimes, and thermo-chemical states
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Skiba, CnF (2018)

Zhou, CnF (2017)

Skiba, CnF (2018)

Zhou, CnF (2017)

Large-scale
decaying
turbulence
Small-scale
shear-driven
turbulence
Small-scale
shear-driven
and forced
turbulence
Skiba, CnF (2017)
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Large-scale
decaying
turbulence
Small-scale
shear-driven
turbulence
Small-scale
shear-driven
and forced
turbulence
Wang, Hawkes

Skiba, CnF (2017)

Large-scale
decaying
turbulence
Small-scale
shear-driven
turbulence
Small-scale
shear-driven
and forced
turbulence
Aspden (2018)

Skiba, CnF (2017)
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 Broken reaction
zones
 Mean shear
 Turbulence
 Reactant
composition
 Back-support
(pilot)
 Well characterized by
fluid strain-rate and
extinction strain rate
of burning mixture (?)

Cetegen and Chowdhury

An et al., CnD (2016, Submitted)








Differential diffusion important, but saturates
Mixing/entrainment of surrounding gas (products, coflow)
into premixture
Range of temperature/composition ֜ range of reaction rates
Measuring ‘flame surface areas’ may not be sufficient
Data on mixture, temperature, reaction rate very important
Increase
reactant
velocity

CH4/air,
I=0.75
Chemkin
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Differential diffusion important, but saturates
Mixing/entrainment of surrounding gas (products, coflow)
into premixture
Range of temperature/composition ֜ range of reaction rates
Measuring ‘flame surface areas’ may not be sufficient
Data on mixture, temperature, reaction rate very important
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Partially
extinguished
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Stratified
flame
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Differential diffusion important, but saturates
Mixing/entrainment of surrounding gas (products, coflow)
into premixture
Range of temperature/composition ֜ range of reaction rates
Measuring ‘flame surface areas’ may not be sufficient
Data on mixture, temperature, reaction rate very important
‘Primary
Reaction’
zone

No heat release
occurs with
mixtures at the
jet equivalence
ratio

‘Preheat’
zone

Wang, Hawkes
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Measured global consumption speed

Saha, Law
ᇱ
ሺܴ ݑሻȀሺܵ ߜ ሻ R= mean flame radius

௧ǡ ൌ
்ܵ ൌ ܴ݀Τ݀ݐ
ܴ ൌ ܣȀߨ

Wabel, PCI (2017)

Expectation based on flame area and speed
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Saha, Law
ᇱ
ሺܴ ݑሻȀሺܵ ߜ ሻ R= mean flame radius
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Displacement speed v. position

H2 consumption rate

ܿ production versus curvature

CO consumption rate
Carlsson, PCI (2015)

Wang, CnF (2017)

Hamlington, CnF (2017)

Dave, Mohan, Chauduri

Osborne, PCI (2017)
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Large variety of states and rates
 Mixing of gasses from different regions of the flame
 Complicated fuel effects likely
 Flame speeds and surface areas may have limited utility(?)



Regimes are very configuration dependent
 Broadened reaction zones very hard to achieve in DNS of HIT boxes,

but readily achieved in jet flames
 Broken reaction zones depend on back-support, mean strain-rate,
etc.

Structure, flame-scale turbulence, inter-scale energy transfer
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Steinberg & Driscoll (2010)

ɋ㹼T0.7

ɋ㹼T0
Chakraborty (2014)

ɋ㹼T-1
Savard et al. (2015)

Whitman et al. (2017)

Bobbitt et al. (2016)

Ka=60

 Vorticity suppression occurs for all Ka; the spatial region over
which the suppression occurs increases in size with Ka
 Temperature/density/viscosity ratio determines the extent to
which vorticity is suppressed

Papapostolou et al. (2017)

Ka=4-174

Bobbitt et al.
(2016)

Hamlington et al. (2011)
2011

Chakraborty (2014)

Ka=70

Ka<13
Different Le
Ka=70

Hamlington et al. (2011)

Ka=220

Bobbitt et al. (2016)

Anisotropy in direction of
mean flame normal,
reduces as Ka increases
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Ka=4

At low Ka in reaction zone, vorticity is
more aligned with extensional strain
eigenvector; vortex stretching altered
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Furukawa et al. (2002)

High Da

Kolla et al. (2014)

Low Da

Ka=72

Kim et al. (2018)

 Small-scales are suppressed by premixed
flames, although there is little dependence
on Ka/Da at high intensities
 Large-scales are enhanced, either in the
mean or at scales larger than the flame
Towery et al. (2016)

Ka=20

 At high Ka, vorticity magnitude is suppressed through
premixed flames from reactants to products
o Points to the importance of viscous diffusion
 Anisotropy generated by premixed flames for low Ka in
direction of mean flame normal
o Effect weakens as Ka increases and initially isotropic
turbulence remains isotropic
 Alignments between strain rate eigenvectors and
vorticity (hence vortex stretching) are altered
o Nonlinear forward cascade may be affected at low Ka
 Small-scale turbulent motions are suppressed, large
scales are enhanced
o Effect is present for all Ka/Da studied to date

Ka=20

Ka=170

Whitman et al. (2018)

Implication: The structure of turbulence at high Ka is that of
non-reacting turbulence at lower Reynolds numbers *
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Hamlington
et al. (2011)

Kazbekov & Steinberg (2018)

Lipatnikov
et al. (2014)

BT

Wang et al. (2017)

 At high Ka, enstrophy dynamics are a
balance of stretching and dissipation
 At low Ka, baroclinic torque and
dilatation have larger relative effects
 Vorticity/strain rate interactions are
the source of anisotropy

Ka=20
Forward
Cascade

SGS kinetic energy

Bobbitt et al. (2016)

Joint PDFs (to the left of dashed line: forward-scatter, to the right of dashed line: backscatter) Ka=20

Reactants

Kinetic-energy convective flux from SGS scales

Products

O’Brien et al. (2017)

Eddy Viscosity

Products
Reactants
There
is net backscatter
Negative eddy
of energyviscosity
from small
to
in flame
large scales near
brush
reactants; still unclear
how this scales with Ka

Inverse
Cascade

Towery et al. (2016)

TNF14 Workshop

Kim et al. (2018)

175

Ka=72

O’Brien et al. (2014)

Ka=20
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Towery et al. (2016)

Kinetic energy is transferred to the largest available scale

Poludnenko

O’Brien et al. (2014)

Ka=20

P-dilatation
Production
Dissipation

Ka=1.1
MacArt et
al. (2018)

Wang & Abraham (2017)

Production
Dissipation

Ka=13

Pressure-dilatation is
significant for low Ka
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 The balance of terms in enstrophy dynamics
depends on Ka
o Low Ka: stretching, dissipation, baroclinic
torque, dilatation
o High Ka: stretching, dissipation
 There is significant backscatter of kinetic
energy from small to large scales due to
pressure-dilatation, nonlinear advection, and
viscous diffusion
o Relative balance for different Ka still unclear
o Suggests negative eddy viscosity for low Ka
 At low Ka, pressure-dilatation can become
significant in kinetic energy dynamics

J. Urzay

Implication: The dynamics of turbulence at high Ka is that
of non-reacting turbulence at lower Reynolds numbers *

* Baroclinic torque remains significant
at high Ka for imposed pressure
gradients; configuration matters!

What needs to be done next?
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Do LES models need to account for kinetic energy backscatter,
and how does this change with intensity?
o Do we need sophisticated models at high intensities?



How can spectral structure and dynamics be probed through
premixed flames?
o Is this even a reasonable question to ask (i.e., uncertainty
principle)?



How is thermochemical phase space affected by high
intensity turbulence?
o Do SGS turbulence models (e.g., flamelets) and
reduced chemical mechanisms need to be revisited?



How prevalent are extinction, ignition, and pocket
formation events for high intensity turbulence?
o What are the formation/destruction mechanisms,
dynamically?
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Ahmed

Kim et al., 2018

Wang et al. (2018)

Aspden et al. (2018)



Do we ever approach fully distributed burning?
o Are there flame holes and localized extinction?



Do classical regime diagrams need to be
revisited/reformulated?
o Configuration, Mach number, other axes added?
o Are labels correct?
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\+

How do structure and dynamics change for high Mat (not just
high Ka)?
o Deflagration to detonation transition, shocklets?

Instantaneous fields of flame-vorticity
D

,QFUHDVLQJG3G[



How do turbulence-flame interactions depend on configuration?
o Shear, stratification, back-support, swirl, pressure gradients?
o Are simulation results for idealized configurations relevant in
more realistic systems?

\+
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How can turbulent flame speed be parameterized at high
intensities?
o Surface area dependence?
o Differences between local/global flame speeds?



What can be accomplished experimentally?
o Thermochemistry, chemical pathways, turbulence, etc.?
o What conditions/configurations can be explored?



What can be accomplished computationally?
o What conditions/configurations can be explored?
o How do we deal with necessary computational cost?



Poludnenko

Ahmed

How can experiments and DNS leverage each other?
o Assessment of experimental techniques
o Filling in gaps in desired parameter space
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TNF & PTF joint session 2018

&TPF
Modeling of highly turbulent flames
Luc Vervisch
INSA Rouen Normandy, IUF & CNRS-CORIA

• G.V. Nivari, R. S. Cant & S. Hochgreb Engineering Dept, Cambridge, UK
• B. Zhou, C. Brackmann, Z. Li, M. Aldén, X. S. Bai, Lund, Sweeden
• F. T. C.Yuen & Ö. Gülder, Inst. Aerospace Studies, U. Toronto, Canada
• T. M. Wabel, A. W. Skiba & J. F. Driscoll, Aerospace Eng., U. Michigan
• A Bouaniche, L.Vervisch & P. Domingo CNRS-CORIA, INSA Rouen Normandy, France
• H. Wang, E. R. Hawkes, B. Savard & J. Chen, China, Australia, USA
• Z. M. Nikolaou, C. Chrysostomou, L.Vervisch,
1 S. Cant

Highly turbulent flames?

•

Increasing the turbulent Reynolds number

u  T
ReT =
ν
Farcy et al. AIChE Journal 62(3): 928-938 (2016)
Farcy et al. Chem. Eng. Sci. 139 (2016)

•

In the practice of combustion systems, it is mainly u’
that will increase, lengths being limited by design
1/2

ReT =

TNF14 Workshop
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ν

1/2
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τT
= Da × Ka
τk
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Three parameters: Da, Ka, ReT

Da × Ka =



ReT

• Can we fix Da at which combustion occurs?
2
ReT ≈ Ka
• For a fixed value of Da, increasing the Karlovitz by 10
means increasing the turbulent Reynolds number by
100 (increase u’ by a 100!)

• In

practice, the turbulent Reynolds number stays
limited and when Ka goes up Da does down

Karlovitz, Damköhler and Reynolds
k
Da × Ka ≈ √ =
ν



k 1/2 k 3/2
ν

Da =

1/2

τT
τc

Ka =

τc
τk

1/2

= ReT
)

,∞

Quenching Ka >> 1

1/2
ReT

Ka > 1
Intense mixing
(faster than chemistry)

K

a=

1

(D

Ka < 1

‘laminar’ like
reaction zones
(flamelets)

e

(∞

Chemistry can be fast (large Da) at
very high Reynolds numbers, as
long as the chemical time scale is
shorter than the smallest flow time
scale (i.e. Ka stays moderate).
This is the case in most practical
combustion systems.

1/2

ReT
Da ≈
Ka

Laminar
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The 2010 Karlovitz number’s bubble
Cicoria and Chan
Int. J. Hydrogen Energy 41
(2015) 22479 - 22496

2000

Zhou et al.
CNF 162 (2015) 2937-2953

Henning et al.
Int. J. Hydrogen Energy 39
(2014) 20216-20232

Carlsson et al.
PCI 35 (2015) 1425-1432

Ka > 1500
Da < 0.02

Karlovitz

1500

1000

The

itz
rlov

Ka

ble

bub

Bobbitt and Blanquart
PoF (2016) 28, 105101

500

Savard and Blanquart
CNF 162 (2015)
2020-2033

Ka > 10
Da > 3

0
1990

Zhou et al. CNF 175 (2017) 220-236

Lapointe and Blanquart CNF 167 (2016) 294-307
Huang et al. PCI 31 (2007) 1401-1409
Sjöholm et al PCI 34 (2013) 1475-1482 Wang et al PoF 28 (2016) 095107
Bédat and Cheng
CNF 100 (1995) 485-494

1995

Shepherd et al.
PCI 29 (2002) 1833-1840

2000

Rajan et al. CST 188 (2016) 1496-1537

Poludnenko and Oran
Han and Huh
CNF 158 (2011) 301-326
PCI 32 (2009) 1419-1425

2005

2010

Aspden et al PCI (2015) 1321-1329
Aspden et al. CNF 166 (2016) 266-283

2015

2020

Sitte et al. CTM 20 (2016) 548-565
Kariuki et al. CNF 159 (2012) 2589-26007
Bradley et al PCI (2013) 1519-1526

Year

The 2010 Damköhler number crisis
14
12

Bédat and Cheng
CNF 100 (1995) 485-494

Ka > 10
Da > 3
1
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Kariuki et al.
CNF 159 (2012) 2589-26007

Carlsson et al.
PCI 35 (2015) 1425-1432
Lapointe and Blanquart CNF 167 (2016) 294-307
Wang et al PoF 28 (2016) 095107
Savard and Blanquart
Henning et al.
CNF 162 (2015)
Int. J. Hydrogen Energy 39
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How can the flame just exist? — Two scenarios:
 
 


! 

 
" 


" 

    " 

Wabel et al. PCI 36: 1801-1808

1. Increase of burning rate and flame surface due to enhanced
scalar diffusivity in small-scale turbulence (between flame and
Kolmorogov scales)
2. Increase of flame robustness because of dilution by burnt gases:
High-Ka flames cannot exist without significant vitiation of fresh
gases
Measured discrepancy between burning velocity and flame surface area

•

Damköhler’s first hypothesis

sT
AT
=
∼
sL
A



ΔA
1+
A



Yuen & Güller PCI 34: 1393-1400
Wabel et al. PCI 36: 1801-1808

ST
AT
=
SL
A

•

Nivarti et al. propose to introduce Damköhler’s second hypothesis, with a
boost in diffusivity at small scales
sT
=
sL



ΔA
1+
A

 

ΔD
1+
D

large−scale

TNF14 Workshop
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Measured discrepancy between burning velocity and flame surface area

D = u

•
•

Prandtl’s scaling

•

Contribution from diffusivity enhancement

Model spectrum to calibrate velocity distribution vs scales
Ê(κ̂) = C ε̂2/3 κ̂−5/3 fˆL (κ̂)fˆη (κ̂)
ΔD
=
D



δL
η

1

û(κ̂)
dκ̂
κ̂

ΔD
1/2
= (2C) ε̂1/3
D

Numerical Evaluation

√


1

Ka

κ̂−11/6 e−β κ̂/(2

√

Ka)

dκ̂

Analytical Scaling

Nivarti, Cant and Hochgreb (2018) JFM Rapids (under review)

How can the flame just exist? — Second scenario:

• Any

other basic properties of these burners
influencing the reaction zones?

• Yes, these burners have a huge pilot of burnt gases!
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Zhou et al. CNF 162 (2015) 2937-2953
Fuel/air Jet
d = 1.5 mm
Phi = 0.4
66 m/s < u < 418 m/s

Pilot flame

d = 61 mm
Phi = 0.9
u = 0.3 m/s

Ka
Da
x/d = 30 x/d = 30

Power Power Contribution of
high Ka
pilot jet-flame
jet-flame
to
W
W
burner power

Case#-U(m/s)

ReT

LUPJ3-66

138

136

0.09

2486

154

5,8 %

LUPJ3-165

267

417

0.04

2486

386

13 %

LUPJ3-220

356

567

0.03

2486

832

25 %

LUPJ3-418

676

1739

0.02

2486

978

28 %

Calibration of the response of high Ka flame to burn gases dilution
Dilution
factor

Unburnt

φu = φo (1 − fb ) + fb φb
Fresh

Burnt

•

The dilution by burnt gases makes the flame robust to high Ka
(and low Da)

•

Asymptotic analysis shows that dilution by burnt gases
compensate strain effects:



SL =

SLo

Strain

1−K
1 − fb



Dilution
factor
Bouaniche et al. FTaC (in press)

TNF14 Workshop

185

27-28 July 2018, Dublin, Ireland

Calibration of the impact of burnt gases
One-dimensional unstrained flame diluted by its burnt gases:
Normalised flame speed

2

SL (fb )
1
=
SL (fb = 0)
1 − fb

SL(fr)speed
/ SL(fr=0)
Flame
ratio

1,8
1,6

1.6

Flame Speed (m/s)

•

φ=1

1.2

GRI3.0 Chemistry

0.8
0.4
0

1,4

0

Simulation
Single-step chemistry

0

0.1
0.15
Dilution Rate

0.2

0.25

Analytical

Hyperbolic behaviour of
the flame speed versus
dilution by burnt gases

0,8

0.05

20% dilution: ~30%
increase in flame speed

1,2
1

Wang et al. 2010, CTM,
14(4): 541-570

0,1

0,2

Dilution
fr ratio

Bouaniche et al. FTaC (in press)

&TPF
•

Closing the gap between premixed and non-premixed:
Quenching characteristic mixing time of diffusive/reacting
layers:

N. Peters, Turbulent Combustion,
Cambridge U. Press

1
τm q

•

2
(1 − Zst )2
Zst
=
aT /SL2

The quenching Ka increases with dilution



Kaq (fb ) ≈

1
1 − fb

SL = SLo ×

1
1 − fb

2

Bouaniche et al. FTaC (in press)
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Response of kerosene spray flame to high Ka

•

For conditions close to a real combustion chamber, what is the
minimum amount of energy required to secure burning at high Ka?

•

Aeroengine conditions:
• Kerosene chemistry: 26 transported species and 24 QSS, 180
reactions (detailed chemistry reduced by ORCh, Jaouen et al. Combust. Flame
177 (2017)109-122).
• Composition space trajectories mimicking multi-point injection
(P = 9.63bar):

• Inlet 1: Liquid kerosene (T= 450K). 3.1% of Q (total mass flow rate)
• Inlet 2: Air (T= 703K). 52% Q (With secondary air progressively
m

m

introduced for t > 0)

• Inlet

3: Burnt gases at equilibrium for the equivalence ratio of the
combustion chamber (T = 1877K). Nominal condition: 44.9% Qm
Bouaniche et al., FTaC (in press)

Minimum characteristic mixing time before quenching

• Ratio of energy introduced vs produced equal to 0.35
For a residence time of 2ms
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This operation is repeated for various levels of
burnt gases to determine Kaq = Kaq (fb )

Bouaniche et al. FTaC (in press)
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Minimum characteristic
mixing time before
quenching
Ka @ quenching = τChem /τTq
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Scaling for Ka at quenching

• Dilution by burnt gases significantly enhances the quenching Ka
Ka @ quenching
Progress variable

reaction progress
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Burning within the range
0.015 ms < τ < 0.1 ms

Analytical


Kaq ≈

1
1 − fb

2

ReT
1480

fb ~Energy ratio recirculating/produced

Reλ
149

T
7 mm

τT
2 ms

ηk
29 μm

τk
0.051 ms

Typical GT swirling flame

Bouaniche et al. FTaC (in press)

Is SGS modeling needed for low Da flame?
ω̇i (Y1 , · · · , YN , T ) = ω̇i (Y1 , · · · , YN , T )
?
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Is SGS modeling needed for low Da flames?
0.08
0.06

DNS by Wang et al CNF 193 (2018) 229–245
Da

•
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Towards regime-free turbulent combustion modeling

•

With the progress of computing power, a large part of scalar signal is
now resolved in the simulation of turbulent flames

•

However, accounting for the fluctuations remaining unresolved is
mandatory to calculate the non-linear terms

•

High-order methods provide direct ways for approximating signals
within mesh-cells, which are easily combined with signal
reconstruction
Discontinuous Finite Elements
(Spectral Difference)

Coarse mesh

TNF14 Workshop

ϕ(x, t) = L−1
ϕ(x, t)
Δ

Approximate
deconvolution
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Towards regime-free turbulent combustion modeling

•

Signal reconstruction has been tested with success for the
simulation of turbulent flames
•
•
•
•
•
•
•

•

A.W. Vreman, R.J.M. Bastiaans, B.J. Geurts (2009), A similarity sub-grid model for premixed turbulent combustion, Flow Turbulence
Combust. 82 (2): 233–248
P. Domingo, L. Vervisch (2017) DNS and approximate deconvolution as a tool to analyse one-dimensional filtered flame sub-grid scale
modeling, Combust. Flame, 177: 109-122.
P. Domingo, L. Vervisch (2015) Large Eddy Simulation of premixed turbulent combustion using approximate deconvolution and explicit
flame filtering. Proc. Combust. Inst., 35(2): 1349-1357.
C. Mehl, J. Idier, and B. Fiorina, Evaluation of deconvolution modelling applied to numerical combustion, Combust. Theory Modell. 22,
38 (2017).
Q. Wang and M. Ihme, Regularized deconvolution method for turbulent combustion modeling, Combust. Flame 176, 125 (2017).
Z. Nikolaou, L. Vervisch (2018) A priori assessment of an iterative deconvolution method for LES sub-grid scale variance modelling, Flow
Turbulence and Combust. 101(1): 33-53.
Z. Nikolaou, R. S. Cant, L. Vervisch (2018) Scalar flux modelling in turbulent flames using iterative deconvolution, Phys. Rev. Fluids.
3(4): 043201.

Construct an approximation of the scalar signal:

φ(x, t) = L−1
Δ [φ(x, t)]
Unresolved

•

Resolved

Use it to compute the non-linear terms, then filter explicitly:

ω̇(x, t) = ω̇(L−1
Δ [φ(x, t)])
Towards machine learning based turbulent combustion modeling

• Applied to DNS of a planar turbulent premixed flame
Scalar energy
(for the SGS variance)

Predicted

DNS

LES
Δ/δL = 1

(a)

Δ/δL = 2

DNS

(b)

Predicted

Case not in the
training phase!

DNS
Reconstructed

Δ/δL = 3

DNS

(c)

Fig. 3: Iso-surfaces of progress variable ﬁeld (0.1-blue, 0.9-red) on the LES mesh for Δ+ =1: (a) original ﬁeld c,
(b) ﬁltered ﬁeld c̃, and (c) deconvoluted ﬁeld c∗ using the trained CNN. Note the pronounced loss of small-scale
information due to the the ﬁltering in (b) on the reactant (blue) side where turbulence is more intense, and the
recovery of the small-scales in the deconvolution step in (c).

Z. Nikolaou et al. (submitted)
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&TPF

SUMMARY

• New

scaling for turbulent flame speed including
effect of enhanced scalar diffusivity

• Scalings

for Ka at quenching in the presence of
strong vitiation (high Ka flames do not exist
otherwise, is this really practical? To be discussed!)

• SGS models still needed at low Da
• Machine learning could be helpful for multiple-regime
modeling.
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2XWOLQH
'R IODPHOHWV H[LVWVDWKLJK.D"
([SHULPHQWDOFRQILJXUDWLRQIRUPRGHOHYDOXDWLRQ33-%
 6WDWXVRQPRGHOSHUIRUPDQFH
 &XUUHQWGHYHORSPHQW
 3URJUHVVDQGOLPLWDWLRQV
,QWHJUDWLRQRIH[SHULPHQWVDQGVLPXODWLRQV
 6WDWHHVWLPDWH
 0RGHODVVHVVPHQW
&RQFOXVLRQVDQGRSHQUHVHDUFKLVVXHV
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)ODPH6WUXFWXUH$QDO\VLV
2EMHFWLYH
 )ODPHVWUXFWXUHDQDO\VLV
 3UHVHQFHRIIODPHOHWVHIIHFWVRISURGXFWJDVUHFLUFXODWLRQIODPHEURDGHQLQJ
$SSURDFK
 )ODPHOHW DQDO\VLVRILGHDOL]HGVHULHVRIIODPHFRQILJXUDWLRQVFRYHULQJ
SUHPL[HGSDUWLDOO\SUHPL[HGDQGQRQSUHPL[HGFRQGLWLRQV
&RQILJXUDWLRQDQGFKHPLVWU\
 3HULRGLFER[ FP ZLWK HTXLGLVWDQWVWUXFWXUDOPHVK
 6NHOHWDO&+PHFKDQLVP
7XUEXOHQFH,QLWLDOL]DWLRQ
 ,QLWLDOL]HGZLWK9.3VSHFWUXPZLWK
¾ 5HW 
¾ ,QWHJUDOOHQJWKVFDOH
¾ .ROPRJRURYOHQJWKVFDOH



)ODPH6WUXFWXUH$QDO\VLV
3DUWLDOO\SUHPL[HG

1RQSUHPL[HG

7.(

6FDODUILHOG

3UHPL[HG
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6LPXODWLRQUHVXOWV
3DUWLDOO\SUHPL[HG

1RQSUHPL[HG

7HPSRUDOHYROXWLRQ

7HPSHUDWXUH

3UHPL[HG



5HJLPHGLDJUDPV
)ORZDQGIODPHUHODWHGTXDQWLWLHV
 ,QWHJUDOOHQJWKVFDOH


)ODPHWKLFNQHVV



5H\QROGVQXPEHU



'DPNRHKOHU QXPEHU

¾ &KDUDFWHULVWLFWXUEWLPHVFDOH
¾ &RPEXVWLRQWLPHVFDOH






.DUORYLW] QXPEHU

:LOOLDPVAIAA Aero. Sci. Meeting & Exhibit
3HWHUVCambridge University Press
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5HJLPHGLDJUDPV
 $OOIODPHVDUHLQ³EURNHQUHDFWLRQ
]RQHV´UHJLPHZLWK.D!
 .DILUVWGHFD\VWKHQLQFUHDVHVDV
WKHIORZHYROYHV
 5HW GHFD\VZLWKWLPH
 'D/ ILUVWUHGXFHVDVFRPEXVWLRQ
WDNHVSODFHVWKHQLQFUHDVHVDV
FRPEXVWLRQDSSURDFKHV
HTXLOLEULXP
 7UDMHFWRU\LQ:LOOLDPVGLDJUDPIRU
SDUWLDOO\SUHPL[HGIODPHIDOOV
EHWZHHQSUHPL[HGDQGQRQ
SUHPL[HGIODPH



)ODPHOHWH[WUDFWLRQ



,VRVXUIDFH C CPD[ 
)ODPHOHW WUDQVIRUPDWLRQ



3UHPL[HGIODPHOHW HTXDWLRQV
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3UHPL[HG)ODPH/RFDO)ODPH6WUXFWXUH



3UHPL[HG)ODPH/RFDO)ODPH6WUXFWXUH
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3UHPL[HG)ODPH/RFDO)ODPH6WUXFWXUH
)ODPHWXUEXOHQFHLQWHUDFWLRQ
 3KDVH W߬ ,QLWLDOL]DWLRQDQGIODPHUHOD[DWLRQ
 3KDVH W߬ EURDGHQLQJRISUHKHDWUHDFWLRQ]RQHVSURGXFWJDV
UHFLUFXODWLRQ
 3KDVH W߬! EURNHQIODPHOHWSURGXFWJDVGLOXWLRQDQGUHDFWDQWYLWLDWLRQ



)ODPHIURQWSLQFKRIIDQGXQLRQRIIODPHOHWV
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0RGHO,PSOLFDWLRQV
 3HUVLVWHQFHRILQQHUFRUH ZHDNHQHG IODPHOHWVWUXFWXUHÎ TXDVL'
HORQJDWHGHOHPHQW
 'LIIXVLRQDQGHQWUDLQPHQWRIKRWSURGXFWVLQUHDFWDQWPL[WXUHE\WXUEXOHQW
PRWLRQ
 1RQHTXLOLEULXPIODPHOHW VWUXFWXUH
 +LJKO\ZULQNHOHG IODPHVXUIDFH
H
,QWDFWEXWZHDNLQQHU
IODPHOHW VWUXFWXUH
3URGXFWJDV
PL[LQJ365

5HDFWDQW
PL[LQJ365

Flame-surface



0RGHO,PSOLFDWLRQV
 3HUVLVWHQFHRILQQHUFRUH ZHDNHQHG IODPHOHWVWUXFWXUHÎ TXDVL'
HORQJDWHGHOHPHQW
 'LIIXVLRQDQGHQWUDLQPHQWRIKRWSURGXFWVLQUHDFWDQWPL[WXUHE\WXUEXOHQW
PRWLRQ
 1RQHTXLOLEULXPIODPHOHW VWUXFWXUH
 +LJKO\ZULQNHOHG IODPHVXUIDFH

+:DQJ(+DZNHV-+&KHQ&RPEXVW)ODPH
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0RGHO,PSOLFDWLRQV
 3HUVLVWHQFHRILQQHUFRUH ZHDNHQHG IODPHOHWVWUXFWXUHÎ TXDVL'
HORQJDWHGHOHPHQW
 'LIIXVLRQDQGHQWUDLQPHQWRIKRWSURGXFWVLQUHDFWDQWPL[WXUHE\WXUEXOHQW
PRWLRQ
 1RQHTXLOLEULXPIODPHOHW VWUXFWXUH
 +LJKO\ZULQNHOHG IODPHVXUIDFH

6NLED'ULVFROO&1)



0RGHOLQJ&KDOOHQJHV

)ODPH
&KHPLFDO
6WUXFWXUHDQG
.LQHWLFV
0ROHFXODU
7UDQVSRUW
SRUW
7XUEXOHQFH
&KHPLVWU\
,QWHUDFWLRQ
7XUEXOHQW
7UDQVSRUW
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&RPEXVWLRQ
0RGHOLQJ



0HDVXUHPHQWVIRU0RGHO'HYHORSPHQW

71)
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0HDVXUHPHQWVIRU0RGHO'HYHORSPHQW

71)


6\GQH\3DUWLDOO\3UHPL[HG-HW%XUQHU 33-%

'XQQ00DVUL$DQG%LOJHU5³$QHZSLORWHGSUHPL[HGMHWEXUQHUWRVWXG\VWURQJ
ILQLWHUDWHFKHPLVWU\HIIHFWV´&RPEXVWLRQDQG)ODPH±
-HII6XWWRQ268
)RNLRQ (JROIRSRXORV86&
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6\GQH\3DUWLDOO\3UHPL[HG-HW%XUQHU 33-%
8
8 PV
PV

8 PV

8 PV

8 PV

'XQQ00DVUL$DQG%LOJHU5³$QHZSLORWHGSUHPL[HGMHWEXUQHUWRVWXG\VWURQJ
ILQLWHUDWHFKHPLVWU\HIIHFWV´&RPEXVWLRQDQG)ODPH±



6\GQH\3DUWLDOO\3UHPL[HG-HW%XUQHU 33-%
%5]RQHVYV%375]RQHVUHJLPHV
8 PV
PV
8

8 PV
8
PV

8
PV


8 

8 PV

'XQQ00DVUL$DQG%LOJHU5³$QHZSLORWHGSUHPL[HGMHWEXUQHUWRVWXG\VWURQJ
ILQLWHUDWHFKHPLVWU\HIIHFWV´&RPEXVWLRQDQG)ODPH±
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6\GQH\3DUWLDOO\3UHPL[HG-HW%XUQHU 33-%
0RGHOLQJ6WUDWHJLHV 71)
 ³,PSOLFLW´)5/(6ZLWKRXW7&,VRXUFHWHUP
FORVXUH /XQG
 7KLFNHQHGIODPHPRGHO /XQG
 7UDQVSRUWHG3')PHWKRG &RUQHOO
 6WRFKDVWLFILHOGPHWKRGV ,&/RQGRQ
 )ODPHOHW IRUPXODWLRQV
¾ 6WHDG\XQVWUHWFKHGSUHPL[HG $DFKHQ
¾ 6WHDG\PXOWLVWUHDP QRQSUHPL[HG 80
$QDO\VLV
 6WDWLVWLFDOUHVXOWV&27FRQGLWLRQV
 'HYLDWLRQZLWKLQFUHDVLQJGRZQVWUHDP
GLVWDQFH



6\GQH\3DUWLDOO\3UHPL[HG-HW%XUQHU 33-%
71))LQGLQJV
 30(QFRXUDJLQJUHVXOWVIRU++DQGPDMRUVSHFLHV
 30GHILFLHQF\RIQXPHULFDOPRGHOVLQFDSWXULQJGHJUHHDQG
LPSDFWRIWKHILQLWHUDWHFKHPLVWU\HIIHFWV
 &RPSXWDWLRQDOVHQVLWLYLW\DQDO\VLVE\5RZLQVNL 3RSH &70
¾ 6HQVLWLYLW\RIUHDFWLRQSURJUHVVWRSLORWYHORFLW\
¾ 0L[LQJPRGHOVDQGGLIIHUHQWLDOGLIIXVLRQ
¾ 3LORWFRPSRVLWLRQDQGSLORWWHPSHUDWXUH
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0HVKUHVROXWLRQDQG6*6FRQWULEXWLRQV =5HQ
7VLQJKXD
 2EMHFWLYH ,QYHVWLJDWHWKHHIIHFWRIJULGUHVROXWLRQRQ/(673')
VLPXODWLRQRIWKH30
Î ߜ Ȁȟ ݎLQFUHDVHVIURPWR PÆ P&9V



[' 

[' 

[' 



<&2

7.



[' 















[

<2+

<&+








U'






U'







U'




U'







0HVKUHVROXWLRQDQG6*6FRQWULEXWLRQV =5HQ
7VLQJKXD
0L[LQJ5HDFWLRQ%XGJHWV 1HWSURGXFWLRQUDWH ݀ࣘ ݐ כȀ݀ ݐ

෩ Τߩҧ
݀ࣘ ݐ כȀ݀ ݐൌ ߘ ή ߩҧ Ȟ෨ߘࣘ
0ROHFXODU
GLIIXVLRQUDWH

כ

 כ෪כ
 ߗெ
ࣘ െ ࣘ כ ࡿሺࣘ כሻ


*[' 

*[' 





݀ܿ
ȁܿ
݀ݐ



         
F
F

TNF14 Workshop

204

6XEJULG PL[LQJ
UDWH

5HDFWLRQ
UDWH

 ,QFUHDVLQJJULGUHVROXWLRQ
HQKDQFHVQHJDWLYHVXEJULG
PL[LQJUDWHUHVXOWLQJLQWKH
DOOHYLDWLRQRIWKH
RYHUSUHGLFWHGFRPEXVWLRQ
SURJUHVV
 6XEJULG PL[LQJUDWHVKRZV
VWURQJJULGGHSHQGHQF\
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7XUEXOHQFH&KHPLVWU\,QWHUDFWLRQ
3UHVXPHG3')FORVXUHPRGHOV
 PL[LQJEHWZHHQPXOWLSOHVWUHDPVRIGLIIHUHQWLQWHQVLW\[' U' 



7XUEXOHQFH&KHPLVWU\,QWHUDFWLRQ 6WHYH3RSH
&RQGLWLRQDO'LVVLSDWLRQ0DSSLQJ&ORVXUH &'0&
 &ORVXUHIRUWKH3')f(c), DQGFRQGLWLRQDOGLVVLSDWLRQ &' F(c), RIWKH
SURJUHVVYDULDEOH
 .H\LGHD3HUIRUPDVWUDLQLQJ DQGPDSSLQJWUDQVIRUPDWLRQWRSURGXFH
VXUURJDWHSURFHVVcs ZLWKVDPH3')DQG&'
¾ &RQVLGHUDWLRQRIFRXSOLQJEHWZHHQUHDFWLRQDQGGLIIXVLRQ
¾ 6DWLVILHVERXQGHGQHVVUHDOL]DELOLW\± HDFKLQVWDQWGHVFULEHVH[DFWO\
WKHHYROXWLRQRIWKHVWDWLVWLFVRIDVHWRIUHDOL]DEOHILHOGV
¾ (YROXWLRQHTXDWLRQVIRUWKHPDSSLQJIXQFWLRQVIURPZKLFKWKH3')DQG&'
FDQEHREWDLQHG

 2QJRLQJZRUNH[WHQGWRWXUEXOHQWFRPEXVWLRQLQKRPRJHQHRXVFDVHV
VROXWLRQPHWKRG
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7XUEXOHQFH&KHPLVWU\,QWHUDFWLRQ 6WHYH3RSH
&RQGLWLRQDO'LVVLSDWLRQ0DSSLQJ&ORVXUH &'0&
 6WDWLVWLFDOO\KRPRJHQHRXV'UHDFWLRQ
GLIIXVLRQHTXDWLRQ

 ,QLWLDO FRQGLWLRQ XQLIRUP 3')
 'DPNRHKOHU QXPEHU'D  GLVWULEXWHG
 5HVXOWV
¾ ,QLWLDOO\ PL[LQJ WRZDUGV WKH PHDQ
¾ &RQGLWLRQDO GLVVLSDWLRQ GHFUHDVHV ZLWK WLPH
¾ 0RUH VORZO\ UHDFWLRQ PRYHV SUREDELOLW\
WRZDUGV c=1
6ROLG '16 GDVKHG &'0&



&RPEXVWLRQ0RGHO(YDOXDWLRQ <DQJ3HNLQJ+DQHWDO
78'6DQGLD
$SRVWHULRULPRGHOHYDOXDWLRQWKURXJK'16RI
/XQGEXUQHU
 /(673')
 /(6'7))5&
 /(6'7)VWUDLQHG SUHPL[HGIODPHOHWV
 /(6UHVROXWLRQ!߂'16 ߤP
.H\ILQGLQJV
 /(6')7)5&FDSWXUHNH\IHDWXUHVRI
KLJK.DIODPHVWDWLVWLFV
 &RQVLGHUDWLRQRIGHWDLOHGVWUDLQHIIHFWV
QHFHVVDU\IRUWDEXODWLRQPHWKRGV
 7KLFNHQLQJIDFWRU
 &RPSDULVRQZLWK'16HOLPLQDWHVDPELJXLW\
LQERXQGDU\FRQGLWLRQV
5HG/(6'7)63)EOXH/(6'7))5&

+DQ:DQJ.XHQQH+DZNHV&KHQ-DQLFND +DVVH&RPEXVW 6\PS
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6XPPDU\
0RGHOLQJSURJUHVVRQKLJK.DIODPHV
 &RPEXVWLRQPRGHOVFDSWXUHPDLQIHDWXUHVRIWXUEXOHQWIODPHVWUXFWXUHDW
PRGHUDWH.DUHJLPHV
 2YHUSUHGLFWLRQRIUHDFWLYLW\DWKLJK.DUHJLPHV
 ([WHQVLRQRIIODPHOHW PRGHOVVKRZSURPLVHEXWODFNNH\SK\VLFDODVSHFWV
 5HVROXWLRQRQHFXUHWRLPSURYHSUHGLFWLRQV

5HVHDUFKQHHGV
 /(6FRPSDULVRQUHVWULFWHGWRVWDWLVWLFDOFRPSDULVRQV
 6LPXODWLRQVRYHUZKHOPHGE\VHQVLWLYLW\WRERXQGDU\FRQGLWLRQV
 /DFNRITXDQWLWDWLYHDQGV\VWHPDWLFHYDOXDWLRQRIPRGHOSHUIRUPDQFH
¾ :KDWDUHTXDQWLWLHVRILQWHUHVW"6WDWHVSURFHVVHV«
¾ 5HTXLUHGDQGDFKLHYDEOHDFFXUDFLHVRIDPRGHO"
¾ (UURUFRQWURO«
 4XDQWLWDWLYH&RPSDULVRQRI)ODPH6WUXFWXUH

&RPEXVWLRQ0RGHO
$GDSWDWLRQ
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$GDSWLYH&RPEXVWLRQ0RGHOV
+LHUDUFK\RIFRPEXVWLRQPRGHOVDYDLODEOHWR
UHSUHVHQWPDMRULW\RIUHOHYDQW
FRPEXVWLRQSURFHVV
 ³2QHPRGHOILWVDOO«´
 $XJPHQWPRGHOVWRDGGUHVVGHILFLHQFLHV

 0RGHODFFXUDF\GHSHQGVRQ
¾ 4XDQWLWLHVRILQWHUHVW
¾ &RPEXVWLRQSK\VLFDOSURFHVVHV
¾ &RPEXVWLRQUHJLPHVSUHPL[HG
QRQSUHPL[HGPXOWLSKDVH



$GDSWLYH&RPEXVWLRQ0RGHOV
3UREOHPIRUPXODWLRQ
 6HWRITXDQWLWLHVSURFHVVHVRILQWHUHVW
 'LUHFWHUURUFRQWURORIVROXWLRQ
 6HWRIFDQGLGDWHFRPEXVWLRQPRGHOV
¾ 5HDFWLRQWUDQVSRUWPDQLIROGV
¾ &KHPLVWU\PDQLIROG
 &RQWURORIFRVWDFFXUDF\
/RFDOPRGHODGDSWDWLRQ
 '\QDPLFDGDSWLYHFKHPLVWU\ /X6XQ3HSLRW
 0L[HGPRGHOFRPEXVWLRQ .QXGVHQ
 3DUHWRHIILFLHQWFRPEXVWLRQ :X:DQJ
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,QWHJUDWLRQRI
([SHULPHQWVDQG
6LPXODWLRQV



,QFRUSRUDWHH[SHULPHQWDOGDWDLQWRVLPXODWLRQV
 7DNHDGYDQWDJHRIKLJKVSHHGKLJKUHVROXWLRQVLPXOWDQHRXV
PHDVXUHPHQWVWRLQIRUPFRPEXVWLRQPRGHOV
.H\LGHD&RPELQHLQFRPSOHWHH[SHULPHQWDOPHDVXUHPHQWVZLWK
HUURQHRXVKLJKILGHOLW\VLPXODWLRQPRGHOVWRLPSURYHVWDWHSUHGLFWLRQV
¾ 6WDWHHVWLPDWH
¾ 0RGHOHYDOXDWLRQ
¾ 3DUDPHWHUHVWLPDWH
$VVLPLODWLRQPHWKRGV
 1XGJLQJ2SWLPDO,QWHUSRODWLRQ''YDU(QVHPEOH.DOPDQ)LOWHU
0RGHO
SUHGLFWLRQV

'DWD
$VVLPLODWLRQ
0HDVXUH
PHQWV
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,QFRUSRUDWHH[SHULPHQWDOGDWDLQWRVLPXODWLRQV([DPSOH
([SHULPHQWDOGDWD
 '0($LUMHWIODPH
 'DWD2+3/,)DQG
WRPRJUDSKLF3,9 73,9 
GDWDDYDLODEOHDW[' 
¾ 3UREHYROXPHRI
[[PP
¾ 'DWDDFTXLUHGDW
N+]
&RPSXWDWLRQDOPHWKRG
 (QVHPEOH.DOPDQILOWHU
IRUDVVLPLODWLRQ
 '\QDPLFWKLFNHQHG
IODPHOHW PRGHO
 PLOOLRQFHOOV
 HQVHPEOHPHPEHUV
 %DFNJURXQGHUURU
FRYDULDQFHPDWUL[
ORFDOL]DWLRQ



,QFRUSRUDWHH[SHULPHQWDOGDWDLQWRVLPXODWLRQV([DPSOH
6WDWHHVWLPDWH &DSWXULQJH[WLQFWLRQDQGUHLJQLWLRQ

Z

Z

Z
Z

Z
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,QFRUSRUDWHH[SHULPHQWDOGDWDLQWRVLPXODWLRQV([DPSOH
0RGHOHYDOXDWLRQ H[DPLQLQJPRGHOUHVSRQVHÆ HUURQHRXV
UHSUHVHQWDWLRQRIH[WLQFWLRQDQGUHLJQLWLRQE\VFDODUXQPL[LQJ



6XPPDU\DQG&RQFOXVLRQV
([SHULPHQWDOHYDOXDWLRQRIFRPEXVWLRQPRGHOVOLPLWHG
 )HZH[SHULPHQWDOFRQILJXUDWLRQVDQGOLPLWHGQXPEHURIRSHUDWLQJSRLQWVDQGIXHOV
 6WDWLVWLFDOFRPSDULVRQV
 6HQVLWLYLW\WRERXQGDU\FRQGLWLRQVDQGWXQLQJSDUDPHWHUV
0RGHOSHUIRUPDQFH
 0RGHOVFDSWXUHWUHQGVLQUHDFWLRQSURJUHVVDWORZPRGHUDWH.DDWYDU\LQJGHJUHH
 3K\VLFDOPHFKDQLVPDUHFRQWDLQHGLQPRGHOVDWYDU\LQJOHYHORIILGHOLW\DQGULJRU
¾ 6WUDLQDQGWUDQVLHQWHIIHFWV
¾ )LQLWHUDWHFKHPLVWU\
¾ 'LOXWLRQDQGPL[LQJRIUHDFWDQWVDQGSURGXFWV
¾ 6*6PRGHOV
2SSRUWXQLWLHVDQGQHHGV
 )LQHVFDOHDQDO\VLVRIPRGHOSHUIRUPDQFH
 'DWDDVVLPLODWLRQIRUFRPEXVWLRQPRGHOHYDOXDWLRQDQGVWDWHHVWLPDWH
 4XDQWLWDWLYHHYDOXDWLRQRIPRGHOSHUIRUPDQFH
¾ 0RGHODFFXUDF\TXDQWLWLHVRILQWHUHVWFRQGLWLRQVRIDSSOLFDELOLW\ERRWVWUDSSLQJ
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37)71)MRLQWVHVVLRQ
+LJKO\WXUEXOHQWSUHPL[HGIODPHV
1HHGVIRUIXUWKHULPSURYHPHQW
VSHFLILFDOO\'16 
(YDWW+DZNHV816:6\GQH\
HYDWWKDZNHV#XQVZHGXDX

6FRSH
1HHGVIRUIXUWKHULPSURYHPHQW
7KUHHWKLQJVWRKLJKOLJKW
 2EMHFWLYHVRIRXUZRUNZKDWDUHZHKRSLQJWRDFKLHYHZLWK'16"
 3DUDPHWHUUHJLPHVQHHGWRJRWRKLJKHU5HDVNH\SULRULW\
 &RQILJXUDWLRQV QHHGWRFUHDWHGDWDEDVHVXVHIXOIRUPRGHOYDOLGDWLRQ
IRUZKLFKLVRWURSLFWXUEXOHQFHFDVHVRIIHURQO\DSDUWRIWKHVROXWLRQ
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0DLQSDUDGLJPVRIXVLQJ'16IRUPRGHOV
)XQGDPHQWDOLQYHVWLJDWLRQ
 /HDUQDERXWZKDWFRQWUROVWXUEXOHQFH±FKHPLVWU\LQWHUDFWLRQ KHQFH
ZKDWQHHGVWREHEXLOWLQWRDPRGHO
,QYHQWLQJWKHPRGHOV
 6RPHKRZWKHIXQGDPHQWDOVDUHGLJHVWHGDQGWXUQHGLQWRPRGHOV
$SULRULWHVWV
 7HVWLQGLYLGXDODVVXPSWLRQVVSHFLILFVXEPRGHOSURSRVLWLRQV
GHWHUPLQHFRQVWDQWVILWV
$SRVWHULRULWHVWV
 6RPHERG\SLFNVXSWKHPRGHOUXQVLWDVVHVVRXWFRPHV LPSURYHV

'16WRPRGHO±ZH¶UHGRLQJLWZURQJ
9DVW
PDMRULW\
RI
'16
ZRUN

)XQGDPHQWDOVWXGLHVWKDWQHYHUJHWLQFRUSRUDWHGLQWR
PRGHOVRUKDYHDQ\RWKHULPSDFWRQLQGXVWU\
 /RWVRIDSULRULWHVWVZLWKQRWUDQVODWLRQLQWRDSRVWHULRUL
WHVWV
 /RWVRIDSRVWHULRULWHVWV PRVWO\DJDLQVWH[SHULPHQWV 
ZLWKRXWVHULRXVHIIRUWVWRLVRODWHFDXVHVRISUREOHPV
DQGLPSURYH
7UDQVODWLRQWRLQGXVWU\"
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/DFNLQJWUDQVODWLRQ

0DLQLVVXHRXUZRUNLVODFNLQJLQWUDQVODWLRQ
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8VLQJ'16WRLPSURYHPL[LQJWLPHVFDOHPRGHOLQ
73')VLPXODWLRQRISUHPL[HGFRPEXVWLRQ
0LNH.XURQ 8&RQQOHDGDXWKRU =KX\LQ5HQ
7VLQJKXD 7)/X 8&RQQ +=KRX 7VLQJKXD 
-+&KHQ 6DQGLD -&.7DQJ 816: 



3DUWLFOHHTXDWLRQVIRUFRPSRVLWLRQ
WUDQVSRUWHG3')DSSURDFK
0HDQDGYHFWLRQ

0L[LQJ
PRGHO

7XUEXOHQWGLIIXVLRQ

&KHPLVWU\
FORVHG
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3DUWLFOHHTXDWLRQV±73')DSSURDFK
WUDGLWLRQDOPHWKRG
7XUEXOHQFHPRGHO


 

2UGHUXQLW\ " SDUDPHWHU

7XUEXOHQFHPRGHO



3DUWLFOHHTXDWLRQV±73')DSSURDFKXVLQJ
'16WRHOLPLQDWHVRPHPRGHODVVXPSWLRQV
3URYLGHIURP'16


 

3URYLGHIURP'16 3URYLGHIURP'16
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0LFURPL[LQJPRGHOV
 ,(0
± 3DUWLFOHFRPSRVLWLRQVHYROYHE\OLQHDUO\GHFD\LQJWRWKHORFDOPHDQ

 0RGLILHG&XUO
± 3DLUZLVHH[FKDQJHPRGHOPL[LQJSDUWLFOHVDWUDWHFRQVLVWHQWZLWKPL[LQJ
IUHTXHQF\

 (067
± (DFKSDUWLFOHLVFRQQHFWHGWRLWVQHLJKERXULQFRPSRVLWLRQVSDFH
± 3DUWLFOHVFDQRQO\PL[ZLWKWKHLUQHLJKERUVDORQJWKH(067HGJHV
± 3DUWLFOHVVHOHFWHGWRPL[XQGHUJRDPL[LQJHYHQWLQDVLPLODUPDQQHUWRWKH
0&PRGHO

'16WHVWFDVHV
 7HPSRUDOO\HYROYLQJSUHPL[HG+$LU
VORWMHW +DZNHVHWDO&1)
± 7ZRFDVHVLQWKH³WKLQUHDFWLRQ]RQHV´
UHJLPH
 'D'D.Da
 'D'D!.Da

± 6WDWLVWLFDOO\'WLPHGHSHQGHQWIODPHV

&DVH'DUHSUHVHQWDWLYHWHPSHUDWXUH 7. LVRFRQWRXUV
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0L[LQJPRGHOSHUIRUPDQFH


3URJUHVVYDULDEOHEDVHGRQ+PDVVIUDFWLRQXVHGWRGHILQHGLIIXVLRQFRHIILFLHQW
DQGPL[LQJWLPHVFDOH RWKHUVZHUHWHVWHG+RSWLPDO 




,(0 0&XQGHUSUHGLFWWKHIODPHVSHHG
(067GHPRQVWUDWHVVXSHULRUSHUIRUPDQFHDFFXUDWHO\FDSWXULQJWKHIODPH

&DVH
'D
&DVH
'D

.XURQ0+DZNHV(55HQ=7DQJ-et al.  Proceedings of the
Combustion InstituteSS±

3DUWLFOHHTXDWLRQV
3URYLGHIURP'16


 

3URYLGHIURP'16
3URYLGH IURP '1 3URYLGHIURP'16
6HWDVFRQVWDQW
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0HFKDQLFDOWRVFDODUWLPHVFDOHUDWLR
&DVH'D

&DVH'D

 7KHRSWLPDOYDOXHRIWKHWLPHVFDOHUDWLRLVaIRU&DVH'DDQGa
IRU&DVH'D
± 1RVLQJOHYDOXHRIWKHPHFKDQLFDOWRVFDODUWLPHVFDOHUDWLRLVRSWLPDOIRU
DOOFDVHVHYHQLQWKHVDPHJHRPHWULFFRQILJXUDWLRQ352%/(0

6FDODUGLVVLSDWLRQUDWHPRGHO
GHYHORSPHQW
 $K\EULGPRGHOLVFRQVWUXFWHGE\ORFDOO\EOHQGLQJDIODPHOHW
OLPLWZLWKWKHWXUEXOHQFHWLPHVFDOHOLPLWXVLQJDVHJUHJDWLRQ
IDFWRUV

 7RFORVHWKHPRGHOWKHFRQGLWLRQDOVFDODUGLVVLSDWLRQUDWHLV
UHFRQVWUXFWHGIURPD'IUHHO\SURSDJDWLQJSUHPL[HGIODPH

.XURQ5HQ+DZNHV=KRX.ROOD&KHQ/X  Combustion and
FlameSS
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6FDODUGLVVLSDWLRQUDWHa priori
FRPSDULVRQWR'16
 8VLQJWKH+$LUSUHPL[HGVORWMHW'16WKHK\EULGPRGHO
LVUHFRQVWUXFWHGDQGFRPSDUHGWRWKHGLVVLSDWLRQUDWHRI
WKHSURJUHVVYDULDEOHDSULRUL

+\EULGPL[LQJUDWHPRGHOa posteriori73')
FRPSDULVRQ
 7KHK\EULGPL[LQJPRGHOVKRZVVXSHULRUSHUIRUPDQFHWRWKHWXUEXOHQW
PL[LQJUDWHDQGODPLQDUIODPHOHWFORVXUH 3RSHDQG$QDQG 
DSSURDFKHV

&DVH'D

&DVH'D

.XURQ5HQ+DZNHV=KRX.ROOD&KHQ/X  Combustion and
FlameSS

TNF14 Workshop

219

27-28 July 2018, Dublin, Ireland

6\QSRVLV±SUHPL[HGFDVHV
 (UURULVRODWLRQHOLPLQDWHGWXUEXOHQFHPRGHODQGRWKHU
SDUDPHWHUV
 'HPRQVWUDWHG(067FDQZRUNZLWKFRUUHFWPL[LQJ
WLPHVFDOHLQSXW
 7UDGLWLRQDODSSURDFKRIFRQVWDQWcGHPRQVWUDWHGWRIDLO
 )RFXVHGWKHRUHWLFDOZRUNWRUHYLVHWKHWLPHVFDOHPRGHO
 'HPRQVWUDWHGLQDSULRULWHVW
 &RQILUPHGLQDSRVWHULRULWHVW

3DUDPHWHUUHJLPHV
5HDVDNH\SULRULW\
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'16OLPLWDWLRQV

 '16IRUKLJK.DLVWXUEXOHQFH
OLPLWHGWKXVOLPLWHGE\5H
 $OPRVWDOOKLJK.D'16KDYH
ORZ'D
 9HUYLVFK.DUORYLW]EXEEOH
'DPNRKOHUFULVLV
 $KLJK'DKLJK.DIODPHPLJKW
EHTXDOLWDWLYHO\GLIIHUHQW…

6NLED&1)
6NLED
&1) 

'16OLPLWDWLRQV

'16
$VSGHQ
DU;LY
a[WKLFNHQLQJ
DW.D
a[DW.D
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([SHULPHQWV
6NLED&1)
[WKLFNHQLQJDW
.Da
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-HWIODPHVDWVLPLODU.DDQGLQFUHDVLQJ5HQXPEHU
5H 
6WHIDQR/XFD$QWRQLR$WWLOL)DEUL]LR
%LVHWWLHWDOWK,QWHUQDWLRQDO
6\PSRVLXPRQ&RPEXVWLRQ
7DON$RQ0RQGD\WXUEXOHQW
FRPEXVWLRQ





VSDWLDOO\HYROYLQJMHWZLWK-HW5HQXPEHU
IURPWR
&RQVWDQW8EXONDWWKHLQOHW PV 
,QFUHDVLQJ5HREWDLQHGLQFUHDVLQJWKHMHW
ZLGWKWKHUHIRUHLQFUHDVLQJWKHWXUEXOHQFH
LQWHJUDOVFDOH
$WFRQVWDQWX¶DQGLQFUHDVLQJLQWHJUDO
VFDOHWKH.ROPRJRURYVFDOHLQFUHDVHV
VOLJKWO\ .Da5HALQIUHVKJDVHV 

5HJLPHGLDJUDP IODPHOHQJWKIRUWKHIODPHV

10

R1
R2
R3
R4

6
Ka = 100

(a)

5

25

ST/SL
A/AC
I0
L/H

20

4
15

1

3

u’/SL

10

2

#7! 
.

10

Ka = 1

2
10

0

5

1

Ret = 1
0

10

10

1

10

2

l/bL

0

2.8

5.6
11.2
Re (103)

22.4

0

 5HYDULHGE\DIDFWRURI
 )ODPHOHQJWKLQ+XQLWVFRQWLQXRXVO\GHFUHDVLQJQRVLJQRIOLPLWEHKDYLRXU
HLWKHUZD\…
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6FDOLQJRIWKHVRXUFHWHUPRIWKH)6'HTXDWLRQ

∇ · ( u + S n  s Σ) =  a + S ∇ · n  s Σ =  K  s Σ
f

R1
R2

〈aT〉S τη

0.4

R3
R4

0.2
〈K〉S τη

0
-0.2
〈Sd∇⋅n〉S τη

-0.4
0

0.2

0.4

0.6
x / Lf

0.8

1

1.2

 6RXUFHWHUPVDUH.ROPRJRURYVFDOHGLQFRQWUDVWWRSUHYDLOLQJWKRXJKWDQG
PRGHOV
 6HULRXVLPSOLFDWLRQVIRUZKROHDSSURDFKRIPRGHOOLQJWKH)6'

,ĞĂƚZĞůĞĂƐĞĨĨĞĐƚƐŽŶdƵƌďƵůĞŶƚ͗
dŚĞDŽƐƚ͞/ŶƚĞƌĞƐƚŝŶŐ͟ZĞŐŝŵĞ

:ŽŶĂƚŚĂŶ &͘ DĂĐƌƚ͕DŝĐŚĂĞů͘DƵĞůůĞƌ
ŽŵƉƵƚĂƚŝŽŶĂůdƵƌďƵůĞŶƚZĞĂĐƚŝŶŐ&ůŽǁ>ĂďŽƌĂƚŽƌǇ;dZ&>Ϳ
ĞƉĂƌƚŵĞŶƚŽĨDĞĐŚĂŶŝĐĂůĂŶĚĞƌŽƐƉĂĐĞŶŐŝŶĞĞƌŝŶŐ
WƌŝŶĐĞƚŽŶhŶŝǀĞƌƐŝƚǇ

dE&ͬWd&:ŽŝŶƚ^ĞƐƐŝŽŶŽŶ,ŝŐŚůǇdƵƌďƵůĞŶƚWƌĞŵŝǆĞĚŽŵďƵƐƚŝŽŶ
ƵďůŝŶ͕/ƌĞůĂŶĚ
:ƵůǇϮϳ͕ϮϬϭϴ
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ŝůĂƚĂƚŝŽŶĨĨĞĐƚƐ
 WŚǇƐŝĐĂů ƌŐƵŵĞŶƚƐ
 ŝůĂƚĂƚŝŽŶĞĨĨĞĐƚƐĨƌŽŵŚĞĂƚƌĞůĞĂƐĞĚŽŵŝŶĂƚĞƚƵƌďƵůĞŶĐĞĚǇŶĂŵŝĐƐ
ǁŚĞŶƚŚĞĚŝůĂƚĂƚŝŽŶŝƐĨĂƐƚĞƌƚŚĂŶƚƵƌďƵůĞŶƚĚŝƐƐŝƉĂƚŝŽŶ͘
 &ƌŽŵ ŝůŐĞƌϭ͕ƌĞƋƵŝƌĞƐ ܽܭ൏ ܽܭୡ୰ ൌ ߬ ൌ ܶ Ȁܶ௨ െ ͳ

 ZĞƐƵůƚƐ ŝŶ ĐŽƵŶƚĞƌͲŐƌĂĚŝĞŶƚƚƌĂŶƐƉŽƌƚĞĨĨĞĐƚƐĨŽƌďŽƚŚƚŚĞƚƵƌďƵůĞŶƚ
ƐĐĂůĂƌĨůƵǆĂŶĚƚŚĞZĞǇŶŽůĚƐƐƚƌĞƐƐĞƐ
 ŽŶĨŝƌŵĞĚǀŝĂŽƵƌE^ŽĨƉůĂŶĂƌũĞƚĨůĂŵĞƐĂƚůŽǁ<ĂƌůŽǀŝƚǌŶƵŵďĞƌϮ
 'ƌĂĚŝĞŶƚ ƚƌĂŶƐƉŽƌƚ ĚŽŵŝŶĂƚĞƐ ŝŶ ŽƵƌ E^ Ăƚ ŚŝŐŚ <ĂƌůŽǀŝƚǌ ŶƵŵďĞƌϮ
 DŽƌĞƌĞĐĞŶƚǁŽƌŬŚĂƐƐŚŽǁŶƚŚĂƚƚŚŝƐŚŽůĚƐƚƌƵĞĨŽƌƚŚĞƐƵďĨŝůƚĞƌĨůƵǆĞƐ
ĂŶĚƐƵďĨŝůƚĞƌƐƚƌĞƐƐĞƐŝƌƌĞƐƉĞĐƚŝǀĞŽĨĨŝůƚĞƌǁŝĚƚŚĨŽƌƚŚĞƐĞĚĂƚĂƐĞƚƐϯ

 ,ŽǁĞǀĞƌ͕ŽƵƌŚŝŐŚ<ĂƌůŽǀŝƚǌE^ĚĂƚĂďĂƐĞŝƐĂƚůŽǁĂŵŬƂŚůĞƌ
ŶƵŵďĞƌ͕ƐŽĂůůƐĐĂůĞƐŽĨƚƵƌďƵůĞŶĐĞĂƌĞĨĂƐƚĞƌƚŚĂŶƚŚĞĨůĂŵĞ͘
 ,ŝŐŚ<Ă͕ŚŝŐŚĂ͗^ŽŵĞƐĐĂůĞƐĨĂƐƚĞƌ͕ƐŽŵĞƐůŽǁĞƌƚŚĂŶĨůĂŵĞ͘
 >ĂƌŐĞƐĐĂůĞƐŝŶĐŽƵŶƚĞƌͲŐƌĂĚŝĞŶƚĂŶĚ ƐŵĂůů ƐĐĂůĞƐ ŝŶ ŐƌĂĚŝĞŶƚƚƌĂŶƐƉŽƌƚ͍
ϭZ͘t͘ŝůŐĞƌ͕&ůŽǁdƵƌď͘ŽŵďƵƐƚ͘ϳϮ;ϮϬϬϰͿϵϯͲϭϭϰ
Ϯ:͘&͘DĂĐƌƚ͕d͘'ƌĞŶŐĂ͕D͘͘DƵĞůůĞƌ͕ŽŵďƵƐƚ͘&ůĂŵĞϭϵϭ;ϮϬϭϴͿϰϲϴͲϰϴϱ

Ϯ

ϯ:͘&͘DĂĐƌƚ͕K͘^ŚĞŶĚĞ͕D͘͘DƵĞůůĞƌ͕ŽŵďƵƐƚ͘&ůĂŵĞ;ϮϬϭϴͿŝŶƉƌĞƉĂƌĂƚŝŽŶ

ŝůĂƚĂƚŝŽŶĨĨĞĐƚƐ
 ZĞŐŝŵĞŝĂŐƌĂŵ
ŝĂŐƌĂŵ

 dŽƐĐĂůĞ ŽƵƌ ĐƵƌƌĞŶƚŚŝŐŚ<ĂƌůŽǀŝƚǌƚƵƌďƵůĞŶƚƉƌĞŵŝǆĞĚƉůĂŶĂƌũĞƚĨůĂŵĞ
ƚ Śŝ Ś < ů ŝƚ ƚ ď ů ƚ
ŝ Ě ů
ũ
E^ĚĂƚĂďĂƐĞ;  ܽܭͷͲ ൌ Ǥͷ߬ͿĨƌŽŵ ܽܦൌ ͲǤͲ ՜ ͳǤͲ ĂƚƐĂŵĞ͗ܽܭ
 ܴ݁ ൎ ͳǡʹͺͲǡͲͲͲǢ ܴ݁௧ ൎ ʹǡͲͲͲ
 ϱϵƚƌŝůůŝŽŶŐƌŝĚƉŽŝŶƚƐ͊
ϯ
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&RQILJXUDWLRQV

)ODPHJHQHUDWHGWXUEXOHQFHDQGXSVFDOH
NLQHWLFHQHUJ\WUDQVSRUW

5HVXOWVIRUIODPHLQ
DER[GHSHQGRQ
GRPDLQVL]H…
/DUJHVWGRPDLQîîELOOLRQFHOOV
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+LJK.DSUHPL[HGMHWIODPH
+DLRX:DQJ QRZDW=KHMLDQJ8 LQFROODERUDWLRQZLWK-DFNLH
&KHQ 6DQGLD %R=KRX=KRQJVKDQ/L0DUFXV$OGpQ
/XQG
:DQJHWDO3URF&RPEXVW,QVW
:DQJHWDO-)OXLG0HFK

8SVWUHDPIODPHZHDNHQLQJ
([SHULPHQWDO
FKHPLOXPLQHVFHQFH

([SHULPHQWDO
2+3/,)

'162+
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6WUHWFKIDFWRUI0WXUEXOHQWIODPHDUHDUDWLRA'
DQGWXUEXOHQWEXUQLQJUDWHUDWLRSTSL
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:KDWFDXVHVWKLVUHGXFHGUHDFWLRQ"±
FRPSDULVRQWRVWUDLQHGODPLQDUIODPH
8
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:DOOKHDWWUDQVIHULQ©KLJKO\WXUEXOHQWªVZLUOIODPHV


:DOOKHDWWUDQVIHUKDVRQVWURQJLPSDFWRQVZLUOIODPHWRSRORJ\>@
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0(* $%,
=%&% , 
± 0IODPHVKDSHYHUVXV9IODPH

AFB


7KHVDPHLVREVHUYHGLQWKHOHDQSUHPL[HG35(&&,167$EXUQHU>@
± +LJKVHQVLWLYLW\RIWKHRXWHUIODPHOLIWRIIWRWKHPHVKUHVROXWLRQ

FFE= , 

GE<FG<FM

FFE>%&%= 9
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AFB* *,#97&$-+,9#$7GEFK
AGB%*,#97 7GEFN

HG
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3UHPL[HGIODPHDQFKRUHGRQDEDFNZDUG
IDFLQJVWHS

 .RQGXUL&KHQHWDOVHHWDON$DP
7XHVGD\
 &RPSOHWHO\RSSRVLWHVLWXDWLRQWRXVXDOPRUH
WXUEXOHQFHLQSURGXFWVWKDQUHDFWDQWV
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0DLQSRLQWV
2EMHFWLYHV


'HYHORSPHQWRIPRGHOVWKDWLQGXVWU\XVHFDQLVDUJXDEO\DSULPDU\REMHFWLYHZLWK'16
ZRUNKRZHYHU
 *HQHUDOO\ORZOHYHOVRI'16ZRUNUHDOO\WDUJHWHGDWPRGHOV
 $SRVWHULRULWHVWVSURYLGHWKHPRVWGHILQLWLYHFRQFOXVLRQVDERXWPRGHOV\HWDOPRVWDOO
'16ZRUNVDUHDSULRULWHVWVRURQO\IXQGDPHQWDOVWXGLHV

3DUDPHWHUUHJLPHV


5HFHQWH[SHULPHQWVDWKLJKHU5HVKRZPDMRUGLIIHUHQFHVWRORZHU5HFRQGLWLRQV !ZH
QHHGWRLQFUHDVH'165H\QROGVQXPEHUV
 ,QKLJK.DZHDUHFRQVWUDLQHGLQFRVWE\5HDWIL[HG.DDIDFWRURILQFUHDVHLQ5H
FRVWV[DQGRQO\FKDQJHV'DE\DIDFWRUVTUW  
 $OVRSUHVVXUHGHQVLW\UDWLRFRPSUHVVLELOLW\IXHOHVSHFLDOO\WKRVHIXHOVZLWKORZ7
DFWLYLW\DUHSDUDPHWHUVRILQWHUHVW
&RQILJXUDWLRQV
 5HFHQW'16VXJJHVWIODPHLQDER[FDVHVH[KLELWODUJHVFDOHUHVXOWVWKDWGHSHQGRQWKH
VL]HRIWKHER[LQYDOLGDWLQJWKHLUXVHIRUVRPHSXUSRVHVHJDVDYDOLGDWLRQGDWDEDVH
IRUD5$16PRGHODQGUDLVLQJLPSRUWDQWTXHVWLRQVDERXWVSHFWUDOWUDQVIHU
 1HHGWRLQFUHDVHHIIRUWRQFDVHVZLWKOHVVWULYLDOJHRPHWULHVHJUHFLUFXODWLRQ]RQHV
PHDQVKHDUHWFWKHVHFDVHVVKRXOGKDYHSDUDPHWULFVHWVDQGDOVRSUHIHUDEO\LQYROYH
IORZVWKDWEHFRPSXWHGVWUDLJKWIRUZDUGO\ZLWK/(6DWUHVROXWLRQVZKHUHWKHPRGHOVDUH
DFWXDOO\GRLQJVRPHZRUNZKLFKPD\EHFKDOOHQJLQJGXHWRUHTXLUHGVFDOHVHSDUDWLRQ

$FNQRZOHGJHPHQWV
(YDWW+DZNHVDFNQRZOHGJHVWKHIROORZLQJVXSSRUW
)XQGLQJ
 $XVWUDOLDQ5HVHDUFK&RXQFLO
 $XVWUDOLDQ5HQHZDEOH(QHUJ\$JHQF\
&RPSXWDWLRQDOWLPH
 1DWLRQDO&RPSXWDWLRQDO,QIUDVWUXFWXUH$XVWUDOLD
 3DZVH\6XSHUFRPSXWLQJ&HQWUH$XVWUDOLD
 1(56&86$
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/DVHU'LDJQRVWLFVLQ7XUEXOHQW
&RPEXVWLRQ5HVHDUFK

1HHGVIRU)XUWKHU,PSURYHPHQWV$Q([SHULPHQWDO
³)RUZDUG/RRNLQJ´ 9LHZSRLQW
-HIIUH\$6XWWRQ
'HSDUWPHQWRI0HFKDQLFDODQG$HURVSDFH(QJLQHHULQJ
2KLR6WDWH8QLYHUVLW\

-RLQW37)71)6HVVLRQ

)ULGD\-XO\

%ULHI2YHUYLHZ RU5HPLQGHU RI6RPH.QRZOHGJH*DSV
&RQILJXUDWLRQHIIHFWVRQWXUEXOHQFHIODPHLQWHUDFWLRQ  JHRPHWU\  
SUHVVXUH  WXUEXOHQFHJHQHUDWLRQ  IXHOW\SH  SLORWEDFNVXSSRUW
 HWF«
:KDWLVWKHLQWHUQDOVWUXFWXUHRIKLJKO\WXUEXOHQWIODPHV",VWKH
IXQGDPHQWDOWKHUPRFKHPLFDOVWDWHYHU\GLIIHUHQWIURPWKDWRIDODPLQDU
IODPH"
:KDWLVWKHHIIHFWRIWXUEXOHQFHLQGXFHGVWUDWLILFDWLRQ FRQFHQWUDWLRQ
JUDGLHQWVLQFROGUHDFWDQWVDQGRUHQWUDLQPHQWRIKRWSURGXFWV "
2WKHUV"3OHDVHDGGWRGLVFXVVLRQDWWKHHQG
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:KDW¶V1HHGHG"
0HDVXUHPHQWVDFURVVYDULRXVFRQILJXUDWLRQV± LVWKHUHDFWLRQ]RQHVWUXFWXUH
DQGRUWXUEXOHQFHIODPHLQWHUDFWLRQWKHVDPHIRUWKHVDPHWKHUPRFKHPLFDO
HQYLURQPHQW"'RHVSUHVVXUHIXHOW\SHWXUEXOHQFHJHQHUDWLRQPHFKDQLVP
HWFPDNHDGLIIHUHQFH"
4XDQWLWDWLYHPXOWLVFDODUPHDVXUHPHQWV WKHUPRFKHPLFDOVWDWH
+LJKUHVROXWLRQ' RU' YHORFLW\PHDVXUHPHQWV WXUEXOHQFHG\QDPLFV
6LPXOWDQHRXVYHORFLW\VFDODUPHDVXUHPHQWV4XDQWLWDWLYHVFDODU
PHDVXUHPHQWVSUHIHUUHGEXWVWUXFWXUDOWRSRJUDSK\IURPLPDJLQJ\LHOGV
XVHIXOLQIRUPDWLRQ LHEURDGHQHGSUHKHDWOD\HUVEXWWKLQ5=
+HDWUHOHDVHUDWHDQGEXUQLQJPRGHPHDVXUHPHQWV LISDUWLDOO\SUHPL[HG
/RFDOIODPHFRQVXPSWLRQVSHHG

1HHGIRU'DWDEDVHV LQWKHFRQWH[WRIPRGHOV
7KHUHH[LVWYHU\GHWDLOHGGDWDEDVHVIRUQRQSUHPL[HGIODPHVWKDW
FDQDLGWKHDVVHVVPHQWDQGGHYHORSPHQWRIFRPEXVWLRQPRGHOV
4XDQWLWDWLYHYHORFLW\DQGPXOWL
VFDODUPHDVXUHPHQWVDUHDYDLODEOH
0HDVXUHPHQWVJHQHUDOO\KDYHJRRG
ERXQGDU\FRQGLWLRQFKDUDFWHUL]DWLRQ
'DWDEDVHVFRYHUDEURDGUDQJHRI
FRQGLWLRQVZLWKYDU\LQJOHYHOVRI
FRPSOH[LW\
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1HHGIRU3UHPL[HG'DWDEDVHV
7KHUHLVGDWDDYDLODEOHIRUSUHPL[HGIODPHV«EXWWKHW\SHRIGDWDDYDLODEOHYDULHV
IURPH[SHULPHQWWRH[SHULPHQW ODUJHO\VWUXFWXUDODQGWRSRORJLFDOLQIRUPDWLRQ
4XDQWLWDWLYHYHORFLW\DQGPXOWLVFDODUPHDVXUHPHQWVZLWKZHOOFKDUDFWHUL]HG
ERXQGDU\FRQGLWLRQVDUHQRWUHDGLO\DYDLODEOHIRUKLJK.DSUHPL[HGIODPHV
YCO vs. T
7KHUHDUHVRPHUHFHQWSXVKHVLQWKLVGLUHFWLRQ«
-3 < r < 3 mm

+RZHYHUPDQ\H[SWVZHUHQRWGHVLJQHG
Temperature
QRUQHYHULQWHQGHG WREHXVHGIRU
(Rayleigh)
PRGHODVVHVVPHQW
7KHUHLVDQHHGWRSODQ
H[SHULPHQWVDQGEXUQHU
GHVLJQZLWKWKHLQWHQW
IRUPRGHO³YDOLGDWLRQ´

3 < r < 9 mm

9 < r < 12 mm

z = 60 mm

z = 20 mm

21.6 mm
2
Formaldehyde
20 kHz

z = 10 mm

turbulence
generator
plate

U of M Hi-Pilot Burner

Wabel, Steinberg, Barlow

&RQILJXUDWLRQV DQG7HVW&RQGLWLRQV
+LJKWXUEXOHQFHOHYHOV .DX¶6/5H7«
0XOWLSOHWXUEXOHQFHJHQHUDWLRQPHFKDQLVPV VKHDUGHFD\LQJHWF $UH
PHDVXUHPHQWVLQMHWV%XQVHQIODPHVVZLUOIODPHVHWFFRQVLVWHQW"
(OHYDWHGSUHVVXUH LVWKLVMXVWKLJKHU5HRUVRPHWKLQJHOVH"
5HDORU DWOHDVW PRUHFRPSOH[IXHOV &+ ĺ&+ ĺ&+ĺ ĺNHURVHQH
0DFKQXPEHUFRPSUHVVLELOLW\HIIHFWV
2WKHUDVSHFWVFHQWUDOWRSUDFWLFDOFRQILJXUDWLRQV
/DUJHVFDOHFRKHUHQWGLVWXUEDQFHV
7UDQVLHQWSUREOHPV"
6SUD\VIODPHV"

TNF14 Workshop

232

27-28 July 2018, Dublin, Ireland

+LJK5H\QROGV1XPEHUVDQG+LJK,QWHQVLW\7XUEXOHQFH


6ZLUOIODPHV"




2WKHU"


CH
layers

+L3LORW%XQVHQ 0LFK
X¶6/ !5H7 ĺ
/G !

3UHPL[HG-HW)ODPH /XQG
X¶6/ ĺ5H7 ĺ
/G §

3UHPL[HG-HW)ODPH 6\GQH\
X¶6/ ! 5H7 ! 
/G §
0RGLILHGYHUVLRQ 268
X¶6/ ĺ5H7 !
/G !

5HFRPPHQGDWLRQVIRU&DQRQLFDO7XUEXOHQW3UHPL[HG)ODPH
)DFLOLWLHV /LHXZHQ*7
&RPEXVWLRQ UHJLPHVDWKLJKݑᇱ Τܵ FRQGLWLRQVPD\EHYHU\
GLIIHUHQWLQPDQ\SUDFWLFDODSSOLFDWLRQV KLJKSUHVVXUH
ODUJHUVL]H WKDQZKDWLVREVHUYHGLQDWPRVSKHULF
SUHVVXUHODEVFDOHEXUQHUV

:HOOVWLUUHG

 ܽܦൌ ͳ

7KLFNHQHG
IODPHOHWV

$QLOOXVWUDWLYHFDOFXODWLRQRIX¶6/ IRU.D DQG'D 
OLPLWVIRU&+DLUDWPVI 
.D 
L11
Passing out of
2 cm
flamelet regime
in atmospheric,
20 cm
lab scale facility
at ࢛ᇱ Τࡿࡸ = 4
'D 
L11
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 ܽܭൌ ͳ

)ODPHOHWV

7RGD\¶VSRZHU
JHQHUDWLRQIDFLOLWLHV
7RGD\¶VDLUFUDIW
HQJLQHV
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5HFRPPHQGDWLRQVIRU&DQRQLFDO7XUEXOHQW3UHPL[HG)ODPH
)DFLOLWLHV
3HUKDSVWKHUHVKRXOGEHLGHQWLILFDWLRQRIKLJKHU5H\QROGVQXPEHUSODWIRUPVIRU
KLJKWXUEXOHQFHLQWHQVLW\H[SHULPHQWV
:RXOGOLNHO\UHTXLUHDSUHVVXUL]HGIDFLOLW\ VKRXOGZHGHYHORSDFRPPRQGHVLJQ
WKDWFRXOGEHVKDUHG"
7KLVZRXOGDOORZDQLQFUHDVHLQOHQJWKVFDOHV GXHWRGHYLFHVL]H DQGGHFUHDVH
RIIODPHWKLFNQHVV GXHWRSUHVVXUH 
:LOOZHVHHWKHVDPHEDVLFUHVXOWVDVDWPODERUDWRU\VFDOHH[SHULPHQWV"

)XHO7\SH
Just a quick summary from Fokion’s update this morning at PTF…
$QDQDO\VLVRISXEOLVKHGWXUEXOHQWIODPHVWXGLHVUHYHDOHGWKDW
ZHUHFDUULHGRXWDWSUHVVXUHVDWPRQO\XVHGSUHYDSRUL]HGIXHOV
7KHUHDUHFHUWDLQIODPHSKHQRPHQRQWKDWDUHVHQVLWLYHWRNLQHWLFV LH
H[WLQFWLRQUHLJQLWLRQ DQGWKHVHNLQHWLFVFDQEHVHQVLWLYHWRIXHODQGSUHVVXUH
)RUKHDY\IXHOVIXHOGLIIXVLYLW\DQGFKHPLVWU\DUHFHUWDLQO\GLIIHUHQWDV
FRPSDUHGWR&+7KLVZLOOFKDQJHWKHSUHKHDW]RQHVWUXFWXUH
7KHUHQHHGVWREHV\VWHPDWLFLQYHVWLJDWLRQVRIIXHOW\SHHIIHFWV:KLOHWKHUH
PD\EHOLWWOHGLIIHUHQFHEHWZHHQµOLJKW¶DQGµKHDY\¶IXHOVIRUWKHVDPHDHUR
WKHUPRFKHPLFDOVWDWHWKHSDWKZD\WRWKLVSDUWLFXODUVWDWHDQGWKHLQWHUDFWLRQ
ZLWKWXUEXOHQFHDORQJWKHZD\PD\EHYHU\GLIIHUHQW
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0DFK1XPEHUDQG&RPSUHVVLELOLW\(IIHFWV .$KPHG
Standing Turbulent Flame in the Compressible Regime
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0DFK1XPEHUDQG&RPSUHVVLELOLW\(IIHFWV .$KPHG
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7XUEXOHQFHLVQRWDWWHQXDWHGWKURXJKIODPHEXWUDWKHUWKHGDWDVKRZVIODPHJHQHUDWHGWXUEXOHQFH
7KHUHLVDWUDQVLWLRQLQWRQRQOLQHDUFRPSUHVVLEOHUHJLPHDERYH0I DQGHYLGHQFHRIWKH
PHFKDQLVPRIIODPHJHQHUDWHGWXUEXOHQFHLQKLJKFRPSUHVVLELOLW\UHJLPH
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6KHDU)ORZ&RQILJXUDWLRQV /LHXZHQ*7
,QUHDOLVWLFHQYLURQPHQWVIODPHVH[LVWLQK\GURQDPLFDOO\ XQVWDEOHVKHDUIORZV
7KHIODPHVDUHVXEMHFWHGWRFRKHUHQWODUJHVFDOHVWUDLQDQGFXUYDWXUH7KLVFDQ
LQGXFHGODUJHVFDOHFRKHUHQWSUHVVXUHJUDGLHQWVRQILQHVFDOH VWRFKDVWLF 
WXUEXOHQFH
*7KDVLQWURGXFHGDJHRPHWU\WKDWJHQHUDWHVODUJHVFDOHGLVWXUEDQFHVE\
XWLOL]LQJDQXSVWUHDPWXUEXOHQWJHQHUDWRU YDULDEOH WKDWLQWURGXFHV
FRKHUHQWIOXFWXDWLQJFXUYDWXUH
5HVXOWVVKRZWKDW6/ LVFRKHUHQWO\PRGXODWHGLQWLPH
WKHUHLVFRXSOLQJEHWZHHQVWUDLQDQGIODPHFXUYDWXUH

Flame holder

+XPSKUH\/-(PHUVRQ%DQG/LHXZHQ7&
3UHPL[HGWXUEXOHQWIODPHVSHHGLQDQRVFLOODWLQJ
GLVWXUEDQFHILHOG-)OXLG0HFKSS

6KHDU)ORZ&RQILJXUDWLRQV 6WHLQPHW]HWDO6\GQH\
6\GQH\KDVDSODWIRUPIRULQYHVWLJDWLQJKLJKO\VKHDUIODPHVZLWKVKHDU
LQKRPRJHQHLW\
6KHDULVLQWURGXFHGDWMHWH[LWSODQHIRUWKHVDPH
PL[WXUHFRQFHQWULFMHWDQGDQQXOXVWXEHVDOORZ
FRQWURORIWXUEXOHQFHSURILOHVWKURXJK  YDULDWLRQ
RIMHWYHORFLWLHVDQGYDU\LQJUHODWLYHYHORFLWLHVRI
MHWDQG DQQXOXV  5HFHVVLRQRIFHQWUDOMHW
XSWRGLDPHWHUV

Increasing shear

:LWKLQFUHDVLQJVKHDU&+UHPDLQVWKLQEXWGRHV
EHFRPHLQFUHDVLQJO\EURNHQ PD\EHGLIIHUHQWIURP
ZKDWKDVEHHQREVHUYHGZLWKFRQILJV OLNH+L3LORW"
:KDWW\SHVRIGDWDGRPRGHOHUV QHHGZDQWIURP
WKLV W\SHRIV\VWHP"
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([SHULPHQWDO&KDOOHQJHV
4XDQWLWDWLYHVFDODUPHDVXUHPHQWV 5DPDQ5D\OHLJK/,) DUHGLIILFXOW)RU
SUHPL[HGIODPHVUHVROYLQJVFDODUVRYHUµWKLQ¶IODPHWKLFNQHVVLVDPDMRU
FKDOOHQJH
2YHUZKHOPLQJPDMRULW\RIPHDVXUHPHQWVDUHDWDWP ZLWK&+ DVIXHOPRYLQJ
WRPRUHFRPSOH[IXHOVOHDGVWRVLJQLILFDQWLQWHUIHUHQFHLQPHDVXUHPHQWV+RZ
GRHVWKHXQFHUWDLQW\JURZDVIXHOLQFUHDVHVLQFRPSOH[LW\":KDWLVWKHIXHOW\SH
µOLPLW¶&&&«"
,QFUHDVLQJSUHVVXUHLQFUHDVHV5HDQGGHFUHDVHVVPDOOHVWWXUEXOHQFHOHQJWK
VFDOHVDQGIODPHWKLFNQHVV G ĺ/ GLQFUHDVHV7KLVFKDQJHVµSRVLWLRQ¶RQ
%RUJKL GLDJUDPDQGDOVRFUHDWHVDPHDVXUHPHQWG\QDPLFUDQJHSUREOHP
+LJKSUHVVXUHPHDVXUHPHQWVUHTXLUHIDFLOLW\ZLWKZDOOVZLQGRZV0DQ\
GLDJQRVWLFVZKLFKDUHµIULHQGO\¶LQRSHQHQYLURQPHQWVDUHYHU\GLIILFXOWLQ
HQFORVHGFRQILJXUDWLRQV

(PHUJLQJ'LDJQRVWLFVDQG&DSDELOLWLHV
4XDQWLWDWLYHKHDWUHOHDVHPHDVXUHPHQWV
+LJKUHVROXWLRQYHORFLPHWU\
+LJKVSHHGLPDJLQJXVHVIRUPRGHODVVHVVPHQW"
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0HWKRGWR$SSUR[LPDWH&0DQG+55IURP0DMRU6SHFLHV7
DQG2+ +DUWO =KDR %DUORZ*H\HU +DVVH'UHL]OHU
$SSUR[LPDWLRQPHWKRG

GRI Mech 3.0
Hartl et al. CNF (2018)
Options:
 Allow Ymajor to evolve within bounds of experimental uncertainty
(original approach with experimental data)
 Keep T, Ymajor fixed as minor species evolve to quasi steady state
(approach used with DNS data)
 Add OH as fixed input for improved accuracy on HRR

0HWKRGWR$SSUR[LPDWH&0DQG+55IURP0DMRU6SHFLHV7
DQG2+ +DUWO =KDR %DUORZ*H\HU +DVVH'UHL]OHU

Test of Approximation

Lund flame DNS
T

CM

HRR

Extract 1D “slices” from two DNS cases
 Ijet = 0.7; Icoflow = 0.9; x/D = 8, 16, 24
 Ijet = 0.4; Icoflow = 0.9; x/D = 8, 16, 24
 Use T, Ymajor from DNS as input
 Compare CM and HRR from the
approximation to those from full DNS
 Repeat using T, Ymajor, and OH

DNS by: H. Wang, et al., PCI (2017), 36:2045-2053
H. Wang, et al., JFM (2017), 815:511536
CEMA by: Xinyu Zhao, Tianfeng Lu, Chao Xu, Ji-Woong Park
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3UHOLPLQDU\5HVXOWV

I = 0.7, 24D rightside
 fully resolved DNS results
 approximated results (Raman species fixed)
 approximated results (Raman species, OH fixed)
 Good agreement on CM (except at low T)
 Good agreement on CM crossing location and
'CM (magnitude of change at the crossing)
 Close agreement on HRR when OH is included,
but some deviations (diffusion effects? mechanism?)
 Examples of high HRR not associated with zero crossing
 Similar results for I = 0.4 case.

+LJK5HVROXWLRQ9HORFLPHWU\ 6XWWRQ
3DUWLFOH,PDJLQJ9HORFLPHWU\ 3,9 LVWKHde facto YHORFLW\PHDVXUHPHQWLQIORZV
DQGIODPHVEXWLWLVD³QRQGHQVH´HVWLPDWHRIWKHYHORFLW\ILHOGVLQFH\RXJHWRQH
YHORFLW\YHFWRUSHULQWHUURJDWLRQZLQGRZ ,: DQG1,:  1SL[HOV
7KHUHODWLYHODFNRIVSDWLDOUHVROXWLRQRI3,9OHDGVWRHUURUVLQKLJK JUDGLHQWIORZ
UHJLRQVDQGLQWKHHVWLPDWLRQRILPSRUWDQWGHULYDWLYHTXDQWLWLHV
:HLQWURGXFHDZDYHOHWEDVHGRSWLFDOIORZ :2); PHWKRGIRUKLJKUHVROXWLRQ
YHORFLW\LPDJLQJ VWLOOEDVHGRQWUDFHUSDUWLFOHILHOGVIRUULJKWQRZ
)LQGYHORFLW\ILHOGv WKDWWUDQVIRUPVSDUWLFOHLPDJHI0 WRI1 LQWLPHLQWHUYDOǻt
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+LJK5HVROXWLRQ9HORFLPHWU\ 6XWWRQ
)RURSWLFDOIORZPHWKRGVLPDJHLQWHQVLW\RUµEULJKWQHVV¶LVDVVXPHGDVD
FRQVHUYHGTXDQWLW\
2SWLFDOIORZHTQ
'LVSODFHGIUDPHGLIIHUHQFH ')' HTQ
6ROYHGYLDPLQLPL]DWLRQSUREOHP
JD is a penalty function integrated over the image
O LVDUHJXODUL]DWLRQSDUDPHWHU

7KHUHDUHPRUHunknowns WKDQHTXDWLRQVVRWKHSUREOHPGRHVQRWKDYHDXQLTXH
VROXWLRQ XQGHUFRQVWUDLQHG 5HGXFHQXPEHURIXQNQRZQVXVLQJZDYHOHWV
0XOWLUHVROXWLRQVWUDWHJ\WKDWLVQRWVHQVLWLYHWRLQGLYLGXDOSL[HOLQWHQVLW\

7HVW&DVH± ''16 6F 5H LVRWURSLFWXUEXOHQFH
6\QWKHWLFSDUWLFOHILHOG
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)LUVW$WWHPSWRQ([SHULPHQWDO5HDFWLQJ)ORZ
7RRNQRQRSWLPL]HG IRU:2); 3,9SDUWLFOHGDWDIURP$DURQ6NLEDIURP+L3LORW%XUQHU
&RUUHODWLRQ

:2);

1RQUHDFWLQJ

)LUVW$WWHPSWRQ([SHULPHQWDO5HDFWLQJ)ORZ
7RRNQRQRSWLPL]HG IRU:2); 3,9SDUWLFOHGDWDIURP$DURQ6NLEDIURP+L3LORW%XUQHU
&RUUHODWLRQ
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+LJK6SHHG,PDJLQJ
2YHUWKHODVWGHFDGHWKHUHKDVEHHQDODUJHVXUJHRIN+]UDWHLPDJLQJLQERWKSUHPL[HG
DQGQRQSUHPL[HGIODPHV%H\RQGPRUHµW\SLFDO¶DSSOLFDWLRQVRIKLJKVSHHG3,9DQG2+
3/,)WKHUHFRQWLQXHWREHDGYDQFHV«
'/5+ +1
5H 

'/5+ +1
5H 

[G 

QP
5D\OHLJK
5DPDQ

[G 

[G 

+LJK6SHHG,PDJLQJ
:KLOHWLPHUHVROYHGLPDJLQJDQGPHDVXUHPHQWVFOHDUO\KDYHYDOXHLQXQGHUVWDQGLQJ
IORZDQGFRPEXVWLRQG\QDPLFV HVSHFLDOO\LQWKHFRQWH[WRIWUDQVLHQWDQGRUXQVWHDG\
HYHQWV DQGRSHQTXHVWLRQLV
³KRZWRXVHWKHPIRUPRGHODVVHVVPHQWDQGRUYDOLGDWLRQ´"
2QHFDQQRWFRPSDUHDQ\VLQJOHUHDOL]DWLRQVRLWQHHGVWREHDWLPHEDVHGVWDWLVWLF«
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&RPPHQWVDQG2SHQ4XHVWLRQV± <RX'LVFXVV
)LUVWOHW¶VDJUHHRQVRPHWHUPLQRORJ\ HJ.DVWUDWLILFDWLRQHWF
6KRXOGZHPRYHWRKLJKHUSUHVVXUHV"7KLVPD\EHDQLJKWPDUHIRU
H[SHULPHQWDOLVWVEXWSHUKDSV'16FDQ« DOWKRXJKNHHSLQJWKH
VDPH/G LVQRWZKDWKDSSHQVLQDUHDOV\VWHP
)XHOV"""&+ LVVWLOOJRRGZKHQMXVWDVVHVVLQJIXQGDPHQWDOIODPH
SK\VLFV6KRXOGZHDWOHDVWPRYHWR&&WRDVVHVVIXHOHIIHFWV"
3UHYDSRUL]HGIXHOV"
+RZWRFRRUGLQDWHQHZEXUQHUGHVLJQVZLWKPRGHOLQJHIIRUWV"
2WKHUWKRXJKWV""""
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Joint TNF/ISF Session: Progress on Turbulent Sooting Flames
Coordinators: Bassam B Dally, Michael E Mueller
Panelists: Simone Hochgreb, William L Roberts, Venkat Raman

The objective of the session was to bring together the TNF and ISF turbulent flames communities to
discuss common challenges and strategies for addressing experimental and computational challenges in
turbulent sooting flames. The session began with an overview of recent ISF turbulent flames progress
followed by comments from three panelists and discussion.

An overview and objectives of the ISF Workshop was briefly presented to the TNF community. An
overview of current experimental capabilities for turbulent sooting flames was then presented including
(Time-Resolved) Laser Induced Incandescence for soot volume fraction and primary particle size,
Coherent Anti-Stokes Rayleigh Scattering and non-linear Two-Line Atomic Fluorescence for temperature,
and krypton Planar Laser Induced Fluorescence for mixture fraction. The emphasis of the overview was
on the accuracy of the measurement techniques and their suitability for lightly versus highly sooting
turbulent flames. An overview of target flames and computational comparisons was then presented.
ISF target flames include both jet flames and recirculating flows (bluff body flames and confined swirl
flames) with parametric sweeps including Reynolds number, global strain rate, fuel composition,
pressure, and overall equivalence ratio. The two types of targets accentuate different aspects of sootturbulence-chemistry interactions, with jet flames stressing small-scale interactions including slow PAH
chemistry and recirculating flows stressing large-scale interactions, notably the residence time at
different mixture fractions where different growth mechanisms dominate. For comparisons with
experimental measurements, progress between consecutive Workshops has been rapid with decreasing
variance between models with detailed model improvements being made based on insights from limited
experimental measurements and DNS data. However, the fundamental challenge in understanding the
underlying physics and uncovering the source of discrepancies is a fundamental lack of data, particularly
(simultaneous) data on flame structure, including temperature and speciation, with soot measurements.

Three panelists then spoke on the experimental and computational challenges. Simone Hochgreb
discussed the range of experimental configurations being investigated in the community, ranging from
simple flames to more technical combustion devices, and recent advances in diagnostics for turbulent
sooting flames including multi-species Raman, krypton PLIF, CARS, and LIGS. Challenges in making
measurements in turbulent sooting spray flames were highlighted. Bill Roberts highlighted recent
progress at KAUST in making high-pressure measurements in turbulent sooting flames. Venkat Raman
discussed the differences in the modeling challenges between jet flames and recirculating flows with
respect to small-scale and large-scale intermittency. The importance of history in soot evolution was
also discussed and the need to identify canonical configurations that match the history of soot evolution
in technical combustion systems. Fundamental differences between detailed, PAH-based soot models
and semi-empirical, acetylene-based soot models were also highlighted with a suggestion to design
experiments to stress each class of models.

TNF14 Workshop

244

27-28 July 2018, Dublin, Ireland

Subsequent discussion focused on the feasibility in various measurement strategies and identified a
number of experimental groups starting to look into turbulent sooting flames. All agreed that the
challenge is significant from both computational and experimental perspectives with much working
remaining.
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:ŽŝŶƚdE&ͬ/^&^ĞƐƐŝŽŶ͗
WƌŽŐƌĞƐƐŽŶdƵƌďƵůĞŶƚ^ŽŽƚŝŶŐ &ůĂŵĞƐ
ĂƐƐĂŵ͘ĂůůǇ
^ĐŚŽŽůŽĨDĞĐŚĂŶŝĐĂůŶŐŝŶĞĞƌŝŶŐ
hŶŝǀĞƌƐŝƚǇŽĨĚĞůĂŝĚĞ

DŝĐŚĂĞů͘DƵĞůůĞƌ
ĞƉĂƌƚŵĞŶƚŽĨDĞĐŚĂŶŝĐĂůĂŶĚĞƌŽƐƉĂĐĞŶŐŝŶĞĞƌŝŶŐ
WƌŝŶĐĞƚŽŶhŶŝǀĞƌƐŝƚǇ

:ŽŝŶƚ/^&ͬdE&^ĞƐƐŝŽŶ
ƵďůŝŶ͕/ƌĞůĂŶĚ
:ƵůǇϮϴ͕ϮϬϭϴ

/^&tŽƌŬƐŚŽƉ
 ƌŝĞĨ,ŝƐƚŽƌǇĂŶĚƐƚƌƵĐƚƵƌĞ
± ƐƚĂďůŝƐŚĞĚŝŶϮϬϭϮĂƐĂƐĂƚĞůůŝƚĞŵĞĞƚŝŶŐƚŽƚŚĞ
ĐŽŵďƵƐƚŝŽŶƐǇŵƉŽƐŝƵŵ͖
± DĂŶĂŐĞĚďǇĂŶKƌŐĂŶŝƐŝŶŐŽŵŵŝƚƚĞĞĂŶĚŐƵŝĚĞĚďǇĂŶ
ĚǀŝƐŽƌǇ^ĐŝĞŶƚŝĨŝĐŽŵŵŝƚƚĞĞ͖
± ^ĐŝĞŶƚŝĨŝĐĐŽŵŵŝƚƚĞĞŵĞĞƚƐǇĞĂƌůǇ͖
± /^&ϰǁŽƌŬƐŚŽƉŝƐŽƌŐĂŶŝǌĞĚŝŶƚǁŽƚŚĞŵĞƐ͗>ĂŵŝŶĂƌĂŶĚ
dƵƌďƵůĞŶƚ͖ĞĂĐŚŚĂǀĞĂůĞĂĚĞƌĂŶĚĐŽͲůĞĂĚĞƌ
± ĂƚĂďĂƐĞŝƐŽƌŐĂŶŝǌĞĚŽŶƚŚĞǁŽƌŬƐŚŽƉǁĞďƐŝƚĞ͗
ŚƚƚƉƐ͗ͬͬǁǁǁ͘ĂĚĞůĂŝĚĞ͘ĞĚƵ͘ĂƵͬĐĞƚͬŝƐĨǁŽƌŬƐŚŽƉͬĚĂƚĂͲƐĞƚƐͬ
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/^&tŽƌŬƐŚŽƉŝŵƐ
 ŝŵƐŽĨtŽƌŬƐŚŽƉ
± dŽĂĚǀĂŶĐĞƵŶĚĞƌƐƚĂŶĚŝŶŐĂŶĚƉƌĞĚŝĐƚŝǀĞĐĂƉĂďŝůŝƚǇŽĨ
ĨůĂŵĞƐǁŝƚŚƐŽŽƚ͕ƚŽŝĚĞŶƚŝĨǇŐĂƉƐŝŶƚŚŝƐƵŶĚĞƌƐƚĂŶĚŝŶŐĂŶĚ
ƚŽĐŽŽƌĚŝŶĂƚĞƌĞƐĞĂƌĐŚƉƌŽŐƌĂŵƐƚŽĂĚĚƌĞƐƐƚŚĞŵ͖
± dŽŝĚĞŶƚŝĨǇǁĞůůĚĞĨŝŶĞĚƚĂƌŐĞƚĨůĂŵĞƐĂŶĚĐŽŽƌĚŝŶĂƚĞ
ĂĚĚŝƚŝŽŶĂůĞǆƉĞƌŝŵĞŶƚƐ ƚŚĂƚƉƌŽǀŝĚĞƐƵŝƚĂďůĞĚĂƚĂĨŽƌ
ŵŽĚĞůĚĞǀĞůŽƉŵĞŶƚĂŶĚǀĂůŝĚĂƚŝŽŶ͕ƐƉĂŶŶŝŶŐĂǀĂƌŝĞƚǇŽĨ
ĨůĂŵĞƚǇƉĞƐĂŶĚĨƵĞůƐŝŶĞĂĐŚŽĨƚŚĞƌĞƐĞĂƌĐŚƉƌŽŐƌĂŵƐ͖
± dŽĞƐƚĂďůŝƐŚĂŶĂƌĐŚŝǀĞŽĨƚŚĞĚĞƚĂŝůĞĚĚĂƚĂƐĞƚƐŽĨƚĂƌŐĞƚ
ĨůĂŵĞƐǁŝƚŚĚĞĨŝŶĞĚĂĐĐƵƌĂĐǇĂŶĚƚŽƉƌŽǀŝĚĞĂĨŽƌƵŵĨŽƌ
ƚŚĞĞǆĐŚĂŶŐĞĂŶĚĚŝƐƐĞŵŝŶĂƚŝŽŶŽĨƚŚĞƐĞĚĂƚĂ͘

ǆƉĞƌŝŵĞŶƚĂůŚĂůůĞŶŐĞƐ
 >ĂŵŝŶĂƌ&ůĂŵĞƐ
± dƌĂĚŝƚŝŽŶĂůůǇŝŶǀŽůǀĞĚŐĂƐƐĂŵƉůŝŶŐ͕ůŝŶĞŽĨƐŝŐŚƚĞǆƚŝŶĐƚŝŽŶ͕
ƐŽŽƚƉĂƌƚŝĐƵůĂƚĞƐĂŵƉůŝŶŐ͕ƚŚĞƌŵŽĐŽƵƉůĞƐŵĞĂƐƵƌĞŵĞŶƚƐ
ĂŶĚZ^ƉŽŝŶƚŵĞĂƐƵƌĞŵĞŶƚƐ͖
± ĂƚĂǁĂƐĞƐƐĞŶƚŝĂůƚŽĚĞǀĞůŽƉŵĞŶƚŽĨƐŽŽƚŵŽĚĞůƐ͕
ƐĂŵƉůŝŶŐŝŶƚĞƌĨĞƌĞĚǁŝƚŚĨůĂŵĞƐ͕ŵĞĂƐƵƌĞŵĞŶƚƐƐŽŵĞƚŝŵĞ
ǁĞƌĞůŝŵŝƚĞĚƚŽůŽǁƐŽŽƚŝŶŐĨůĂŵĞƐ

 dƵƌďƵůĞŶƚ&ůĂŵĞƐ
± ^ƚƌŽŶŐƌĂĚŝĂƚŝŽŶĞŵŝƐƐŝŽŶĨƌŽŵƚŚĞĨůĂŵĞ͕ďĞĂŵƐƚĞĞƌŝŶŐ͕
ƐŝŐŶĂůĂďƐŽƌƉƚŝŽŶ͕ƐƚƌŽŶŐDŝĞƐĐĂƚƚĞƌŝŶŐƐŝŐŶĂů͕ŚŝŐŚůǇ
ŝŶƚĞƌŵŝƚƚĞŶƚŵĞĂƐƵƌĞŵĞŶƚƐ͕ŝŶƚĞƌĚĞƉĞŶĚĞŶĐǇŝƐĐƌŝƚŝĐĂů
ƌĞƋƵŝƌŝŶŐƐŝŵƵůƚĂŶĞŽƵƐŵĞĂƐƵƌĞŵĞŶƚƐ͕ƉůĂŶĂƌ
ŵĞĂƐƵƌĞŵĞŶƚƐĂƌĞĞƐƐĞŶƚŝĂůƚŽŵĞĂƐƵƌĞŐƌĂĚŝĞŶƚƐ͕ƐŽŽƚŝƐ
ŚŝŐŚůǇĚĞƉĞŶĚĞŶƚŽŶĨůŽǁĚǇŶĂŵŝĐƐ͕ĞƚĐ͘͘
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DĞƚŚŽĚŽůŽŐǇĚǀĂŶĐĞŵĞŶƚ
 ^ŽŽƚsŽůƵŵĞ&ƌĂĐƚŝŽŶ
± >ĂƐĞƌ/ŶĚƵĐĞĚ/ŶĐĂŶĚĞƐĐĞŶĐĞ͕>//͕ŚĂƐďĞĞŶĚĞǀĞůŽƉĞĚƚŽ
ƉƌŽǀŝĚĞƚĞŵƉŽƌĂůĂŶĚƐƉĂƚŝĂůůǇƌĞƐŽůǀĞĚƉůĂŶĂƌ
ŵĞĂƐƵƌĞŵĞŶƚƐŽĨƐŽŽƚ͘ŚŽŝĐĞŽĨǁĂǀĞůĞŶŐƚŚ͕ĐĂůŝďƌĂƚŝŽŶ
ĂŶĚƋƵĂŶƚŝĨŝĐĂƚŝŽŶĂƌĞƐƚŝůůƵŶĚĞƌŝŶǀĞƐƚŝŐĂƚŝŽŶ͘
± dŚĞŵŝŶŝŵƵŵĚĞƚĞĐƚŝŽŶůŝŵŝƚŝƐϯƉƉď͕ŽŶĂƐŚŽƚďǇƐŚŽƚ
ďĂƐŝƐ͖
± DĞĂƐƵƌĞŵĞŶƚƵŶĐĞƌƚĂŝŶƚǇŽŶƚŚĞŵĞĂŶǀĂůƵĞƐŝƐΕϮϱй͕ĚƵĞ
ƚŽƵŶĐĞƌƚĂŝŶƚǇŝŶƚŚĞĞǆƚŝŶĐƚŝŽŶĂŶĚĐĂůŝďƌĂƚŝŽŶĐŽŶƐƚĂŶƚƐ͖
± dŚĞůĂƐĞƌƐŚĞĞƚƚŚŝĐŬŶĞƐƐŝŶƚŚĞĨůĂŵĞŝƐŵĞĂƐƵƌĞĚƚŽďĞ
Ϭ͘ϳϱŵŵ͘ĚĞůĂŝĚĞ'ƌŽƵƉ

DĞƚŚŽĚŽůŽŐǇĚǀĂŶĐĞŵĞŶƚ
 WƌŝŵĂƌǇ^ŽŽƚWĂƌƚŝĐůĞƐ͛^ŝǌĞ
± dŝŵĞZĞƐŽůǀĞĚ>ĂƐĞƌ/ŶĚƵĐĞĚ/ŶĐĂŶĚĞƐĐĞŶĐĞ͕dŝͲZĞ>//͕ŚĂƐ
ďĞĞŶĚĞǀĞůŽƉĞĚƚŽƉƌŽǀŝĚĞƚǁŽĚŝŵĞŶƐŝŽŶĂůƐŽŽƚƉĂƌƚŝĐůĞƐ
ƐŝǌĞĚŝƐƚƌŝďƵƚŝŽŶ͘/ƚƐƉƌĞĐŝƐŝŽŶĚĞƉĞŶĚƐŽŶƚŚĞƚĞŵƉŽƌĂů
ƌĞƐŽůƵƚŝŽŶŽĨƚŚĞƐŝŐŶĂůĚĞĐĂǇ͕ŵŽĚĞůƵƐĞĚƚŽĞƐƚŝŵĂƚĞƚŚĞ
ƐŝǌĞĂŶĚĞƐƚŝŵĂƚŝŶŐƚŚĞƐŽŽƚƉĂƌƚŝĐůĞƐ͛ƚĞŵƉĞƌĂƚƵƌĞ͘
± dŚĞŵŝŶŝŵƵŵĚĞƚĞĐƚŝŽŶůŝŵŝƚƐĨŽƌĚƉ ŝƐϱŶŵĂŶĚƚŚĞ
ƵŶĐĞƌƚĂŝŶƚŝĞƐŝƐΕϭϬŶŵ͘ĚĞůĂŝĚĞ'ƌŽƵƉ
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DĞƚŚŽĚŽůŽŐǇĚǀĂŶĐĞŵĞŶƚ
 'ĂƐdĞŵƉĞƌĂƚƵƌĞDĞĂƐƵƌĞŵĞŶƚͲ Z^
± ŽŚĞƌĞŶƚŶƚŝͲ^ƚŽŬĞƐZĂǇůĞŝŐŚ^ĐĂƚƚĞƌŝŶŐ͕Z^ǁĂƐƚŚĞ
ƚĞĐŚŶŝƋƵĞŽĨĐŚŽŝĐĞƚŽŵĞĂƐƵƌĞŐĂƐƚĞŵƉĞƌĂƚƵƌĞŝŶƉĂƌƚŝĐůĞ
ůĂĚĞŶĨůŽǁƐ͘dŚĞƐĞŵĞĂƐƵƌĞŵĞŶƚƐǁĞƌĞƌĞƐƚƌŝĐƚĞĚƚŽƉŽŝŶƚ
ŵĞĂƐƵƌĞŵĞŶƚƐĂŶĚůŽǁƐŽŽƚŝŶŐŝŶƚĞŶƐŝƚǇ͘WůĂŶĂƌZ^
;ŝŶĐůƵĚŝŶŐĨƐͲ WƐĞǆĐŝƚĂƚŝŽŶͿŵĞĂƐƵƌĞŵĞŶƚƐŚĂǀĞďĞĞŶ
ĂƚƚĞŵƉƚĞĚůĂƚĞůǇ͕ďƵƚŝƐǇĞƚƚŽďĞĂƚĞĐŚŶŝƋƵĞŽĨĐŚŽŝĐĞ͖

± ĐĐƵƌĂĐǇŝƐƌĞƉŽƌƚƚŽďĞĞƐƚŝŵĂƚĞĚϮͲ ϯйĂĐƌŽƐƐƚŚĞ
ĞŶƚŝƌĞƐƉĂƚŝĂůĚŽŵĂŝŶĂŵƉďĞůůĞƚĂů͘ϮϬϭϲ
± ZĞƉŽƌƚĞĚƐƉĂƚŝĂůƌĞƐŽůƵƚŝŽŶŽĨфϰϬђŵ

DĞƚŚŽĚŽůŽŐǇĚǀĂŶĐĞŵĞŶƚ
 'ĂƐdĞŵƉĞƌĂƚƵƌĞDĞĂƐƵƌĞŵĞŶƚͲ Ŷd>&
± dŚĞŶŽŶͲůŝŶĞĂƌdǁŽͲ>ŝŶĞƚŽŵŝĐ&ůƵŽƌĞƐĐĞŶĐĞ͕Ŷd>&
dĞĐŚŶŝƋƵĞƌĞůŝĞƐŽŶƚŚĞĞǆĐŝƚĂƚŝŽŶŽĨĂƐĞĞĚĞĚŵĞƚĂůŝŶƚŽ
ƚŚĞĨůĂŵĞ͕ƚŚĞƌĂƚŝŽŽĨƚǁŽ>/&ƐŝŐŶĂůƐĂŶĚƉƌĞĚĞƚĞƌŵŝŶĞĚ
ĐĂůŝďƌĂƚŝŽŶĐŽŶƐƚĂŶƚƐƚŽĐĂůĐƵůĂƚĞƚŚĞŐĂƐƚĞŵƉĞƌĂƚƵƌĞ͘
/ŶĚŝƵŵĂƚŽŵƐǁĞƌĞŐĞŶĞƌĂƚĞĚŝŶƚŚĞĨůĂŵĞďǇƐĞĞĚŝŶŐ
/ŶĚŝƵŵƚƌŝͲĐŚůŽƌŝĚĞĂŶĚ/ŶĚŝƵŵŶĂŶŽͲƉĂƌƚŝĐůĞƐŝŶƚŽŐĂƐĞŽƵƐ
ĂŶĚůŝƋƵŝĚĨƵĞůƐ͖
± dŚŝƐƚĞĐŚŶŝƋƵĞŝƐŶŽƚƐƵŝƚĂďůĞƚŽŵĞĂƐƵƌŝŶŐƚĞŵƉĞƌĂƚƵƌĞƐ
ďĞůŽǁϴϬϬ<ĚƵĞƚŽůŽǁĂŶƚŝͲƐƚŽŬĞƐƐŝŐŶĂůƐĂƚƚŚĞƐĞ
ƚĞŵƉĞƌĂƚƵƌĞ͘ZĞƐŽůƵƚŝŽŶŽĨϱϬϬђŵ͘

± WƌĞĐŝƐŝŽŶŝƐϰ͘ϭйŽƌΕϲϱͲϳϱ<ƐĞĞƉĂƉĞƌďǇ^ƵŶŝŶ
ƐǇŵƉŽƐŝƵŵ
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DĞƚŚŽĚŽůŽŐǇĚǀĂŶĐĞŵĞŶƚ
 'ĂƐdĞŵƉĞƌĂƚƵƌĞDĞĂƐƵƌĞŵĞŶƚͲ Ŷd>&
± hƐŝŶŐ'ĂůůŝƵŵŝŶƐƚĞĂĚŽĨ/ŶĚŝƵŵĂƐƚŚĞƐĞĞĚŝŶƚŚĞŶd>&
ƚĞĐŚŶŝƋƵĞŚĂǀĞƚŚĞƉŽƚĞŶƚŝĂůƚŽĐŽǀĞƌƚŚĞǁŚŽůĞ
ƚĞŵƉĞƌĂƚƵƌĞƌĂŶŐĞĨƌŽŵϯϬϬ<ͲϮϱϬϬ<͘dŚĞŐƌŽƵƉĂƚ>ƵŶĚ
ŚĂǀĞƐƵĐĐĞƐƐĨƵůůǇĂƉƉůŝĞĚƚŚŝƐƚĞĐŚŶŝƋƵĞƚŽůĂŵŝŶĂƌƐŽŽƚŝŶŐ
ĨůĂŵĞƐƵƐŝŶŐ'ĂůůŝƵŵƚƌŝͲŚůŽƌŝĚĞŝŶŐĂƐĞŽƵƐĨŽƌŵ͖͘
± dŚĞĚĞůĂŝĚĞŐƌŽƵƉŚĂƐƉůĂŶƐƚŽĂƉƉůǇƚŚŝƐƚĞĐŚŶŝƋƵĞƚŽ
ƚƵƌďƵůĞŶƚĨůĂŵĞƐƚŚŝƐǇĞĂƌ͘
± WƌĞĐŝƐŝŽŶǁĂƐƌĞƉŽƌƚϭйĂŶĚƚŚĞĂĐĐƵƌĂĐǇϮͲϯй;ϮϬͲϯϬ<Ϳ͖
:ĞƐƉĞƌ ŽƌŐŐƌĞŶ͕ŽĐƚŽƌĂůƚŚĞƐŝƐ͕;ϮϬϭϴͿ͕>ƵŶĚ͕^ǁĞĚĞŶ

DĞƚŚŽĚŽůŽŐǇĚǀĂŶĐĞŵĞŶƚ
 'ĂƐdĞŵƉĞƌĂƚƵƌĞDĞĂƐƵƌĞŵĞŶƚʹ Ŷd>& Ͳ 'Ă

:ĞƐƉĞƌ ŽƌŐŐƌĞŶ͕
ŽĐƚŽƌĂůƚŚĞƐŝƐ͕;ϮϬϭϴͿ͕>ƵŶĚ͕^ǁĞĚĞŶ
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DĞƚŚŽĚŽůŽŐǇĚǀĂŶĐĞŵĞŶƚ
 'ĂƐdĞŵƉĞƌĂƚƵƌĞDĞĂƐƵƌĞŵĞŶƚͲ Ŷd>& Ͳ 'Ă

:ĞƐƉĞƌ ŽƌŐŐƌĞŶ͕
ŽĐƚŽƌĂůƚŚĞƐŝƐ͕;ϮϬϭϴͿ͕>ƵŶĚ͕^ǁĞĚĞŶ

DĞƚŚŽĚŽůŽŐǇĚǀĂŶĐĞŵĞŶƚ
 DŝǆƚƵƌĞ&ƌĂĐƚŝŽŶDĞĂƐƵƌĞŵĞŶƚƐ
± dŚĞŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶŝƐŝŶĨĞƌƌĞĚĨƌŽŵůĂƐĞƌͲŝŶĚƵĐĞĚ
ĨůƵŽƌĞƐĐĞŶĐĞŽĨŬƌǇƉƚŽŶŐĂƐƐĞĞĚĞĚŝŶƚŽƚŚĞĨƵĞůƐƚƌĞĂŵ͘dŽ
ŽďƚĂŝŶŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶĨƌŽŵƚŚĞĨůƵŽƌĞƐĐĞŶĐĞƐŝŐŶĂů͕ƚŚĞ
ƐŝŐŶĂůŵƵƐƚďĞĐŽƌƌĞĐƚĞĚĨŽƌĚĞŶƐŝƚǇĂŶĚĨůƵŽƌĞƐĐĞŶĐĞ
ƋƵĞŶĐŚŝŶŐĞĨĨĞĐƚƐ͘dŚŝƐĐŽƌƌĞĐƚŝŽŶŝƐĂĐĐŽŵƉůŝƐŚĞĚďǇ
ŝŶǀŽŬŝŶŐĂŶĂƐƐƵŵĞĚƐƚĂƚĞƌĞůĂƚŝŽŶƐŚŝƉƚŚĂƚŝƐĚĞƌŝǀĞĚĨƌŽŵ
ĂůĂŵŝŶĂƌƐƚƌĂŝŶĞĚͲĨůĂŵĞĐĂůĐƵůĂƚŝŽŶ͘KŶĐĞƉƌŽƉĞƌůǇ
ĐĂůŝďƌĂƚĞĚ͕ƚŚĞŬƌǇƉƚŽŶƉůĂŶĂƌůĂƐĞƌͲŝŶĚƵĐĞĚĨůƵŽƌĞƐĐĞŶĐĞ
ĚĂƚĂŐŝǀĞƚŚĞŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶ͕ƚĞŵƉĞƌĂƚƵƌĞĂŶĚŵĂũŽƌ
ƐƉĞĐŝĞƐŶĞĂƌƚŚĞƌĞŐŝŽŶƐŽĨƐŽŽƚĨŽƌŵĂƚŝŽŶ͘dŚĞŬƌǇƉƚŽŶŝƐ
ƐĞĞĚĞĚŝŶƚŽƚŚĞĨƵĞůũĞƚĂƚĂŵŽůĞĨƌĂĐƚŝŽŶŽĨĂƉƉƌŽǆŝŵĂƚĞůǇ
ϰй͘

± >ŽǁƐŝŐŶĂůƚŽŶŽŝƐĞƌĂƚŝŽ͕ůŝŶĞŵĞĂƐƵƌĞŵĞŶƚƐŽŶůǇ͘
± >ŝŵŝƚĞĚƵƐĞŝŶŚŝŐŚůǇƐŽŽƚŝŶŐĨůĂŵĞ͘
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dĂƌŐĞƚ&ůĂŵĞƐ
 dǇƉĞ/͗:Ğƚ&ůĂŵĞƐ
± ĚĞůĂŝĚĞ:Ğƚ&ůĂŵĞƐ
 EŽŶƉƌĞŵŝǆĞĚƐŝŵƉůĞũĞƚĨůĂŵĞƐ
± &ƵĞů͗Ϯ,ϰͬ,ϮͬEϮ ;ϰϬͬϰϬͬϮϬͿ

 dǁŽƉĂƌĂŵĞƚƌŝĐƐǁĞĞƉƐ͗
± sĂƌŝĂƚŝŽŶŝŶZĞǇŶŽůĚƐŶƵŵďĞƌĂƚĨŝǆĞĚŐůŽďĂůƐƚƌĂŝŶƌĂƚĞ
± sĂƌŝĂƚŝŽŶŝŶŐůŽďĂůƐƚƌĂŝŶƌĂƚĞĂƚĨŝǆĞĚZĞǇŶŽůĚŶƵŵďĞƌ

 ĂƚĂ͗ǆŝƚǀĞůŽĐŝƚǇ͕ƐŽŽƚǀŽůƵŵĞĨƌĂĐƚŝŽŶ;>//Ϳ͕ĐĞŶƚĞƌůŝŶĞ
ƚĞŵƉĞƌĂƚƵƌĞ;ƚŚĞƌŵŽĐŽƵƉůĞͿ͕ĂŶĚƌĂĚŝĂŶƚŚĞĂƚĨůƵǆ

± ^ĂŶĚŝĂ:Ğƚ&ůĂŵĞ
 EŽŶƉƌĞŵŝǆĞĚƉŝůŽƚĞĚũĞƚĨůĂŵĞ
± &ƵĞů͗Ϯ,ϰ

 ĂƚĂ͗^ŽŽƚǀŽůƵŵĞĨƌĂĐƚŝŽŶ;>//Ϳ͕ƐŽŽƚƚĞŵƉĞƌĂƚƵƌĞ͕K,W>/&͕
W,W>/&͕ĂŶĚƌĂĚŝĂŶƚŝŶƚĞŶƐŝƚǇ

dĂƌŐĞƚ&ůĂŵĞƐ
 dǇƉĞ//͗ZĞĐŝƌĐƵůĂƚŝŶŐ&ůŽǁƐ
± ĚĞůĂŝĚĞůƵĨĨŽĚǇ&ůĂŵĞƐ
 EŽŶƉƌĞŵŝǆĞĚďůƵĨĨďŽĚǇĨůĂŵĞƐ
± &ƵĞůƐ͗sĂƌŝŽƵƐϮ,ϰͬ,Ϯ ŵŝǆƚƵƌĞƐĂŶĚ>W'

 WĂƌĂŵĞƚƌŝĐƐǁĞĞƉƐ
± sĂƌŝĂƚŝŽŶŝŶϮ,ϰͬ,Ϯ ƌĂƚŝŽĂƚĐŽŶƐƚĂŶƚƚŚĞƌŵĂůƉŽǁĞƌ

 ĂƚĂ͗^ŽŽƚǀŽůƵŵĞĨƌĂĐƚŝŽŶ;>//Ϳ

± >ZŽŵďƵƐƚŽƌ
 EŽŶƉƌĞŵŝǆĞĚĐŽŶĨŝŶĞĚƐǁŝƌůĨůĂŵĞƐ
 WĂƌĂŵĞƚƌŝĐƐǁĞĞƉƐ
± sĂƌŝĂƚŝŽŶŝŶƉƌĞƐƐƵƌĞĂƚǀŽůƵŵĞĨůŽǁƌĂƚĞƐ
± /ŶĐůƵƐŝŽŶͬĞǆĐůƵƐŝŽŶŽĨƐĞĐŽŶĚĂƌǇĂŝƌŝŶũĞĐƚŝŽŶ

 ĂƚĂ͗^ŽŽƚǀŽůƵŵĞĨƌĂĐƚŝŽŶ;>//Ϳ͕ƚĞŵƉĞƌĂƚƵƌĞ;Z^Ϳ͕
ǀĞůŽĐŝƚǇ;W/sͿ͕K,W>/&͕W,W>/&

TNF14 Workshop

252

27-28 July 2018, Dublin, Ireland

dĂƌŐĞƚ&ůĂŵĞƐ
 tŚǇƚǁŽĚŝƐƚŝŶĐƚƐĞƚƐŽĨƚĂƌŐĞƚĨůĂŵĞƐ͍
:ĞƚƐ
ZĞĐŝƌĐƵůĂƚŝŶŐ&ůŽǁƐ

ŝĞƐĞůŶŐŝŶĞƐ

ǀŝĂƚŝŽŶdƵƌďŝŶĞƐ

&ƵƌŶĂĐĞƐ

&ŝƌĞƐ

dĂƌŐĞƚ&ůĂŵĞƐ
± :Ğƚ&ůĂŵĞƐ
 ZŽůĞŽĨWŽůǇĐǇĐůŝĐƌŽŵĂƚŝĐ,ǇĚƌŽĐĂƌďŽŶƐ
;W,ͿŝƐĐƌŝƚŝĐĂůŝŶƚŚĞĨŽƌŵĂƚŝŽŶĂŶĚŐƌŽǁƚŚ
ŽĨƐŽŽƚ͘
 W,ĐŚĞŵŝƐƚƌǇŝƐƐůŽǁĂŶĚĞǆƚƌĞŵĞůǇ
ƐĞŶƐŝƚŝǀĞƚŽƚƵƌďƵůĞŶƚƐƚƌĂŝŶŝŶŐ͘

± ZĞĐŝƌĐƵůĂƚŝŶŐ&ůŽǁƐ
 'ƌŽǁƚŚŽĨƐŽŽƚŝƐĚŝĐƚĂƚĞĚďǇƌĞƐŝĚĞŶĐĞ
ƚŝŵĞƐĂƚǀĂƌŝŽƵƐŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶƐ͘
 ŝĨĨĞƌĞŶƚŐƌŽǁƚŚŵĞĐŚĂŶŝƐŵƐĚŽŵŝŶĂƚĞĂƚ
ĚŝĨĨĞƌĞŶƚŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶƐ͘
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EĂƉŚƚŚĂůĞŶĞ

 tŚǇƚǁŽĚŝƐƚŝŶĐƚƐĞƚŽĨƚĂƌŐĞƚĨůĂŵĞƐ͍

'ƌŽǁƚŚďǇW,
'ƌŽǁƚŚ
ďǇϮ,Ϯ

KǆŝĚĂƚŝŽŶ

27-28 July 2018, Dublin, Ireland

dĂƌŐĞƚ&ůĂŵĞƐ
 WƌŽŐƌĞƐƐĨƌŽŵ/^&ͲϯƚŽ/^&Ͳϰ
± ǆĂŵƉůĞ͗^ĂŶĚŝĂ:Ğƚ&ůĂŵĞ
 &Žƌ/^&Ͳϯ͕ƚŚĞƌĞƐƵůƚƐĨŽƌƐŽŽƚǀŽůƵŵĞ
ĨƌĂĐƚŝŽŶǁĞƌĞƐŽŵĞǁŚĂƚƐĐĂƚƚĞƌĞĚ͘
± ,ŽǁĞǀĞƌ͕ƚŚĞĐŽŶƐŝƐƚĞŶƚƚƌĞŶĚǁĂƐƚŚĂƚ
ŵŽƐƚĚĞƚĂŝůĞĚŵŽĚĞůƐƚĞŶĚĞĚƚŽ
ƵŶĚĞƌƉƌĞĚŝĐƚƚŚĞƐŽŽƚǀŽůƵŵĞĨƌĂĐƚŝŽŶ
ĂŶĚƐŝŐŶŝĨŝĐĂŶƚůǇƐŽ͘

 &Žƌ/^&Ͳϰ͕ƚŚĞƌĞƐƵůƚƐǁĞƌĞůĞƐƐƐĐĂƚƚĞƌĞĚ
ĂŶĚŝŶďĞƚƚĞƌĂŐƌĞĞŵĞŶƚǁŝƚŚƚŚĞ
ĞǆƉĞƌŝŵĞŶƚĂůŵĞĂƐƵƌĞŵĞŶƚƐďƵƚƐƚŝůů
ǁŽƌŬƚŽĚŽ͘

ݔȀܦ

± ^ŽŵĞĚŝĨĨĞƌĞŶĐĞƐďĞƚǁĞĞŶƐŽŽƚŵŽĚĞůƐ͘
± /ŵƉƌŽǀĞŵĞŶƚƐŝŶĚĞƚĂŝůĞĚŵŽĚĞůƐ
ĚĞƌŝǀĞĚďĂƐĞĚŽŶŝŶƐŝŐŚƚƐĨƌŽŵďŽƚŚ
ĞǆƉĞƌŝŵĞŶƚƐĂŶĚE^͘

ŚĂůůĞŶŐĞƐ
 tŚǇĂƌĞŽƵƌƉƌĞĚŝĐƚŝŽŶƐǁƌŽŶŐ͍
± ^ŝŶĐĞǁĞŚĂǀĞƌĞůĂƚŝǀĞůǇƐƉĂƌƐĞĚĂƚĂ͕ĐƵƌƌĞŶƚůǇůŝŵŝƚĞĚƚŽƉƌŝŵĂƌŝůǇƐŽŽƚ
ǀŽůƵŵĞĨƌĂĐƚŝŽŶĂŶĚƉĞƌŚĂƉƐůŝŵŝƚĞĚŵĞĂƐƵƌĞŵĞŶƚƐŽĨƐŽŵĞ
ƚĞŵƉĞƌĂƚƵƌĞ͕ƵŶĐŽǀĞƌŝŶŐƚŚĞƐŽƵƌĐĞƐŽĨĚŝƐĐƌĞƉĂŶĐŝĞƐŝƐĂĐŚĂůůĞŶŐĞ͘
 /ƐƐŽŵĞƚŚŝŶŐĨƵŶĚĂŵĞŶƚĂůůǇǁƌŽŶŐǁŝƚŚƚŚĞƚƵƌďƵůĞŶƚĨůĂŵĞƐƚƌƵĐƚƵƌĞ͍
± sĞůŽĐŝƚǇ͕ŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶ͕ƚĞŵƉĞƌĂƚƵƌĞ͕ŵĂũŽƌƐƉĞĐŝĞƐ

 /ƐƐŽŵĞƚŚŝŶŐĨƵŶĚĂŵĞŶƚĂůůǇǁƌŽŶŐǁŝƚŚŵŽĚĞůŝŶŐƚŚĞƐŵĂůůŚǇĚƌŽĐĂƌďŽŶ
ĨƌĂŐŵĞŶƚƐĂŶĚƚŚĞŝƌŝŶƚĞƌĂĐƚŝŽŶƐǁŝƚŚƚƵƌďƵůĞŶĐĞ͍
± ĐĞƚǇůĞŶĞŵĂƐƐĨƌĂĐƚŝŽŶƐ

 /ƐƐŽŵĞƚŚŝŶŐĨƵŶĚĂŵĞŶƚĂůůǇǁƌŽŶŐǁŝƚŚŵŽĚĞůŝŶŐW,ĂŶĚƚŚĞŝƌ
ŝŶƚĞƌĂĐƚŝŽŶƐǁŝƚŚƚƵƌďƵůĞŶĐĞ͍
± W,ŵĂƐƐĨƌĂĐƚŝŽŶƐ

 /ƐƐŽŽƚ͕ĞƚĐ͘ĐŽƌƌĞĐƚůǇĐŽƌƌĞůĂƚĞĚǁŝƚŚŽƚŚĞƌƋƵĂŶƚŝƚŝĞƐ͍
± tŽƵůĚƐŝŵƵůƚĂŶĞŽƵƐŵĞĂƐƵƌĞŵĞŶƚƐŚĞůƉ͍
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ŚĂůůĞŶŐĞƐ
 /ŶĨŽƌŵĂƚŝŽŶǀŝĂE^
± ^ŝŶĐĞŵĞĂƐƵƌĞŵĞŶƚƐĐĂŶďĞĚŝĨĨŝĐƵůƚ͕ƚƌĞŵĞŶĚŽƵƐŝŶƐŝŐŚƚŚĂƐďĞĞŶ
ĚƌĂǁŶĨƌŽŵůĂƌŐĞͲƐĐĂůĞE^͘
 ^ĞŶƐŝƚŝǀŝƚǇŽĨW,ƚŽƐƚƌĂŝŶ;ƚƵƌďƵůĞŶĐĞͲĐŚĞŵŝƐƚƌǇŝŶƚĞƌĂĐƚŝŽŶƐͿ
 DĞĐŚĂŶŝƐƚŝĐĞǆƉůĂŶĂƚŝŽŶĨŽƌƚŚĞĐƌŝƚŝĐĂůŝƚǇŽĨW,ͲďĂƐĞĚƉƌŽĐĞƐƐĞƐŝŶ
ƚƵƌďƵůĞŶƚũĞƚĨůĂŵĞƐ;ƚƵƌďƵůĞŶƚƚƌĂŶƐƉŽƌƚͿ

± ŚĂůůĞŶŐĞƐǁŝƚŚE^
 DĂŶǇƐƉĞĐŝĞƐƌĞƋƵŝƌĞĚƚŽĚĞƐĐƌŝďĞĞǀĞŶƚǁŽͲƌŝŶŐĂƌŽŵĂƚŝĐƐ;хϱϬƐƉĞĐŝĞƐͿ
 sĞƌǇůŽŶŐƌƵŶƚŝŵĞƐƌĞƋƵŝƌĞĚƚŽĂĐĐĞƐƐƐŽŽƚĞǀŽůƵƚŝŽŶƚŝŵĞƐĐĂůĞƐ;ĂŶĚĂŶǇ
ƐůŽǁƌĞĐŝƌĐƵůĂƚŝŽŶƚŝŵĞƐĐĂůĞƐͿ
 /ŶĐƌĞĂƐĞĚƌĞůŝĂŶĐĞŽŶƐƵďĐŽŶƚŝŶƵƵŵĐŚĞŵŝƐƚƌǇĂŶĚƐŽŽƚŵŽĚĞůƐ

± ŽƚƚŽŵ>ŝŶĞ͗E^ŝƐŝŶǀĂůƵĂďůĞĨŽƌƉŚǇƐŝĐĂůŝŶƐŝŐŚƚĂŶĚĚĞƚĂŝůĞĚĚĂƚĂ
ĨŽƌŵŽĚĞůĞǀĂůƵĂƚŝŽŶďƵƚĚŽĞƐŶŽƚƌĞƉůĂĐĞĞǆƉĞƌŝŵĞŶƚƐ͘

ŚĂůůĞŶŐĞƐ
 tŚĂƚƐŚŽƵůĚďĞŵĞĂƐƵƌĞĚ͍
± ,ŽǁĚŽǁĞŵĂŬĞ͞dE&͟ŵĞĂƐƵƌĞŵĞŶƚƐŝŶƐŽŽƚŝŶŐ ĨůĂŵĞƐ͍
 DĂǇďĞƚŚŝƐŝƐŶŽƚĞǀĞŶƉŽƐƐŝďůĞ͙
 ƌĞƚŚĞƌĞůĞƐƐĞƌƚĞĐŚŶŝƋƵĞƐŶŽƚƵƚŝůŝǌĞĚŝŶŶŽŶͲƐŽŽƚŝŶŐ ĨůĂŵĞƐƚŚĂƚǁŽƵůĚ
ďĞĂƉƉƌŽƉƌŝĂƚĞĨŽƌƐŽŽƚŝŶŐ ĨůĂŵĞƐ͍

± ^ŚŽƵůĚǁĞŵĂŬĞŵĞĂƐƵƌĞŵĞŶƚƐŝŶĂĨĂŵŝůǇŽĨĨůĂŵĞƐƌĂŶŐŝŶŐĨƌŽŵ
ŶŽŶͲƐŽŽƚŝŶŐ ƚŽƐŽŽƚŝŶŐ ǁŝƚŚƚŚĞƐĂŵĞďĂƐŝĐĨůĂŵĞƐƚƌƵĐƚƵƌĞ͍
 ͞dE&͟ŵĞĂƐƵƌĞŵĞŶƚƐŝŶƚŚĞŶŽŶͲƐŽŽƚŝŶŐ ĨůĂŵĞƐ
 ͞/^&͟ŵĞĂƐƵƌĞŵĞŶƚƐŝŶƚŚĞƐŽŽƚŝŶŐ ĨůĂŵĞƐ
 tŚĂƚǁŽƵůĚďĞĂƐƵŝƚĂďůĞĨůĂŵĞƐĞƌŝĞƐŝŶƚĞƌŵƐŽĨĐŽŶĨŝŐƵƌĂƚŝŽŶƐ͕ĨƵĞůƐ͕
ĞƚĐ͘ĐŽŶƐŝĚĞƌŝŶŐďŽƚŚĞǆƉĞƌŝŵĞŶƚĂůĂŶĚĐŽŵƉƵƚĂƚŝŽŶĂůĐŽŶƐƚƌĂŝŶƚƐ͍
 tŚĂƚǁŽƵůĚďĞƚŚĞďĞƐƚƉĂƌĂŵĞƚĞƌƚŽǀĂƌǇĨƌŽŵƐŽŽƚŝŶŐ ƚŽŶŽŶͲƐŽŽƚŝŶŐ͍
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ŚĂůůĞŶŐĞƐ
 tŚĂƚƐŚŽƵůĚďĞŵĞĂƐƵƌĞĚ͍
 ,ŽǁĚŽǁĞŵĂŬĞ͞dE&͟ŵĞĂƐƵƌĞŵĞŶƚƐŝŶƐŽŽƚŝŶŐ ĨůĂŵĞƐ͍
 DĂǇďĞƚŚŝƐŝƐŶŽƚĞǀĞŶƉŽƐƐŝďůĞ͙
 ƌĞƚŚĞƌĞůĞƐƐĞƌƚĞĐŚŶŝƋƵĞƐŶŽƚƵƚŝůŝǌĞĚŝŶŶŽŶͲƐŽŽƚŝŶŐ ĨůĂŵĞƐƚŚĂƚ
ǁŽƵůĚďĞĂƉƉƌŽƉƌŝĂƚĞĨŽƌƐŽŽƚŝŶŐ ĨůĂŵĞƐ͍

 ^ŚŽƵůĚǁĞŵĂŬĞŵĞĂƐƵƌĞŵĞŶƚƐŝŶĂĨĂŵŝůǇŽĨĨůĂŵĞƐƌĂŶŐŝŶŐĨƌŽŵ
ŶŽŶͲƐŽŽƚŝŶŐ ƚŽƐŽŽƚŝŶŐ ǁŝƚŚƚŚĞƐĂŵĞďĂƐŝĐĨůĂŵĞƐƚƌƵĐƚƵƌĞ͍
 ͞dE&͟ŵĞĂƐƵƌĞŵĞŶƚƐŝŶƚŚĞŶŽŶͲƐŽŽƚŝŶŐ ĨůĂŵĞƐ
 ͞/^&͟ŵĞĂƐƵƌĞŵĞŶƚƐŝŶƚŚĞƐŽŽƚŝŶŐ ĨůĂŵĞƐ
 tŚĂƚǁŽƵůĚďĞĂƐƵŝƚĂďůĞĨůĂŵĞƐĞƌŝĞƐŝŶƚĞƌŵƐŽĨĐŽŶĨŝŐƵƌĂƚŝŽŶƐ͕
ĨƵĞůƐ͕ĞƚĐ͘ĐŽŶƐŝĚĞƌŝŶŐďŽƚŚĞǆƉĞƌŝŵĞŶƚĂůĂŶĚĐŽŵƉƵƚĂƚŝŽŶĂů
ĐŽŶƐƚƌĂŝŶƚƐ͍
 tŚĂƚǁŽƵůĚďĞƚŚĞďĞƐƚƉĂƌĂŵĞƚĞƌƚŽǀĂƌǇĨƌŽŵƐŽŽƚŝŶŐ ƚŽŶŽŶͲ
ƐŽŽƚŝŶŐ͍

ƌĂŶŐĞŽĨĨůĂŵĞĞǆƉĞƌŝŵĞŶƚƐ
ŶŽŶͲƉƌĞŵŝǆĞĚ
͘͘ƉƌĞŵŝǆĞĚ

ǆĂŵƉůĞƐ

ƉŝůŽƚĞĚ
ũĞƚͬďůƵĨĨ
ƐƚƌĂƚŝĨŝĞĚ
ƚĞĐŚŶŝĐĂů

zŝ

h

K,

EK

^ĂŶĚŝĂͬdhͲ&͕ĂďƌĂ͕ d
WW:͕:,

zŝ

h

K,

EK

dh͕D͕
^ǇĚŶĞǇ

d

zŝ

d&>D͕
WZ//E^d͕
'dD͕^ŝĞŵĞŶƐ͕
E^>/
>ZͲĚĞůĂŝĚĞ
Ĩ
:,͕>ZͲZY>

d

ƐŽŽƚ

ƐƉƌĂǇ

^ǇĚŶĞǇ͕ĂŵďƌŝĚŐĞ͕
>Z͕,^͕E^>/͕
KZ/

,ϮK

Ĩ
h

K,

,ϮK

,ϰ

,ϰ

,Ϯ

,Ϯ D

K

,ϯK,

,ϰ

,ϰ

,Ϯ

Ĩ

,ϰ

W

,Ϯ
d

Ĩǀ

dΎ

h

ϱϬ͕ϬϬϬфZĞфϭϬϬ͕ϬϬϬ

,ϰ
Ϯ,ϰ

K,

Ě

K,

,ϮK

W

ƚŚĂŶŽů͕
ŵĞƚŚĂŶŽů͕
ĂůŬĂŶĞƐ͕ũĞƚϭ

W

ZĂĚŝĂŶƚďĂĐŬŐƌŽƵŶĚ͊

ϭϬф<ĂфϱϬϬϬ
ϯϳ^ǇŵƉŽƐŝƵŵŽŶŽŵďƵƐƚŝŽŶ͕
ƵďůŝŶ͕/ƌĞůĂŶĚ͕ϮϬϭϴ
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ĐŽŚĞƌĞŶƚ

ƐĐĂƚƚĞƌŝŶŐ

ĐŽƌƌĞůĂƚŝŽŶ

DĞĂƐƵƌĞŵĞŶƚƚĞĐŚŶŝƋƵĞƐĨŽƌƌĂĚŝĂŶƚďĂĐŬŐƌŽƵŶĚƐ
ǆƉĞƌƚŝƐĞ

ZĞƐŽůƵƚŝŽŶ

WƌŽƐͬŽŶƐ

ŽƐƚ

Ŭ,ǌ͕ʅŵ͘͘ŵŵ;ŝŵĂŐĞͿ

,ŝŐŚƐŝŐŶĂů
ZĂĚŝĂŶƚŝŶƚĞƌĨĞƌĞŶĐĞ
dŝŵĞͲďĂƐĞĚ
,ŝŐŚƐŝŐŶĂů
ZĂĚŝĂŶƚŝŶƚĞƌĨĞƌĞŶĐĞ

ΨΨ

Ͳ

ΨΨ

Ͳ

'ŽŽĚƐŝŐŶĂů
^ƉĞĐŝĞƐƐƉĞĐŝĨŝĐ
YƵĞŶĐŚŝŶŐ͕ĐĂůŝďƌĂƚŝŽŶ

ΨΨ

н

W/s

Ƶ

ǀĞůŽĐŝƚǇ
ǀĞůŽĐŝƚǇ

>

Ƶ

ǀĞůŽĐŝƚǇ

Ŭ,ǌ͕ʅŵ͘͘ŵŵ;ƉŽŝŶƚͿ

>/&

z͕d

ƐĞůĞĐƚĞĚƐƉĞĐŝĞƐ
ŵĂƐƐĨƌĂĐƚŝŽŶ
ƚĞŵƉĞƌĂƚƵƌĞ

Ŭ,ǌ͕Ϭ͘ϭͲϭŵŵ

ZĂǇůĞŝŐŚ

d͕ʌ

ĚĞŶƐŝƚǇ͕
ƚĞŵƉĞƌĂƚƵƌĞ

;ŬͿ,ǌ͕Ϭ͘ϭͲϭŵŵ

^ŝŵƉůĞďƵůŬƚĞĐŚŶŝƋƵĞ
>ŽǁƐŝŐŶĂů

ΨΨ

нн

ZĂŵĂŶ

z͕d

ŵĂũŽƌƐƉĞĐŝĞƐ
ŵĂƐƐĨƌĂĐƚŝŽŶ͕
ƚĞŵƉĞƌĂƚƵƌĞ

,ǌ͕Ϭ͘ϭͲϭŵŵ

DƵůƚŝƉůĞƐƉĞĐŝĞƐ
>ŽǁƐŝŐŶĂů
DĂŶǇŝŶƚĞƌĨĞƌĞŶĐĞƐ

ΨΨΨ

ннн

Z^

ŵĂũŽƌƐƉĞĐŝĞƐ
ŵĂƐƐĨƌĂĐƚŝŽŶ͕
ƚĞŵƉĞƌĂƚƵƌĞ

;ŬͿ,ǌ͕ϭŵŵ

ŽŚĞƌĞŶƚ
ůŝŐŶŵĞŶƚ

ΨΨΨΨ

z͕d

нннн
ннн

>/'^
>/'^

d

ƚĞŵƉĞƌĂƚƵƌĞ

,ǌ͕ϭͲϱŵŵ

&tD

z

ƐĞůĞĐƚĞĚƐƉĞĐŝĞƐ
ŵĂƐƐĨƌĂĐƚŝŽŶ

,ǌ͕ϭͲϱŵŵ

ŽŚĞƌĞŶƚ
EĞĞĚƐĂďƐŽƌďĞƌͬůŽǁƐŝŐŶĂů
ůŝŐŶŵĞŶƚ
ŽŚĞƌĞŶƚ
^ƉĞĐŝĞƐƐƉĞĐŝĨŝĐ
ůŝŐŶŵĞŶƚ

ΨΨ

нн

ΨΨ

нн

ϯϳ^ǇŵƉŽƐŝƵŵŽŶŽŵďƵƐƚŝŽŶ͕
ƵďůŝŶ͕/ƌĞůĂŶĚ͕ϮϬϭϴ

ϯ

WŽůĂƌŝǌĂƚŝŽŶƐĞƉĂƌĂƚŝŽŶʹ ƌĞŵŽǀĞϮ ďĂŶĚƐ

,ŝŐŚĞƌĂĐĐƵƌĂĐǇ;ŶŽŝŶƚĞƌĨĞƌĞŶĐĞͿ
>ŽǁĞƌƉƌĞĐŝƐŝŽŶ;ůŽƐƐŽĨƐŝŐŶĂůͿ
/ŶƚĞƌĨĞƌĞŶĐĞĨƌĞĞƐƉŽŶƚĂŶĞŽƵƐZĂŵĂŶƐƉĞĐƚƌŽƐĐŽƉǇĨŽƌ
ŵĞĂƐƵƌĞŵĞŶƚƐŝŶƌŝĐŚŚǇĚƌŽĐĂƌďŽŶĨůĂŵĞƐ
'͘DĂŐŶŽƚƚŝ ĂŶĚ͘'ĞǇĞƌĂŶĚZ͘^͘ĂƌůŽǁ
WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞŽŵďƵƐƚŝŽŶ/ŶƐƚŝƚƵƚĞ ϯϱ ϯϳϲϱͲ ϯϳϳϮ ;ϮϬϭϱͿ

ϯϳ^ǇŵƉŽƐŝƵŵŽŶŽŵďƵƐƚŝŽŶ͕
ƵďůŝŶ͕/ƌĞůĂŶĚ͕ϮϬϭϴ
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ƵĂů^'ZĂŵĂŶƐƉĞĐƚƌŽƐĐŽƉǇнƉŽůĂƌŝǌĂƚŝŽŶ

DƵůƚŝƐĐĂůĂƌ ŶĂůǇƐĞƐŽĨ,ŝŐŚͲWƌĞƐƐƵƌĞ^ǁŝƌůͲ
^ƚĂďŝůŝǌĞĚŽŵďƵƐƚŝŽŶǀŝĂ^ŝŶŐůĞͲ^ŚŽƚƵĂůͲ^'
ZĂŵĂŶ^ƉĞĐƚƌŽƐĐŽƉǇ
:͘:͘<ŽũŝŵĂĂŶĚ͘'͘&ŝƐĐŚĞƌ
ŽŵďƵƐƚŝŽŶ^ĐŝĞŶĐĞĂŶĚdĞĐŚŶŽůŽŐǇ ϭϴϱ ϭϳϯϱͲ
ϭϳϲϭ ;ϮϬϭϯͿ

^ƵďĨƌĂŵĞďƵƌƐƚŐĂƚŝŶŐ;ƐƚŽŬĞƐнĂŶƚŝͲƐƚŽŬĞƐͿ
ZĞŵŽǀĂůŽĨŝŶƚĞƌĨĞƌĞŶĐĞƐĨƌŽŵĨůƵŽƌĞƐĐĞŶĐĞ
ϯϳ^ǇŵƉŽƐŝƵŵŽŶŽŵďƵƐƚŝŽŶ͕
ƵďůŝŶ͕/ƌĞůĂŶĚ͕ϮϬϭϴ

ϱ

<ƌͲ>/&;ƐŽŽƚĂŶĚŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶͿ

K͘WĂƌŬĂŶĚZ͘͘ƵƌŶƐĂŶĚK͘Z͘,͘ƵǆƚŽŶĂŶĚE͘d͘ůĞŵĞŶƐ
WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞŽŵďƵƐƚŝŽŶ/ŶƐƚŝƚƵƚĞ ϯϲ ϴϵϵͲϵϬϳ ;ϮϬϭϳͿ

ϯϳ^ǇŵƉŽƐŝƵŵŽŶŽŵďƵƐƚŝŽŶ͕
ƵďůŝŶ͕/ƌĞůĂŶĚ͕ϮϬϭϴ
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ƵĂůƉƵŵƉĂŶĚW^ͬ&^Z^

^͘ZŽǇĂŶĚd͘Z͘DĞǇĞƌĂŶĚZ͘W͘>ƵĐŚƚĂŶĚs͘D͘ĞůŽǀŝĐŚ ĂŶĚ
͘ŽƌƉŽƌĂŶ ĂŶĚ:͘Z͘'ŽƌĚ
ŽŵďƵƐƚŝŽŶĂŶĚ&ůĂŵĞ ϭϯϴ ϮϳϯͲ Ϯϴϰ ;ϮϬϬϰͿ

͘ŽŚůŝŶĂŶĚ͘͘WĂƚƚĞƌƐŽŶĂŶĚ͘:͘<ůŝĞǁĞƌ
dŚĞ:ŽƵƌŶĂůŽĨŚĞŵŝĐĂůWŚǇƐŝĐƐ ϭϯϴ ;ϮϬϭϯͿ

W^ͬ&^͗ƉŽƐƐŝďůǇǁŽƌŬĂďůĞŝŶƐŽŽƚǇĨůĂŵĞƐ

ƵĂůƉƵŵƉ͗ĚŽǁŶƐƚƌĞĂŵŽĨĨůĂŵĞ
ϯϳ^ǇŵƉŽƐŝƵŵŽŶŽŵďƵƐƚŝŽŶ͕
ƵďůŝŶ͕/ƌĞůĂŶĚ͕ϮϬϭϴ

ϳ

>/'^ŝŶĨůĂŵĞƐ
WƵŵƉĞŶĞƌŐǇсϭϬϬͲϮϬϬŵ:͕WƌŽďĞƉŽǁĞƌсϮt
^KZZ^͗
EŽŶͲƐŽŽƚǇĨůĂŵĞƐ͗ǁĂƚĞƌ
^ŽŽƚǇĨůĂŵĞƐ͗ƐŽŽƚ
Ͳ EŽŶͲƐŽŽƚǇĨůĂŵĞ
Ͳ ^ŽŽƚǇĨůĂŵĞ
W

ŝĨĨĞƌĞŶĐĞƐ͗
Ͳ ZŝƐŝŶŐƚŝŵĞ
Ͳ ŽŶƚƌĂƐƚ
Ͳ ĂŵƉŝŶŐƌĂƚĞ

<h^dͲĂŵďƌŝĚŐĞ͕ƵŶƉƵďůŝƐŚĞĚ
ĞĞĚŽŵĞŶŝĐŽ͕ϮϬϭϴ
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EŽƚŵĂŶǇŵĞĂƐƵƌĞŵĞŶƚƐŽĨƐĐĂůĂƌƐнƐŽŽƚŝŶůŝƋƵŝĚ
ƐƉƌĂǇĨůĂŵĞƐ

t͘KΖ>ŽƵŐŚůŝŶĂŶĚ͘Z͘
DĂƐƌŝ
ŽŵďƵƐƚŝŽŶĂŶĚ
&ůĂŵĞ ϭϱϴ ϭϱϳϳͲ
ϭϱϵϬ ;ϮϬϭϭͿ

h

Ě

K,

,ϮK

Z͘zƵĂŶĂŶĚ:͘<ĂƌŝƵŬŝ ĂŶĚ
͘ŽǁůƵƚ ĂŶĚZ͘
ĂůĂĐŚĂŶĚƌĂŶĂŶĚ͘
DĂƐƚŽƌĂŬŽƐ
WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞ
ŽŵďƵƐƚŝŽŶ
/ŶƐƚŝƚƵƚĞ ϯϱ ϭϲϰϵͲ
ϭϲϱϲ ;ϮϬϭϱͿ
h

Ě

K,

,ϮK

͘d͘ŚŽŶŐĂŶĚ^͘,ŽĐŚŐƌĞď
ƉƉůŝĞĚŶĞƌŐǇ ϭϴϱ ϭϯϴϯͲ
ϭϯϵϮ ;ϮϬϭϳͿ
͘d͘ŚŽŶŐĂŶĚ^͘,ŽĐŚŐƌĞď
&ƵĞů ϭϭϱ ϱϱϭͲϱϱϴ ;ϮϬϭϰͿ

Ě

h

K,Ύ

,͘ŽƌƌĞŝĂ ZŽĚƌŝŐƵĞƐĂŶĚD͘:͘dƵŵŵĞƌƐ
ĂŶĚ͘,͘ǀĂŶsĞĞŶĂŶĚ͘:͘͘D͘
ZŽĞŬĂĞƌƚƐ
/ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨ,ĞĂƚĂŶĚ&ůƵŝĚ
&ůŽǁ ϱϭ ϯϬϵͲϯϮϯ ;ϮϬϭϱͿ
d

h

Ě

ϯϳ^ǇŵƉŽƐŝƵŵŽŶŽŵďƵƐƚŝŽŶ͕
ƵďůŝŶ͕/ƌĞůĂŶĚ͕ϮϬϭϴ

ϵ

dĞĐŚŶŝĐĂůͬŚŝŐŚƉƌĞƐƐƵƌĞƐƉƌĂǇĨůĂŵĞƐ
E^Ͳ>/
ĂƚŵŽƐƉŚĞƌŝĐ

͘ /ĂŶŶĞƚƚŝ͕ E͘Ͳ^͘ >ŝƵ͕ &͘ ĂǀŽƵĚǌĂĚĞŚ
dŚĞĨĨĞĐƚŽĨ^ƉƌĂǇ/ŶŝƚŝĂůŽŶĚŝƚŝŽŶƐŽŶ,ĞĂƚZĞůĞĂƐĞĂŶĚ
ŵŝƐƐŝŽŶƐŝŶ>/&ĂůĐƵůĂƚŝŽŶƐ
E^ZĞƉŽƌƚEŽ͘E^ͬdDͶϮϬϬϴͲϮϭϰϱϮϮ͕ E^'ůĞŶŶ
ZĞƐĞĂƌĐŚĞŶƚĞƌ͕ ůĞǀĞůĂŶĚ͕K, ;ϮϬϬϴͿ
dŚĞ^ƚƌƵĐƚƵƌĞŽĨĂ^ǁŝƌůͲ^ƚĂďŝůŝǌĞĚZĞĂĐƚŝŶŐ^ƉƌĂǇ/ƐƐƵĞĚ
ĨƌŽŵĂŶǆŝĂů^ǁŝƌůĞƌ ͕
:͘ĂŝĂŶĚ^͘D͘:ĞŶŐ ĂŶĚZ͘dĂĐŝŶĂ
/ϮϬϬϱͲϭϰϮϰ ϰϯƌĚ/ĞƌŽƐƉĂĐĞ^ĐŝĞŶĐĞƐ
DĞĞƚŝŶŐ͕ZĞŶŽ͕EĞǀĂĚĂ;ϮϬϬϱͿ

KZ/
ƉƌĞƐƐƵƌĞ

:͘DĂƌƌĞƌŽͲ^ĂŶƚŝĂŐŽĂŶĚ͘sĞƌĚŝĞƌ ĂŶĚ͘ƌƵŶĞƚĂŶĚ͘
sĂŶĚĞů ĂŶĚ'͘'ŽĚĂƌĚĂŶĚ'͘ĂďŽƚĂŶĚD͘ŽƵŬŚĂůĨĂ
ĂŶĚ͘ZĞŶŽƵ
:͘ŶŐ͘'ĂƐdƵƌďŝŶĞƐWŽǁĞƌ ϭϰϬ ;ϮϬϭϴͿ
͘sĞƌĚŝĞƌ ĂŶĚ:͘D͘^ĂŶƚŝĂŐŽĂŶĚ͘sĂŶĚĞů ĂŶĚ^͘
^ĂĞŶŐŬĂĞǁ ĂŶĚ'͘ĂďŽƚĂŶĚ'͘'ƌĞŚĂŶĂŶĚ͘ZĞŶŽƵ
WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞŽŵďƵƐƚŝŽŶ/ŶƐƚŝƚƵƚĞ ϯϲ ϮϱϵϱͲ
ϮϲϬϮ ;ϮϬϭϳͿ

ϯϳ^ǇŵƉŽƐŝƵŵŽŶŽŵďƵƐƚŝŽŶ͕
ƵďůŝŶ͕/ƌĞůĂŶĚ͕ϮϬϭϴ
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ŝůƵƚĞƐƉƌĂǇĨůĂŵĞƐ,^͗
ƐĞŶƐŝďůĞƉůĂĐĞƚŽƐƚĂƌƚ͍
Ăŝƌ;Ϳ

ŚŽƚ
ƉŝůŽƚ;,Ϳ

,͘ŽƌƌĞŝĂ ZŽĚƌŝŐƵĞƐĂŶĚD͘:͘dƵŵŵĞƌƐ ĂŶĚ͘,͘ǀĂŶsĞĞŶĂŶĚ͘:͘͘D͘
ZŽĞŬĂĞƌƚƐ
ŽŵďƵƐƚŝŽŶĂŶĚ&ůĂŵĞ ϭϲϮ ϳϱϵͲϳϳϯ ;ϮϬϭϱͿ
>͘DĂĂŶĚ͘ZŽĞŬĂĞƌƚƐ
WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞŽŵďƵƐƚŝŽŶ/ŶƐƚŝƚƵƚĞ ϯϲ ϮϲϬϯͲϮϲϭϯ ;ϮϬϭϳͿ

ϯϳ^ǇŵƉŽƐŝƵŵŽŶŽŵďƵƐƚŝŽŶ͕
ƵďůŝŶ͕/ƌĞůĂŶĚ͕ϮϬϭϴ

ϭϭ

^ŽŽƚͬƐƉƌĂǇŵĞĂƐƵƌĞŵĞŶƚŶĞĞĚƐ͗
/ŶƉƵƚĨƌŽŵŝŶĚƵƐƚƌǇĂŶĚĐŽůůĂďŽƌĂƚŽƌƐ
&ƵĞůƐĂŶĚŽƉĞƌĂƚŝŶŐĐŽŶĚŝƚŝŽŶƐ
 ,ϰͬϮ,ϰ͗ƐŝŐŶŝĨŝĐĂŶƚůǇŚŝŐŚĞƌĚŝƐĐƌĞƉĂŶĐǇǁŝƚŚ,ϰ ͗ŬŝŶĞƚŝĐƉĂƚŚǁĂǇƐ
ƉƌŽďĂďůǇŶŽƚǁĞůůǁŽƌŬĞĚŽƵƚ͘
 >ŝƋƵŝĚĨƵĞůƐ͗ĂƉƉƌŽĂĐŚŝŶŐƌĞĂůŬĞƌŽƐĞŶĞ;ƉĞƌŚĂƉƐƐǇŶƚŚĞƚŝĐͿ͘/ŶƚĞƌŵĞĚŝĂƚĞ
ƐƚĞƉĐŽƵůĚďĞĂĚĚŝƚŝŽŶŽĨůŝƋƵŝĚĨƵĞůƐƚŽ Ϯ,ϰ
 WƌĞƐƐƵƌĞ͗EĞĞĚĨƵƌƚŚĞƌǀĂůŝĚĂƚŝŽŶŵĞĐŚĂŶŝƐŵƐŝŶĐůƵĚŝŶŐƚŽƚĂůƐŽŽƚĂŶĚƐŽŽƚ
ƐŝǌĞ;ĐŽŵŵŽŶŶĞĞĚƐǁŝƚŚ/ĞŶŐŝŶĞƐͿ͕ƉƌŝŵĂƌǇďƵƚĂůƐŽĂŐŐůŽŵĞƌĂƚĞƐ͘W,
ŵĞĂƐƵƌĞŵĞŶƚƐĂŶĚƚĞĐŚŶŝƋƵĞƐŶĞĞĚĞĚĂƚƉƌĞƐƐƵƌĞ͘
 dĞŵƉĞƌĂƚƵƌĞ͗ŵĞĐŚĂŶŝƐŵƐĂƌĞƚǇƉŝĐĂůůǇǀĂůŝĚĂƚĞĚĨŽƌůŽǁƉƌĞƐƐƵƌĞĨůĂŵĞƐ͕
ǁŚŝĐŚĚŽŶŽƚƌĞĂĐŚŚŝŐŚƚĞŵƉĞƌĂƚƵƌĞƐ;ƵŶůŝŬĞŚŝŐŚƉƌĞƐƐƵƌĞĨůĂŵĞƐ͕ƵƉƚŽ
ϮϯϬϬ<Ϳ
 >ĂŵŝŶĂƌǀƐ͘ƚƵƌďƵůĞŶƚ͗ƌĞƐŝĚĞŶĐĞƚŝŵĞĂƚŵŝĐƌŽƐĐĂůĞŬĞǇ͗ĞǆƉĞƌŝŵĞŶƚƐŝŶ
ǀŝƚŝĂƚĞĚ:^Z;ŝ͘Ğ͘ŶŽƚĨůĂŵĞƐͿĂƚŚŝŐŚdƉŽƐƐŝďůǇƵƐĞĨƵů
ϯϳ^ǇŵƉŽƐŝƵŵŽŶŽŵďƵƐƚŝŽŶ͕
ƵďůŝŶ͕/ƌĞůĂŶĚ͕ϮϬϭϴ
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^ŽŽƚͬƐƉƌĂǇŵĞĂƐƵƌĞŵĞŶƚŶĞĞĚƐ͗
/ŶƉƵƚĨƌŽŵŝŶĚƵƐƚƌǇĂŶĚĐŽůůĂďŽƌĂƚŽƌƐ
'ĞŽŵĞƚƌŝĞƐ͗
 ^ǁŝƌůƐƚĂďŝůŝǌĞĚĨůĂŵĞƐ;ƐƵĐŚĂƐ>ZͿ͗ŵŽƌĞƌĞƉƌĞƐĞŶƚĂƚŝǀĞ
 &ƵůůǇĐŚĂƌĂĐƚĞƌŝǌĞĚďŽƵŶĚĂƌǇĐŽŶĚŝƚŝŽŶƐ

^ŽŽƚĂƐĂŶŝƐƐƵĞ͗
 dŽƉŽĨƚŚĞƌĂĚĂƌĨŽƌĞ͘Ő͘ZŽůůƐͲZŽǇĐĞ
 EŽƚŽŶƚŚĞƌĂĚĂƌĨŽƌĞ͘Ő͘'͕^ŝĞŵĞŶƐ͕WΘt

ϯϳ^ǇŵƉŽƐŝƵŵŽŶŽŵďƵƐƚŝŽŶ͕
ƵďůŝŶ͕/ƌĞůĂŶĚ͕ϮϬϭϴ
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$WPRVSKHULFSUHVVXUHWXUEXOHQWIODPHV
7KH ³VLPSOH´ FRQILJXUDWLRQ RI XQFRQILQHG WXUEXOHQW MHW IODPHV
KDV EHHQ XVHG H[WHQVLYHO\ WR VWXG\ LPSRUWDQW DVSHFWV RI IODPHV

3LORWHG RU QRQSLORWHG

$WWDFKHG RU OLIWHG
6RRW\ RU EOXH
/DUJH UDQJH RI IXHOV
Adelaide jet flame

Delft/Sandia flame III

Sydney inhomogeneous
inlets flame

DLR lifted flame

Sandia/ETH syngas
flame

7KHVH IODPHV DOORZ LVRODWLQJ HIIHFWV DQG DUH DPHQDEOH WR PRGHOLQJ
+RZHYHU WKH\ DUH QRW FRPSDWLEOH ZLWK PRVW DYDLODEOH SUHVVXUH ULJV EHFDXVH WKH\ QHHG WR EH
YHUWLFDO WR SUHVHUYH V\PPHWU\ DQG WDOO ! P


+LJKSUHVVXUHIODPHV
 2QHRIWKHPRVWVXFFHVVIXOIHDWXUHVRI71)ZDVDELOLW\WR
UHSOLFDWHWKHGLIIHUHQWEXUQHUV
± &RQILUPDWLRQRIPHDVXUHPHQWVE\DSSO\LQJGLIIHUHQWGLDJQRVWLF
WHFKQLTXHV

 :LWKWKHFRPSOH[LWLHVRIKLJKSUHVVXUHIDFLOLWLHVWKLVPRGHO
GRHVQ¶WZRUNDQ\PRUH
± 1HHGWREULQJEXUQHUVDQGGLDJQRVWLFVWRWKHIHZIDFLOLWLHV
DYDLODEOH
± +LJKFRVWGLFWDWHVYHU\MXGLFLRXVFKRLFHVRIH[SHULPHQWV
± (PSOR\DVPDQ\VLPXOWDQHRXVGLDJQRVWLFVDVSRVVLEOHWR
PD[LPL]HGDWD\LHOG
± +LJKUHSUDWHGLDJQRVWLFVKLJKO\DGYDQWDJHRXV EXWGR\RXJHW
VWDWLVWLFDOO\LQGHSHQGHQWGDWD"

 2QO\JRWRSUHVVXUHZKHQQHFHVVDU\
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+LJK3UHVVXUH&RPEXVWLRQ'XFW
 .$867KLJKSUHVVXUHFRPEXVWLRQODE
± 6XSSO\RIKLJKDLU QLWURJHQIORZUDWHV
NJVFRQWLQXRXVKLJKHUIRU
LQWHUPLWWHQW
± +LJKSUHVVXUH EDU
 .$867KLJKSUHVVXUHFRPEXVWLRQGXFW
+3&'
± 'HVLJQHGIRUWXUEXOHQWQRQSUHPL[HG
IODPHVDWKLJKSUHVVXUH
± :LGHLQQHUGLDPHWHU aPP DOORZV
ZLGHYDULHW\RIEXUQHUV
± +HLJKW aP DOORZVYHU\ORQJIODPHV
± 'HVLJQSUHVVXUHDWP
± 2SWLFDODFFHVV89IXVHGVLOLFDZLQGRZV



9HVVHODQG)DFLOLW\0RGV
 1RZSODFLQJFROOHFWLRQRSWLFV
LQVLGHGXFW:LOOEHDQLVVXHIRU
YHU\UDGLDQWIODPHV
 $GGLQJ\DQG]WUDQVODWLRQ
FDSDELOLW\WREXUQHUV PP
 NJRIDLUVWRUDJHIRUVKRUW
GXUDWLRQUXQVZLWKKLJKHUPDVVIOX[
 :LOOKDYHOLTXLGIXHOFDSDELOLW\VRRQ
 5HGHVLJQLQJH[KDXVWWRDOORZ
KLJKHUSRZHUDQGDOVREHWWHU
DWPRVSKHULFSUHVVXUHHQYLURQPHQW
 &RQWLQXDOO\H[SDQGLQJVXLWHRI
GLDJQRVWLFWRROVDYDLODEOH
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3LORWHGHWK\OHQH

'HFHPEHU

Velocimetry
3,9

/LIWHGIODPH

/LIWHGIODPH

2-D scalar imaging
5DPDQ &+1
2+&+23/,)

1RYHPEHU

3UHPL[HGVZLUO
IODPH
9DQGHUELOW
7XEXODUIODPH


-DQXDU\

)HEUXDU\

0DUFK

2-D scalar imaging
&+3/,)

$SULO

0D\

6\QJDVMHWIODPH

2FWREHU

&DPEULGJH
%OXIIERG\

,QYHUVHGLIIXVLRQIODPH

6\QJDVMHWIODPH


6HSWHPEHU

6\GQH\LQKRPRJHQHRXVLQOHWV

Flames

6\QJDVMHWIODPH

.$867¶V+3&'WLPHOLQH

-XQH

TBD
Open to
Collaborations!

)DOO
:LQWHU

2-D scalar imaging
2-D scalar imaging
5DPDQ &+1+&2
5DPDQ &+1
&+3/,)
)LOWHUHG5D\OHLJKVFDWWHULQJ

Thermometry
7KHUPRJUDSKLF SKRVSKRUV
/,*6

Diagnostics



+37XUEXOHQW6RRWLQJ )ODPHV

7XUEXOHQWSLORWHGMHW
GLIIXVLRQIODPH
QLWURJHQGLOXWHG
HWK\OHQH
DWP
DWP 5H
6DQGLD71)VRRWLQJ
5H
IODPH ,6)
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,VVXHVWRGLVFXVV
 %HWWHUOLQNDJHEHWZHHQODPLQDUDQGWXUEXOHQWIODPHV
± 8QVWHDG\ IRUFHG FRIORZDQGFRXQWHUIORZ IODPHVRIIHUPDQ\DGYDQWDJHV

 ,VQLWURJHQGLOXWLRQSUHIHUDEOHZD\WRVXSSUHVVVRRWDWKLJKSUHVVXUHV"
$GGLQJ+\GURJHQ"&KDQJLQJ+&UDWLRSUREOHPDWLF
 3DUWLDOSUHPL[LQJ"6\GQH\LQKRPRJHQHRXVEXUQHUDWSUHVVXUH"
 /LTXLGIXHOV" Q+HSWDQH"0XOWLFRPSRQHQWVXUURJDWH" 6SUD\IODPHVRU
SUHYDSRUL]HG"
 ,VWKHUHVWLOOXWLOLW\LVLQSXVKLQJMHWIODPHVWRKLJKHUSRZHUDQG5H"/LIWHG
YVSLORWHG"
 $GHODLGHHWK\OHQHK\GURJHQQLWURJHQDWWDFKHGIODPHVWRKLJKSUHVVXUH"
 7XUEXOHQWFRXQWHUIORZIODPHV"0XFKVPDOOHUSK\VLFDOUHJLRQPRUH
DPHQDEOHWR'16
 +RZQHFHVVDU\LVFRQILQHPHQWIRUVZLUOIODPHV"5HPRYLQJFRQILQHPHQW
VLPSOLILHVGLDJQRVWLFVDQGWKHSUHVFULSWLRQRIWKHUPDOERXQGDU\
FRQGLWLRQV
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6LPXODWLRQ9LHZ


7XUEXOHQWMHWIODPHVVHHPPRUHGLIILFXOWWKDQVZLUOFRPEXVWLRQ



-HWIODPHV







$OPRVWQRVHQVLWLYLW\WRW\SLFDOPRGHOYDULDWLRQV FKHPLVWU\
WXUEXOHQFHPRGHOHWF



+LJKO\VHQVLWLYHWRVPDOOVFDOHVRRWVWUXFWXUHGHVFULSWLRQ

6ZLUOFRPEXVWRU



)ROORZVQRUPDOUXOHVIRUVRRWFKHPLVWU\PDWWHUVWXUEXOHQFH
PRGHOGRHVQRWPDWWHU*RRGVROXWLRQRIIORZILHOGLVLPSRUWDQW



$OVRVHQVLWLYHWRVPDOOVFDOHVRRWVWUXFWXUHGHVFULSWLRQ

0RUHLPSRUWDQWO\ZKDWZRUNVIRURQHGRHVQRWZRUNIRUWKHRWKHU

0DFURVFRSLFDQG0LFURVRSLF
,QWHUPLWWHQF\




6ZLUOFRPEXVWRUVDUHGULYHQE\ODUJHVFDOHYDULDWLRQV
LQIORZSDWKIRUIXHOPROHFXOHV



/(6W\SHPRGHOVDUHJRRGDWSUHGLFWLQJWKHVH
YDULDWLRQV



6LPXODWLRQUHVXOWVDUHJRRG

d/DͲsZ'

/E^dEdEKh^

-HWIODPHVGRPLQDWHGE\VPDOOVFDOHLQWHUPLWWHQF\



3HUVLVWHQFHRIGLVVLSDWLRQUDWHVPD\EHLPSRUWDQW



1RWXUEXOHQFHPRGHOLQJIUDPHZRUNFDQFDSWXUHWKLV
DWSUHVHQW



6LPXODWLRQVDUHLQVHQVLWLYHWRW\SLFDOFKDQJHV
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$UH&DQRQLFDO)ODPHV&DQRQLFDO(QRXJK"
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Session: Enclosed Flames and Elevated Pressure
Session Coordinators: Christoph Arndt, Wolfgang Meier (DLR Stuttgart)
In this session, recent experiments and simulations of enclosed flames and flames at elevated
pressure, as well as challenges both on the experimental and on the simulation side, were discussed.
The session was structured in two parts.
In the first part of the session, the following contributions on experiments and simulations of swirl
combustors at atmospheric and elevated pressure as well as a test case of a jet flame at elevated
pressure were presented.
 “Experimental Study on Dynamics of Lean Premixed Swirl Flames” from Shanghai Jiao Tong
University. A swirl flame was operated with and without enclosure, and several high repetition
rate laser diagnostics (Fuel Tracer PLIF, CH2O PLIF and PIV as well as TDLAS) were applied.
 “Experimental and numerical investigation of the response of a swirled flame to flow modulations
in a non-adiabatic combustor” from Centrale Supélec. A joint experimental and numerical effort
was undertaken to study the response of a swirl flame to flow modulations.
 “SFB 606 Gas Turbine Model Combustor” from DLR Stuttgart. A dual-swirl gas turbine model
combustor was studied in detail in different operating regimes (technically premixed, perfectly
premixed, and stratified flames).
 “LES Studies on Enclosed Swirl Flames in Laboratory Combustors” from the University of
Cambridge. Simulations of the DLR Gas Film were conducted, the corresponding experiments
were performed at DLR Stuttgart.
 “High-Pressure Syngas Jet Flames (CHN)” from KAUST. A joint experimental and numerical study
of a jet flame at elevated pressure at different pressures and Reynolds numbers was carried out
by KAUST in collaboration with the University of Rome.
 “LES Studies on Enclosed Swirl Flames in Industrial Combustors” from the University of
Cambridge. Simulations of an industrial swirl burner at elevated pressure were performed, the
corresponding experiments were performed at DLR Stuttgart.
The second part of the session focused on FLOX® and MILD combustion. The following contributions
were presented:
● “Flameless combustion in a lab-scale furnace” from TU Delft, with experimental and numerical
results from a lab-scale MILD combustor at atmospheric pressure fired with Dutch natural gas.
● “Confined and Pressurized Jet in Hot & Vitiated Coflow Burner” from Adelaide and Sydney
showing initial results of C2H4 and NG:H2 jet flames at various ratios up to 5 bar pressure.
● “High-Pressure Enclosed Jet Flames” from DLR Stuttgart with detailed experimental results from a
single nozzle FLOX® burner for premixed NG jet flames at 8 bar and ~1 MW thermal power.
● “Investigation of a high pressure jet flame with heat losses using tabulated and finite rate
chemistry” from University Duisburg-Essen showing results from LES simulations of the enclosed
jet flame that was experimentally studied at DLR.
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Enclosed Flames and Elevated Pressure
Session Coordinators: Christoph Arndt, Wolfgang Meier
German Aerospace Center (DLR), Institute of Combustion Technology

Contributions
Atmospheric Pressure
• Lean Premixed Swirl Flame (Shanghai Jiao Tong / Cambridge)
• Thermo-Acoustically Excited Swirl Flame (Centale Supélec / CNRS)
• SFB Dual Swirl Burner (DLR Stuttgart)
• DLR Gas Film Nozzle (Cambridge)

Elevated Pressure
• High Pressure Jet Flame (KAUST)
• Siemens GT Combustor (Cambridge)
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Experimental Study on Dynamics of Lean Premixed Swirl Flames
Zhi X. Chen a, Ivan Langella a,b, N. Swaminathan

a

Guoqing Wang c, Sirui Wang c, Xunchen Liu c, Lei Li c, Fei Qi c
a Cambridge

University, Department of Engineering, UK

b Loughborough
c Shanghai

University, Department of Aeronautical & Automotive Engineering, UK

Jiao Tong University, Key Laboratory for Power Machinery and Engineering of MOE, China

Experimental Study on Dynamics of Lean Premixed Swirl Flames
– enclosed vs. open, lift-off & re-attaching, and acoustic forcing
ެ

Burner configuration

Dimensions/Operating conditions
Bluff-body diameter: 9.9 mm
Enclosure diameter/height: 92/131 mm
Premixed mixture flow rate: 0 – 500 SLM

Cylindrical/Rectangular enclosures

Temperature/pressure: 300 K / 1 atm
Fuel: methane, acetone, DME, etc.
Equivalence ratio: 0.5 – 2.0

Acoustic excitation: 100 – 400 Hz
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Measurement techniques – in operation, in progress
ެ High-rep (10 to 100 kHz) burst-mode Nd:YAG laser (Spectral Energies, QuasiModo1000)
ߦ Tuneable diode laser absorption spectroscopy (TDLAS) for quantitative

ߦ Single beam (266nm: Acetone-PLIF / 355nm: CH2O-PLIF + 532nm: PIV)
ߦ Two simultaneous beams + OPO (390.3nm: CH-PLIF + 282.8-286.4nm: OH-PLIF)

measurement for mean temperature and CO2/H2O concentrations

BD: beam damp; BS: beam splitter; CL: cylindrical lens; DM: diachronic mirror; F: short
band pass filter; OPO: optical parametric oscillator; M: mirror; THG: third harmonic
generator

Preliminary results: DME–air swirl flames at phi = 0.8
ެ 20kHz CH2O-PLIF + PIV:
with (left) vs. without enclosure (right)
ߦ Shorter flame & large spread angle with enclosure
ߦ Additional reaction branch close to outer recirculation zone

ެ Sudden lift-off and reattaching observed for
the enclosed flame
ߦ Flame shape changes between V and M
ߦ Flame-vortex interaction based stabilization
mechanism

ެ

Phase resolved 2D TDLAS temperature measurement for
acoustically forced flame
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Experimental and numerical investigation of
the response of a swirled flame to flow
modulations in a non-adiabatic combustor

Experimental and numerical investigation of the response of a
swirled flame to flow modulations in a non-adiabatic combustor

Diagnostics under stationary operation
Combustion
chamber

•

OH* chemiluminescence

•

PIV under cold conditions
(transverse/longi)

•

Swirler

Simultaneous OH-LIF and PIV
under reacting conditions

Central rod

(transverse/longi)
•

LIP for solid wall temperature
measurements

Mixture
injection

Loudspeaker
Guiberti, T., Durox, D., Scouflaire, P., and Schuller, T. (2015). Proceedings of the Combustion Institute
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Wall Temperature Measurements

Laser Induced
Phosphorescence (LIP)

z
y
x

Thermocouple
measurements

Laser Induced
Phosphorescence (LIP)

Guiberti, T., Durox, D., Scouflaire, P., and Schuller, T. (2015). Proceedings of the Combustion Institute

Steady configuration (no accoustic forcing)
Numerical set-up:
YALES 2 solver
Non-adiabatic F-TACLES model (Mercier et al. 2014)
Quenching due to joint strain and heat
losses not captured by the chemical table

EXP

LES

OH*

Heat release
Quenching due to heat losses
at the wall handled by the LES

R.Mercier, T.Guiberti, A.Chatelier, D.Durox, O.Gicquel, N.Darabiha, T.Schuller, B.Fiorina, Combustion and flame 171, 42 (2016)
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Comparison between experimental and numerical
Flame Describing Function (Noiray et al. 2008)
Experiments and simulations have been conducted for different forcing frequencies f and modulation levels u’z / uz

Each symbol
corresponds to
one LES

A.Chatelier, T.Guiberti, R.Mercier, T.Schuller, N. Bertier, B.Fiorina, T. Schuller. Flow Turbulence and Combustion (2018)

Comparison between experimental and numerical
Flame Describing Function

•
•

No drop of gain around 160 Hz: weak destructive interferences
Good tendency above 250 Hz: correct constructive interferences

A.Chatelier, T.Guiberti, R.Mercier, T.Schuller, N. Bertier, B.Fiorina, T. Schuller. Flow Turbulence and Combustion (2018)
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Post-processing
Phase average heat release
(OH*)

f = 350 Hz, u’/U = 0.17

Integral of the
heat release at
different axial
position

Axial position z (mm)

MEAN

Experiments
Simulations

envelope of the
signal

MAX

MIN

Extrema of the normalized phaseaveraged integral heat release
(LES) and OH* (EXP)
A.Chatelier, T.Guiberti, R.Mercier, T.Schuller, N. Bertier, B.Fiorina, T. Schuller. Flow Turbulence and Combustion (2018)

Two different flame responses to incoming
perturbations in the simulations
f = 350 Hz, u’/U = 0.17
MEAN

May be due to a misprediction of the
influence of the strain
rate on the flame
response

Experiments
Simulations
MAX

Axial position z (mm)

Axial position z (mm)

f = 160 Hz, u’/U = 0.17
MEAN

Experiments
Simulations
MIN

MAX

MIN

Extrema of the normalized phase-averaged
integral heat release (LES) and OH* (EXP)

Extrema of the normalized phase-averaged
integral heat release (LES) and OH* (EXP)

A.Chatelier, T.Guiberti, R.Mercier, T.Schuller, N. Bertier, B.Fiorina, T. Schuller. Flow Turbulence and Combustion (2018)
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SFB 606 Gas Turbine Model Combustor
C.M. Arndt1, M. Severin1, C. Dem1,2, Y. Gao1, J. Böhnke1, R. Hadef3, A.M. Steinberg4,5, W. Meier1
1

German Aerospace Center (DLR), Institute of Combustion Technology, Stuttgart, Germany
Present Address: Karlsruhe Institute of Technology (KIT) , Institute for Chemical Technology and Polymer Chemistry, Karlsruhe, Germany
Université Larbi Ben M’Hidi, Faculté des Sciences et de la Technologie, Oum El Bouaghi, Algeria
4 University of Toronto, Institute for Aerospace Studies, Toronto, Canada
5 Present Address: Georgia Institute of Technology, Guggenheim School of Aerospace Engineering, Atlanta, GA, USA
2
3

christoph.arndt@dlr.de

SFB Dual Swirl Combustor
Operating Regimes and Geometry
• Dual Swirl Gas Turbine Model Combustor
(GTMC)
• Separate air plenums for each swirler
Æ Air Split Ratio  ܮൌ

ሶೌೝǡ
ሶೌೝǡ

freely variable

• Fuel injection into inner air stream through
60 holes (0.5 mm diameter)
• Optical combustion chamber for laser-based
measurements
• Technically premixed (15 kW < Pth < 35 kW)
Perfectly premixed (Pth = 25 kW)
Stratified (Pth = 25 kW)
Liquid fuel operation (prevaporized and
liquid) possible

C.M. Arndt et al., Exp. Fluids 56 (2015)
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Thermo-Acoustically Stable Flame – Flame Shape, Flow Field and Species
ĳ = 0.63, Pth = 22.5 kW

C.M. Arndt et al., AIAA JPC (2017)

Thermo-Acoustically Instable Flame – Acoustic Spectra
ĳ = 0.7, Pth = 25 kW
• Several acoustic modes, only one coupled with heat release

• Thermo-acoustic oscillation at f § 400 Hz
• Corresponds to resonance: Ȝ/2 = length of inner plenum
C.M. Arndt et al., Exp. Fluids 56 (2015)
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Thermo-Acoustically Instable Flame– Scatterplots T-f at h=8 mm
ĳ = 0.7, Pth = 25 kW
2500

h = 8 mm

r=0-4 mm
r=6-10 mm
r=12-20 mm
r=22-27 mm

IRZ

2000

temperature / K

fstoich.

fglobal

ORZ
1500

ad
iab
.

eq
uil
.

1000

Hardly any reaction below
h=8 mm, state mainly
determined by mixing.

500
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

mixture fraction

• Large variation of thermochemical states
W. Meier et al., Exp. Therm. Fluid Sci. 73 (2015)

Thermo-Acoustically Instable Flame– Cyclic Variations
ĳ = 0.7, Pth = 25 kW
• Scatterplots T-f at h=8 mm, r  10 mm (close to flame zone), 4 phases
2500

2500

fstoich.

fglobal

r = 0 - 4 mm
r = 6 - 10 mm

temperature / K

a=1

1500

r = 0 - 4 mm
r = 6 - 10 mm

h = 8 mm
phase 4

2000

s -1

a=1

1500

1000

s -1

1000

500

500

0.00
2500

0.05

0.10

0.15

fstoich.

fglobal

0.20

0.00
2500

a=1

0.05

0.10

0.15

fstoich.

fglobal

r = 0 - 4 mm
r = 6 - 10 mm

2000

temperature / K

fstoich.

fglobal

h = 8 mm
phase 2

2000

2000

h = 8 mm
phase 6

0.20

r = 0 - 4 mm
r = 6 - 10 mm

a=1

h = 8 mm
phase 8

1500

Centroid of red points

1000

1000

Centroid of blue points

500

500

1500

0.00

0.05

0.10

mixture fraction

s -1

0.15

0.20

0.00

0.05

0.10

s -1

0.15

0.20

mixture fraction

- T-variation caused by mixing and hardly by reactions.
- f-variation due to changes of inflowing composition.
W. Meier et al., Exp. Therm. Fluid Sci. 73 (2015)
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Stratified Flame – Overview
ĳglobal = 0.75, Pth = 25 kW, ĳin = 1.0, ĳout = 0.6, S = ĳin / ĳout = 1.67
S=1
Outer Swirler

S = 1.38

S = 1.67

Inner Swirler

Inner Mix
Outer Mix

Stratified Flame – T-f Scatterplots
ĳglobal = 0.75, Pth = 25 kW, ĳin = 1.0, ĳout = 0.6, S = ĳin / ĳout = 1.67
S=1

S = 1.38

S = 1.67

fglobal

2000

adiab. equil.
325 K; 1 bar

adiab. equil.
350 K; 1 bar

1500

T/K

SfB - 25kW
)global = 0.75 - PP
)i = 1

- PP

)a = 0.6 - PP

fstoich.

1000

h = 8 mm
r = 0-8 mm
r = 10-14 mm
r = 16-24 mm
r = 25-27 mm

500
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

f

TNF14 Workshop

281

27-28 July 2018, Dublin, Ireland

Outlook
Prevaporized Liquid Fuels - Ethanol
߶ = 0.65

߶ = 0.75

߶ = 0.85

std. dev.

mean

߶ = 0.55

C.M. Arndt et al., AIAA SciTech (2019), submitted

LES Studies on Enclosed Swirl Flames in Laboratory Combustors

Zhi X. Chena, Ivan Langellaa,b, N. Swaminathana

a Cambridge

University, Department of Engineering, UK

b Loughborough

TNF14 Workshop
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DLR Dual Swirl Gas Turbine Model Combustor

Flame A
(stable)

ެ Major modelling challenges
ߦ Mass split between the two air swirlers sharing the same plenum

Flame B
(unstable)

ߦ Flow separation at the contoured nozzle lip
ߦ Partially premixed lifted swirl flame interacting with the precessing
vortex core (PVC)
ߦ Pronounced thermoacoustic instability at 290 Hz for Flame B

ߦ Flame shape change from conical (stable) to flat (unstable)
Weigand et al., Combust. Flame 144 (2006) 205-224.
Meier et al., Combust. Flame 144 (2006) 225-236.

LES/flamelet modelling & OpenFOAM compressible solver
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LES/flamelet modelling & OpenFOAM compressible solver
– Typical comparisons for Flame A (stable) and B (unstable)
Mean radial profiles

ެ

ެ

Flame shape (CH concentration)

ެ

Acoustic power spectra

Air plenum

Combustion
chamber

Z. X. Chen, N. Swaminathan, M. Stöhr, W. Meier, Proc. Combust. Inst. (2018) submitted.

Experimental effort:
W.R. Boyette1, T.F. Guiberti1, G. Magnotti1, W.L. Roberts1

High-Pressure Syngas Jet Flames (CHN)

Numerical effort:
P.P. Ciottoli2, B.J. Lee3, P.E. Lapenna2, R.M. Galassi2,
E. Martelli4, F.E. Hernandez Perez1, M. Valorani2, H.G. Im1
1 King Abdullah University of Science and Technology
(KAUST), Saudi Arabia
2 Sapienza University of Rome, Rome, Italy
3 Gwangju Institute of Science and Technology, Gwangju,
South Korea
4 Campania University L. Vanvitelli, Aversa, Italy
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Target description
͍ Baseline case identical to Sandia/ETH-Zürich chnA TNF target flame
(non-premixed - ID = 4.6 mm - 40% CO, 30% H2, 30% N2 by vol.)
Pressure (atm)

Re

1 2 4 8 12

Experiments
Simulations

16,700
33,400
66,800

͍ OH-PLIF at 12 experimental conditions
͍ PIV (non-reactive) at conditions P < 8 atm
͍ LES at 5 constant Re and 3 constant
velocity conditions
Schematic of the high-pressure combustion duct (HPCD)

Modelling Framework
͍ Large eddy simulations (LES) using Smagorinsky model for
subgrid stresses
͍ Steady laminar flamelet model (SLFM) for modeling combustion

͍ Transport equations for resolved mixture fraction Z and its variance Z’’
͍ Favre-filtered governing equations are solved using a finite volume
pressure-based solver of OpenFOAM
͍ A presumed (beta) probability density function (PDF) approach is
employed to represent the subgrid-scale (SGS) turbulence-chemistry
interaction

͍ Flamelet library for species and temperature is constructed and parameterized in
terms of the resolved scalar dissipation rate ᅝ, resolved mixture fraction Z, and its
variance Z’’
͍ Flamelet solution using 12 species and 33 reactions (Li et al., 2007)
͍ Cylindrical computational domain (R = 169 mm, L = 960 mm)
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Results
͍

To assess effects of pressure and turbulence, quantitative comparisons between
experiments and simulations are based on the features of the OH layer:
Flame
surface
density

Thickness

Non-reactive PIV is also available to prescribe proper inflow
conditions and assess turbulence properties:

͍

Examples of direct comparison

͍

P (atm)

Uj (m/s)

Integral scale
(mm)

Taylor scale
(ȝm)

Taylor Re

Kolmogorov
scale (ȝm)

1

77.3

2.0

570

160

23

2

38.7

2.1

500

190

19

2

77.3

2.0

340

270

11

4

19.3

2.1

490

190

18

4

38.7

2.0

340

270

10

4

77.3

2.1

240

400

6

Short-term plans include reactive PIV measurements (fall 2018) for validation of
LES predictions of mean and r.m.s flow characteristics.

LES Studies on Enclosed Swirl Flames in Industrial Combustors

Zhi X. Chena, Ivan Langellaa,b, N. Swaminathana

a Cambridge

University, Department of Engineering, UK

b Loughborough
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Siemens SGT-100 Industrial Gas Turbine Combustor
– Flamelet modelling of a technically premixed CH4/air combustion at 3 bar

Effect of mixture stratification (A) and SGS variance (B)

ެ
ߦ

Neither considered

, A

, A+B

 ނMixture stratification has only marginal effect on the results
 ނThe effect of SGS variance of mixture fraction is significant for temperature
predictions
 ނSGS strain may be the responsible for the overprediction of temperature

Stopper et al., Combust. Flame 160 (2013) 2103-2118.
I. Langella, Z. X. Chen, N. Swaminathan and S. K. Sadasivuni, J. Propul. Power (2018) in press.
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Flame-wall interactions
Coordinators: Andreas Dreizler, Johannes Janicka
Background
Flame-wall interaction (FWI) is a topic of the TNF Workshop since 2014. The primary issue is to gain a
deeper understanding of turbulent flames in the vicinity of walls as urgently needed to improve
combustion modelling. Confined flames are of high practical relevance as walls impose boundary
conditions with significant impact on physical-chemical processes at micro and macro scales of
turbulent flames. This impact leads to flame quenching related to heat losses and incomplete
combustion causing primary pollutant formation such as carbon monoxide (CO) and unburnt
hydrocarbons (UHC). To understand these processes, the influence of walls on turbulence-chemistry
interaction as one of the primary fields of interest in the TNF must be studied in much more detail.
Following the TNF strategy, a target flame has been introduced in TNF 13 [1]. Briefly, it is a side-wall
quenching (SWQ) geometry operating at atmospheric conditions. The 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. Flow conditions are either laminar or turbulent by
inserting a turbulence grid inside the burner nozzle.
Based on the previous TNF sessions and recent research efforts, the objective of the FWI-session at
TNF was twofold:
1. Provide an update on recent experimental efforts including the TNF-target geometry and a
new FWI-burner concept from Melbourne University and provide new phenomenological
insights into FWI
2. Show the progress made in numerical simulations of near-wall combustion phenomena and
identify next steps of combustion modelling FWI
Experimental studies on Flame-Wall interactions
Contributors:
•
•

Jacob E. Rivera, Rahul Palluli, Bin Jiang, Robert L. Gordon, Mohsen Talei, University of
Melbourne
Hidemasa Kosaka, Florian Zentgraf, Benjamin Böhm, Andreas Dreizler, TU Darmstadt

The University of Melbourne introduced a Forced Laminar Axisymmetric Quenching (FLAQ) Burner
suitable to study Flame-Wall Interaction and the interaction of cooling jets with flames [2-4]. On a
long term, mechanisms will be investigated that are responsible for changes in exhaust CO, e.g.
transient FWI, the influence of cooling rates, surface reactivity and dilution. The FLAQ-burner
provides an axisymmetric, optically accessible flame with a concave FWI-zone. Present studies focus
on the influence of local effects such as heat loss, quenching mode, flame geometry, and transient
effects on the exhaust gas composition. The exhaust gas composition is analysed with respect to the
concentrations of CO, CO2, O2, NOx and unburnt hydrocarbons using extractive measurement
methods. In the slides, selected results are discussed showing the formation of M- and V-shaped
flames depending on the inflow and boundary conditions, stability limits, and radial profiles of mean
temperatures and CO concentrations. Future research will focus primarily on wall reactivity and
thermal boundary conditions (thermal barrier coating, annealing), turbulence, fuel effects, and the
impact of cooling jets.
The group at TU Darmstadt has significantly enlarged the data base of the SWQ-target flames. It
comprises the following aspects:
•

Effects of the local flow field on flame quenching [5]
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•
•
•

Influence of the wall on CO concentrations and temperature [6] and multi-scalar imaging [7]
Influence of varying wall temperatures and fuels on thermochemical states near walls [8]
Reaction rates in FWI [9] and heat release imaging [10]

In the FWI-session the discussion was focused on selected issues with the following conclusions:
•

•

•

Studying the influence of varying wall temperatures shows how the quenching distance is
decreased for increasing wall temperatures causing an enhanced heat transfer rate. This
counter-intuitive observation is restricted to the FWI-zone. Further downstream in the postflame region higher wall temperatures are associated with reduced heat transfer as expected
for chemically non-reacting flows.
For a fixed wall temperature CO/T scatter plots show for stoichiometric methane/air flames
an impact on the CO-formation for wall distances below 0.2 mm whereas the CO-oxidation at
high temperatures (T > 1500 K) is influenced already for wall distances up to ~1 mm. This
observation is explained by different chemical time scales for CO-formation and oxidation in
relation to physical time scales for heat transfer. This explanation was confirmed by 2D DNS
[11]. For DME/air flames the CO-formation is even less strongly influenced due to its
chemical time scales that are shorter compared to methane combustion.
Heat release zones of premixed flames in the near wall region have been imaged by
simultaneous imaging of formaldehyde and hydroxyl radicals. From instantaneous
realizations flame curvatures have been deduced. Correlations of normalized heat release
and curvature indicate the influence of Lewis-number effects [10].

Future research directions comprise the influence of more complex fuels, higher Reynolds-numbers
and pressures. In terms of diagnostics, multi-scalar imaging appears to be most important to further
understand the impact of solid walls on the thermochemical state.
Modelling and numerical simulation
Contributors:
•
•
•
•
•
•

Mahmoud Jafargholi, Christos E. Frouzakis, George K. Giannakopoulos, Konstantinos
Boulouchos LAV, ETH Zürich
Umair Ahmed, Nilanjan Chakraborty, Jiawei Lai, Markus Klein, School of Engineering,
Newcastle University and LRT and Universität der Bundeswehr München
Andrea Gruber, Jacqueline H. Chen, SINTEF, Trondheim and Sandia National Laboratories,
Livermore
Michael Pfitzner, Christian Mundt, Institut für Thermodynamik, Universität der Bundeswehr
München
J. Sellmann, J. Lai, A. Kempf, N. Chakraborty, IVG, Universität Duisburg-Essen and Newcastle
University
Johannes Janicka et al., TU Darmstadt

Compared to TNF 13 a larger group of researchers contributed to the FWI-session, and the research
focus was more aligned along the SWQ-target configuration.
The ETH-group performed Direct Numerical Simulations to study premixed flame propagation in
confined geometries and flame-wall interactions. Using a spectral element low Mach number
reactive flow solver based on Nek5000, premixed syngas/air mixtures at an equivalence ratio of 0.3
(CO:H2 = 3:1) have been simulated in 2D and 3D using detailed chemistry and transport.
Homogeneous isotropic turbulence at atmospheric pressure has been prescribed in addition to an
initial gas temperature of 820 K and a wall temperature of 550 K. Varying u´/sl, the temporal
evolution has been investigated for flames approaching the wall. The findings can be summarized as
follows:
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•

•

•

Confinement affects flame propagation through varying thermodynamic conditions,
modifications of the flow field, and flame/wall interactions:
o The flame ‘feels’ the wall early: significant variation of the local displacement speed,
quenching distance and heat fluxes
o initial (kernel growth) and final (FWI) consumption of the fuel need 3 to 5 times
longer to consume the first and last 10% of the fuel
Early flame kernel growth:
o u’ plays the dominant role
o for the same u’, smaller turbulent length scale lt leads to faster initial fuel
consumption
Fuel consumption rate:
o increases with turbulence intensity and saturates at high u’
o no discernible trend vs. turbulent length scale
o turbulence pushes the flame closer to the walls than the laminar quenching distance
o mean distance of the flame from the wall decreases with u’

The joined studies of the universities of Newcastle and of the Federal Armed Forces at Munich
focused on a fundamental understanding and modelling of flame-wall interactions using Direct
Numerical Simulations (DNS). For head-on quenching, single-step chemistry is compared to detailed
chemistry including modifications proposed by Sellmann et al. [12.] and Lai et al. [13]. The
conclusions drawn are:
•
•
•

The quenching distance for turbulent condition decreases and the magnitude of the
maximum wall heat flux increases in comparison to the corresponding laminar HOQ values
for cases with 𝐿𝐿𝑒𝑒<1.
All the modelling assumptions associated with high Damköhler number (i.e. 𝐷𝐷𝑎𝑎≫1) and
presumed bi-modal PDF of 𝑐𝑐 are rendered invalid close to the wall.
Both conventional Flame Surface Density (FSD) and Scalar Dissipation Rate (SDR) closures for
mean reaction rate break down in the near-wall region.

At SINTEF/Sandia the focus was on Direct Numerical Simulations of turbulent flame-wall interactions
in a constant volume vessel. A new data base has been introduced to investigate turbulent flamewall interaction at constant volume conditions. Most important features are:
•
•

The data enables comparison of the FWI-process for hydrogen-air and methane-air flames at
different Ka-numbers but for the same wall quenching time
Cases are initialized in a closed box for isothermal walls at 750K and relaxed for 10 integral
time scales before spark ignition

Primary findings are:
•
•
•
•
•

All flames exhibit some degree of radical recombination at the wall: its role is minimal for the
lean hydrogen flame, but more important for the stoichimoetric methane flame and greatest
for the stoichiometric hydrogen flame
Flame velocity seems to be the governing parameter in the turbulence-chemistry interaction
more than flame thickness vs turbulence length scales
The hydrogen stoichiometric flame shows the largest wall heat flux and the largest heat
release rate due to radical recombination
The hydrogen lean flame shows the least heat release rate due to radical recombination (wall
heat flux is also low due to the lower flame temperature)
Total mass of CO peaks at quenching but it successively burned out after the FWI

In Munich the heat transfer coefficient in reactive boundary layers was investigated which is
𝜌𝜌

𝜌𝜌

𝑢𝑢∞ 𝜕𝜕𝑍𝑍 ∗
1
�
𝑥𝑥
𝜕𝜕𝜻𝜻
1−𝑍𝑍
𝑊𝑊
𝑠𝑠𝑠𝑠
𝜻𝜻=0

(𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑊𝑊 ) [14]. In the slides, boundary layer
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proposed as 𝑞𝑞̇ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = −𝜆𝜆 𝑊𝑊 � ∞
𝜌𝜌
2 𝜌𝜌
∞

profiles are compared for chemically reactive and non-reactive conditions. In addition, a tabulation
TNF14 Workshop

method is proposed suitable for FWI-combustion modelling. Its application is demonstrated for wallheat flux predictions of methane-oxygen combustion at rocket-like conditions.
The collaborative research of Newcastle University and University of Duisburg-Essen is devoted to
flame surface density (FSD) based modelling of head-on quenching of turbulent premixed flames.
The objective of the study is an a priori analysis of the mean reaction rate closure and modelling of
the unclosed terms based on existing models. Findings are drawn from a parametric DNS-study
including three different Lewis numbers and five different initial turbulent intensities. Head-on
quenching is simulated in 3D using the compressible code SENGA 11 on a Cartesian grid, a no-slip
isothermal inert wall, and one-step reaction kinetics. Whereas a detailed discussion of the results
can be found in [12], the most important results are:
•
•
•

A modified FSD-based closure for mean reaction rate in terms of flame-wall interaction has
been proposed
Existing models for the unclosed terms of the FSD transport equation have been modified
The modified models are capable for a Lewis number range of Le = 0.8 - 1.2 and different
turbulent initial values

Recent result of TU Darmstadt comprise 2D Direct Numerical Simulation (DNDS) and 3D Large Eddy
Simulation (LES) of the SWQ-target flames. Comparing detailed chemistry and the FGM-based
tabulated chemistry approach show similar wall-normal temperature profiles that compare very well
with experimental observations. In contrast, predictions of the CO-concentrations differ strongly in
the near-wall region. Based on a budget-analysis it is revealed that close to the wall diffusion
dominates with large contributions from scalar dissipation rates which is not reflected in unbounded
flamelet calculations that are the base for the FGM-approach. Solving chemical reactions in the
state-space and imposing estimated gradients from DNS, the REDIM approach matches the COprofiles from the DNS in physical and state-space [15]. Using the LES-FGM-approach and restricting
to global features of the flow and scalar fields, flame brush and probability of the flame close to the
wall are very well covered [16].
In the discussion, future research directions in FWI were identified as:
•
•
•

Increased pressure
Sustainable fuels
Partially premixed/stratified flames near walls
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+LJKHU5H\QROGVQXPEHUV
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'LDJQRVWLFV


0HDVXUHPHQWRIDGGLWLRQDOVSHFLHV
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ŽŶƚƌŝďƵƚŽƌƐ


0DKPRXG -DIDUJKROL &KULVWRV ()URX]DNLV*HRUJH.*LDQQDNRSRXORV.RQVWDQWLQRV
%RXORXFKRV /$9(7+=ULFK



8PDLU $KPHG1LODQMDQ &KDNUDERUW\ -LDZHL /DLDQG 0DUNXV.OHLQ
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0LFKDHO3ILW]QHU&KULVWLDQ0XQGW
,QVWLWXWIU7KHUPRG\QDPLN8QLYHUVLWlWGHU%XQGHVZHKU0QFKHQ



- 6HOOPDQQ-/DL$.HPSI1&KDNUDERUW\
,9*8QLYHUVLWlW'XLVEXUJ(VVHQ



-RKDQQHV-DQLFND
(.778'DUPVWDGW
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/DPLQDUTXHQFKLQJGLVWDQFHV WRSZDOO

 )ODPHIURQWGHILQHGE\
7  .
 ǻ\ GLVWDQFHRIIODPH
IURPXSSHUZDOO
+24KHDGRQTXHQFKLQJ
6:4VLGHZDOOTXHQFKLQJ
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7XUEXOHQW³TXHQFKLQJGLVWDQFHV´

 )ODPHJHWVFORVHUWRWKHZDOOFRPSDUHGWR
WKHODPLQDUFDVH
 0HDQGLVWDQFHGHFUHDVHVZLWKLQFUHDVLQJ
WXUEXOHQFHLQWHQVLW\
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6XPPDU\
 &RQILQHPHQWDIIHFWVIODPHSURSDJDWLRQWKURXJKYDU\LQJWKHUPRG\QDPLFFRQGLWLRQV
PRGLILFDWLRQRIWKHIORZILHOGDQGIODPHZDOOLQWHUDFWLRQV ):,V
 IODPHµIHHOV¶WKHZDOOHDUO\VLJQLILFDQWYDULDWLRQRIWKHORFDOGLVSODFHPHQWVSHHG
TXHQFKLQJGLVWDQFHDQGKHDWIOX[HV
 LQLWLDO NHUQHOJURZWK DQGILQDO ):, FRQVXPSWLRQRIWKHIXHOQHHG  WR WLPHV
ORQJHUWRFRQVXPHWKHILUVWDQGODVWRIWKHIXHO
 (DUO\IODPHNHUQHOJURZWK
 X¶SOD\VWKHGRPLQDQWUROH
 IRUWKHVDPHX¶VPDOOHUOW OHDGVWRIDVWHULQLWLDOIXHOFRQVXPSWLRQ
 )XHOFRQVXPSWLRQUDWH
 LQFUHDVHVZLWKWXUEXOHQFHLQWHQVLW\DQGVDWXUDWHVDWKLJKX¶
 QR GLVFHUQLEOHWUHQGYVWXUEXOHQWOHQJWKVFDOH
 WXUEXOHQFHSXVKHVWKHIODPHFORVHUWRWKHZDOOVWKDQWKHODPLQDUTXHQFKLQJ
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ŝƌĞĐƚEƵŵĞƌŝĐĂů^ŝŵƵůĂƚŝŽŶƐ;E^Ϳ
8PDLU $KPHG 1LODQMDQ &KDNUDERUW\ -LDZHL/DL DQG0DUNXV.OHLQ
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ĐŚĞŵŝƐƚƌǇĂŶĚƚŚĞŽƚŚĞƌǁŝƚŚĂƐŬĞůĞƚĂůŵĞĐŚĂŶŝƐŵ
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ĞƚĂŝůĞĚĐŚĞŵŝƐƚƌǇŚĞĂĚͲŽ
ŽŶƋƵĞŶĐŚŝŶŐ
>ĂŵŝŶĂƌĐŽŶĚŝƚŝŽŶƐ

ŽŵƉĂƌŝƐŽŶŽĨĚĞƚĂŝůĞĚĂŶĚϭͲ^ƚĞƉĐŚĞŵŝƐƚƌǇ
  ܱܥ ܱ ܪ՜ ܱܥଶ  ܪ
 ܱଶ   ܪ  ܯ՜ ܱܪଶ  ܯ
 ʹܱܪଶ ՜ ܪଶ ܱଶ  ܱଶ 
ĞƚĂŝůĞĚĐŚĞŵŝƐƚƌǇ
 ϭͲ^ƚĞƉĐŚĞŵŝƐƚƌǇ

dƵƌďƵůĞŶƚĐŽŶĚŝƚŝŽŶƐ

tĂůůŚĞĂƚĨůƵǆĞƐϭͲ^ƚĞƉĐŚĞŵŝƐƚƌǇ

tĂůůŚĞĂƚĨůƵǆĞƐĚĞƚĂŝůĞĚĐŚĞŵŝƐƚƌǇ

71)__ 

DŽĚĞůĚĞǀĞůŽƉŵĞŶƚĨŽƌŚĞĂĚͲͲŽŶƋƵĞŶĐŚŝŶŐ
ϭͲ^ƚĞƉĐŚĞŵŝƐƚƌǇ^ƚĂŶĚĂƌĚ
ŵŽĚĞů

ϭͲ^ƚĞƉĐŚĞŵŝƐƚƌǇ^ĞůůŵĂŶŶĞƚ
Ăů͘;ϮϬϭϳͿŵŽĚĞů

 ȭ ൌ ȁߘܿȁ



 ߱ሶഥ ൌ ߩ ܵ ȭ ƌĞƉƌĞƐĞŶƚĞĚďǇ
;െȟ െͿ

 ߱ሶഥ ൌ ܣଵ ߩ ܵ ȭ ƌĞƉƌĞƐĞŶƚĞĚďǇ
;െ െͿ
ǁŚĞƌĞ
ĞƚĂŝůĞĚĐŚĞŵŝƐƚƌǇ^ƚĂŶĚĂƌĚ
ŵŽĚĞů

ĞƚĂŝůĞĚĐŚĞŵŝƐƚƌǇ^ĞůůŵĂŶŶ
ĞƚĂů͘;ϮϬϭϳͿŵŽĚĞů

ܣଵ ൌ ͲǤͷሾ

௫భ
ఋ

െ ͲǤȫ  ͳሿ

ĂŶĚȫ ൌ ܲ݁  ߜ௧ Ȁߜ 

 ^ŝŵŝůĂƌŵŽĚĞůƐŚĂǀĞďĞĞŶƉƌŽƉŽƐĞĚ
ĨŽƌƚŚĞƐĐĂůĂƌĚŝƐƐŝƉĂƚŝŽŶƌĂƚĞďĂƐĞĚ
ƌĞĂĐƚŝŽŶƌĂƚĞĐůŽƐƵƌĞĂŶĚĨƵƌƚŚĞƌ
ĚĞƚĂŝůƐĐĂŶďĞĨŽƵŶĚŝŶ>ĂŝĞƚĂů͘
;ϮϬϭϴͿ

^ĞůůŵĂŶŶ͕:͘>Ăŝ͕:͕͘<ĞŵƉĨ͕D͘ΘŚĂŬƌĂďŽƌƚǇE͘;ϮϬϭϳͿ͕WƌŽĐ͘ŽŵďƵƐƚ͘/ŶƐ
>Ăŝ͕:͕͘<ůĞŝŶ͕D͘ΘŚĂŬƌĂďŽƌƚǇ͕E͘;ϮϬϭϴͿ&ůŽǁdƵƌďƵůĞŶĐĞŽŵďƵƐƚ
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KŶŐŽŝŶŐǁŽƌŬŽŶĨůĂŵĞͲǁ
ǁĂůůŝŶƚĞƌĂĐƚŝŽŶ

EŽŶͲƌĞĂĐƚŝŶŐĐŚĂŶŶĞůĨůŽǁYͲĐƌŝƚĞƌŝŽŶ
ĐŽůŽƵƌĞĚďǇǀŽƌƚŝĐŝƚǇŵĂŐŶŝƚƵĚĞ

 ƵƌƌĞŶƚůǇĨůĂŵĞǁĂůůŝŶƚĞƌĂĐƚŝŽŶƐŝŵƵůĂƚŝŽŶƐŝŶ
ĨƵůůǇĚĞǀĞůŽƉĞĚƚƵƌďƵůĞŶƚĐŚĂŶŶĞůĨůŽǁĂƌĞ
ƵŶĚĞƌǁĂǇ͘
 ܴ݁ఛ ൌ ͳͳͲĐŚĂŶŶĞůĨůŽǁŝƐƵƐĞĚĨŽƌƚŚĞŶŽŶͲ
ƌĞĂĐƚŝŶŐĐŚĂŶŶĞů͘
 sͲĨůĂŵĞŝƐďĞŝŶŐŝŶǀĞƐƚŝŐĂƚĞĚŝŶƚŚĞ
ܴ݁ఛ ൌ ͳͳͲĐŚĂŶŶĞůĨůŽǁ͘
 dŚƌĞĞǁĂůůĐŽŶĚŝƚŝŽŶƐĂƌĞďĞŝŶŐƐŝŵƵůĂƚĞĚ͗
¾ /ƐŽƚŚĞƌŵĂůǁĂůůƐ
¾ ĚŝĂďĂƚŝĐǁĂůůƐ
¾ tĂůůƐĂƚĂŶĞůĞǀĂƚĞĚƚĞŵƉĞƌĂƚƵƌĞ

EŽŶͲƌĞĂĐƚŝŶŐĐŚĂŶŶĞůĨůŽǁŵĞĂŶ
ǀĞůŽĐŝƚǇĂŶĚZĞǇŶŽůĚƐƐƚƌĞƐƐƉƌŽĨŝůĞƐ

sͲĨůĂŵĞĐŚĂŶŶĞůĨůŽǁYͲĐƌŝƚĞƌŝŽŶ
ĐŽůŽƵƌĞĚďǇǀŽƌƚŝĐŝƚǇŵĂŐŶŝƚƵĚĞ

E^ĚĂƚĂŽĨďĞĞƚĂůŝƐĂǀĂŝůĂďůĞĂƚŚƚƚƉ͗ͬͬǁǁǁ͘ƌƐ͘ƚƵƐ͘ĂĐ͘ũƉͬΕƚϮůĂďͬĚďͬŝŶĚĞǆ͘Śƚŵů

71) __ 

ŽŶĐůƵƐŝŽŶ

dŚĞƋƵĞŶĐŚŝŶŐĚŝƐƚĂŶĐĞĨŽƌƚƵƌďƵůĞŶƚĐŽŶĚŝƚŝŽŶĚĞĐƌĞĂƐĞƐĂŶĚƚŚĞŵĂŐŶŝƚƵĚĞŽĨƚŚĞ
ŵĂǆŝŵƵŵǁĂůůŚĞĂƚĨůƵǆŝŶĐƌĞĂƐĞƐŝŶĐŽŵƉĂƌŝƐŽŶƚŽƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐůĂŵŝŶĂƌ,KY
ǀĂůƵĞƐĨŽƌĐĂƐĞƐǁŝƚŚ ݁ܮ൏ ͳ͘

ůůƚŚĞŵŽĚĞůůŝŶŐĂƐƐƵŵƉƚŝŽŶƐǁŚŝĐŚĂƌĞĂƐƐŽĐŝĂƚĞĚǁŝƚŚŚŝŐŚĂŵŬƂŚůĞƌŶƵŵďĞƌ;ŝ͘Ğ͘
Ϳͳ ب ܽܦĂŶĚƉƌĞƐƵŵĞĚďŝͲŵŽĚĂůW&ŽĨܿĂƌĞƌĞŶĚĞƌĞĚŝŶǀĂůŝĚĐůŽƐĞƚŽƚŚĞǁĂůů͘

ŽƚŚĐŽŶǀĞŶƚŝŽŶĂů&ůĂŵĞ^ƵƌĨĂĐĞĞŶƐŝƚǇ;&^ͿĂŶĚ^ĐĂůĂƌŝƐƐŝƉĂƚŝŽŶZĂƚĞ;^ZͿ
ĐůŽƐƵƌĞƐĨŽƌŵĞĂŶƌĞĂĐƚŝŽŶƌĂƚĞďƌĞĂŬĚŽǁŶŝŶƚŚĞŶĞĂƌͲǁĂůůƌĞŐŝŽŶ͘
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dE&ϭϰ
&ůĂŵĞͲtĂůů/ŶƚĞƌĂĐƚŝŽŶƐ
^ŝŵƵůĂƚŝŽŶĂŶĚDŽĚĞůůŝŶŐ
ŽŶƚƌŝďƵƚŽƌƐ


0DKPRXG -DIDUJKROL &KULVWRV ()URX]DNLV*HRUJH.*LDQQDNRSRXORV.RQVWDQWLQRV
%RXORXFKRV /$9(7+=ULFK



8PDLU $KPHG1LODQMDQ &KDNUDERUW\ -LDZHL /DLDQG 0DUNXV.OHLQ
6FKRRORI(QJLQHHULQJ1HZFDVWOH8QLYHUVLW\_/578QLYHUVLWlWGHU%XQGHVZHKU
0QFKHQ



$QGUHD*UXEHUHWDO
6,17()7URQGKHLP1RUZD\



0LFKDHO3ILW]QHU&KULVWLDQ0XQGW
,QVWLWXWIU7KHUPRG\QDPLN8QLYHUVLWlWGHU%XQGHVZHKU0QFKHQ



- 6HOOPDQQ-/DL$.HPSI1&KDNUDERUW\
,9*8QLYHUVLWlW'XLVEXUJ(VVHQ



-RKDQQHV-DQLFND
(.778'DUPVWDGW

71) __ 

ŝƌĞĐƚEƵŵĞƌŝĐĂů^ŝŵƵůĂƚŝŽŶŽĨdƵƌďƵůĞŶƚ&ůĂŵĞͲtĂůů
/ŶƚĞƌĂĐƚŝŽŶƐŝŶĂŽŶƐƚĂŶƚsŽůƵŵĞsĞƐƐĞů

ŶĚƌĞĂ'ƌƵďĞƌ^/Ed&ŶĞƌŐǇZĞƐĞĂƌĐŚ


ŝŶĐŽůůĂďŽƌĂƚŝŽŶǁŝƚŚ:ĂĐƋƵĞůŝŶĞ,͘ŚĞŶ
^ĂŶĚŝĂEĂƚŝŽŶĂů>ĂďŽƌĂƚŽƌŝĞƐ
71) __ 
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KǀĞƌǀŝĞǁ
A new DNS database on turbulent FWI is (very) recently established
$LPV WRLQYHVWLJDWH WXUEXOHQWIODPHZDOO LQWHUDFWLRQ DWFRQVWDQW YROXPH FRQGLWLRQV
±
±
±

&RPSDUHV WKH ):,SURFHVV IRUK\GURJHQDLUDQGPHWKDQHDLUIODPHV DWGLIIHUHQW.D EXW
IRUWKH VDPHZDOO TXHQFKLQJ WLPH
&DVHLVLQLWLDOL]HG ZLWK +,7 VHH EHORZ LQDFORVHG ER[ LVRWKHUPDO ZDOOV DW. DQG
UHOD[HG IRU WO EHIRUH VSDUNLJQLWLRQ
*ULGLVA ZLWK PLOGVWUHWFKLQJ WRZDUGV IURPZDOO WRFHQWHU  PLFURQV WR PLFURQV

ĂƐĞ

&ƵĞů

ʔ

^ͺů;ŵͬƐͿ

<Ă

dĂĚ;<Ϳ

ŚĞŵ<ŝŶ

,Ϯ^

,ǇĚƌŽŐĞŶ

ϭ͘Ϭ

ϭϮ͘Ϭϱ

Ϯ͘ϲϰ

Ϯϱϴϲ

>ŝĞƚĂů

,Ϯ^ď

,ǇĚƌŽŐĞŶ

ϭ͘Ϭ

ϭϮ͘Ϭϱ

Ϭ͘ϴϴ

Ϯϱϴϲ

>ŝĞƚĂů

,Ϯ>

,ǇĚƌŽŐĞŶ

Ϭ͘Ϯϱ

Ϯ͘ϰϱ

ϭϯ

ϭϰϳϯ

>ŝĞƚĂů

,ϰ^

DĞƚŚĂŶĞ

ϭ͘Ϭ

Ϯ͘ϰϮ

ϳ

Ϯϰϯϲ

^ŵŽŽŬĞΘ
'ŝŽǀĂŶŐŝŐůŝ

/ŶŝƚŝĂůƚƵƌďƵůĞŶĐĞĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ;ďĞĨŽƌĞƌĞůĂǆͿ͗





>ƚсϱŵŵ͕ůϭϭсϬ͘ϵϬϳŵŵ͕ɻŬсϬ͘Ϭϯϲŵŵ
ƚůϭϭсϬ͘ϬϬϬϴϰƐ͕ƚŬсϬ͘ϬϬϬϬϭϳƐ͕ƵΖсϭϬ͘ϴŵͬƐ͕ZĞƚсϳϭϱ
71) __ 

FWI of stoichiometric CH4-air vs lean H2-air flame
(matching flame speed)

/ŶƐƉŝƚĞŽĨƚŚĞĐŽŶƐŝĚĞƌĂďůĞĚŝĨĨĞƌĞŶĐĞŝŶdĂĚĂŶĚɷůс;Ϭ͘ϮϴϳǀƐϬ͘ϱϰϭŵŵͿƚŚĞĨůĂŵĞƐĞǆŚŝďŝƚ
ƐŝŵŝůĂƌƉƌŽƉĂŐĂƚŝŽŶĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐĂŶĚƋƵĞŶĐŚŽŶƚŚĞǁĂůůƐŝŵƵůƚĂŶĞŽƵƐůǇ
;ƚŚĞŚǇĚƌŽŐĞŶĨůĂŵĞŝƐƐůŝŐŚƚůǇŵŽƌĞǁƌŝŶŬůĞĚͬĐƵƌǀĞĚͿ
71) __ 
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FWI of stoichiometric hydrogen-air flames for different turbulence levels
(longer decay)

dŚĞƐƚŽŝĐŚŝŽŵĞƚƌŝĐ;ǀĞƌǇĨĂƐƚͿŚǇĚƌŽŐĞŶĨůĂŵĞƐͨŝŐŶŽƌĞͩƚŚĞƵŶĚĞƌůǇŝŶŐƚƵƌďƵůĞŶĐĞĨŝĞůĚ
;ƐƋƵĂƐŚŝŶŐƚƵƌďƵůĞŶĐĞƐƚƌƵĐƚƵƌĞƐĂŐĂŝŶƐƚƚŚĞǁĂůůͿ͕ŵŽƌĞƐŽĂĨƚĞƌĂůŽŶŐĞƌƚƵƌďƵůĞŶĐĞĚĞĐĂǇ

71) __ 

Role of radical recombination at the wall

ĞĨŽƌĞ
&t/

ƵƌŝŶŐ
&t/

ůůĨůĂŵĞƐĞǆŚŝďŝƚƐŽŵĞĚĞŐƌĞĞŽĨƌĂĚŝĐĂůƌĞĐŽŵďŝŶĂƚŝŽŶĂƚƚŚĞǁĂůů͗ŝƚƐƌŽůĞŝƐŵŝŶŝŵĂůĨŽƌ
ƚŚĞůĞĂŶŚǇĚƌŽŐĞŶĨůĂŵĞ͕ŵŽƌĞŝŵƉŽƌƚĂŶƚĨŽƌƚŚĞƐƚŽŝĐŚŝŵŽĞƚƌŝĐŵĞƚŚĂŶĞĨůĂŵĞĂŶĚ
ŐƌĞĂƚĞƐƚĨŽƌƚŚĞƐƚŽŝĐŚŝŽŵĞƚƌŝĐŚǇĚƌŽŐĞŶĨůĂŵĞ
71) __ 
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CO chemistry is strongly affected by the FWI
ĞĨŽƌĞ
&t/

ƵƌŝŶŐ
&t/

71) __ 

ŽŶĐůƵƐŝŽŶƐ
±

$QDO\VLVRI '16GDWDEDVHLVLQLQLWLDOSKDVH DQG UHVXOWV DUH SUHOLPLQDU\

±

)ODPH YHORFLW\ VHHPV WREHWKH JRYHUQLQJ SDUDPHWHULQWKH WXUEXOHQFHFKHPLVWU\
LQWHUDFWLRQ PRUHWKDQ IODPH WKLFNQHVV YV WXUEXOHQFH OHQJWK VFDOHV

±

5DGLFDO UHFRPELQDWLRQ GXULQJTXHQFKLQJ VHHPV WREHLPSRUWDQW DOVR IRUPHWKDQH
FRPEXVWLRQ DOWKRXJK WRDOHVVHUH[WHQW WKDQ IRUK\GURJHQ

±

7KHK\GURJHQVWRLFKLRPHWULF IODPH VKRZVWKH ODUJHVW ZDOO KHDWIOX[ DQG WKH ODUJHVW KHDW
UHOHDVH UDWHGXHWRUDGLFDO UHFRPELQDWLRQ

±

7KHK\GURJHQOHDQ IODPH VKRZVWKH OHDVW KHDWUHOHDVH UDWHGXHWRUDGLFDO UHFRPELQDWLRQ
ZDOO KHDWIOX[ LVDOVR ORZ GXHWRWKH ORZHU IODPH WHPSHUDWXUH

±

7RWDOPDVV RI &2 SHDNV DWTXHQFKLQJ EXW LW VXFFHVVLYHO\ EXUQHG RXW DIWHU WKH ):,
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dE&ϭϰ
&ůĂŵĞͲtĂůů/ŶƚĞƌĂĐƚŝŽŶƐ
^ŝŵƵůĂƚŝŽŶĂŶĚDŽĚĞůůŝŶŐ
ŽŶƚƌŝďƵƚŽƌƐ


0DKPRXG -DIDUJKROL &KULVWRV ()URX]DNLV*HRUJH.*LDQQDNRSRXORV.RQVWDQWLQRV
%RXORXFKRV /$9(7+=ULFK



8PDLU $KPHG1LODQMDQ &KDNUDERUW\ -LDZHL /DLDQG 0DUNXV.OHLQ
6FKRRORI(QJLQHHULQJ1HZFDVWOH8QLYHUVLW\_/578QLYHUVLWlWGHU%XQGHVZHKU
0QFKHQ



$QGUHD*UXEHUHWDO
6,17()7URQGKHLP1RUZD\



0LFKDHO3ILW]QHU&KULVWLDQ0XQGW
,QVWLWXWIU7KHUPRG\QDPLN8QLYHUVLWlWGHU%XQGHVZHKU0QFKHQ



- 6HOOPDQQ-/DL$.HPSI1&KDNUDERUW\
,9*8QLYHUVLWlW'XLVEXUJ(VVHQ



-RKDQQHV-DQLFND
(.778'DUPVWDGW

71) __ 

Institut für Thermodynamik LRT10
Prof. M. Pfitzner, Prof. Ch. Mundt

+HDWWUDQVIHUFRHIILFLHQWLQUHDFWLYHERXQGDU\OD\HUV
 LQIORZSURSHUWLHV:FRRODQW
SURSHUWLHV
 /HZLVQXPEHUV  6F 
 %RXQGDU\OD\HUWKHRU\
'RURWQLW]\Q 6WHZDUWVRQ
WUDQVIRUPDWLRQ [\ Æ ࣈǡࣀ
7HVWFDVHODPLQDUIORZRYHUDSRURXVSODWH>@

'FRPSXWDWLRQDOGRPDLQ>@

)UHHVWUHDP

&RRODQW 

&RRODQW

$LU .
EDUPV

+1

&+

5HDFWLYH%/
%XUNH6FKXPDQQVROXWLRQ
ܼ
ܶ 
ܶ െ ܶ ܼ  ܼ௦௧ 
ܼ௦௧ ௗ
ܶ௧ ܼ ൌ
ͳെܼ
ܶி 
ܶ െ ܶி ܼ  ܼ௦௧
ͳ െ ܼ௦௧ ௗ

,QHUW%/
ܶ௧ ሺܼሻ ൌ  ܶஶ 

ݍሶ ௧

>@ *)UDQN03ILW]QHU³,QYHVWLJDWLRQRIWKH
KHDWWUDQVIHUFRHIILFLHQWLQDWUDQVSLUDWLRQILOP
FRROLQJZLWKFKHPLFDOUHDFWLRQV´,QWHUQDWLRQDO
-RXUQDORI+HDWDQG0DVV7UDQVIHU
SS

ܼ െ ܼஶ
ሺܶ െ ܶஶ ሻ
ܼௐ െ ܼஶ ௐ

ɏௐ ɏஶ ݑஶ ߲ܼ כ
ൌ െɉ


ቤ ሺܶ െ ܶஶ ሻ
ɏஶ ʹɏௐ ࣀ ࣀ߲ ݔୀ ௐ

ݍሶ ௧ ൌ െɉ

ͳ
ɏௐ ɏஶ ݑஶ ߲ܼ כ


ቤ
ሺܶ െ ܶௐ ሻ
ɏஶ ʹɏௐ ࣀ ࣀ߲ ݔୀ ͳ െ ܼ௦௧ ௗ
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Institut für Thermodynamik LRT10
Prof. M. Pfitzner, Prof. Ch. Mundt

%/ZLWKRXWSUHVVXUHJUDGLHQW

%/ZLWKSUHVVXUHJUDGLHQW

%/ZLWKRXWSUHVVXUHJUDGLHQWIRUFRRODQW
&+7RS8[ERWWRP7

%/ZLWKSUHVVXUHJUDGLHQWIRUFRRODQW
&+7RS8[ERWWRP7

 %ODVLXV LQHUW      %ODVLXV UHDFWLYH

1XVVHOW QXPEHU

1XVVHOW QXPEHUV7RSLQHUWFDVH
%RWWRPUHDFWLYHFDVH

ᇝ&)'LQHUWሁ&)'UHDFWLYH 
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&KHPLFDOHTXLOLEULXP

&KHPLVWU\WDEXODWLRQPHWKRGV
)UR]HQ FKHPLVWU\

>@)UDQNHWDO
Ä&RQVWUXFWLRQ RI /LEUDULHVIRU 1RQ
3UHPL[HG 7DEXODWHG FKHPLVWU\
&RPEXVWLRQ 0RGHOVLQFOXGLQJ 1RQ
$GLDEDWLF %HKDYLRXU GXH WR :DOO+HDW
/RVVHV³




6VKDSH FXUYH ILOOHG
1R QRQHTXLOLEULXP ZDOOTXHQFKLQJ

&RQYHFWLYH KHDW VLQNWHUP





6WUDLQ UDWH
6VKDSH FXUYH ILOOHG
):,DIIHFWV 7QRW<N IUR]HQ

6SHFLILHG IXHO ERXQGDU\ WHPSHUDWXUH

/HH,KPH 

GHFUHDVLQJ HQWKDOS\






+HDGRQTXHQFKLQJ
$UWLILFLDO FRQYHFWLYH KHDW ORVV WHUP
):,DIIHFWV ERWK 7 DQG <N6WUDLQ UDWH
6VKDSH FXUYH SDUWLDOO\ ILOOHG ! LQWHUSRODWLRQ





)L[HGWHPSHUDWXUH ZDOO
):,DIIHFWV ERWK 7 DQG <N
6WUDLQ UDWH
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(IILFLHQW ZDOOKHDW IOX[ SUHGLFWLRQ IRU PHWKDQHR[\JHQFRPEXVWLRQ DW
URFNHWOLNHFRQGLWLRQV
&RQVLGHUDWLRQ RI VWURQJKHDW ORVVHV
7 7Z

,QFRUSRUDWLRQ RI IODPHZDOOLQWHUDFWLRQ
1RQDGLDEDWLF WDEXODWLRQ
:X,KPH 0DHWDO






3HUPHDEOHLVRWKHUPDO ZDOODW I IZ
2&+  EDU
 VSHFLHV  UHDFWLRQV
' WKHUPRFKHPLFDO OLEUDU\
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/(6RI HOHPHQW*2;*&+ VXEVFDOH URFNHWFRPEXVWRU >@
7HPSHUDWXUH ILHOG

6WDWHVSDFH

&RPSDULVRQ ZLWK H[SHULPHQW
+HDWIOX[

$[LDOLQIOXHQFH RI HQWKDOS\ ORVV

3UHVVXUH

1RUPDOL]HG &38FRVW
 7DEXODWHG 
 7UDQVSRUWHG 3') (XOHULDQ
6WRFKDVWLF )LHOGV>@ 

>@ 9DOLQR )7$&>@ ([SHULPHQWE\ +DLGQ HWDO
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,QVWLWXWHIRU&RPEXVWLRQDQG*DV'\QDPLFV
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&ůĂŵĞ^ƵƌĨĂĐĞĞŶƐŝƚǇďĂƐĞĚ
DŽĚĞůůŝŶŐŽĨ
,ĞĂĚͲKŶYƵĞŶĐŚŝŶŐŽĨdƵƌďƵůĞŶƚ
WƌĞŵŝǆĞĚ&ůĂŵĞƐ
 :͘^ĞůůŵĂŶŶ͕:͘>Ăŝ͕͘<ĞŵƉĨ͕E͘ŚĂŬƌĂďŽƌƚǇ
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KďũĞĐƚŝǀĞ
PHDQUHDFWLRQUDWHFORVXUH

 ƉƌŝŽƌŝĂŶĂůǇƐŝƐŽĨ͗
 ƚŚĞŵĞĂŶƌĞĂĐƚŝŽŶƌĂƚĞĐůŽƐƵƌĞďǇ
&ůĂŵĞ^ƵƌĨĂĐĞĞŶƐŝƚǇ;&^Ϳϭ
 &^ƚƌĂŶƐƉŽƌƚƚĞƌŵƐϮ

)6'WUDQVSRUW

 DŽĚĞůůŝŶŐ͕ƚŚĞƵŶĐůŽƐĞĚƚĞƌŵƐ͕
ďĂƐĞĚŽŶĞǆŝƐƚŝŶŐŵŽĚĞůƐϯ͕ϰ͕ϱ͕ϲ͘
 &Žƌ͗
 dŚƌĞĞĚŝĨĨĞƌĞŶƚ>ĞǁŝƐŶƵŵďĞƌ͗Ϭ͘ϴ͕
ϭ͘Ϭ͕ϭ͘Ϯ
 &ŝǀĞĚŝĨĨĞƌĞŶƚŝŶŝƚŝĂůƚƵƌďƵůĞŶƚǀĂůƵĞƐ
;࢛ᇱ Ȁࡿࡸ ሻ͗ϱ͘Ϭ͕ϲ͘Ϯϱ͕ϳ͘ϱ͕ϵ͘Ϭ͕ϭϭ͘Ϯϱ

«

«

 ϭϱĚŝĨĨĞƌĞŶƚĐĂƐĞƐŝŶƚŽƚĂů
ϭ͘ĂŶƚĞƚĂů͘WƌŽĐ͘ŽŵďƵƐƚ͘/ŶƐƚ͘Ϯϯ;ϭϵϵϬͿ
Ϯ͘WŽƉĞ/Ŷƚů͘:͘ŶŐŶŐ^Đŝ͘Ϯϲ;ϭϵϴϴͿ
ϯ͘ƌƵŶĞĂƵǆĞƚĂů͕͘:͘&ůƵŝĚ͘DĞĐŚ͘ϯϰϵ;ϭϵϵϳͿ
ϰ͘ůƐŚĂĂůĂŶĂŶĚZƵƚůĂŶĚWƌŽĐ͘ŽŵďƵƐƚ͘/ŶƐƚ͘Ϯϳ;ϭϵϵϴͿ
ϱ͘ŚĂŬƌĂďŽƌƚǇĂŶĚĂŶƚ͕ŽŵďƵƐƚ͘&ůĂŵĞϭϱϴ;ϮϬϭϭͿ
ϲ͘<ĂƚƌĂŐĂĚĚĂĞƚĂů͘WƌŽĐ͘ŽŵďƵƐƚ͘/ŶƐƚ͘ϯϯ;ϮϬϭϭͿ
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^ŝŵƵůĂƚŝŽŶ^ĞƚƵƉ











E^^ŝŵƵůĂƚŝŽŶϳ͕ϴ
,ĞĂĚŽŶƋƵĞŶĐŚŝŶŐ;,KYͿϵ͕ϭϬ
ŽŵƉƌĞƐƐŝďůĞϯE^^E'ϭϭ
ĂƌƚĞƐŝĂŶŐƌŝĚ͗ϱϭϮǆϮϱϲǆϮϱϲ
^ŝŵƵůĂƚŝŽŶĚŽŵĂŝŶ͗

EŽͲƐůŝƉŝƐŽƚŚĞƌŵĂůŝŶĞƌƚǁĂůů
;dǁсdϬͿ
WĞƌŝŽĚŝĐŝŶƚƌĂŶƐǀĞƌƐĞĚŝƌĞĐƚŝŽŶ
WĂƌƚŝĂůůǇŶŽŶͲƌĞĨůĞĐƚŝŶŐŽƵƚůĞƚ
;E^ͿϭϮ
,ĞĂƚƌĞůĞĂƐĞƉĂƌĂŵĞƚĞƌ
KŶĞƐƚĞƉƌĞĂĐƚŝŽŶ;ƌƌŚĞŶŝƵƐ
ƚǇƉĞͿ
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;ϮϬϭϲͿ
ϴ͘>ĂŝĂŶĚŚĂŬƌĂďŽƌƚǇ͕&ůŽǁdƵƌď͘ŽŵďƵƐƚ͘ϵϲ;ϮϬϭϲͿ
ϵ͘WŽŝŶƐŽƚĞƚĂů͕͘ŽŵďƵƐƚ͘&ůĂŵĞϵϱ;ϭϵϵϯͿ
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ϭϮ͘WŽŝŶƐŽƚĂŶĚ>ĞůĞ͕ŽŵƉƵƚ͘WŚǇƐ͘ϭϬϭ;ϭϵϵϮͿ
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/ŵƉŽƌƚĂŶƚWĂƌĂŵĞƚĞƌƐ
 YƵĞŶĐŚŝŶŐƐĞŶƐŽƌϯ͗

'LIIXVLRQ
RI
EXUQHG
JDV

&RROLQJ
IURP
WKHZDOO

4XHQFKLQJGLVWDQFHPemin
'LVWDQFHRILVRVXUIDFH
  
=HOGRYLFK IODPHWKLFNQHVV
Pemin

)RUWXUEXOHQWFDVHV
ϯ͘ƌƵŶĞĂƵǆĞƚĂů͕͘:͘&ůƵŝĚ͘DĞĐŚ͘ϯϰϵ;ϭϵϵϳͿ
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ǁǁǁ͘ĐĞŶŝĚĞ͘ĚĞ

71) __ 

ZĞƐƵůƚƐ
 KŶůǇŵŽƐƚƌĞƉƌĞƐĞŶƚĞĚƌĞƐƵůƚƐ͕ĐŽŵƉĂƌĞĚĂŐĂŝŶƐƚƉƌĞǀŝŽƵƐŵŽĚĞůƐĂƌĞƐŚŽǁŶ͘
ĚĞƚĂŝůĞĚĚĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞŵŽĚĞůƐĂŶĚƌĞƐƵůƚƐĂƌĞƉƵďůŝƐŚĞĚ͗:ŽŚĂŶŶĞƐ^ĞůůŵĂŶŶ͕
:ŝĂǁĞŝ>Ăŝ͕ŶĚƌĞĂƐD<ĞŵƉĨ͕EŝůĂŶũĂŶŚĂŬƌĂďŽƌƚǇ͕WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞŽŵďƵƐƚŝŽŶ/ŶƐƚŝƚƵƚĞ͕sŽůƵŵĞ
ϯϲ͕/ƐƐƵĞϮ͕ϮϬϭϳ

PHDQUHDFWLRQUDWHFORVXUH

)6'WUDQVSRUW

«
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ŽŶĐůƵƐŝŽŶ 
 DŽĚŝĨŝĞĚ&^ďĂƐĞĚĐůŽƐƵƌĞĨŽƌŵĞĂŶƌĞĂĐƚŝŽŶƌĂƚĞŝŶƚĞƌŵƐŽĨ
&ůĂŵĞtĂůů/ŶƚĞƌĂĐƚŝŽŶŚĂƐďĞĞŶƉƌŽƉŽƐĞĚ
 ǆŝƐƚŝŶŐŵŽĚĞůƐĨŽƌƚŚĞƵŶĐůŽƐĞĚƚĞƌŵƐŽĨƚŚĞ&^ƚƌĂŶƐƉŽƌƚ
ĞƋƵĂƚŝŽŶŚĂǀĞĂůƐŽďĞĞŶŵŽĚŝĨŝĞĚ
 dŚĞŵŽĚŝĨŝĞĚŵŽĚĞůƐĂƌĞĐĂƉĂďůĞĨŽƌĂ>ĞǁŝƐŶƵŵďĞƌƌĂŶŐĞŽĨ
>ĞсϬ͘ϴͲϭ͘ϮĂŶĚĚŝĨĨĞƌĞŶƚƚƵƌďƵůĞŶƚŝŶŝƚŝĂůǀĂůƵĞƐ
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&RQILJXUDWLRQ
6:4EXUQHU

' '&

ZDOO

')*0

)ODPH

/DPLQDURUWXUEXOHQW
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3UHGLFWLRQRIQHDUZDOOSURILOHVXVLQJ'&DQG
)*0
2EVHUYDWLRQ)*0'&([S

'&EXGJHWDQDO\VLV
'LIIXVLRQ
GRPLQDWHG

ZDOO

([S
'&
)*0'
)*0'







7HPSHUDWXUHRNLQ'&DQG)*0
&2)*0IDLOV'&RN

6RXUFHWHUP
GRPLQDWHG

:DOOUHJLRQGRPLQDWHGE\GLIIXVLRQ
3UREOHPRI)*0"
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%XGJHWDQDO\VLVLQFRPSRVLWLRQVSDFH
5HZULWLQJܻ ൌ ܻ ሺܻைమ ǡ ݄ሻ

࣑࣋ࡻ

ࣔࢅࡻ
ࣔ ࢅࡻ
ࣔ ࢅࡻ
ࣔ ࢅࡻ
 ࣑࣋ࡻ ǡࢎ
 ࣑࣋ࢎ
 ࣓ሶࡻ െ
࣓ሶ
ൌ

ࣔࢅࡻ ࣔࢎ
ࣔࢎ
ࣔࢅࡻ ࡻ
ࣔࢅࡻ

ZDOO

 1HJOHFWHGLQ)*0WDEOH
JHQHUDWLRQ
 $WIODPHZDOODWWDFKPHQWODUJH
FRQWULEXWLRQRIVFDODUGLVVLSDWLRQ
WHUPHVSHFLDOO\࣑ࢎ
ܻை

)*0

'&
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5(',0WRDFFRXQWIRUWKHIXOOVHWRI࣑
 6ROYLQJUHDFWLRQPHFKDQLVPLQȣ  VSDFH
 *UDGLHQWVIURP'&RUHVWLPDWHG HJIURP+24
߰ ߠ
ܻ ܱܥଶ ǡ ݄ǡ ǥ

࣑ࢎ

ZDOO

([S
'&
)*0'
)*0'
5(',0
 5(',0PDWFKHVWKH'&
 +RZHYHUVRPHKRZFDVH
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ZDOO

')*0
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)ODPHZDOO$WWDFKHPHQWDQJOHDWWKH
TXHQFKLQJSRLQW
/DPLQDU
YDOXH
7XUEXOHQW
DYHUDJH

 /DUJHUDQJHRIDWWDFKPHQW
DQJOHV
 5DUHHYHQWVRIWDOPRVWSXUH
6:4DOLJQPHQW 
 )UHTXHQWRFFXUUHQFH+24
UHJLPH ̱
 $OVRQHJDWLYHYDOXHVDUH
REVHUYHG
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ZĞƐĞĂƌĐŚ'ƌŽƵƉ
d,

Ehͬ
h

^/Ed& h

Eͬh dh

ǆ

ǆ

ǆ

ǆ

^ĐŝĞŶƚŝĨŝĐĐŚĂůůĞŶŐĞƐ;ŶĞĂƌǁĂůůͿ
ŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶŽĨ
ŵĞĐŚĂŶŝƐŵͬƉŚĞŶŽŵĞŶĂ
E^;ĚĐͿ

ǆ

DŽĚĞůůŝŶŐ
ĞƚĂŝůĞĚŚĞŵŝƐƚƌǇ
ZĞĚƵĐƚŝŽŶ

ǆ

dƵƌďƵůĞŶĐĞͲŚĞŵŝƐƚƌǇͲ/ŶƚĞƌĂĐƚŝŽŶ

ǆ
ǆ

ǆ

DĞƚŚŽĚĞǀĞůŽƉŵĞŶƚ
ŶƵŵĞƌŝĐĂů

71) __ 

TNF14 Workshop

352

27-28 July 2018, Dublin, Ireland

ZĞƐĞĂƌĐŚ&ŝĞůĚƐ

ZĞƐĞĂƌĐŚ'ƌŽƵƉ
d,

Ehͬ
h

^/Ed& h

Eͬh dh

ǆ

ǆ

ǆ

ǆ

^ĐŝĞŶƚŝĨŝĐĐŚĂůůĞŶŐĞƐ;ŶĞĂƌǁĂůůͿ
ŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶŽĨ
ŵĞĐŚĂŶŝƐŵͬƉŚĞŶŽŵĞŶĂ
E^;ĚĐͿ

ǆ

&ƵƚƵƌĞĐŚĂůůĞŶŐĞƐ
DŽĚĞůůŝŶŐ

 WƌĞƐƐƵƌĞ
 'ƌĞĞŶĨƵĞůƐ
ZĞĚƵĐƚŝŽŶ  ^ƚƌĂƚŝĨŝĐĂƚŝŽŶ
ǆ
dƵƌďƵůĞŶĐĞͲŚĞŵŝƐƚƌǇͲ/ŶƚĞƌĂĐƚŝŽŶ
 DƵůƚŝŵŽĚĞĐŽŵďƵƐƚŝŽŶ
 ͙
DĞƚŚŽĚĞǀĞůŽƉŵĞŶƚ


ŶƵŵĞƌŝĐĂů
WůĞŶƚǇŽĨƌŽŽŵĨŽƌĨƵƚƵƌĞƌĞƐĞĂƌĐŚ

dŚĂŶŬǇŽƵ
ĞƚĂŝůĞĚŚĞŵŝƐƚƌǇ

ǆ
ǆ

ǆ
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/RZRSSRVLQJFRQYHFWLRQ

9RUWLFHVDQG
FRQYH[VKDSH
FDXVHV
VWUHDPOLQH
GLYHUJHQFH

ODPLQDU

&RQGLWLRQDOO\
DYHUDJHG

+24
7XUE 6:4
/DP6:4

(YHQEHORZ+24YDOXHV
1HDUZDOOWKH\DSSURDFKHDFKRWKHU

/RFDOO\H[WUHPH
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Multi-mode combustion: Combustion mode analysis, measurement and modelling
Coordinator: Robert Gordon
This session follows on from discussions in TNF13 on combustion regime indicators and reaction
progress markers. A brief review of the key information from TNF13 was presented, then the
presentation was structured as follows: a review of progress in the identification of combustion
mode through numerical and experimental tools; the use of this information in combustion model
selection; approaches in modelling combustion with mode flexibility. Combustion mode switching
from premixed to non-premixed is discussed, along with combustion mode switching from premixed
to autoignition.
Numerical identification of combustion mode: Chemical explosive mode analysis of high-Karlovitz
premixed flames
(Xinju Zhao, Ji-Woong Park, Peiyu Zhang, Tianfeng Lu, Haiou Wang, Jacqueline H. Chen, Evatt Hawkes)
This section outlined advances in the use of the Chemical Explosive Mode Analysis (CEMA) with
regards to premixed combustion versus autoignition. A decomposition of the effects of chemistry
and diffusion on the Chemical Explosive Mode permits identification of assisted ignition, autoignition and (local) extinction, noting that while the chemistry always progresses, the diffusion
contribution to the reaction can be assisting, negligible, or retarding the progress. These concepts
are then applied to the investigation of a high Karlovitz number jet flame, and the observations are
intended to aid modellers in determining which approaches to apply for different regimes. This
application of CEMA requires a full knowledge of the chemical Jacobian matrix to evaluate.
Experimental identification of combustion mode: Gradient-free regime identification (GFRI)
(S. Hartl, D. Geyer, A. Dreizler, G. Magnotti, R.S. Barlow, C. Hasse, G. Magnotti, R. van Winkle)
In acknowledgement that most numerical markers of combustion regime require knowledge of local
scalar gradients, and that these are prohibitive to gather, the experimental investigations of this
section were focussed on the identification of the local combustion mode through multi-scalar
measurements and then evaluating the most likely local thermochemical state. The four-stage
process involves (a) measurement of the local major species and temperature, (b) approximation of
the full thermochemical state through a constrained 0D reactor calculation, (c) determination of the
most relevant local flame markers, and (d) applying a combination of these markers to determine
the local combustion mode (from non-premixed to premixed). The premixed zones are identified
from the Chemical Mode zero-crossings that correlate with large heat release rate, and the nonpremixed regions are indicated by negative chemical mode, large HRR, significant OH, and nonconstant mixture fraction in the vicinity of the stoichiometric mixture fraction. Test cases, validation
and examples were presented, as well as information regarding recent and future publications of
applications on the topic.
Combustion model selection during modelling: Combustion Regimes
(Matthias Ihme, Hao Wu, Qing Wang)
Having developed numerical tools to determine the chemical modes, the next section explored how
one might use this information to select the appropriate combustion model within a zone of a CFD
simulation. The concept of the Combustion Model Compliance Indicator is introduced, which
evaluates a drift term of the actual evolution of the Quantities of Interest versus the combustion
model manifold. This is an estimate of the initial growth rate of errors, and can be evaluated for
each applicable combustion model, then the model that would propagate errors the most slowly is
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chosen. Application of this approach in a GT-relevant combustor simulation led to a 40% reduction
in cost.
Multi-Modal Turbulent Combustion: Recent Modelling Efforts
(Michael Mueller)
Another approach to improving the modelling of multi-modal combustion problems presented was
to develop combustion models that are a priori developed for multi-modal combustion. This final
section first investigated when such approaches were necessary (e.g. which manifolds significantly
depart from each other when premixed or non-premixed combustion is assumed). Typically this
arises in the modelling of emissions rather than temperature. A review was presented of recent
non-premixed models that permit premixed combustion under certain conditions. This was followed
by a postulate that all adiabatic, isobaric two stream combustion problems can be represented on a
unit square of two variables if those variables are suitably defined (e.g. mixture fraction and progress
variable). What follows is an approach for the development of the two variables and their transport
equations to ensure they meet the requirements.
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0XOWLPRGHFRPEXVWLRQ
&RPEXVWLRQ0RGHDQDO\VLV
PHDVXUHPHQWDQGPRGHOOLQJ
71):RUNVKRS7ULQLW\&ROOHJH'XEOLQ
&RQWULEXWRUV0DWWKLDV,KPH0LFKDHO0XHOOHU;LQMX =KDR
6DQGUD+DUWO0DWWKHZ'XQQDQGFRZRUNHUV
WK -XO\
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DƵůƚŝͲDŽĚĂůŽŵďƵƐƚŝŽŶ
 ŽŶǀĞŶƚŝŽŶĂůDĂŶŝĨŽůĚͲĂƐĞĚƉƉƌŽĂĐŚĞƐ
 YƵĞƐƚŝŽŶ/͗ŽĞƐƚŚĞĐŽŵƉŽŶĞŶƚƉƌŽďůĞŵŵĂƚƚĞƌ͍
EŽŶƉƌĞŵŝǆĞĚ
WƌĞŵŝǆĞĚ

WƌĞŵŝǆĞĚ
ĐŽŵďƵƐƚŝŽŶ
ƵƉƐƚƌĞĂŵ

EŽŶƉƌĞŵŝǆĞĚ
ĐŽŵďƵƐƚŝŽŶ
ĚŽǁŶƐƚƌĞĂŵ

 K͕ŝŶƉĂƌƚŝĐƵůĂƌ͕ŝƐǀĞƌǇƐĞŶƐŝƚŝǀĞƚŽƚŚĞĐŽŵďƵƐƚŝŽŶŵŽĚĞ͘


DƵůƚŝͲDŽĚĂůŽŵďƵƐƚŝŽŶ
 DŽĚĞ^ǁŝƚĐŚŝŶŐDĂŶŝĨŽůĚͲĂƐĞĚŽŵďƵƐƚŝŽŶDŽĚĞů
 ^ƵŵŵĂƌŝůǇ͕ƚŚĞĐŽŵƉŽŶĞŶƚƉƌŽďůĞŵŵĂƚƚĞƌƐĨŽƌĂŶǇƋƵĂŶƚŝƚǇŽĨ
ŝŶƚĞƌĞƐƚ͞ďĞǇŽŶĚ͟ƚŚĞƚĞŵƉĞƌĂƚƵƌĞŽƌƚĞŵƉĞƌĂƚƵƌĞͲůŝŬĞƐƉĞĐŝĞƐ͘
 dŚĞƌĞĨŽƌĞ͕ǁĞǁĂŶƚƚŽĚĞǀĞůŽƉĂŶĂůŐŽƌŝƚŚŵƚŽƐĞůĞĐƚƚŚĞůŽĐĂůůǇ
ĐŽƌƌĞĐƚĐŽŵƉŽŶĞŶƚƉƌŽďůĞŵ͕ƚŚĂƚŝƐ͕ƚŚĞůŽĐĂůĐŽŵďƵƐƚŝŽŶŵŽĚĞ͘
hƐĞƉƌĞŵŝǆĞĚ
ŵŽĚĞůŚĞƌĞ͙

hƐĞŶŽŶƉƌĞŵŝǆĞĚ
ŵŽĚĞůŚĞƌĞ͙

 YƵĞƐƚŝŽŶ//͗,ŽǁƐŚŽƵůĚƚŚĞůŽĐĂůĐŽŵďƵƐƚŝŽŶŵŽĚĞďĞĐŚŽƐĞŶ͍
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DƵůƚŝͲDŽĚĂůŽŵďƵƐƚŝŽŶ
 DŽĚĞ^ǁŝƚĐŚŝŶŐDĂŶŝĨŽůĚͲĂƐĞĚŽŵďƵƐƚŝŽŶDŽĚĞů
 YƵĞƐƚŝŽŶ//͗,ŽǁƐŚŽƵůĚƚŚĞůŽĐĂůĐŽŵďƵƐƚŝŽŶŵŽĚĞďĞĐŚŽƐĞŶ͍
 DƵƐƚŵĂŬĞĂŶĂƐƐƵŵƉƚŝŽŶĂďŽƵƚƚŚĞŽƌĚĞƌŝŶŐŽĨƉƌĞŵŝǆĞĚĐŽŵďƵƐƚŝŽŶ
ĂŶĚŵŝǆŝŶŐŽĨĐĞŶƚƌĂůƐƚƌĞĂŵƐǁŝƚŚƚŚĞĐŽĨůŽǁ͘
 dŚƌĞĞŶĞǁŵŽĚĞůƐƚŚĂƚĂůůŽǁĨŽƌƉƌĞŵŝǆĞĚĐŽŵďƵƐƚŝŽŶǁŚĞŶ͗
EŽŶƉƌĞŵŝǆĞĚнϭ

&ůĂŵŵĂďŝůŝƚǇ
^ǁŝƚĐŚŝŶŐϭ

dŝŵĞ^ĐĂůĞ
^ǁŝƚĐŚŝŶŐϮ

ĞŶƚƌĂů^ƚƌĞĂŵ&ůĂŵŵĂďůĞ

z

z

z

ĞŶƚƌĂů^ƚƌĞĂŵhŶŵŝǆĞĚǁŝƚŚŽĨůŽǁ

z

E

E

^ůŽǁ>ŽĐĂůŽĨůŽǁDŝǆŝŶŐZĂƚĞ

Ͷ

E

z

WƌĞŵŝǆĞĚĐŽŵďƵƐƚŝŽŶ WƌĞŵŝǆĞĚĐŽŵďƵƐƚŝŽŶǁŚŝůĞ
ŵŝǆŝŶŐǁŝƚŚƚŚĞĐŽĨůŽǁ
ƚŚĞŶ ŵŝǆŝŶŐǁŝƚŚĐŽĨůŽǁ
ϭ͘͘WĞƌƌǇ͕D͘͘DƵĞůůĞƌ͕ŽŵďƵƐƚ͘&ůĂŵĞ;ϮϬϭϴͿŝŶƉƌĞƉĂƌĂƚŝŽŶ



ϮĚĂƉƚĞĚĨƌŽŵ͗͘<ŶƵĚƐĞŶ͕,͘WŝƚƐĐŚ͕ŽŵďƵƐƚ͘&ůĂŵĞϭϱϵ;ϮϬϭϮͿϮϰϮͲϮϲϰ

DƵůƚŝͲDŽĚĂůŽŵďƵƐƚŝŽŶ
 'ĞŶĞƌĂůŝǌĞĚDƵůƚŝͲDŽĚĂůDĂŶŝĨŽůĚƐϭ͕Ϯ
 ^ƚĂƌƚďǇǁŽƌŬŝŶŐďĂĐŬǁĂƌĚ͊

 DƵĞůůĞƌWŽƐƚƵůĂƚĞŽĨŽŵďƵƐƚŝŽŶ
 ůůϯ ĐŽŵďƵƐƚŝŽŶƉƌŽĐĞƐƐĞƐĐĂŶďĞĚĞƐĐƌŝďĞĚďǇƚǁŽƉƌŝŵĂƌǇƋƵĂŶƚŝƚŝĞƐ
ŽŶƚŚĞƵŶŝƚƐƋƵĂƌĞ͗
Ȧ

Ȧ͕'ĞŶĞƌĂůŝǌĞĚ
WƌŽŐƌĞƐƐsĂƌŝĂďůĞ

&ƵĞů

ܼ͕DŝǆƚƵƌĞ&ƌĂĐƚŝŽŶ

ƋƵŝůŝďƌŝƵŵ

KǆŝĚŝǌĞƌ

ͳ

hŶďƵƌŶĞĚ
ͳ
ϭD͘͘DƵĞůůĞƌ͕ϭϬƚŚ

ܼ

h͘^͘EĂƚŝŽŶĂůŽŵďƵƐƚŝŽŶDĞĞƚŝŶŐ͕ƉƌŝůϮϬϭϳ

ϮD͘͘DƵĞůůĞƌ͕ŽŵďƵƐƚ͘&ůĂŵĞ;ϮϬϭϴͿŝŶƉƌĞƉĂƌĂƚŝŽŶ
ϯĚĚŝƚŝŽŶĂůǀĂƌŝĂďůĞƐǁŽƵůĚďĞƌĞƋƵŝƌĞĚĨŽƌǀĂƌŝĂƚŝŽŶŝŶĞŶƚŚĂůƉǇ͕ƉƌĞƐƐƵƌĞ͕ŵŽƌĞƚŚĂŶƚǁŽ



ƐƚƌĞĂŵƐ͕ĞƚĐ͘
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DƵůƚŝͲDŽĚĂůŽŵďƵƐƚŝŽŶ
 'ĞŶĞƌĂůŝǌĞĚDƵůƚŝͲDŽĚĂůDĂŶŝĨŽůĚƐϭ͕Ϯ
 &ŽƌŵƵůĂƚŝŽŶ/͗͞ŽŽƌĚŝŶĂƚĞdƌĂŶƐĨŽƌŵĂƚŝŽŶ͟ƉƉƌŽĂĐŚ
 ^ŝŵŝůĂƌƚŽĐŽŶǀĞŶƚŝŽŶĂů͞ĨůĂŵĞůĞƚ͟ͲůŝŬĞĂƉƉƌŽĂĐŚĞƐ
 ĞĨŝŶĞܼ ĂƐĐŽŶƐĞƌǀĞĚƐĐĂůĂƌďƵƚůĞĂǀĞĚĞĨŝŶŝƚŝŽŶŽĨȦ ŽƉĞŶ
 ^ƚĂƌƚǁŝƚŚƚŚĞŐŽǀĞƌŶŝŶŐĞƋƵĂƚŝŽŶƐŝŶƉŚǇƐŝĐĂůƐƉĂĐĞĂŶĚĐŚĂŶŐĞ
ĐŽŽƌĚŝŶĂƚĞƐǇƐƚĞŵƚŽŵĂŶŝĨŽůĚƐƉĂĐĞ͗ ݐǡ ݔ ՜ ܼǡ Ȧ



డ
డ డ
డஃ డ
ൌ

డ௧
డ௧ డ
డ௧ డஃ
డ
డ డ
డஃ డ
ൌ

డ௫ೕ
డ௫ೕ డ
డ௫ೕ డஃ

 &ŽƌƵŶŝƚǇĞĨĨĞĐƚŝǀĞ>ĞǁŝƐŶƵŵďĞƌƐ͗
߲Ȧ ͳ ߲
߲ܻ ߲Ȧ
߲Ȧ
 ݑ
െ
ߩܦ
߲Ȧ ߲ݐ
߲ݔ ߩ ߲ݔ
߲ݔ

ൌ

߲ ଶ ܻ ߩ߯ஃஃ ߲ ଶ ܻ
ߩ߯ ߲ ଶ ܻ

ߩ߯

 ݉ሶ
ஃ
ʹ ߲ܼ ଶ
߲ܼ߲Ȧ
ʹ ߲Ȧଶ

 ^ĐĂůĂƌŝƐƐŝƉĂƚŝŽŶZĂƚĞ͗߯థట ൌ ʹܦ

ϭD͘͘DƵĞůůĞƌ͕ϭϬƚŚ

డథ డట
డ௫ೕ డ௫ೕ

h͘^͘EĂƚŝŽŶĂůŽŵďƵƐƚŝŽŶDĞĞƚŝŶŐ͕ƉƌŝůϮϬϭϳ



ϮD͘͘DƵĞůůĞƌ͕ŽŵďƵƐƚ͘&ůĂŵĞ;ϮϬϭϴͿŝŶƉƌĞƉĂƌĂƚŝŽŶ

DƵůƚŝͲDŽĚĂůŽŵďƵƐƚŝŽŶ
 'ĞŶĞƌĂůŝǌĞĚDƵůƚŝͲDŽĚĂůDĂŶŝĨŽůĚƐϭ͕Ϯ
 &ŽƌŵƵůĂƚŝŽŶ/͗͞ŽŽƌĚŝŶĂƚĞdƌĂŶƐĨŽƌŵĂƚŝŽŶ͟ƉƉƌŽĂĐŚ
 <ĞǇ/ĚĞĂ͗ůŽƐĞĞƋƵĂƚŝŽŶďǇĐŚŽŽƐŝŶŐƌĞĨĞƌĞŶĐĞƐƉĞĐŝĞƐĂŶĚƌĞĂƌƌĂŶŐĞ
ĞƋƵĂƚŝŽŶƚŽŐĞƚĞǆƉůŝĐŝƚƚƌĂŶƐƉŽƌƚĞƋƵĂƚŝŽŶĨŽƌȦǣ
߲Ȧ
߲Ȧ ͳ ߲
ͳ
ߩ߯ ߲ ଶ ܻ
߲ ଶ ܻ ߩ߯ஃஃ ߲ ଶ ܻ
߲Ȧ
 ݑ
െ
ߩܦ
ൌ

ߩ߯

 ݉ሶ
ஃ
ʹ ߲ܼ ଶ
߲ܼ߲Ȧ
ʹ ߲Ȧଶ
߲ݐ
߲ݔ ߩ ߲ݔ
߲ܻ Ȁ߲Ȧ
߲ݔ

ݓ ؠሶஃ
ோ

 ůŽƐĞĚĞƋƵĂƚŝŽŶĨŽƌĞǀŽůƵƚŝŽŶŽĨƚŚĞƌŵŽĐŚĞŵŝĐĂůƐƚĂƚĞŽŶƚŚĞŵĂŶŝĨŽůĚ͗
߲ܻ
߲ ଶ ܻ ߩ߯ஃஃ ߲ ଶ ܻ
ߩ߯ ߲ ଶ ܻ
ݓሶஃ ൌ

ߩ߯

 ݉ሶ
ஃ
߲Ȧ
ʹ ߲ܼ ଶ
߲ܼ߲Ȧ
ʹ ߲Ȧଶ

 &ŽƌŵƵůĂƚŝŽŶ//͗ŽŶĚŝƚŝŽŶĂů&ŝůƚĞƌŝŶŐƉƉƌŽĂĐŚ
 ZĞǀĞĂůƐŝŵƉůŝĐŝƚĂƐƐƵŵƉƚŝŽŶƐŽĨ͞ŽŽƌĚŝŶĂƚĞdƌĂŶƐĨŽƌŵĂƚŝŽŶ͟ĂƉƉƌŽĂĐŚ
ϭ͘ >ŽĐĂůƚŚĞƌŵŽĐŚĞŵŝĐĂůƐƚĂƚĞƵŶŝƋƵĞůǇƉĂƌĂŵĞƚĞƌŝǌĂďůĞďǇܼ ĂŶĚȦ͘
Ϯ͘ &ůŽǁŚŝƐƚŽƌǇĞĨĨĞĐƚƐĂƌĞŶĞŐůŝŐŝďůĞ͘

ϭD͘͘DƵĞůůĞƌ͕ϭϬƚŚ

h͘^͘EĂƚŝŽŶĂůŽŵďƵƐƚŝŽŶDĞĞƚŝŶŐ͕ƉƌŝůϮϬϭϳ

ϮD͘͘DƵĞůůĞƌ͕ŽŵďƵƐƚ͘&ůĂŵĞ;ϮϬϭϴͿŝŶƉƌĞƉĂƌĂƚŝŽŶ
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DƵůƚŝͲDŽĚĂůŽŵďƵƐƚŝŽŶ
 'ĞŶĞƌĂůŝǌĞĚDƵůƚŝͲDŽĚĂůDĂŶŝĨŽůĚƐϭ͕Ϯ
 ZĞĐŽǀĞƌƐŶŽƚŽŶůǇŵƵůƚŝͲŵŽĚĂůďĞŚĂǀŝŽƌďƵƚĂůƐŽĂƐǇŵƉƚŽƚŝĐŵŽĚĞƐŝŶ
ĂƉƉƌŽƉƌŝĂƚĞůŝŵŝƚƐ͕ĚĞƚĞƌŵŝŶĞĚďǇƚŚĞƐĐĂůĂƌĚŝƐƐŝƉĂƚŝŽŶƌĂƚĞƐ
 ƌŽƐƐͲĚŝƐƐŝƉĂƚŝŽŶƚĞƌŵĐĂŶĐĂƉƚƵƌĞĂůŝŐŶŵĞŶƚĞĨĨĞĐƚƐ;Ğ͘Ő͕͘ĨƌŽŶƚͲ
ƐƵƉƉŽƌƚĞĚǀĞƌƐƵƐďĂĐŬͲƐƵƉƉŽƌƚĞĚͿ

 ƵƌƌĞŶƚƉƌŽŐƌĞƐƐ
 ĞǀĞůŽƉŵĞŶƚŽĨƐŽůǀĞƌWZƐ ;ƉƵďůŝĐƌĞůĞĂƐĞƐŽŽŶͿ
 /ŶŝƚŝĂů͕ƐŝŵƉůŝĨŝĞĚĐŽƵƉůŝŶŐǁŝƚŚ>^ƵŶĚĞƌǁĂǇ
 tŽƌŬŝŶŐƚŽǁĂƌĚŝŶƚĞŐƌĂƚĞĚĐŽƵƉůŝŶŐŽĨŵĂŶŝĨŽůĚƐŽůǀĞƌǁŝƚŚ>^

ϭD͘͘DƵĞůůĞƌ͕ϭϬƚŚ

h͘^͘EĂƚŝŽŶĂůŽŵďƵƐƚŝŽŶDĞĞƚŝŶŐ͕ƉƌŝůϮϬϭϳ

ϮD͘͘DƵĞůůĞƌ͕ŽŵďƵƐƚ͘&ůĂŵĞ;ϮϬϭϴͿŝŶƉƌĞƉĂƌĂƚŝŽŶ



ŝƐĐƵƐƐŝŽŶ͗
;ϭͿEĞǆƚ^ƚĞƉƐ
;ϮͿdĂƌŐĞƚ&ůĂŵĞƐ
;ϯͿDŽĚĞůĚĞǀĞůŽƉŵĞŶƚ
KƚŚĞƌŝĚĞĂƐ
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Final Multi-Scalar Measurements at Sandia
Coordinator: Rob Barlow

During the summer of 2017, the management of the Combustion Research Facility at Sandia was
informed that the Department of Energy, Office of Basic Energy Sciences had made the decision to
realign their Gas Phase Chemical Physics program to focus on very fundamental chemistry. All of the
reacting flow work at Sandia, which had been supported by DOE/BES for more than 30 years, was to
be zeroed out starting October 1, 2018, and the fiscal year following that date was to be a transition
year to phase out those areas of research.
Both the Turbulent Combustion Lab (R. Barlow) and the Advanced Imaging Lab (J. Frank) were
affected. At the time, the TCL was undergoing a complete overhaul of data acquisition hardware
and software, which was not completed until early in 2018. In order to take maximum advantage of
the experimental capabilities of the TCL before its closure, several visitors were invited to run
experiments between March and July of 2018.
Visitors, collaborators, and experimental targets included:
•
•
•

David Butz, Dirk Geyer, Andreas Dreizler
Tim Wabel, Adam Steinberg
Matt Dunn, Assaad Masri

•

Dirk Geyer, Matt Dunn

TU Darmstadt Multi-Regime Burner (MRB)
HiPilot Burner
new Sydney hot coflow burner
piloted ethanol spray flame
Quantitative OH LIF line imaging

The MRB work was a full parametric campaign to characterize several flames using
Raman/Rayleigh/CO-LIF and crossed planar OH LIF imaging. See posters by Butz et al. and Hartl et al.
for information about the burner and preliminary results.
The HiPilot burner developed at the University of Michigan was designed to push premixed flames to
very high levels of turbulence and high Karlovitz number. It has been characterized in several
publications using state of the art imaging diagnostics. A major conclusion from the Sandia
measurements is that the highest Ka case, which has equivalence ratio 0.65 in the main jet and 0.9 in
the pilot flow, actually behaves as a stratified flame. These results were highlighted in the session
on highly turbulent flames.
The new hot coflow burner from Sydney University includes active cooling of the central jet and
insulation between the central jet and the hot coflow. Several flames were measured, as outlined in
the slides, to investigate lifted flame stabilization (auto-ignition vs. flame propagation) and the
structure of stratified-premixed jet flames at high Ka.
The piloted ethanol spray flame proved to be a challenge for Raman scattering, and only the outer
periphery could be probed.
Work to implement quantitative OH LIF line imaging in combination with Raman/Rayleigh/CO-LIF
line imaging was motivated by numerical assessments showing that inclusion of OH, along with
measurements of temperature and major species, allows for significant improvements in the
accuracy of heat release rate and chemical explosive mode derived from the experimental data. The
combined diagnostics were applied to laminar opposed flow flames and turbulent lifted flames.
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>ĂƐƚdĂŶŐŽŝŶ>ŝǀĞƌŵŽƌĞ͗
ĨŝǀĞͲŵŽŶƚŚŵĂƌĂƚŚŽŶŽĨǀŝƐŝƚŝŶŐĞǆƉĞƌŝŵĞŶƚƐ
ƚŽŵĂŬĞďĞƐƚƵƐĞŽĨƚŚĞdƵƌďƵůĞŶƚŽŵďƵƐƚŝŽŶ>Ăď
ďĞĨŽƌĞKĨƵŶĚŝŶŐǁĂƐƚĞƌŵŝŶĂƚĞĚ

ZŽďĂƌůŽǁ͕ĂǀŝĚƵƚǌ͕dŝŵtĂďĞů͕DĂƚƚƵŶŶ͕ŝƌŬ'ĞǇĞƌ

Darmstadt MRB – Raman/Rayleigh/LIF & GFRI

^ĞĞƚǁŽƉŽƐƚĞƌƐďǇƵƚǌĂŶĚ,Ăƌƚů
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ZĂŵĂŶͬZĂǇůĞŝŐŚͬ>/&ǆƉĞƌŝŵĞŶƚƐŽŶƚŚĞ
,ŝWŝůŽƚƵƌŶĞƌ͗WƌĞůŝŵŝŶĂƌǇZĞƐƵůƚƐ
7LP:DEHO$GDP6WHLQEHUJ5REHUW%DUORZ
8QLYHUVLW\RI7RURQWR
*HRUJLD7HFK
6DQGLD1DWLRQDO/DERUDWRULHV

IũĞƚ сϬ͘ϲϱ͕IƉŝůŽƚ сϬ͘ϵI ǀƐ͘d
Ͳϯфƌфϯŵŵ

ϯфƌфϵŵŵ

Ͳϯфƌфϯŵŵ

ϵфƌфϭϮŵŵ

ǌсϲϬŵŵ

ǌсϲϬŵŵ

ǌсϮϬŵŵ

ǌсϮϬŵŵ

ǌсϭϬŵŵ

ǌсϭϬŵŵ
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The SFB Dual-Swirl Combustor – A Versatile Dual-Swirl Gas Turbine Model Combustor for
the Study of Technically Premixed, Perfectly Premixed, Stratified and Liquid Fuel Flames
C.M. Arndt1, M. Severin1, C. Dem1,2, Y. Gao1, J. Böhnke1, R. Hadef3, A.M. Steinberg4,5, W. Meier1
1

German Aerospace Center (DLR), Institute of Combustion Technology, Stuttgart, Germany
2
Present Address: Karlsruhe Institute of Technology (KIT)
Institute for Chemical Technology and Polymer Chemistry, Karlsruhe, Germany
3
Université Larbi Ben M’Hidi, Faculté des Sciences et de la Technologie, Oum El Bouaghi, Algeria
4
University of Toronto, Institute for Aerospace Studies, Toronto, Canada
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email: christoph.arndt@dlr.de

1. Introduction
Most gas turbine (GT) combustors for power generation are equipped with swirl burners and operated
with lean premixed or partially premixed flames. While such combustors feature excellent emission
levels, serious operational restrictions arise from their susceptibility to thermo-acoustic instabilities,
where the unsteady heat release couples with one or more acoustic modes of the combustor. Good
progress towards understanding combustion instabilities has been achieved in recent years by the use
of GT model combustors. These combustors can feature many phenomena relevant to practical
engines, such as self-excited oscillations, swirl-induced vortex breakdown, hydrodynamic instabilities,
and time-dependent premixing, while providing well controlled operating and boundary conditions at
reasonable costs. Moreover, they can be designed with good optical access to allow for the application
of optical and laser measurement techniques capable of determining important quantities like velocity,
temperature, and species concentrations with high spatial and temporal resolution.
2. The SFB Dual Swirl Gas Turbine Model Combustor
Within the framework of the collaborative research
council (“SFB”) 606, a novel dual-swirl gas turbine
model combustor was developed for the study of
high- and low frequency thermo-acoustic
instabilities [1-3], and flame-flame-interaction in a
multi-combustor geometry [4,5]. Furthermore, the
combustor was adapted for the study of stratified
and perfectly premixed flames, as well as for liquid
fuel and prevaporized liquid fuel flames [6]. A
schematic of the combustor is shown in Figure 1.
The design is based on previously studied dualswirl-burner configurations, but features several
improvements to the boundary conditions. Most
importantly, the burner features two swirlers with
separate plenum chambers. Thus, the air flow to
each plenum can be controlled independently, such
that the air split ratio between the inner and outer
nozzle can be set exactly. Furthermore, the
combustion air can be preheated. The combustion
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Figure 1: Schematic of the SFB dual swirl burner
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chamber offers very good optical access and it is equipped with several ports for pressure probes.
For several operating conditions, species data (from laser Raman scattering) [1-3], velocity data (from
PIV measurements) [1,3,6] and overall information on flame shape (from OH* chemiluminescence)
[1-6] and flow-flame interaction (from high-speed OH PLIF / PIV) [3,6] are available.
3. Sample Results
A sample result on the influence of the stratification level on the flame shape is shown in Fig. 2.

Figure 2. Mean (top row) and Abel deconvoluted (bottom row) chemiluminescence for 3 flames with
different stratification ratio. Flame 1 corresponds to a perfectly premixed flame
(φin = φout = 0.75), Flame 2 to a mild stratification case (φin = 0.9, φout = 0.65) and Flame 3
to a strong stratification case (φin = 1.0, φout = 0.6). The global equivalence ratio and
thermal power are φglobal = 0.75 and Pth = 25 kW for all cases.
It is apparent that the overall flame shape and location do not change significantly with increasing
stratification ratio. However, the thermo-acoustic properties of the flames change slightly (in terms of
amplitude and dominant frequency) with increasing stratification ratio.
4. References
[1] C.M. Arndt, M. Severin, C. Dem, M. Stöhr, A.M. Steinberg, W. Meier, Exp. Fluids 56(4) (2015),
69.
[2] C.M. Arndt, M. Stöhr, M.J. Severin, C. Dem, W. Meier, AIAA Propulsion and Energy Forum
(2017), AIAA 2017-4683.
[3] W. Meier, C. Dem, C.M. Arndt, Exp. Therm. Fluid Sci. 73 (2015), 71-78.
[4] C. Kraus, S. Harth, H. Bockhorn, Int. J. Spray Combust. 8(1), pp. 4-26 (2016).
[5] C. Kraus, L. Selle, T. Poinsot, C.M. Arndt, H. Bockhorn, J. Eng. Gas Turbine Power 139 (5)
(2016), 051503.
[6] C.M. Arndt, A.M. Steinberg, . Böhnke, R. Hadef, W. Meier, AIAA SciTech Forum (2019),
submitted
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A novel burner configuration for multi-regime combustion
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Combustion processes can be classified as either globally premixed or non-premixed. However,
in practical applications, such as gas turbines, aircraft combustors, or direct-injection engines,
complex multi-regime combustion scenarios can occur through partial premixing or
recirculation. Hence, local flame characteristics can hardly be represented by pure premixed or
non-premixed processes [1-3]. In contrast to the conditions in practical applications, the
majority of laboratory flames for investigating turbulent combustion phenomena operate with
homogeneous fuel compositions, which do not exhibit compositional inhomogeneities leading
to multi-regime combustion scenarios. To overcome these limitations Meares et al. introduced
an advanced burner design, based on the well-known Sydney/Sandia piloted jet burner,
allowing for compositional inhomogeneities at the burner exit [4]. Investigations of the
stabilization mechanisms, due to inhomogeneous inlet conditions, confirmed the assumption of
different modes of combustion and the important role of multi-mode combustion. While a
configuration with near homogeneous inlet conditions exhibited non-premixed flame
characteristics, inhomogeneous inflow lead to premix-dominated combustion close to the jet
exit and non-premixed-dominated combustion further downstream. Comprehensive
experimental data 1D-Raman/Rayleigh scattering in combination with 1D-CO-LIF
measurements for different inflow conditions were presented [5, 6]. Mansour et al. [7]
introduced slot burner to achieve inhomogeneous conditions at the exit of a conical nozzle.
Similar to the configuration by Meares et al. [4], inhomogeneities were varied by moving the
axial positions of the central slot of the burner.
Local reaction zones with both premixed and
non-premixed characteristics can contribute
simultaneously but with varying dominance to
the local flame structure. Accordingly, a
canonical burner configuration with well-defined
boundary conditions is required to gain further
insight into the processes of the underlying flame
regimes and their interactions. This canonical
configuration is the main objective of the current
study: the development as well as the
experimental and numerical investigation of a
novel burner configuration to quantitatively
investigate multi-regime combustion processes,
the multi-regime burner (MRB). In this
configuration, inhomogeneous conditions are
Figure 1: Illustration of the burner geometry
generated downstream of the nozzle exits by
enhanced mixing in strongly interacting shear layers instead of inhomogeneous conditions at
the burner’s exit. The aim is to ensure well defined boundary conditions at the burner’s exit.
The MRB configuration consists of three inlet streams, which are be operated with different
equivalence ratios (see Figure 1) and bulk exit velocities. A central stainless steel jet tube with
TNF14 Workshop

382

27-28 July 2018, Dublin, Ireland

TNF14 “Fourteenth International Workshop on Measurement and Computation of Turbulent Flames”, July 27–28, 2018, Dublin, Ireland

an inner diameter of 3ௗmm and an outer diameter of 3.3ௗmm is surrounded by an annular slot
(slot 1) with an outer diameter of 7ௗmm. Slot 2 has an inner diameter of 40ௗmm and an outer
diameter of 60ௗmm. A recirculation zone between slot 1 and slot 2 is stabilized by a bluff body
which is kept at a temperature of 80°C by circulation of a tempering liquid to provide a defined
temperature at the burner’s surface and to prevent for condensation of water at the bluff body.
Additionally, swirl up to a swirl number of ~2.0 can be introduced in slot 2 employing a moving
block swirl generator located upstream of the exit. The burner slots and the bluff body are staged
with an angle of 26° to allow for optical access at the exit plane. An additional air co-flow (1
m/s) around the outer body of the burner (outer diameter of 80ௗmm) shields the flame and
provides well-defined boundary conditions in the area surrounding the burner.
Operating conditions were investigated by utilizing different ranges of lean to rich mixtures
which extend beyond the rich flammability limit. The main flame stabilization mechanism of
the MRB is the recirculation of flow emanating from slot 2 on the bluff body. A lean premixed
methane/air mixture with an equivalence ratio of ߮ ൌ ͲǤͺ emanated from slot 2 with a bulk exit
velocity of 20ௗm/s in a first series of experiments. From slot 1 a flow of pure air issued with
velocities of 7.5ௗm/s (“a”-cases) and 15ௗm/s (“b”-cases) into a narrow region, creating a first
(inner) mixing layer in between slot 1 and slot 2. As third flow a rich (߮ ൌ ͳǤͶ ൊ ʹǤ) jet flow
with a substantially larger bulk velocity (105ௗm/s, bulk Reynolds number ~20000) emanated at
the burners axis, establishing a pronounced second (inner) mixing layer due to the large shear
in between the inner jet and slot 1. The inner and the outer mixing layers are clearly visible in
the chemiluminescence images in Figure 2. Flames are named according to the equivalence
ratio in the jet flow, where case 14 corresponds to ߮ ൌ ͳǤͶ and so forth. Jet and slot 2 are
separated by a flow of pure air emanating from slot 1 with velocities of 7.5ௗm/s (“a”-cases) and
15ௗm/s (“b”-cases). Temperature and species measurements using 1D-Raman/Rayleigh
scattering in combination with 1D-CO-LIF and planar OH-PLIF have been performed in the
Turbulent Combustion Laboratory at Sandia National Laboratories at various axial positions in
a series of methane/air flames.

Figure 2: Flame photographs

[1] E. Knudsen, H. Pitsch, Combust. Flame, 156 (2009) 678-696.
[2] E. Knudsen, H. Pitsch, Combust. Flame, 159 (2012) 242-264.
[3] A.R. Masri, Proc. Combust. Inst., 35 (2015) 1115-1136.
[4] S. Meares, A.R. Masri, Combust. Flame, 161 (2014) 484-495.
[5] R.S. Barlow, S. Meares, G. Magnotti, H. Cutcher, A.R. Masri, Combust. Flame, 162 (2015) 3516-3540.
[6] S. Meares, V.N. Prasad, G. Magnotti, R.S. Barlow, A.R. Masri, Proc. Combust. Inst., 35 (2015) 1477-1484.
[7] M.S. Mansour, H. Pitsch, S. Kruse, M.F. Zayed, M.S. Senosy, M. Juddoo, J. Beeckmann, A.R. Masri, Experimental
Thermal and Fluid Science, 91 (2018) 214-229.
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Flame stabilisation mechanism of a spatially developing ndodecane jet flame under Spray A thermochemical conditions
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One of the most important parameters in diesel engine combustion is the quasi-steady flame lift-off
height (distance between the nozzle and the start of the high-temperature flame), which controls
the amount of mixing prior to high-temperature combustion and thereby greatly affects the level of
NOx and soot emission as well as unburnt hydrocarbons [1]. To better predict the flame lift-off
height in new engine designs, a thorough understanding of the flame stabilisation mechanism is
required. To improve our current understanding of the stabilisation mechanism, access to the timeand space-resolved details of the flame structure, which are not available from experiments or from
RANS/LES numerical studies, would be beneficial. For this purpose, we present a three-dimensional
(3D) direct numerical simulation (DNS) of a spatially developing n-dodecane round jet in diesel
engine conditions. The ambient pressure (60 atm), oxidiser composition (15% oxygen, 85% nitrogen
by volume) and temperature (900 K) were matched to the Engine Combustion Network’s (ECN)
baseline Spray A flame [2]. The computational domain was initialised with quiescent oxidiser. A fuel
jet with peak mixture fraction and temperature of 0.45 and 470 K, respectively, was then injected
into the domain with a velocity of 28 m/s. The simulation was
conducted for the whole process of two-stage ignition and flame
development. In this poster, we present results for the
stabilisation mechanism of the statistically-steady flame. To
provide a reference for comparison with the turbulent flame,
two-dimensional (2D) laminar flame simulations were conducted
in a previous study [3] at the same ambient conditions as the
present study for several values of inlet velocity and inlet scalar
dissipation rate.
Figure 1 presents a 3D rendering of the flame coloured by the
combustion modes and soot-precursor region. Four combustion
modes are identified, namely, low-temperature chemistry (LTC),
rich high-temperature chemistry (HTC), lean HTC and
nonpremixed. LTC starts upstream of HTC near the edge of the
jet and persists downstream of the flame base (start of HTC) in
the core of the jet. Downstream of LTC, rich HTC can be seen in
the core of the jet. Further downstream, the jet is dominated by
regions of soot-precursor (identified using acetylene in the
present study). A nonpremixed flame shrouds the jet. A few
Figure 1 - 3D rendering of the flame ignition kernels are observed upstream of the flame base.
coloured by the combustion modes. The
figure has been clipped in a quadrant to
reveal the internal structure of the flame.
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The flame presents a three-branch structure at the flame base consisting of an LTC branch, a rich
HTC branch and a nonpremixed flame branch, which is qualitatively similar to that of propagating, as
opposed to autoigniting, 2D laminar flames. Analysis of the transport budget of temperature and the
flame displacement speed provides further evidence in support of the propagation stabilisation
mechanism, showing significant upstream conduction of heat as expected from a deflagration like
structure which is confirmed from the analysis of the 2D laminar reference flames. The turbulent
flame displacement speed is of the order of 1 m/s and is close to the values observed for the
propagating 2D laminar flames, further supporting the flame propagation stabilisation mechanism.
Analysis of the upstream ignition kernels indicates that they have a small contribution to the total
heat release rate and do not control the overall flame lift-off height.
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Simulations for the Cambridge swirl bluff-body spray burner are performed near blow-out conditions.
The ANSYS-Fluent hybrid stress blended eddy simulation (SBES) model is used for sub-grid turbulence
closure. SBES blends the turbulent stresses and eddy viscosities from different RANS and LES subgrid
models. In the current work, the k-Z-SST model [1] is used for RANS turbulence closure near the wall in
the boundary layer and the large eddy simulation dynamic Smagorinsky model [2] for turbulence closure
in the bulk flow. The injected n-heptane spray droplets are tracked using a Eulerian-Lagrangian approach.
Conjugate heat transfer between the bluff-body walls and the gas-flow is accounted for by coupling the
solid and gas-phase energy equations. Mixing and chemistry are modeled using the Flamelet Generated
Manifold (FGM) model [3]. The study investigates how successful the FGM model is in predicting finite
rate effects like local extinction, global extinction, and flame lift-off height. To this end, two near blowout spray flame; the H1S1 (75% to blow-out) and H1S2 (88% to blow-out), are simulated. Good results
are shown matching the spray Sauter mean diameter (SMD) and axial velocity mean and rms
experimental data. The results also show that the FGM model captured reasonably well the flame
structure and lift-off height as well as the spray pattern. Overall the spray droplets mean D32 and mean
axial velocity were under-predicted, while the rms distribution matched reasonably well for the H1S1
flame. The mean flame brush lift-off height is estimated based on the statistically stationary mean flame
brush and is estimated to be around 4-6 mm from the bluff-body base. That agrees well with the
experiments reported lift-off height of 5mm. Instantaneous local flame extinction is also observed, where
islands of OH mass fraction disconnect and reconnect with time. The H1S2 flame, however, showed
similar but slightly better match with the measurements for the mean spray data compared to the H1S1
flame, with slight under-prediction for D32 at Z=10 mm and Z=20 mm. As the flame approach blow-out
the simulation results were in agreement with the experiments [4], where the flame structure was
compressed and shortened towards the bluff-body base as the inflow velocity is increased. SBES-FGM
was shown to captured successfully the qualitative and quantitative features of the flow near blow-out.
The conditions for the two flames are shown in Table [1]. The Cambridge swirl bluff-body burner
geometry is shown in Fig 1. The experimental setup has two main components; a bluff-body and a square
cross sectional enclosure of 150 mm length and 95 mm width. The bluff-body has six 60 degrees’ vanes
attached to it. The corresponding computational domain is shown in Fig. 2. The bluff-body has a diameter
of 25 mm and gives a blockage ratio of 50%. The effective swirl number is about 1.23. As shown in Fig.
1, liquid n-heptane is injected at the centerline and exit from a nozzle of diameter D=0:15mm. Air is
injected through the swirl vanes at 298 K.

The instantaneous flame structure is shown in Fig. [3]. Local holes that presents local extinction can be
observed. The same iso-clip mean elevation from the bluff-body is shown in Fig. [4]. In-agreement with
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the experiments the mean lift-off height ranges in-between 4-6 mm. Finally, comparisons with the spray
mean axial velocity and SMD is shown in Figs. [5], and [6], respectively. Good comparisons are shown.

Figure 2 Computational Domain cross-sectional plane
Figure 1Cambridge bluff-body swirling burner

Figure 3 Flame iso-surface T=1600-2200K colored by OH
mass fraction

Figure 4 Mean flame brush visualized by iso-clip of mean
temperature 1600-2000

Figure 5 Spray droplets mean axial velocity at Z=10mm for
H1S1 flame

Figure 6 Spray droplets SMD at z = 10mm for H1S1 flame

[1] Menter, F., 2016. “Stress-Blended Eddy Simulation (SBES)-a new paradigm in hybrid rans-les”. 6th
Symposium on Hybrid RANS-LES Methods.
[2] M. Germano, U. Piomelli, P. Moin, and W. Cabot, “A dynamic sub-grid scale eddy viscosity model,”

Phys. Fluids A 3, 1760 (1991)
[3] Van Oijen, A. J., and De Goey, L. H. P., 2000. “Modelling of premixed laminar flames using flameletgenerated manifolds”. Combust. Sci. Tech., 84, pp. 439–458.
[4] Yuan, R. Kariuki, J. and Mastorakos, E. “Measurements in Swirling spray flames at blow-off, spray and
combustion dynamics, Int. Journal of Spray & Combustion Dynamics 1-26 (1) 2018
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Moderate or Intense Low oxygen Dilution (MILD) combustion offers practical advantages over
conventional combustion. These include reduced soot and NO x emissions, negligible flame-noise due
to lower, more uniform temperatures. Although MILD combustion has been demonstrated in
industrial devices, experimental studies at elevated pressures have not been able to separate chemical,
mixing and flow-field effects due to complex geometries [1,2]. Consequently, there is still a need for a
further understanding of MILD combustion at elevated pressures for future, fuel flexible, low
emissions reheat gas-turbines or inter-turbine burners.
The jet-in-hot-coflow (JHC) burner [3,4] and similar the vitiated coflow burner [5] have both been
studied extensively and feature a central fuel jet issuing into a coflow of hot combustion products.
Data and observations from these burners have been invaluable for gaining insight into flame
stabilisation and structure in the MILD and autoignitive regimes, as well as for model validation.
Flames stabilised in hot coflows have been demonstrated as
stabilising as either rapidly autoignitive kernels [6-8] or
continuous reaction zones, which gradually ignite [8-11].
Although attempts have been made to map the transition
between these two mechanisms as part of a comprehensive
description of the MILD combustion regime [11-13], these
studies have not been able to describe the demonstrated
dependency on the underlying flow-field [14]. Hence, the
relationship between the MILD combustion regime and
Damköhler number is still not fully understood.
The JHC burner configuration allows for systematic
experimental variation of the fuel jet properties and oxidant
temperature and composition. To extend this research to
elevated pressure environments, a confined-and-pressurised
JHC (CP-JHC) burner has been developed and recently
commissioned with flame testing in progress.
The CP-JHC burner is shown in Figure 1. This burner
facilitates studies of flame structure with ambient pressure as
an independent variable. This additional parameter influences
both turbulence and chemical scales, and hence Damköhler
number, which are not achievable in existing JHC burners.
Studies using the CP-JHC provide new insight into turbulent
flame structure and stabilisation, and also allow experimental
investigations of the competition between soot suppression in
MILD combustion and enhanced soot formation at elevated
pressures.
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Figure 1: Sketch view of the CP-JHC
burner. The main pressure vessel is
shown on the left with the water-cooled
exhaust on the right.
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A coloured cutaway of the CP-JHC is provided in Figure 2, highlighting key features of the burner.
The jet flame and hot coflow are contained within a 95 mm (I.D.) cylindrical quartz tube with 2.5 mm
wall thickness. This is, in-turn, contained in a section of DN300 (O.D. of 324 mm) pipe with 12.7 mm
wall thickness. The void between the quartz and the pipe wall is filled with insulation to allow steady
operation at 10 bar with internal temperatures up to 1975 K without a requirement for cooling the
main pressure vessel walls. This configuration minimises heat losses in the system, allowing for the
investigation of hotter coflow conditions and with minimal thermal boundary layer.
The main fuel stream issues from a 4.6 mm jet, which is readily interchangeable to facilitate
measurements with other jet diameters. The 4.6 mm jet is water-cooled to avoid structural damage or
thermal decomposition of the fuel. The hot coflow is produced by non-premixed combustion of fuel
delivered by ring burners into an air coflow. These rings are situated approximately 600 mm upstream
of the jet exit plane, and exhaust gases pass through an externally water-cooled exhaust before an
automated pressure-control valve. The pressurised vessel and exhaust stand a total of 3.4 m above the
ground.
Optical access to the burner is provided through by eight 20-mm thick, 48 mm × 107 mm sapphire
windows, providing four windows (each separated by 90°) at two heights. This configuration allows
for imaging and laser diagnostics of jet flames in hot coflows at, and immediately above, the jet exit
plane, and further downstream. The inclusion of four windows at each height provides flexibility to
study alternative burner configurations such as swirling oxidant streams, or gaseous or spray flames in
hot cross-flows. The CP-JHC will facilitate immediate and long-term future studies spanning
conditions of interest in fundamental research for novel gas turbine combustor configurations.
References

Water-cooled
exhaust

Main pressure vessel:
O.D. 324 mm pipe
I.D. 95 mm quartz
Viewing section:
up to 8 sapphire windows
Water-cooled jet
Flow laminarizer
Coflow ring burner

Inlets and pilot flame

Figure 2: Cross-section of CP-JHC burner
showing main burner components
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Introduction and Objective
The conﬂuence of climate change, environmental protection and diminishing fossil fuel resources have promoted the development of low carbon footprint and clean energy technologies [1]. The use of hydrogen enriched fuel blends, e.g. syngas,
offers great potential in the decarbonisation of gas turbine technologies by substitution and expansion of the lean operation
limit. However, the variability of the syngas composition can lead to fuel ﬂexibility concerns for engine manufacturers [2] and
the increased hydrogen concentration to safety concerns [3]. Lin et al. [4] evaluated the ﬂashback propensity in gas turbine
combustors utilising the turbulent ﬂame speed. The current study uses a back-to-burnt opposed jet conﬁguration to investigate
the impact of hydrogen concentration on the turbulent burning velocity and scalar transport.

Experimental Setup
The twin ﬂame variant of the current burner (Fig. 1) was developed by Geyer et al. [5]. The current revised conﬁguration is
identical to that of Goh et al. [6] with multi-scale turbulence [7, 8] generated via a cross fractal grid (CFG; [9]). The mixtures
contain binary H2 /CH4 and H2 /CO fuel blends. The binary H2 /CH4 fuel blend was varied from α = XH2 /(XH2 + XF )
= 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.2 and 0. The binary H2 /CO fuel blend was varied from α = 0.3 – 1.0 in steps of 0.1.
The equivalence ratio was adjusted between the mixture speciﬁc lower limit of local ﬂame extinction and the upper limit of
ﬂashback. The premixed fuel / air mixtures were injected through the upper nozzle (UN) with a constant bulk velocity of Ub =
9.0 m s−1 (Tr = 298 K). The CFG was installed 50 mm upstream of the UN exit and provides a constant turbulent ﬂow ﬁeld
CFG
with an integral length scale of LI = 3.9±0.2 mm [10] and a velocity ﬂuctuation of urms
Coﬂow
= 1.5±0.11 m s−1 at the nozzle exit. The corresponding turbulent Reynolds number
(Ret ) was modestly affected (i.e. 286 < Ret < 320) due to changes in the kinematic
viscosity of the reactants (νr ). The hot combustion products (HCP), emerging from the
Syngas
/Air
lower nozzle (LN), were generated from a lean (Φ = 0.60) premixed 50% H2 / 50% CH4
x
ﬂame that was stabilised on a perforated plate (PP). The HCP are in close to thermochemical
DSI
y
equilibrium with a nozzle exit temperature of 1640±7.1 K, measured using a 50 μm R-type
SP
HCP
thermocouple. The HCP composition, including the oxygen residual, does not exert a strong
impact on the combustion behaviour of self-sustained ﬂames [11, 12, 13, 14], which are
1640 K
the primary interest in the current study. Particle image velocimetry (PIV) measurements
(vector spacing of 0.45 mm with a spatial resolution of 0.92 mm) are combined with a
PP
density segregation technique to determine the turbulent burning velocity at the leading edge
(e.g. ST |c = 0.02 [15]) and the scalar ﬂux, where c is the reaction progress variable. For
Figure 1: Burner conﬁguration.
each mixture 1000 repetitions were recorded for statistically independence.
.

.

Scaling relationships
The wide range of hydrogen concentration results in signiﬁcant differences in mixture reactivities as well as reactant and
burning properties. Li et al. [3] has presented a scaling factor (β, see Eq. 1) based on the amount of air required to fully
oxidise the mixture. The β factor has improved the scaling of explosion over-pressures compared to α over a wide range of
binary and ternary H2 /CH4 /CO mixtures and is consequently used for the present analysis. Classical theories for turbulent
combustion resulting in eddy breakup based models for the reaction rate source term (e.g. Spalding [16, 17]) only provide a
scaling of the turbulent burning velocity based on the velocity ﬂuctuations. The latter is kept constant and the results provide
a direct indication of the deviation from the classical limit. The turbulent burning velocity has also been analysed theoretically
using a Kolmogorov, Petrovskii and Piskunov (KPP) type approach [18] and an eigenvalue analysis [19]. The resulting scaling
introduces the ratio of the laminar burning (SL ) and the Kolmogorov (Vκ ) velocities along with the Schmidt number σSc [20].
Lindstedt et al. [21] has further taken transport effects into account and the derived the correction [22] amounts to a modiﬁed
value for CR = 4.0/eσLe,r −1 , where σLe,r is the Lewis number. The ST,KP P scaling has been used by Goh et al. [8].
β=

XH2
(XH2 /XA )st

XH2
(XH2 /XA )st

+

XF
(XF /XA )st



;

ST ,KP P  1.2

1
1 SL

·u ;
eσLe,r −1 σSc Vκ

σLe,r =

X H2

XH2 + X F

LeH2 +

XF
LeF (1)
XH2 + X F

Results and Discussion
Lean premixed syngas / air ﬂames were stabilised against hot combustion products with the equivalence ratio varied from
the extinction to the ﬂashback limit for each speciﬁc mixture. The turbulent burning velocity (ST ) was measured based on the
leading edge [15] and is depicted in the top of Fig. 2a for all H2 / CH4 mixtures. As the amount of CH4 is increased, a higher
Φ is required to stabilise a self propagating ﬂame. For example, the pure H2 -air ﬂame was stabilised at Φ = 0.35 (i.e. upper
limit to avoid ﬂashback). A CH4 blending of merely 20% resulted in a signiﬁcant decrease in reactivity. This results in a
signiﬁcant drop of ST and an increase of the upper limit equivalence ratio to Φ = 0.50. A 50% blending with CH4 allowed an
Φ increase up to Φ = 0.80 demonstrating the strong impact of methane addition
on the mixture reactivity. Scaling of ST with
√
the velocity ﬂuctuations collapses the data to a normalised value of ST / ur ur of around 3.1 ± 0.28. The KPP scaling also
provides a good scaling (see Eq. (1)) for cases with an assumed ”ﬂamelet related” burning mode. For very lean cases it can be
expected√
the latter assumption becomes less reliable. The R2 value of a linear regression increases from 0.02, 0.01 to 0.33 for
ST , ST / ur ur and ST /ST,KP P , respectively. When removing the case 80% H2 / 20% CH4 at Φ = 0.35 (i.e. extinction strain
< bulk strain) the R2 for the ST /ST,KP P improves to 0.47. The results for H2 / CO mixtures are shown in Fig. 2b along with
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Figure 2: Turbulent burning velocity at the leading edge (ST |c = 0.02) for
(a) H2 /
CH4 , (b) H2 / CO. Top: Measured ST |c = 0.02; Middle: normalised by ur ur ;
Bottom: normalised by ST,KP P . Grey symbols indicate mixtures with an extinction
strain below 150% of the bulk strain rate.

Figure 3: Scalar ﬂux (cu) at the c = 0.50 iso-contour as
a function of heat release factor (τ = (Tad −Tr )/Tr ).
Left H2 / CH4 ; Right H2 / CO. The legend refers to
the equivalence ratio (Φ). The symbol colour code indicates the hydrogen concentration (i.e. black to red –
100% CH4 or CO to 100% H2 ).

the scaled values based on the eddy breakup theory and KPP values. The inﬂuence of CO blending on the mixture reactivity is
2
much less profound compared to CH√
4 , in particular for small blending fractions. The R value of the linear regression increases
from 0.02, 0.37 to 0.67 for ST , ST / ur ur and ST /ST,KP P , respectively. The scalar ﬂux (cu = c(1 − c) · (U p − U p ), where
U p and U r are the condition mean axial product and reaction ﬂuid velocity [23]) is evaluated at the c = 0.50 iso-contour for all
mixtures in Fig. 3 as a function of the heat release parameter (τ = (Tad − Tr )/Tr ). The hydrogen concentration in the binary
fuel blends does not affect τ strongly, e.g. τ = 5.1 – 5.2 for 100% CH4 – 50% H2 / 50% CH4 at Φ = 0.8. However, an increased
hydrogen concentration results in a strong reduction of the gradient transport, i.e. less negative cu. For example, cu reduces
from -0.53 m s−1 for 100% CH4 at Φ = 0.8 to -0.11 m s−1 for 50% H2 / 50% CH4 at the same Φ. This can be attributed to
the increasing detachment of the ﬂame front with ST where it experiences a reduced compressive strain [13]. Consequently,
the dilatation of mixtures with a fast ST at a given τ is more effective and leads to a stronger acceleration of the products. This
results in a more pronounced reduction of the gradient scalar ﬂux. However, the transition to counter-gradient transport was
suppressed due to the high turbulence levels.

Conclusions
The present work investigated the impact of hydrogen content of binary methane and carbon monoxide fuel blends on the
turbulent burning velocity and scalar transport. The turbulent ﬂow ﬁeld was maintained constant at Ret  300. The turbulent
burning velocity increases signiﬁcantly with increasing hydrogen concentration for both CH4 and CO fuel blends. However, a
signiﬁcantly stronger inhibiting effect of CH4 on the H2 chemistry compared to CO is evident. Mixtures with a fast turbulent
burning velocity result in a stronger reduction of the gradient scalar ﬂux, yet the transition to counter-gradient transport is
suppressed by the high turbulence intensity. The extensive data set provides a great challenge for combustion models.
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Flame structure analysis of multi-regime combustion processes
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Laminar and turbulent combustion processes can be classified as either globally premixed or
non-premixed. However, in practical applications complex multi-regime combustion scenarios
occur locally through partial premixing or recirculation. Flame characteristics in such regions
can hardly be represented by pure premixed or non-premixed processes [1,2,3]. Understanding
and quantifying the importance of premixed and non-premixed reaction zones within turbulent
flames is an important issue for multi-regime combustion [3,4]. The term partially premixed is
used here to describe all conditions in between perfectly premixed and perfectly non-premixed.
Since premixed and non-premixed flame regimes can contribute simultaneously (with varying
dominance) to the total heat release, a detailed knowledge of the underlying flame regimes is
required for model selection [1,2,5].
The objective of this study is to analyze and characterize the local flame structure of multi
regime combustion processes using experimental data of a novel burner configuration. The so
called multi-regime burner (MRB) was designed to allow for a variety of combustion regimes
in a single flame configuration with well-defined boundary conditions. Therefore, premixed
and non-premixed reaction zones can be addressed and the relative importance of reaction zones
can be analyzed.
The novel multi-regime burner configuration consists of three inlet streams, which can be
operated with different equivalence ratios. A central jet tube is surrounded by an annular slot
(slot 1). A recirculation zone between slot 1 and slot 2 is stabilized by a bluff body. An
additional air co-flow around the outer body of the burner shields the flame. The flow from slot
2 was kept at an equivalence ratio of ߮ ൌ ͲǤͺ while the jet flow was varied from ߮ ൌ ͳǤͶ
up to ߮ ൌ ʹǤ. Flames are named according to the equivalence ratio in the jet flow, where
case 26 corresponds to ߮ ൌ ʹǤ and so forth. Jet and slot 2 are separated by a flow of pure
air emanating from slot 1 with velocities of 7.5 m/s (“a”-cases) and 15 m/s (“b”-cases). Figure
1 (left) shows a photograph of flame 26b.
Radial temperature and species concentration measurements using 1D-Raman/Rayleigh
scattering in combination with 1D-CO-LIF have been performed at various axial positions in a
series of methane/air flames. Those radial profiles for temperature and species allow to examine
the local thermochemical state as well as specific mixing characteristics.
The poster presents a reliable detection and characterization of local reaction zones using
experimental data. Further, the possibility of representing the local flame structure with
common numerical models will be discussed. In order to decide if common 1D flame
characterizations can be used to describe the local flame structure of the multi-regime burner
setup, different pre-evaluation strategies will be investigated. The suitability of look-up tables
is first evaluated by means of a prior analysis. The mixture fraction Z and the progress variable
Yc, which fully parameterize the manifold, are used as inputs for flamelet look-up tables. As a
second approach, the gradient-free regime identification (GFRI) analysis [6], allowing the local
combustion regime to be identified based on Raman/Rayleigh measurements, is utilized.
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Figure 1: Analysis of flame MRB-26b at three axial positions 6 mm, 15 mm and 30 mm (flame photograph (left), local
reaction zone analysis using the chemical mode (middle) and flamelet suitability based on temperature (right)). The
color visualizes the radial position in the flame (left) and the CO mass fraction (right).

In the GFRI approach a premixed reaction zone is identified by a zero-crossing of the chemical
mode (CM) combined with significant heat release rate (HRR) values at the CM zero-crossing,
and a non-premixed reaction zone is identified by negative CM and significant HRR values at
the stoichiometric mixture fraction. Note that the results of the GFRI approach are sufficiently
accurate to address the relative importance of local premixed and non-premixed reaction zones
within partially premixed flames. Figure 1 shows preliminary results of visualizing the strength
of premixed flame zones using the chemical mode (middle). Further, the suitability of flamelet
manifolds, using flamelet look-up tables based on freely propagating flames (P-FLUT) and 1D
counterflow flames (C-FLUT), by comparing CO mass fraction conditioned on temperature and
radial location is shown (right). Building on this, the main outcome in respect of the selection
of a suitable tabulated manifold will be discussed.
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The objective of the current research is to characterize flameless combustion in a lab-scale furnace via
detailed measurements and modelling. The goal of the experiments is to observe the flame behaviour and
obtain velocity and temperature data using high speed imaging and laser diagnostic techniques. The goal
of the modelling is to extend the Flamelet Generated Manifolds (FGM) method to take into account the
effects of dilution by recirculated burnt gases. One of the cases of the Delft jet-in-hot-coflow (DJHC)
burner [1,2] and the new database for the new lab-scale furnace are used for validation of the model.
This furnace consists of a WS REKUMAT 150 recuperative Flame-FLOX burner and a thermally
insulated but optically accessible combustion chamber (32x32x63 cm3). Experiments were done using
Dutch natural gas as fuel and at thermal input 9 kW (fuel mass flow rate based) at three values of
equivalence ratio, namely 0.7, 0.8, 0.9. The ignition and flame structure in the flameless regime have been
studied by the mean and time resolved OH* chemiluminescence images. Detailed measurements of
velocity have been performed with forward scatter Laser Doppler Anemometry (LDA). The forward
scatter configuration significantly increases the signal strength and the effects of seeding particles
depositing on the optical window become tolerable. Gas temperatures were measured using Coherent
anti-Stokes Raman Spectroscopy (CARS) and wall temperatures using thermocouples.
The chemiluminescence measurements show three types of ignition behaviour, namely individual
autoignition kernel, multiple autoignition kernels and ignition kernel cluster. The reaction zone (the zone
with significant chemiluminescence), is a collection of these three autoignition structures which together
are keeping the conversion in the furnace going. We call this situation presence of "sustained
combustion". It is different from situations having flame stabilization via explicit mechanisms such as a
pilot flame, a bluff body or swirl. The autoignition is depending on local conditions, namely the flow, the
mixture composition and the temperature. The latter two are determined by the air dilution level and by
the enthalpy deficit of the diluent. This is supported by a numerical study of counterflow flames showing
that there exists a dilution range where autoignition can be achieved in a wide range of flow conditions
(strain rate). This range provides the best condition to sustain a stable flameless combustion.
The burner nozzle configuration (central fuel jet surrounded by four air jets) is important to establish
flameless combustion because together with the confinement it determines the way in which reactant jets
are diluted by recirculated flue gas. The main reaction zone occurs in the upper half of the furnace. CARS
temperature histograms show a high temperature tail, but in the chemiluminescence images stable flame
front like structures are absent. The maximal mean temperature rise in the furnace relative to the reactants
is less than 600 K. The instantaneous peak temperatures are lower than 1800 K, the mean of the highest
5% of the samples lower than 1700 K. NOx emissions in the exhaust gas are below 1 ppmv in all cases.
An extended FGM model called diluted air FGM (DAFGM) has been developed for describing flameless
combustion in furnaces. It includes the effects of dilution on local conditions using a transport equation
for a dilution variable. The reaction zones are represented by conditions retrieved from counterflow
flames of undiluted fuel and diluted air including heat loss of the diluted air. These were computed using
Chem1D. The control parameters of the FGM for the laminar case are mixture fraction, progress variable,
dilution parameter and enthalpy loss (4D table) and for the turbulent case concern the mean values of
these variables and the variance of mixture fraction and progress variable (6D table). Local mean
radiative source terms are also stored in the table. Radiation is solved using the DOM. The radiative
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properties of gases are modelled with a weighted-sum-of-grey-gas (WSGG) model accounting for the
local mole ratio between CO2 and H2O. The models have been implemented in the open source CFD
package OpenFOAM-2.3.1.
The DAFGM model first is applied to the case ‘DJHC-I Re=4100’ of the DJHC burner database using
both RANS and LES approaches [1,2]. It is found that the predictions for this flame are not sensitive to
the progress variable fluctuations, but that the surrounding air inlet velocity has effects on the predicted
temperature profile at high axial locations. The turbulent flow field statistics and temperature predictions
are in overall good agreement with experimental data, with LES performing somewhat better. Next the
model is applied to the simulation of the new furnace, operated at equivalence ratio equal 0.8. It is found
that in this case the RANS model predictions are very sensitive to fluctuations in progress variable
(Figure 1,left, b-c). The final mean temperature rise in the reaction zone is close to the measured mean
temperature rise (Figure 2, right). The DAFGM model is found to very well describe the conditions in
flameless combustion both in the JHC flame and in the furnace [3].

Figure 1: Left: Predicted temperature fields on the vertical mid-plane through two air nozzles: (a)
excluding radiation and progress variable variance, (b) including radiation and excluding progress
variable variance (c) including radiation and progress variable variance.
Right: Comparison of mean temperature predictions including radiation and progress variable variance
with mean temperature from CARS measurements.
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Quantifying kinetic uncertainty in turbulent combustion simulations using
active subspaces
Weiqi Ji, Zhuyin Ren
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Turbulent combustion simulation is usually associated with uncertainties from the
turbulent combustion model, the chemical kinetic model, the boundary conditions, etc. To
evaluate the performance of various turbulent combustion models on TNF target flames, it is
essential to isolate the uncertainty resulted from the reaction kinetics. The uncertainty
quantification in expensive turbulent combustion simulations usually adopts response surface
techniques to accelerate Monte Carlo sampling. However, it is computationally intractable to
build response surfaces for high-dimensional kinetic parameters.
We employ the active subspaces [1] approach to reduce the dimension of the parameter
space, such that building a response surface on the resulting low-dimensional subspace
requires many fewer runs of the expensive simulation. The active subspace can be identified
by computing the “average gradient” of the simulation output over the uncertainty parameter
space. Specifically, the active subspace can be computed via the eigendecomposition of
following matrix C.
 ൌ ݂ ሺܠሻ݂ሺܠሻ் Ɏ୶ ሺܠሻ ܠൌ ࢃࢫࢃࢀ ǡ
where x is the vector of the uncertain parameters, f is the function mapping the inputs to the
simulation output, and Ɏ୶ ሺܠሻ is the probability distribution of the uncertain parameters. The
leading vectors can be chosen as the active directions, along which the simulation output may
vary significantly with the inputs. Active directions in general correspond to linear
combinations of the uncertainty parameters.
We demonstrate this approach in the transported PDF simulations of the Cabra H2/N2 jet
flame [2], propagating the uncertainties of 21 kinetic parameters to the liftoff height H. The
configuration of the simulation is identical to [3] and the OH contour plot is shown in . We
identify a one-dimensional active subspace for the liftoff height using 84 runs of the
simulations, from which a response surface with a one-dimensional input is built; the
probability distribution of the liftoff height is then characterized by evaluating 50000 samples
using the inexpensive response surface.

Fig. 1 The left side is the contour plot of OH concentration. (a) The summary plot of the lifted
height H versus the projected variable of the 21-dimensional input parameters x onto the
one-dimensional active direction w1. The red symbols corresponding to the equivalent
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changes in the rate constants by changing the co-flow temperature. (b) The probability
distribution function of the predicted lifted height H.
Figure 1a shows the summary plot of the predicted lifted height versus the projected
variable of the input parameters in the active direction. All of the changes in the predicted
lifted height can be explained by the changes within the one-dimensional active subspace. The
uncertainty of the predicted lifted height is shown in Fig. 1b, and it reveals that the kinetic
uncertainty alone is large enough to account for the discrepancies between the lifted height
from measurements and simulations.
In addition, the active subspace provides a global sensitivity metric for determining the
most influential reactions, i.e., large components of the active direction indicate high
sensitivity. Figure 2 shows the components of the active subspace for the lifted height,
together with the one for the ignition delay time (IDT) at the characteristic temperature of
Cabra flame. The comparisons show that the sensitive reactions are generally the same
between the auto-ignition case and the Cabra flame, and the difference in the value of the
components reveals that the sensitivities to the HO2-related reactions in the Cabra flame are
promoted by the diffusion processes.

Fig. 2 The components of the active subspace. Both the circle and square symbols refer to the
active subspace for the ignition delay time (IDT) but identified in different approaches.
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LES of Cambridge Stratified Swirl Burner by using
the Flamelet Generated Manifold Method
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Eindhoven University of Technology, s.karaca@tue.nl

Abstract
Controlling combustion and reducing the emissions of harmful gases such as CO and NOx are
challenging issues. Approximately two-thirds of the CO emissions come from transportation sources,
therefore reduction of CO emissions in combustion engines has a significant importance. In this work,
LES of the Cambridge stratified swirl burner (SwB3) is studied by using a low-Mach open-source
OpenFOAM solver. Combustion is modeled by using the Flamelet Generated Manifold (FGM) method
[1] which uses one-dimensional premixed flames computed with detailed chemistry and transport
models to generate a flamelet database. The progress variable is defined as a combination of the mass
fractions of CO2, H2O and O2. To account for fuel stratification, flamelets are computed with changing
equivalence ratio from 0.4 to 1.2. Chemical equilibrium assumption is used to extrapolate the FGM table
in mixture fraction space towards the air stream. As an initial study, heat loss and turbulence-chemistry
interaction are not included and CO is retrieved directly from the FGM table. As a further study the betapdf approach will be used to account for turbulence-chemistry interaction and a transport equation for
CO will be solved.
The burner has a bluff-body in the center and two concentric pipes around that bluff-body with 34.8 mm
and 23.6 mm diameter. A detailed description of the experimental geometry and injector geometry can
be found in [2]. The computational domain has 110 mm diameter and 110 mm length with an extra 12
mm for the injector. The bulk velocity of the inner annulus, outer annulus and coflow are respectively
Ui=8,3 m/s, Uo=18.7 and Uco=0.4 m/s. The LEMOS synthetic inflow turbulence generator is used to
generate turbulent inflow with uniform velocity profile distribution. The swirl ratio is defined
experimentally as Ut/Uo=0.79. Ambient pressure is defined as inflow boundary condition (b.c.) for inner
and outer annulus and a wave-transmissive b.c. is used for pressure at the outflow and far field. Inflow
temperature is set to 300 K. The equivalence ratio for inner and outer annulus are identical (0.75) for
this case. Since the CFL number is restricted to 1.0, the physical time step is around 6x10-6 s. The
computational domain has 1.7 million cells and the laminar flame thickness is resolved by 2-4 grid points.
Figure 1 shows mean velocity profiles at different axial locations. The numerical data match well with
the experimental data. Figure 2 shows mean temperature and mean species profiles. The temperature
difference between numerical and experimental data is around 200K close the burner, away from the
injector numerical temperature field matches well with experiment. Close to the burner CO is overpredicted but further downstream the agreement with measurements is satisfactory. The overestimation
of temperature and CO close to the burner can be attributed to heat loss to the bluff-body, which was
neglected in this preliminary run (see Figure 3) but will be included in our next runs. The swirl and flow
structures are visualized in Figure 4 by using the Lambda2 vortex criterion.
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Figure 1 – Mean axial (left), radial (middle), and tangential (right) velocities at different axial locations

Figure 2 – Radial profiles of mean temperature, CO and CO2 mass fraction at different axial locations

Figure 3 – Mean temperature field (YZ Slice)

Figure 4 – Lambda2 criterion colored by mixture fraction
(isovalue=106 1/s2)
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The multi-environment PDF approach [1] has been applied to numerically investigate a series of the
Sydney piloted premixed jet burner(PPJB)[2]. In the present multi-environment PDF model, one-point
statistical properties of the joint scalar PDF are described by a deterministic Eulerian way. The joint
composition PDF is expressed by the combination of weighted Dirac delta functions on composition and
physical space. The important advantage of this model is that the mean chemical reaction term appears in
closed form. The IEM mixing model is employed to represent the mixing process. In this PPJB burner [2],
a central high-speed lean methane/air jet is stabilized by a pilot with a stoichiometric methane/air mixture
and the burner is embedded in an outer vitiated coflow of lean hydrogen/air combustion products with the
low velocity. This PPJB configuration was intentionally designed to resemble the combustion conditions
relevant to partially-premixed gas turbine combustors without additional geometry complexities. The
computations are made for three flames (PM1-100, PM1-150 and PM1-200). As shown in Figure 1, the
present approach yields the reasonably good agreements for the mean temperature and CO mass fraction
for all three cases even if there exist the noticeable deviations at the certain axial locations. Due to the
much earlier local extinction, especially at x/D=15 for the higher jet velocity cases (PM1 150 and 200), the
temperature levels in the inner hot flame zone are noticeably underestimated and the peak CO levels are
underestimated. Fig. 2 shows OH conditional scatters in the central-jet mixture fraction space and CO
conditional scatters in temperature space for three flames. The predicted environment-conditional statistics
at the near-injector region clearly identify the dual premixed flame modes established by the stoichiometric
pilot flame and the lean premixed central jet. The dual premixed flame modes are identified as the two near
vertical transition of OH mass fraction in the mixture fraction space. One premixed flame mode is caused
by the stoichiometric pilot flame propagation where the central-jet mixture fraction is close to zero. The
other premixed flame structure is arising from the central lean stratified premixed flame propagation at the
central-jet mixture fraction much larger than zero. The much higher injection velocity cases (PM1-150,
PM1-200) yield the remarkably low peak OH level due to the local extinction. At further downstream
location (x/D=45), it is observed that the peak OH levels are noticeably elevated for the higher injection
velocity cases because of the reignition process. In terms of the measured conditional scatters and the
environment-conditional values for the CO mass fraction in the temperature space, at the near-injector
region (x/D=2.5), the present three-environment PDF approach well captures the dual flame modes at the
temperature higher than 1500K. At this temperature range (T > 1550K), the upper branch is corresponding
to the stoichiometric piloted flame mode while the lower branch represents the central-jet oriented lean
premixed flame mode. It is also found that, by increasing the jet injection velocity, the peak CO location
moves to the much higher temperature region. Moreover, the much higher injection velocity cases (PM1150, 200) yield the much lower peak CO level due to the local extinction. At further downstream location
(x/D=45), it is observed that the peak CO levels are slightly elevated for PM1-150 and PM1-200 owing to
the reignition. Numerical results suggest that the present MEPDF approach has the capability to
realistically predict the essential features of the highly stretched turbulent piloted stratified premixed flames
with local extinction and reignition as well as the significant finite-rate chemistry effects.
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Fig. 1 Predicted and measured [2] unconditional means of temperature and CO mass fraction for three
flames.

Fig. 2 OH conditional scatters in the central-jet mixture fraction space and CO conditional scatters in
temperature space for three flames; fuel stream environment (red circle), pilot jet environment (blue circle),
and air co-flow environment (yellow circle) are compared with experimental data [2] (green dots).
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Advanced laser diagnostics for an improved understanding of premixed
flame-wall interactions
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Flame quenching at cold walls and flame-wall interaction (FWI) play an important role in gas
turbines and internal combustion engines. The interest in FWI is primarily related to heat losses,
incomplete combustion (unburned hydrocarbons, carbon monoxide formation) and formation
of wall deposits. An in-situ investigation of the phenomena during FWI in close-to-reality
combustion systems is hindered by the limited access for optical diagnostic methods and small
length scales in boundary layers at elevated pressures. To overcome these restrictions, generic
FWI-experiments were developed in the past. Examples are devices to study head-on quenching
(HOQ) [1] and side-wall quenching (SWQ) [2].
This study focusses on the characterization of thermochemical states and local heat release rates
within atmospheric flames in a SWQ geometry, including laminar and turbulent flow
conditions. The influence of different fuels is compared for stoichiometric methane and
dimethyl ether (DME) flames.
A sketch of the SWQ burner [2] is
shown in Fig. 1. The main flow passes
through a Morel-type nozzle to provide
a top-hat velocity profile at the exit
(quadratic nozzle exit, 40×40 mm²).
The Reynolds number of the premixed
main flow is maintained at 5000. The
main flow can be operated with an
optional turbulence grid (TG) for
generating turbulent flames and
without TG for laminar conditions. An
atmospheric V-flame is stabilized on a
ceramic rod. One branch of the Vflame quenches at the wall which is
made of stainless steel. The
temperature of the wall is set to 330 K
and controlled by internal watercooling. Thermocouples are embedded
in the wall to measure temperatures
close to the wall surface.

Thermocouples
Water

Air
40 mm

120 mm

Fuel + Air

Fig. 1: a) Cross-section of the SWQ burner. b) Details of
the FWI region. c) Details of the nozzle exit.

Thermochemical states are analysed using CO/T scatter plots. Gas phase temperatures are
measured by Coherent anti-Stokes Raman spectroscopy (CARS) and CO-concentrations by
two-photon laser induced fluorescence (LIF). For flame front tracking, planar OH-LIF is
applied. All quantities are acquired simultaneously. The combined CARS, CO-LIF and planar
OH-LIF setup was previously described in detail [3].
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In Fig. 2, scatter plots are presented for a subset of two probe volume locations at the quenching
height. The scatter plots are separated into CO formation and CO oxidation branches, based on
the location of the probe volume relative to the flame front position derived from OH-LIF. To
complement the experiment, the results from one-dimensional laminar flame calculations with
and without heat losses are presented. Compared to flame calculations, the CO/T dependencies
are influenced significantly by the presence of a wall. Very close to the wall (y = 0.1 mm), for
methane/air flames and to a lesser extent for DME/air flames, the CO production branch is
shifted towards lower temperatures. In contrast, the CO oxidation branch is shifted to lower
temperatures in the entire near-wall region for both fuels. One-dimensional premixed flame
calculations accounting for enthalpy losses indicate that heat losses to the wall are a likely cause
rather than different chemical reaction pathways.

Fig. 2: Scatter plots of gas phase temperature and CO mole fractions at the quenching height. Conditional mean (blue: CO
formation branch, red: CO oxidation branch) of experimental data are compared to the results obtained from flame
calculation.

Additionally, the local heat release rate (HRR) distribution is estimated from the product of
CH2O and OH-PLIF signals. Figure 3 shows exemplary instantaneous CH2O and OH-PLIF
signals, and the corresponding relative HRR image from a turbulent stoichiometric DME-flame.
The HRR-image is normalized to the maximum intensity in the unstretched flame region
(rectangle in Fig. 3). Relative HRRs decrease when the flame approaches the wall. In the
turbulent case, relative HRRs significantly fluctuate in the FWI-zone. These fluctuations will
be identified in an ongoing statistical analysis.

Fig. 3: Instantaneous relative CH2O-, OH-PLIF images and corresponding relative HRR image during SWQ for a turbulent
DME-air flame (I = 1). The gray rectangle (y < 0 mm) marks the position of the wall.
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Université Libre de Bruxelles, Aero-Thermo-Mechanics Department, Belgium
Universität Duisburg Essen, Institute for Combustion and Gas Dynamics, Germany
∗
Zhiyi.Li@ulb.ac.be
∗∗
Alessandro.Parente@ulb.ac.be

Introduction

Stratiﬁcation in lean pre-mixed combustion helps to increase the ﬂame propagation speed and ﬂame
front wrinkling [1, 2]. Therefore, it is important to investigate the fundamental properties of stratiﬁed
combustion. The Cambridge Stratiﬁed Swirl Burner [3, 4] provides a ﬂame series that allows for the
numerical investigation of stratiﬁed combustion at laboratory conditions. High ﬁdelity scalar and vector
measurement data are available for numerical validation.
Analysis of Cambridge ﬂame in the literature [5, 6, 7, 8] has shown that most of the numerical strategies
present fair predictions on the velocity and temperature ﬁelds, as well as the major species like CH4
and O2 . However, larger discrepancies with the experimental data has been observed for the prediction
on mean and RMS of CO. In comparison to the temperature or major species mass fractions, the CO
prediction is more sensitive to the detailed combustion chemistry and the sub-grid scale ﬂame wrinkling
modelling approaches. As a result, in the current work, the Partially Stirred Reactor (PaSR) combustion
model in combination with Large Eddy Simulation (LES) is used. The lean highly-swirled SwB3 case
of Cambridge ﬂame is chosen for validation.

2

Partially Stirred Reactor model

The Partially Stirred Reactor (PaSR) [9] separates each computational cell into two zones. Reaction
happens only in a fraction of the cell, identiﬁed by the reacting fraction κ [10]. Thus, the mean source
term can be expressed as:
ω̇ k = κω̇k∗ (Y , T ).

(1)

In Equation 1, ω̇k∗ (Y , T ) represents the formation rate of species k based on the Favre-averaged mass
fractions of species in the cell. The term κ is a coefﬁcient which considers the non-perfect mixing,
calculated as:
τc
,
(2)
κ=
τc + τmix
where τc is the characteristic chemical time scale in each cell and τmix is the mixing time scale. In the
present study, the chemical time scale of each species is estimated by τc,k = Yk∗ /(dYk∗ /dt), where Yk∗
and dYk∗ /dt are mass fraction of the kth species and the corresponding formation rate in the reacting
zone, respectively. The highest limiting value is chosen as the characteristic chemical time scale, considering only active species (the species characterized by an absolute rate of change (dYk∗ /dt) higher
than a given threshold). The mixing time scale is represented with the geometrical mean of the sub-grid

velocity stretch time (Δ/v ) and the Kolmogorov time scale ((ν/ sgs )1/2 ) [11].
The reactive zone is assumed to be a Perfectly Stirred Reactor (PSR) [12]. In this time-splitting
approach, the reactive zone is modelled as a reactor:
ω̇k
dYk
=
.
dt
ρ
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k
The term ω̇k is the instantaneous formation rate of species k. The ﬁnal integration of dY
dt over the
residence time τ in the reactor is Yk∗ . The term ω̇k∗ (Y , T ) in Equation 1 is thus estimated with:

ω̇k∗ (Y , T ) = (Yk∗ − Yk )/τ.

(4)

In the present work, τ equals to CFD time step.

3

Numerical details

A 3D mesh containing around 6.8 million cells is used for LES simulation. The domain extends 112 mm
further downstream after the jet exit and the radial direction expands 56 mm away from the centerline.
The LEMOS [13] inﬂow generation method for velocity ﬁeld is applied on the two pre-mixed streams and
the WaveTransmissive [14] boundary condition is used for pressure outlet. LES sub-grid model of
one Equation Eddy Viscosity (oneEqnEddy) is chosen as turbulence model [15]. A skeletal mechanism
which contains 17 species and 58 reactions [16] (KEE58) is used for ﬁnite-rate chemistry approach.

4

Expected Results

A non-reacting case will be conducted ﬁrst to check the boundary conditions used for velocity ﬁeld. The
simulation will be further extended to reacting case and the mean/RMS of temperature, major species
mass fractions as well as the CO mass fraction proﬁles will be validated against the experimental measurements. The current chemical reaction approach with PaSR model can also be compared with the
other choices like ﬂamelet related approaches and Artiﬁcially Thickened Flame (ATF) model, to demonstrate the sensitivity of CO prediction regarding the combustion models selected.
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[13] N. Kornev, H. Kröger, E. Hasse, Commun. Numer. Meth. Engng 24 (2008) 875–877.
[14] T. J. Poinsot, S. K. Lele, J. Comput. Phys. 101 (1) (1993) 104–129.
[15] A. Yoshizawa, K. Horiuti, J. Phys. Soc. Jpn. 54 (1985) 2834–2839.
[16] R. W. Bilger, S. H. Stårner, R. J. KEE, Combust. Flame 80 (2) (1990) 135–149.

TNF14 Workshop

411

27-28 July 2018, Dublin, Ireland

Coefficients Specification for a Conceptually Simplified Multiple Mapping Conditioning Model
with Mixture Fraction like Reference Variable
Zisen Li1*, Armin Wehrfritz1, Bruno Savard1 and Evatt R. Hawkes1,2
1

School of Mechanical and Manufacturing Engineering, University of New South Wales, Sydney, NSW 2052, Australia
School of Photovoltaic and Renewable Energy Engineering, University of New South Wales, Sydney, NSW 2052, Australia

2

Abstract
The multiple mapping conditioning (MMC) framework [1] for closure of the micro-mixing term in transported
probability density function methods offers controllable locality of mixing without formal violation of the
principle of independence of mixing [2]. Recently, a novel, conceptually simplified, MMC model with a mixture
fraction-like reference variable (hereafter referred to as the SMMC model) was proposed [3, 4]. In the model, the
reference variable, ߦ, evolves by an Ornstein – Uhlenbeck (OU) process (eq. 1), and minor mixing is achieved by
relaxation of scalars towards their means conditional on ߦ (eq. 2).

݀ߦ  כൌ െ


ఛ

ሺߦ  כെ ۄߦۃሻ݀ ݐ ܾ ට

݀߶  כൌ െ


ሺ߶ כ
ఛ

ଶ ۃకᇱమ ۄ
ఛ

െ ۄ߶ۃሻ݀ݐ

ܹ݀క

(1)
(2)

There are three free coefficients to be determined for the SMMC model: the major mixing coefficient ܥక
(controlling drift in the OU process), the Wiener term coefficient ܾ for ߦ (controlling diffusion in the OU
process), and the minor mixing coefficient, ܥ . In the SMMC model, it is desired that ߦ has the same mean and
variance as mixture fraction, Z, and also that the implied scalar dissipation of mixture-fraction can be set to a
user specified model, e.g. ߯ ൌ ܥథ ܼۃԢଶ ۄȀ߬. It is also desired that the user can control the localness of mixing, for
1Ȁ2
example by specifying the correlation coefficient between ߦ and ܼ, r=  ߦۃ′ ܼ′ ۄȀ൫ߦۃ′2 ܼۃۄ′2 ۄ൯ . In the original work [3],
the coefficients of the SMMC model were specified to achieve these outcomes according to a homogeneous
isotropic turbulence (HIT) reference case for which analytical expressions can be determined, and it was
demonstrated numerically that this approach also works well in a jet flow for highly local models. However, it is
unclear whether this result applies to other flows and whether it applies to less local models as well. In the
current work, therefore, we compare the HIT settings to those determined in a homogeneous turbulence
reference case with a mean scalar gradient (MSG), apply the models to a new flow where DNS is available, and
assess the outcomes across a wider range of localness.

Fig.  Reference variable (red) and mixture fraction (blue) variance compared to DNS results (black) of Case 1
(left group) and Case 3 (right group) at 60 characteristic jet times. Results in each column in each case are
obtained with SMMC-HIT and SMMC-MSG coefficient settings, respectively.
The SMMC model parametrised by the HIT and MSG cases is validated against DNS results. Three DNS
datasets of a turbulent nonpremixed ethylene flame [5] with increasing extinction levels (Case 1, 2, 3) are used
for comparison as well as to provide input data for the TPDF simulations. The TPDF code uses inputs from the
*
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DNS data of the micro-mixing rate of mixture fraction, the turbulent diffusion coefficient of the mean mixturefraction, and the mean flow velocities [6]. In models where the unconditional micro-mixing rate can be directly
specified, e.g. IEM and MC, these inputs result in near-perfect agreement with the DNS for the mixture-fraction
variance. In SMMC and in other MMC-like models, however, it is the unconditional mixing rates depend not
only upon specified constants but on the correlations between real and reference scalars, which in turn depend on
the flow history. The results of SMMC-MSG and SMMC-HIT cases are compared to DNS results. It is found
that both sets of model coefficients yield good predictions for the mean mixture fraction and temperature profile
for the default value [3, 4] ofݎ௧ , i.e. rt =0.935. It is also found that SMMC-MSG yields improved predictions for
mixture fraction variance. Figure  shows the mixture fraction variance (Zrms in the figure) predicted by both
models for Case 1 (lowest extinction) and Case 3 (highest extinction) with different rt values. It shows that
SMMC-MSG yields good predictions for Zrms over a wide range of rt values while SMMC-HIT only yields a
good agreement when rt approaches unity, i.e. when ߦ and ܼ are highly correlated and leading to high level of
localness in the SMMC mixing model. In conclusion, we have demonstrated that for highly local models, the
HIT and MSG settings give very similar results in a new flow. The present results are more definitive than the
previous ones in [3, 4] due to the availability of the DNS where the micro-mixing rate is known. Finally, setting
the SMMC coefficients according to the MSG case allows the localness of the model to be varied without
adversely affecting the prediction of mixture fraction variance, in contrast to the HIT settings which result in
over-prediction of the variance for less local models. Future work is planned to conduct similar tests for other
MMC-type models.
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tŽƌŬƐŚŽƉŽŶDĞĂƐƵƌĞŵĞŶƚĂŶĚŽŵƉƵƚĂƚŝŽŶŽĨdƵƌďƵůĞŶƚEŽŶƉƌĞŵŝǆĞĚ&ůĂŵĞƐ;dE&ͿϭĂŶĚǁĞƌĞ
ĞǆƉĞƌŝŵĞŶƚĂůůǇŝŶǀĞƐƚŝŐĂƚĞĚďǇŽƌŝƚŽŶĞƚĂů͘Ϯ͕&ƵĞƐƚĞƚĂů͘ϯͲϱ͘ƵĞƚŽƚŚĞƉƌĞƐĞŶĐĞŽĨĂŶŽǆǇŐĞŶ
ĂƚŽŵǁŝƚŚŝŶƚŚĞŵŽůĞĐƵůĞƐΖƐƚƌƵĐƚƵƌĞĂŶĚƚŚĞĂďƐĞŶĐĞŽĨĂĚŝƌĞĐƚĐĂƌďŽŶͲĐĂƌďŽŶďŽŶĚ͕ƚŚĞĞŵŝƐƐŝŽŶ
ŽĨEKǆ͕KĂŶĚƐŽŽƚĐĂŶŶŽƚĂďůǇƌĞĚƵĐĞĚĚƵƌŝŶŐƚŚĞĨƵĞůĐŽŶǀĞƌƐŝŽŶƉƌŽĐĞƐƐĂŶĚDƚŚĞƌĞĨŽƌĞŝƐĂ
ƉƌŽŵŝƐŝŶŐΗŐƌĞĞŶΗĂůƚĞƌŶĂƚŝǀĞĐŽŵƉĂƌĞĚƚŽĐŽŶǀĞŶƚŝŽŶĂůĚŝĞƐĞůĨƵĞůƐ͘
tĞ ŝŶǀĞƐƚŝŐĂƚĞ ƚŚĞ ĐŽŵƉůĞƚĞ ƐĞƌŝĞƐ ŽĨ ƚŚĞ ƚƵƌďƵůĞŶƚ͕ ƉŝůŽƚĞĚ ĚŝŵĞƚŚǇů ĞƚŚĞƌ ;DͿͬĂŝƌ ũĞƚ ĨůĂŵĞƐ
;DĨůĂŵĞƐͲ'ͿǁŝƚŚZĞǇŶŽůĚƐŶƵŵďĞƌƐƌĂŶŐŝŶŐĨƌŽŵϮϵ͕ϯϬϬƚŽϳϯ͕ϮϱϬǁŝƚŚĂƐƉĂƌƐĞͲ>ĂŐƌĂŶŐŝĂŶ
ŵƵůƚŝƉůĞŵĂƉƉŝŶŐĐŽŶĚŝƚŝŽŶŝŶŐ;DDͿĂƉƉƌŽĂĐŚĐŽƵƉůĞĚƚŽĂůĂƌŐĞĞĚĚǇƐŝŵƵůĂƚŝŽŶ;>^ͿĨůŽǁĨŝĞůĚ
ƐŽůǀĞƌ͘DDŝƐĂƉƌŽďĂďŝůŝƚǇĚĞŶƐŝƚǇĨƵŶĐƚŝŽŶ;W&ͿŵĞƚŚŽĚĂŶĚŝŶƚŚĞĐŽŶƚĞǆƚŽĨ>^ŝƚŵŽĚĞůƐƚŚĞ
ƐƵďͲĨŝůƚĞƌW&ŽĨƚŚĞĐŽŵƉŽƐŝƚŝŽŶ͕ŬŶŽǁŶĂƐƚŚĞĨŝůƚĞƌĞĚĚĞŶƐŝƚǇĨƵŶĐƚŝŽŶ;&&Ϳϲ͘dŽƐŽůǀĞƚŚĞ&&͕Ă
>ĂŐƌĂŶŐŝĂŶ DŽŶƚĞͲĂƌůŽ ƉĂƌƚŝĐůĞ ƐĐŚĞŵĞ ŝƐ ƵƐĞĚ͘ dŚƵƐ͕ ƚŚĞ && ĐŚĞŵŝĐĂů ƌĞĂĐƚŝŽŶ ƌĂƚĞ ĂƉƉĞĂƌƐ ŝŶ
ĐůŽƐĞĚ ĨŽƌŵ ďƵƚ ƚŚĞ && ŵŝǆŝŶŐ ŽƉĞƌĂƚŽƌ ŶĞĞĚƐ ŵŽĚĞůůŝŶŐ͘ dŚĞ DD ĨƌĂŵĞǁŽƌŬ ƵƚŝůŝǌĞƐ Ă ŵŝǆŝŶŐ
ŵŽĚĞů ǁŚŝĐŚ ĐůŽƐĞƐ ƚŚĞ ĐŽŶĚŝƚŝŽŶĂů ƐƵďͲĨŝůƚĞƌ ƐĐĂůĂƌ ǀĂƌŝĂŶĐĞ͘ DŝǆŝŶŐ ďĞƚǁĞĞŶ ƚŚĞ DŽŶƚĞͲĂƌůŽ
ƉĂƌƚŝĐůĞƐŝƐŵŽĚĞůůĞĚďǇĂŐĞŶĞƌĂůŝǌĞĚĨŽƌŵŽĨDDĐŽŵďŝŶĞĚǁŝƚŚĂƐƉĂƌƐĞĚŝƐƚƌŝďƵƚŝŽŶŽĨƉĂƌƚŝĐůĞƐ
ůĞĂĚŝŶŐƚŽƐŝŐŶŝĨŝĐĂŶƚĐŽŵƉƵƚĂƚŝŽŶĂůƐĂǀŝŶŐƐĐŽŵƉĂƌĞĚƚŽĐŽŶǀĞŶƚŝŽŶĂůŵŝǆŝŶŐŵŽĚĞůƐ͘
dŚĞƉĂƌƚŝĐůĞƐĐĂƌƌǇƚŚĞĐŽŵƉŽƐŝƚŝŽŶƐĐĂůĂƌĨŝĞůĚ͕ĂďƐŽůƵƚĞĞŶƚŚĂůƉǇĂŶĚƉĂƌƚŝĐůĞŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶĂŶĚ
ĂƌĞ ƚƌĂŶƐƉŽƌƚĞĚ ĂĐĐŽƌĚŝŶŐ ƚŽ ƐƚŽĐŚĂƐƚŝĐ ĚŝĨĨĞƌĞŶƚŝĂů ĞƋƵĂƚŝŽŶƐ ǁŝƚŚ ĨƌĂĐƚŝŽŶĂů ƐƚĞƉƐ ĨŽƌ ƐƉĂƚŝĂů
ƚƌĂŶƐƉŽƌƚ͕ƌĞĂĐƚŝŽŶƐĂŶĚŵŝǆŝŶŐϲ͘tĞĂĚŽƉƚƚŚĞDDǀĞƌƐŝŽŶŽĨƵƌůΖƐŵŝǆŝŶŐŵŽĚĞůƚŽĐůŽƐĞƚŚĞ
ƐƚŽĐŚĂƐƚŝĐĚŝĨĨĞƌĞŶƚŝĂůĞƋƵĂƚŝŽŶƐĂƚƚŚĞŵŝǆŝŶŐŽƉĞƌĂƚŽƌůĞǀĞů͘ĞŶƐŝƚǇĐŽƵƉůŝŶŐŝƐďĂƐĞĚŽŶƐĐŚĞŵĞƐ
ĚĞǀĞůŽƉĞĚĨŽƌƚŚĞĨŝĞůĚŽĨƐŵŽŽƚŚĞĚƉĂƌƚŝĐůĞŚǇĚƌŽĚǇŶĂŵŝĐƐϳ͘
ĂƌůŝĞƌĂƚƚĞŵƉƚƐϴ͕ϵƚŽĐŽƌƌĞĐƚůǇƉƌĞĚŝĐƚƚŚĞůŽĐĂůĞǆƚŝŶĐƚŝŽŶĞǀĞŶƚƐĨŽƌŝŶĐƌĞĂƐŝŶŐZĞǇŶŽůĚƐŶƵŵďĞƌ
ĐĂƐĞƐ ĨĂŝůĞĚ ĚƵĞ ƚŽ ĂŶ ŝŶĐŽŶƐŝƐƚĞŶĐǇ ŽĨ ƉƌĞǀŝŽƵƐůǇ ƉƌŽƉŽƐĞĚ ŵŝǆŝŶŐ ƚŝŵĞ ƐĐĂůĞ ŵŽĚĞůƐ ŝŶ ƚŚĞ
ƚƌĞĂƚŵĞŶƚ ŽĨ ĂŶŝƐŽƚƌŽƉŝĐ ƐƵďͲĮůƚĞƌ ĮĞůĚƐ ϭϬ͘ dŽ ƌĞŵĞĚǇ ƚŚŝƐ ŝŶĐŽŶƐŝƐƚĞŶĐǇ ĂŶ ĂŶŝƐŽƚƌŽƉŝĐ ŵŝǆŝŶŐ
ƚŝŵĞƐĐĂůĞŵŽĚĞůŝƐƉƌŽƉŽƐĞĚďǇsŽĞƚĂů͘ϭϬ͘tŝƚŚƚŚŝƐŵŽĚĞůŵƵĐŚďĞƚƚĞƌƌĞƐƵůƚƐĨŽƌƚŚĞƉƌĞĚŝĐƚŝŽŶ
ŽĨĐŽŶĚŝƚŝŽŶĂůǀĂƌŝĂŶĐĞƐŽĨĂƌĞĂĐƚŝǀĞƐŚĞĂƌůĂǇĞƌƐŝŵƵůĂƚŝŽŶĂƌĞŽďƚĂŝŶĞĚ͘dŚĞĐƵƌƌĞŶƚǁŽƌŬƐŚŽǁƐ
ĨŝƌƐƚƌĞƐƵůƚƐŽĨƚŚĞĂƉƉůŝĐĂƚŝŽŶŽĨƚŚĞŶĞǁŵŝǆŝŶŐƚŝŵĞƐĐĂůĞŵŽĚĞůŽŶĂƌĞĂĐƚŝǀĞũĞƚĨůĂŵĞǁŝƚŚůŽĐĂů
ĞǆƚŝŶĐƚŝŽŶĞǀĞŶƚƐ͘
dŚĞDDͲ>^ŵŽĚĞůŚĂƐďĞĞŶŝŵƉůĞŵĞŶƚĞĚŝŶƚŽƚŚĞŵŵĐ&ŽĂŵϭϭĐŽĚĞĨĂŵŝůǇǁŚŝĐŚŝƐĐŽŵƉĂƚŝďůĞ
ǁŝƚŚƚŚĞKƉĞŶ&KDͲϱ͘ǆŽƉĞŶƐŽƵƌĐĞннůŝďƌĂƌǇ͘KƵƌŐƌŝĚĐŽŶƐŝƐƚƐŽĨϮŵŝůůŝŽŶ>^ĐĞůůƐĂŶĚƐƚĂƚĞͲŽĨͲ
ƚŚĞͲĂƌƚ ĐŽŶǀĞĐƚŝŽŶ ƐĐŚĞŵĞƐ ĂŶĚ ƐƚĂŶĚĂƌĚ Ɛ ĂƌĞ ƵƐĞĚ ƚŽ ƐŽůǀĞ ĨŽƌ ƚŚĞ ƚƌĂŶƐƉŽƌƚ ĞƋƵĂƚŝŽŶƐ ŽĨ
ŵŽŵĞŶƚƵŵ͕ ƐƉĞĐŝĞƐ͕ ĞŶƚŚĂůƉǇ ĂŶĚ ŵŝǆƚƵƌĞ ĨƌĂĐƚŝŽŶ͘ dŚĞ >^ ƐŽůǀĞƐ ĞƋƵĂƚŝŽŶƐ ĨŽƌ ƐƉĂƚŝĂůůǇ ĨŝůƚĞƌĞĚ
ƋƵĂŶƚŝƚŝĞƐĂŶĚĂƐŝŐŵĂͲDŽĚĞůǁŝƚŚĂŵŽĚĞůĐŽŶƐƚĂŶƚŽĨсϭ͘ϱŝƐƵƐĞĚĨŽƌƚŚĞƐƵďͲŐƌŝĚĐůŽƐƵƌĞ͘dŚĞ
ƚƵƌďƵůĞŶƚĐŽŶƚĞŶƚŽĨĂƉƌĞͲĐŽŵƉƵƚĞĚƉŝƉĞĨůŽǁƐĞƌǀĞƐĂƐƌĞĂůŝƐƚŝĐŝŶĨůŽǁĨŽƌƚŚĞĐĞŶƚƌĂůũĞƚ͘ƚĂůůŝŶůĞƚ
ďŽƵŶĚĂƌŝĞƐƚŚĞƐƉĞĐŝĞƐĐŽŵƉŽƐŝƚŝŽŶǁĂƐŵĂƚĐŚĞĚƚŽƚŚĂƚŐŝǀĞŶŝŶ&ƵĞƐƚĞƚĂů͘Ϯ͘
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&ŝŐƵƌĞϭ͗ŽŶĚŝƚŝŽŶĂůƐĐĂƚƚĞƌĚĂƚĂĂƚĂǆŝĂůůŽĐĂƚŝŽŶŽĨǌͬсϳ͘ϱŽĨƚŚĞƚĞŵƉĞƌĂƚƵƌĞĨŽƌƚŚĞ^ĂŶĚŝĂDĨůĂŵĞ
;ƚŽƉͿĂŶĚĨŽƌƚŚĞ^ĂŶĚŝĂD'ĨůĂŵĞ;ďŽƚƚŽŵͿ͘/ŶĂůůƉůŽƚƐϭϬ͕ϬϬϬŝŶƐƚĂŶƚĂŶĞŽƵƐƌĞĂůŝƐĂƚŝŽŶƐĂƌĞƐŚŽǁŶ͘

ǆƉĞƌŝŵĞŶƚĂůĂŶĚŶƵŵĞƌŝĐĂůƐĐĂƚƚĞƌĚĂƚĂŽĨƚŚĞĐŽŶĚŝƚŝŽŶĂůƚĞŵƉĞƌĂƚƵƌĞŽĨĨůĂŵĞDĂŶĚ'ĂƚĂŶ
ĂǆŝĂů ůŽĐĂƚŝŽŶ ŽĨ ǌͬ с ϳ͘ϱ ĂƌĞ ƐŚŽǁŶ ŝŶ &ŝŐ͘ ϭ͘ &Žƌ ƚŚĞ D  ĨůĂŵĞ ĨĂƌ ĚĞƉĂƌƚƵƌĞƐ ĨƌŽŵ ƚŚĞ
ĞƋƵŝůŝďƌŝƵŵĐŽŵƉŽƐŝƚŝŽŶŝƐĂƌĂƚŚĞƌƌĂƌĞĞǀĞŶƚ͘/ŶĐŽŶƚƌĂƐƚƚŚĞŝŶĐƌĞĂƐĞĚƐŚĞĂƌĨŽƌĐĞƐĨŽƌƚŚĞŚŝŐŚĞƌ
ZĞǇŶŽůĚƐ ŶƵŵďĞƌ ĐĂƐĞ ŚĂƐ ĂŶ ƐƚƌŽŶŐ ŝŵƉĂĐƚ ƌĞŐĂƌĚŝŶŐ ƚŚĞ ĐŽŶĚŝƚŝŽŶĂů ĨůƵĐƚƵĂƚŝŽŶƐ ŝŶ ĐŽŵƉŽƐŝƚŝŽŶ
ƐƉĂĐĞ͘ dŚĞ DD ŵŽĚĞů ĐŽƌƌĞĐƚůǇ ƌĞƉƌŽĚƵĐĞƐ ƚŚĞ ŵŽƌĞ ĨƌĞƋƵĞŶƚ ůŽĐĂů ĞǆƚŝŶĐƚŝŽŶ ĞǀĞŶƚƐ ĨŽƌ ĨůĂŵĞ
D'ǁŚĞƌĞĚĞǀŝĂƚŝŽŶƐĨƌŽŵƚŚĞĞƋƵŝůŝďƌŝƵŵĂƌĞŽĨƐŝŵŝůĂƌŵĂŐŶŝƚƵĚĞĐŽŵƉĂƌĞĚƚŽƚŚĞĞǆƉĞƌŝŵĞŶƚ͘
dŚĞƉƌĞĚŝĐƚŝǀĞĐĂƉĂďŝůŝƚŝĞƐŽĨDDͲ>^ĂƌĞƚĞƐƚĞĚďǇŵŽĚĞůůŝŶŐƚŚĞǁŚŽůĞƐĞƌŝĞƐƵƐŝŶŐĂƐŝŶŐůĞƐĞƚŽĨ
ŵŝǆŝŶŐ ŵŽĚĞů ƉĂƌĂŵĞƚĞƌƐ͘  ǀĂůƵĞ ŽĨ ƚŚĞ DD ƉĂƌĂŵĞƚĞƌ Ĩŵ с Ϭ͘Ϭϯ͕ ǁŚŝĐŚ ĐŽŶƚƌŽůƐ ƚŚĞ ĚŝƐƚĂŶĐĞ
ďĞƚǁĞĞŶ ŵŝǆŝŶŐ ƉĂƌƚŝĐůĞƐ ŝŶ ƚŚĞ ƌĞĨĞƌĞŶĐĞ ŵŝǆƚƵƌĞ ĨƌĂĐƚŝŽŶ ƐƉĂĐĞ͕ ŚĂƐ ŽŶĐĞ ĂŐĂŝŶ ďĞĞŶ ĨŽƵŶĚ ƚŽ
ĂĐŚŝĞǀĞ Ă ŐŽŽĚ ŵĂƚĐŚ ǁŝƚŚ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚĂů ĚĂƚĂ͘ ZĞƐƵůƚƐ ƐŚŽǁŶ ŽŶ ƚŚĞ dE& ƉŽƐƚĞƌ ǁŝůů ŝŶĐůƵĚĞ
ǀĞůŽĐŝƚǇ͕ƵŶĐŽŶĚŝƚŝŽŶĂůŵŝǆƚƵƌĞĨƌĂĐƚŝŽŶĂŶĚƚĞŵƉĞƌĂƚƵƌĞƉƌŽĨŝůĞƐĂŶĚĐŽŶĚŝƚŝŽŶĂůƚĞŵƉĞƌĂƚƵƌĞĂŶĚ
ƐƉĞĐŝĞƐŵŽůĞĨƌĂĐƚŝŽŶƐĨŽƌĂƐĞůĞĐƚĞĚǀĂƌŝĂƚŝŽŶŽĨƚŚĞ&ůĂŵĞZĞǇŶŽůĚƐŶƵŵďĞƌƐ͘
ZĞĨĞƌĞŶĐĞƐ
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/ŶƚĞƌŶĂƚŝŽŶĂůtŽƌŬƐŚŽƉŽŶDĞĂƐƵƌĞŵĞŶƚĂŶĚŽŵƉƵƚĂƚŝŽŶŽĨdƵƌďƵůĞŶƚEŽŶƉƌĞŵŝǆĞĚ&ůĂŵĞƐ;dE&Ϳ͘
ĂǀĂŝůĂďůĞĂƚŚƚƚƉ͗ͬͬǁǁǁ͘ƐĂŶĚŝĂ͘ŐŽǀͬdE&͕ϮϬϭϲ͘
͘ ŽƌŝƚŽŶ͕ D͘ ĞŶĚĞŚĚĞů͕ ^͘ hŬĂŝ͕ ͘ <ƌŽŶĞŶďƵƌŐ͕ K͘ d͘ ^ƚĞŝŶ͕ ^͘Ͳ<͘ /ŵ͕ D͘ 'ĂŵďĂ͕ :͘ ,͘ &ƌĂŶŬ͕ WƌŽĐ͘
ŽŵďƵƐƚ͘/ŶƐƚ͘ϯϱ;ϮϬϭϱͿ͕ϭϮϱϭͲϭϮϱϴ͘
&͘&ƵĞƐƚ͕Z͘ĂƌůŽǁ͕:͘Ͳz͘ŚĞŶ͕͘ƌĞŝǌůĞƌ͕ŽŵďƵƐƚ͘&ůĂŵĞϭϱϵ;ϮϬϭϮͿϮϱϯϯͲϮϱϲϮ͘
&͘&ƵĞƐƚ͕'͘DĂŐŶŽƚƚŝ͕Z͘^͘ĂƌůŽǁ͕:͘͘^ƵƚƚŽŶ͕WƌŽĐ͘ŽŵďƵƐƚ͘/ŶƐƚ͘ϯϱ;ϮͿ;ϮϬϭϱͿ͕ϭϮϯϱͲϭϮϰϮ͘
&͘&ƵĞƐƚ͕Z͘^͘ĂƌůŽǁ͕'͘DĂŐŶŽƚƚŝ͕:͘͘^ƵƚƚŽŶ͕ŽŵďƵƐƚ͘&ůĂŵĞϭϴϴ;ϮϬϭϴͿ͕ϰϭͲϲϱ͘
D͘:͘ůĞĂƌǇ͕͘z͘<ůŝŵĞŶŬŽ͕WŚǇƐ͘&ůƵŝĚƐϮϯ;ϮϬϭϭͿ͘
:͘:͘DŽŶĂŐŚĂŶ͕ZĞƉ͘WƌŽŐ͘WŚǇƐ͘ϲϴ;ϴͿ;ϮϬϬϱͿ͕ϭϳϬϯ͘
z͘'Ğ͕D͘:͘ůĞĂƌǇ͕͘z͘<ůŝŵĞŶŬŽ͕WƌŽĐ͘ŽŵďƵƐƚ͘/ŶƐƚ͘ϯϰ;ϮϬϭϯͿ͕ϭϯϮϱͲϭϯϯϮ͘
'͘EĞƵďĞƌ͕͘<ƌŽŶĞŶďƵƌŐ͕K͘d͘^ƚĞŝŶ͕D͘:͘ůĞĂƌǇ͕͘ŽƌŝƚŽŶ͕:͘,͘&ƌĂŶŬ͕;ϮϬϭϲͿ͕ϯϲƚŚ/ŶƚĞƌŶĂƚŝŽŶĂů
ŽŵďƵƐƚŝŽŶ^ǇŵƉŽƐŝƵŵ͕^ĞŽƵů͕<ŽƌĞĂ͘
^͘sŽ͕K͘d͘^ƚĞŝŶ͕͘<ƌŽŶĞŶďƵƌŐ͕D͘:͘ůĞĂƌǇ͕ŽŵďƵƐƚ͘&ůĂŵĞϭϳϵ;ϮϬϭϳͿϮϴϬͲϮϵϵ͘
^͘'ĂůŝŶĚŽͲ>ŽƉĞǌ͕&͘^ĂůĞŚŝ͕D͘:͘ůĞĂƌǇ͕͘Z͘DĂƐƌŝ͕'͘EĞƵďĞƌ͕K͘d͘^ƚĞŝŶ͕͘<ƌŽŶĞŶďƵƌŐ͕͘sĂƌŶĂ͕͘
Z͘,ĂǁŬĞƐ͕͘^ƵŶĚĂƌĂŵ͕͘z͘<ůŝŵĞŶŬŽ͕z͘'Ğ͕ŽŵƉƵƚĞƌƐĂŶĚ&ůƵŝĚƐ;ϮϬϭϴͿϭͲϭϴ͘
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Challenges for Large Eddy Simulation of Partially Premixed Turbulent Combustion
using Reduced-Order Manifold Flame Structure Models
Bruce A. Perry1,*, Michael E. Mueller1
1

Department of Mechanical and Aerospace Engineering, Princeton University
* baperry@princeton.edu

Introduction: Many practical combustion systems involve inhomogeneous partial premixing of fuel and air, so
combustion occurs outside of the asymptotic premixed and nonpremixed combustion modes. As reviewed by
Masri [1], recent experimental and computational efforts have been moving beyond the traditional classiﬁcation
to understand partially premixed combustion. One area of need is to develop affordable models for partially
premixed combustion that can be used in Large Eddy Simulations (LES). Reduced-order manifold models
typically use the assumption of premixed or nonpremixed flame structures to reduce the dimensionality of the
thermochemical state space by projecting onto a low-dimensional manifold, parameterized by a mixture fraction
(Z) and/or progress variable (C). The Flamelet/Progress Variable (FPV) approach [2] for nonpremixed combustion
and the Flamelet Generated Manifolds (FGM) approach [3] for premixed combustion, which both use 1D flame
calculations as component problems to generate the low-dimensional manifold, have been successfully applied in
the corresponding regimes but are not applicable to partially premixed combustion without modification.
The FPV approach can be extended to account for nonpremixed-like partially premixed combustion, where
fuel and oxidizer may partially mix prior to the flame, but mixing between fuel and oxidizer remains the
controlling factor in the flame. A second mixture fraction must be defined, which can be used to specify a variable
boundary condition for 1D component flame calculations [4]. The Partially Premixed Flamelet Tabulation (2PFT)
approach is similar [5], but the scalar dissipation rate is used as a parameterizing variable instead of a second
mixture fraction. 2PFT can incorporate some multimodal combustion effects because the 1D component
calculations, partially premixed counterflow flames between air and partially premixed fuel/air, include premixed
flames for flammable fuel mixtures at low strain rates. Multi-modal combustion has also been modeled by
determining the locally dominant combustion mode and switching between traditional nonpremixed or premixed
models accordingly. The most rigorous approach is based on a flamelet-like coordinate transformation to a 2D
space, with separate parameterizing variables related to premixed and nonpremixed combustion [6]. The Knudsen
regime index is defined based on the balance between premixed and nonpremixed terms in the resulting equation
and is used to identify which limiting model should be used. The major limitation of mode-switching is that it
does not explicitly model intermediate combustion regimes.
The University of Sydney piloted jet burner with inhomogeneous inlets [7,8] has been used as a test case to
validate reduced-order manifold flame structure models. The burner has a variable length mixing tube upstream
of the nozzle where concentric fuel and air streams partially premix, and the intermediate Lr75 case features
inhomogeneous partially premixed conditions that result in multi-modal combustion. No single approach has been
able to fully predict the partially premixed flame structure for this case: Wu and Ihme [9] showed that neither
premixed nor nonpremixed models can provide accurate predictions, Kleinheinz et al. [10] applied the Knudsen
mode switching model but did not explicitly account for intermediate combustion regimes, and Perry et al. [4]
found that a nonpremixed-based two mixture fraction model accurately predicts flame structure except in a small
region where premixed combustion dominates. The objective of this work is to determine whether a combination
of existing approaches can give accurate predictions for this configuration, even though all assume an inherently
1D flame structure. The two mixture fraction model of Perry et al. is extended to explicitly include premixed
combustion using a similar methodology as 2PFT. Additional methods of incorporating premixed effects are
considered, including the Knudsen regime indicator and an approach based on flammability limits.
Modeling Approach: The flame of interest has three main inlet streams: the central fuel stream, the annular air
stream that surrounds and partially premixes with the fuel, and the air coflow. All the modeling approaches in this
work build off the approach from [4], where two conserved-scalar mixture fractions (ܼ and ܼ  ) כare defined and
given boundary conditions such that Z corresponds to jet/coflow mixing and ܼ  כcorresponds to fuel/air mixing.
The fuel premixing fraction (F) is defined  כ ܼ ؠ ܨȀܼ and can be physically interpreted as the effective mixture
originating from the nozzle. The reduced-order manifold is generated using solutions to the steady 1D flame
equation in Z-space, which is solved for a range of fuel mass fraction boundary conditions at ܼ ൌ ͳ
(corresponding to many values of F) and for many reference values of ߯ , the scalar dissipation rate for ܼ. The
dependence on ߯ is then recast using the progress variable. Three approaches are considered for expanding this
manifold generation method to include premixed combustion:
Nonpremixed+ Approach: Some of the 1D flame solutions with partially premixed boundary conditions
plotted in Fig. 1 in the purple plane have increasingly vertical profiles near ܼ ൌ ͳ. A premixed flame would be a
vertical line, so the near vertical profiles, which occur at low ߯ǡ୰ୣ , indicate that the 1D flames contain a premixedlike component. It is both mathematically and physically consistent to extend the nonpremixed-based model by
explicitly including 1D premixed flames at the ܼ ൌ ͳ boundary of the state space. This forms the basis of the

TNF14 Workshop

420

27-28 July 2018, Dublin, Ireland

“Nonpremixed+” approach, which is analogous to 2PFT, except the
manifold is parameterized by the scalars Z, F, and C. The location in
the cubic state space determines whether the nonpremixed (blue),
nonpremixed-like (purple), or premixed (red) model is accessed. This
approach implicitly assumes an order of mixing and reaction: first,
nonreactive mixing between fuel and air in the jet, then either
premixed flame propagation or reactive mixing with the coflow air.
Flammability-based Mode Switching: Phenomenologically, if the
value of F indicates that the mixture of fuel and air in the central jet is
flammable, premixed flame propagation should be expected.
Therefore, this approach builds on the Nonpremixed+ approach by
accessing a standard FGM premixed model if F is within the empirical
flammability limits, taken to be ͲǤͲʹͺ ൏  ܨ൏ ͲǤͲͺͻ.
Knudsen Indicator Mode Switching: The Knudsen regime
indicator [6] is used to switch between the Nonpremixed+ model and
a standard FGM premixed model. Past approaches used this regime
indicator with standard FPV models, but this work explicitly includes
the nonpremixed-like flames in the intermediate region. The main
purpose of the Knudsen switching is to be able to model premixed
combustion of arbitrary mixtures, rather than limiting it to the ܼ ൌ ͳ
plane as in the Nonpremixed+ model alone.

Fig. 1: Reduced-order state-space for the
Nonpremixed+ approach. Each line within the
blue and purple planes represents a 1D flame
solution, with the ܼ ൌ ͳ boundary condition
ܻி ൌ ͳ for the blue plane (recovering the FPV
model) and ܻி ൌ ͲǤͶ for the purple plane. A
total of 35 conditions ranging from  ܨൌ Ͳ to
 ܨൌ ͳ were considered. The red plane is
equivalent to the FGM model, with vertical
lines representing 1D premixed flames.

Results: Predictions for temperature and the formation of CO from
LES using the three approaches are compared to experimental
measurements from the burner with inhomogeneous inlets in Fig. 2. Results using the premixed FGM approach
and the previous two mixture fraction FPV approach [4] are also plotted. The former is accurate only for ݔȀ ܦ
ͷ and the latter only for ݔȀ ܦ ͳͲ. This trend is consistent with experimental observations, which indicate that
premixed combustion near the nozzle transitions to nonpremixed-like combustion downstream. This qualitative
transition is reproduced by the mode switching models, and the Nonpremixed+ model in particular gives better
predictions than either single mode model as a result. However, none of the approaches reproduce the transition
at the correct location, instead predicting that premixed combustion persists too far downstream.
The mode-switching models used here fail to accurately capture the transition between modes because of the
assumptions about the order of mixing and reaction in the Nonpremixed+ model. It is assumed that all mixing
between the fuel and air in the jet occurs prior to nonpremixed combustion, which happens when the jet mixes
with the coflow at constant F (in 1D along the Z-direction). Physically, nonpremixed-like behavior is also possible
at ܼ ൌ ͳ(within the inhomogeneous jet, 1D nonpremixed flame in the F-direction), where the model presently
assumes premixed combustion. This is a limitation of assuming combustion occurs in 1D in a specified direction
within the reduced-order state space. Generating the manifold from solutions to a 2D equation, which is the subject
of ongoing work, would bypass the issue.

Figure 2: Peak conditional mean values of ܻை (left) and Temperature (right) as a function of axial distance. The three multimodal approaches, a purely premixed model, and the nonpremixed model from [4] are compared to experimental data.
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The Conditional Dissipation Mapping Closure for all Regimes of
Turbulent Premixed Combustion
Stephen B. Pope
s.b.pope@cornell.edu
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The Conditional Dissipation Mapping Closure (CDMC) is a new statistical approach that is
applicable to all regimes of premixed turbulent combustion. In particular, CDMC realistically
accounts for the coupling between reaction and diﬀusion in ﬂamelet and non-ﬂamelet regimes.
Here we describe and apply CDMC to the simpler case of statistically homogeneous reactiondiﬀusion systems in one spatial dimension. With c(x, t) being the reaction progress variable,
the governing equation is
∂2c
∂c
= Γ 2 + S(c[x, t]),
(1)
∂t
∂x
where Γ is the diﬀusivity and S is the chemical source term. While this is a much simpler case
that premixed turbulent combustion, it retains the essence of the problem, i.e., the coupling
between reaction and diﬀusion. Indeed, depending on the speciﬁcation of the initial condition
c(x, 0) and the chemical source term, there is a rich set of challenging problems.
The principal features of CDMC are as follows:
1. The closure is at the level of the PDF, f (c), of the progress variable c(x, t) and the
conditional dissipation (or, equivalently, the conditional mean square gradient of c).
2. Terms in the resulting equations due to reaction are in closed form.
3. The unknown statistics involving derivatives of c are modeled using a new mapping
closure. This involves a single physical parameter and no adjustable constants.
4. At time t, the mapping transforms a standardized Gaussian process θ(z) to a surrogate
process cs (x, t) with the same PDF and conditional dissipation as c(x, t). The only
assumption in the approach is that the unknown statistics of c(x, t) are the same as the
known statistics of cs (x, t).
5. The mapping involves two transformations. First there is a straining transformation of
the independent variable of the form dx = λdz, where λ depends on the square of the
gradient, θz2 , and a straining function β(η, t), where η is a sample-space variable corresponding to θ. The transformed process is denoted by ζ(x[z], t) = θ(z). By construction,
this transformation maintains the standard Gaussian one-point PDF and creates the
required conditional mean-square gradients of ζ.
6. Second, as in previous mapping closures (Kraichnan (1990), Pope (1991)) there is a
mapping function C(η, t) that transforms ζ to the surrogate process, i.e., cs (x, t) =
C(ζ[x, t], t).
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Figure 1: Evolution of the PDF of c for a test case: solid lines, DNS; dashed lines, CDMC.
7. The resulting model consists of two coupled PDEs for the mapping function C(η, t) and
the straining function β(η, t). The PDF and conditional dissipation are readily obtained
from these solutions.
8. Interestingly, the chemical source term appears only (and naturally) in the mapping
equation as ∂C/∂t = S(C) + . . .. There is no direct eﬀect of reaction on the straining
β(η, t).
9. The model guarantees realizability, boundedness, etc., since at each instant the statistics
evolve exactly as those of a realizable process governed by Eq. (1)
10. At inﬁnite Damkohler number, the model yields ﬂamelet combustion with the correct
structure: the equation for the mapping C(η, t) becomes an exact mathematical analogy
to the ﬂame equation.
11. While a spectrum (or, equivalently, a two-point correlation) is needed to deﬁne the Gaussian process θ(z), the only related quantity appearing in the closure is the variance of
second derivative of θ. This aﬀects the initial rate of mixing.
Several cases, corresponding to diﬀerent initial conditions and chemical source terms, have
been studied. As an illustration, Fig. 1 shows the evolution of the PDF of c for a reactive
case, starting from an initially ﬂat PDF. The solutions obtained from CDMC (dashed lines)
are compared to statistics obtained from direct numerical simulations (DNS), i.e., solutions to
Eq. (1) (solid lines). As may be seen, there is good agreement.
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1. Introduction
Increasingly stringent regulatory standards, as well as a recent trend towards developing high power-density
engines, has increased the potential impact of ﬂame-wall interaction (FWI). The nature of the small length
scales involved in FWI has presented signiﬁcant challenges in the experimental study of this phenomenon
[1]. These factors increase the challenges associated with modelling important pollutants, such as exhaust
CO emissions ([CO]exh ). Hence, the objective of this work is to explore the impact of diﬀerent parameters
on [CO]exh , in the context of transient ﬂames undergoing heat loss due to FWI. To do this, a burner was
designed to allow [CO]exh measurements, while being optically accessible to study ﬂame dynamics, during
FWI. Diﬀerent ﬂame behaviours can be induced by forcing the ﬂame for a range of frequencies and amplitudes [2], ﬂame chemiluminescence (CL) can then be used to measure quenching distance (δQ ) [3]. This
ﬂame behaviour may be linked to [CO]exh , which can be measured at ±0.003 ppm uncertainty, using a
vehicle certiﬁcation-grade emissions bench. The eﬀect of diﬀerent wall cooling rates (Q̇c ) can be explored
to bring this study closer in relevance to practical engine systems, which use this parameter to control their
combustor wall temperature (Tw ) [4].

2. Burner
The burner is a modiﬁed version of that used by Wiseman et al. [5], and features the same plenum and nozzle
design, including the speaker that induces the forcing.
Propane and air ﬂow rates and equivalence ratios (φ) are
controlled using two MKS thermal ﬂow controllers. These
premixed reactants then pass into the plenum, through
some honeycomb and mesh ﬂow straighteners, and then
ﬁnally through the converging nozzle. The pilot ﬂame ignites the mixture in the optical combustor section, and is
extinguished once the main ﬂame has stabilised.
The primary novelty of this burner is the addition of
an internally water-cooled stainless steel tube, in line with
the central axis of the nozzle (see Fig. 1). This quenching wall leads to three main ﬂame shapes, and is largely
controlled by Q̇c , φ and the inlet velocity (u) [6]. The
ﬂame conﬁguration chosen for this study is shown in Fig.
2. This was chosen as its shape is similar to the canonical
side-wall quenching (SWQ) conﬁguration [7], when considering only the mid-plane of the burner. Though the
focus of this study is on lean ﬂames, the burner can acFigure 1: Annotated schematic cross section view of
commodate a variety of φ, subject to ﬂashback and blowthe burner test section.
oﬀ limits.
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3. Flame Imaging
The speaker is driven by an in-house built timing system,
which is also used to trigger camera imaging. This timing
system phase-locks the trigger signal to the forcing cycle
at user-deﬁned intervals. Hence, this system can be used
to take multiple single-shot ﬂame images (see Fig. 2a), at
any point in the forcing cycle, for any forcing frequency.
This allows a low-speed imaging system to capture the
dynamics of higher-speed cyclic events, subject to signal
and blur constraints on exposure time.
Due to the line-of-sight nature of ﬂame CL, an Abel
inversion needs to be conducted. This allows information
from the focal plane to be estimated from the 2D projection given by the ﬂame CL image. A linear translation
variant (LTV) ﬁlter is used to further de-noise the image,
while preserving the edges [8]. A Canny edge detector Figure 2: Example image of a ﬂame raw image with
then extracts the two edges of the ﬂame (see Fig. 2b) [9]. the region of interest (ROI) highlighted (a), the ﬂame
edge dtected (b), and the ﬂame edges overlaid on the
The ﬂame edge seen in Fig. 2c can be used to measure
ﬂame within the ROI (c).
the δQ under diﬀerent forcing conditions. The frequency
and amplitude response of δQ can then be correlated to the behaviour of the measured [CO]exh . More details
of this post-processing algorithm can be found in Rivera et al. [10].

4. Emissions Measurement
The emissions measurements are conducted using a watercooled emissions probe situated ≈ 210 mm downstream
of the ﬂame. The emissions bench uses a Non-Dispersive
Infrared (NDIR) analyser to measure dry [CO]exh concentrations. Span gas concentrations of 100 ppm, 1000 ppm,
2% vol and 8% vol of CO-N2 can be used to calibrate
the analyser for diﬀerent measurement ranges. Figure 3
shows [CO]exh measurements across φ. This shows the
expected trend of increasing [CO]exh as φ is increased.
This trend in the result agrees with simple non-adiabatic
ﬂame modelling across diﬀerent equivalence ratios [6], as
well as standard SI engine-out emissions proﬁles [11].

Figure 3: Exhaust CO measurements across φ.
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1. Introduction
Most gas turbine combustors use swirl burners to stabilize the flame by vortex breakdown-induced
recirculation of hot combustion products. An alternative concept is based on recirculation-stabilized
jet-flames, closely related to MILD or FLOX® combustion. Such flames exhibit very low NOx
emissions, are less susceptible to thermo-acoustic instabilities and
enable a stable combustion for a variety of fuels. Fig.1 shows a
typical burner arrangement with 12 nozzles that has been used for
high-pressure tests at DLR [1]. The high-momentum jets of
(partially) premixed fuel and air issuing from the nozzles generate a
recirculation zone in the central region of the combustion chamber
and the mixing of burned gas and fresh load in the shear layers
leads to a continuous ignition of the flame. One of the key
questions concerns the flame stabilization mechanism, e.g., to what
extent auto-ignition contributes to stabilizing the flame near the
Fig.1: Photo of a gas turbine
(lifted) flame root. To study the behavior in a simplified geometry
combustor based on jetand at laboratory conditions, a confined single-nozzle jet burner,
stabilized flames
equipped with an optical combustion chamber, has been set-up.
2. Jet-stabilized single-nozzle burner and measurement techniques
The burner consists of a round nozzle (I.D. 10 mm) in a combustion chamber with rectangular cross
section (40 x 50 mm2). The nozzle is off-set from the center by 10 mm to resemble the nozzle
placement of a multi-nozzle burner. Figure 2 presents a photo of the burner. Methane and air were
perfectly premixed and preheated before entering the combustion chamber. Parameters such as
equivalence ratio ࢥ, preheat
temperature Ti and jet exit
velocity v were varied and a
standard case was defined as
ࢥ=1, Ti=200°C, v=20 m/s [2].
The flame shape was measured
by OH chemiluminescence
imaging and OH laser induced
fluorescence, and the flow
velocities were determined by
stereoscopic particle image
velocimentry (PIV). These

Fig.2: Photo of the burner (left)
and mean flow field (right)
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techniques were applied simultaneously at frame rates of 5 kHz. Thus, the temporal development and
the interaction between the flow field and the flame could be revealed.
3. Results
The PIV measurements showed that the mean flow field was dominated by the high velocities of the
jet and a pronounced recirculation zone on that side of the nozzle with the larger distance to the wall
(see Fig.2). The flame was lifted and asymmetric as the photo in Fig.2 demonstrates. The timeresolved single-shot measurements revealed that the recirculation zone was composed of several
smaller vortices in the shear layer between the inflow and the recirculation zone. The example
displayed in Fig.3 shows that these
vortices contributed strongly to the
mixing of recirculated and fresh gas
and thus promoted the stabilization of
the flame. At axial locations between
y=40 and 120 mm reacting flame
sheets were often observed to be
isolated, at least in 2D cuts. This can
be explained by auto-ignition events,
local flame extinction or cuts through
connected three-dimensional
structures with OH-free zones in the
measurement plane. Time-series of
Fig.3: Single-shot of simultaneously recorded OH and
instantaneous OH chemiluminescence
velocity. High OH LIF signals are indicative of flame
images revealed that auto-ignition
reactions.
kernels frequently appeared near the
flame root. Typically, they expanded, convected downstream and merged with the main flame body. It
can thus be stated that auto-ignition contributed to flame stabilization under these conditions.
Generally, the flame behaved very unsteady in the stabilization region with significant movements and
jumps of the anchoring point.
4. References
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Conference, 10.-12.07.2017, Atlanta, USA. DOI: 10.2514/6.2017-4684.
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The development of MILD Combustion systems [1] in several practical applications is
hampered by a lack of understanding into such regime and thus novel tools are required
compared to conventional combustion systems.
In MILD combustion technologies, reactants are diluted with large amounts of burnt reaction
products prior to ignition, which enables reactive structure stabilization under diluted
conditions, thereby avoiding high-temperature regions that promote enhanced thermal NOx
formation.
In this background, computational fluid dynamics (CFD) for the prediction of the burner
behavior and its optimization, appears essential for a successful introduction of such a concept
in some industries.
A major issue in the modeling of diluted combustion is the pronounced sensitivity of the
reactive structure to the reaction chemistry and therefore detailed kinetic schemes are necessary
when a gas mixture is subjected to dilution by hot reaction products [2].
In order to include detailed chemistry in fluid-dynamics simulations, Flamelet Generated
Manifold (FGM) was used with Igniting Mixing Layer as canonical configuration used for
tabulation (IML) [3].
On the experimental side, the amount of detailed experimental data available for burners
operating under MILD/Flameless conditions is relatively scarce, and in general, when reported,
covers very few and narrow combustor operating conditions. Moreover, in conventional
flameless configurations, such as JHC, the stabilization process is achieved by means of bluffbody or swirl flow, and the combustion typically occurs far from the walls. Thus, adiabatic
conditions are often assumed in such models. However, heat loss effects play an influential role
in furnace-like burners because of the confinement and longer residence time of internal EGR
systems. Internal EGR is also the cause of the high content of the absorbing and emitting
mixture of H2O/CO2 inside the combustion chamber, which poses further modeling challenges
for MILD combustion.
Based on such considerations, we report a study of the characterization of MILD combustion
in a novel cyclonic burner [4], reported in Fig. 1. Experiments were performed in a small-scale
combustor and included detailed measurements of local mean temperatures and concentrations
of gas species at the stack for several operating conditions. Such quantities are very important
to characterize the reactive behavior of the MILD regime and to provide valuable information
for the assessment of predictive models. Experimental measurements in terms of temperature
and species profiles were compared with the detailed results of numerical computations in this
configuration. This was done at ambient pressure for three mixture composition values.
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Finally, the impact of heat loss at the walls was evaluated by reporting two cases for heat
exchange inclusion: convection and convection with radiation modeling. The numerical results
of this work, reported in Figure 2 for a stoichiometric case, demonstrated that FGM with IML
is a promising tool for modeling the complex flame structures of a cyclonic burner working
under MILD combustion regime, with room for improvements. The work pointed out the
importance, for this type of burner under MILD conditions, of a proper modeling of the heat
exchange. In particular, it was proved that the radiative properties concerning both the exhaust
gases and walls, have a not negligible contribution to the stabilization of homogeneous MILD
conditions.
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Fig. 1

Sketch of the midplane section (a) and front view (b) of the cyclonic configuration

Fig. 2 Axial profiles of the measured temperature with uncertainties (symbols with error bars) and
predicted temperature at the midplane along the positions of the lateral (a) and central (b)
thermocouples for the stoichiometric case for two heat transfer modeling approaches.
TNF14 Workshop

429

27-28 July 2018, Dublin, Ireland

14th International Workshop on Measurement & Computation of Turbulent Flames
Dublin, Ireland July 27-28 2018
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Abstract
We present the first instantaneous 3D reconstructions of the swirled (SwB3) Cambridge stratified flame by
combing the flame chemiluminescence images with computed tomography. The burner was borrowed from
the Hochgreb group at Cambridge University for testing. The experimental setup constituted 30 CCD
cameras, Basler acA645-100gm with a ½” Sony ICX414 monochrome sensor and 659 by 494 square pixels
of size 9.9 µm, that are fitted with Kowa C-mount lenses with a focal length of 12 mm. The cameras, which
have a peak spectral response in the range of 400 - 680 nm, were placed in one horizontal plane around the
burner, with a constant angular separation of 6° and a fixed distance to the burner, as shown in Figure 1.
The optimum camera locations and settings of the algorithm were chosen based on our previous
reconstructions of a swirl flame [1].

Figure 1: The 30-camera setup around the Cambridge stratified burner (left) and a schematic drawing of the setup
from the top view (right).

The chemiluminescence intensities of CH*, C2*, CO2* and any possible thermally excited water can be
captured by the cameras. We have obtained simultaneous images without any filters, and with different
must be reduced as much as
optical filters. To resolve finer flame structures, the camera exposure time
possible, but this reduces the signal-to-noise ratio SNR, and hence a compromise between minimising
motion blur and maintaining an adequate SNR was reached in every test. The feasible exposure times were
  , depending on the specific test case.
in the range of
The reconstructions were performed directly in 3D, through volumetric discretisation of the field, using two
of our in-house tomography algorithms: (I) the Computed Tomography of Chemiluminescence (CTC) that
was originally provided by Floyd [2, 3], and that is based on the algebraic reconstruction technique (ART)
[4], and (II) our recent Evolutionary Reconstruction Technique (EvoRec) that is based on a genetic
algorithm. Our previous reconstructions of the non-swirl Cambridge stratified flame SwB1 compared well,
qualitatively, to the direct numerical simulation (DNS) data of Proch et al. [5], as shown in Figure 2. The
highly-resolved DNS data, 10 px / mm, was down-sampled and blurred to match the reconstruction domain
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resolution and estimated image blurring based on the camera exposure time and the flame velocity from the
DNS data. Examples of the reconstructed field for the swirled SwB3 flame are shown in Figure 3, for
reconstructions that used flame images without any optical filters, obtained with two different exposure
times. The sacrifice in the SNR for the shorter camera exposure time is reflected through the added noise in
the reconstruction. The flame clearly spreads out more in the swirled SwB3 case compared to the nonswirled SwB1 case. We will discuss the flame geometry by presenting a series of reconstructions.

Figure 2: Horizontal slices from the previously reconstructed non-swirled Cambridge stratified flame SwB1 case
using images obtained with
  (top row), and the corresponding slices from the DNS data (bottom row).
The data presented is from randomly chosen instances in time.

Figure 3: Horizontal slices at different heights above the burner, z, and the burner centre vertical slice as x = 0 from
the reconstructed SwB3 flame, using flame images obtained with two different camera exposure times.
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A swirl-stabilized burner is constructed to investigate flame dynamics and thermoacoustic instability. As
shown in Figure 1, it consists of a driver unit, a settling chamber, a contraction ended by a constant diameter duct,
a horizontal end piece and an enclosed chamber. The rotation of the flow is induced by an axial swirler equipped
with eight twisted airfoil vanes. A small bluff body is used to stabilize the flame during the unsteady motion of
the flow. A loud speaker installed at the bottom of the setup provides acoustic excitation to the flame. Air and fuel
(methane or the vapor of acetone) are premixed and enter the bottom of the burner through two tubes connected
to the burner.
To investigate the response of the swirling flame to the acoustic excitation, both the unsteady flow field and
the evolution of the flame surface are measured simultaneously. The measurement techniques mainly depend on
a high-speed burst mode Nd:YAG laser (Spectral Energies, QuasiModo1000) with a repetition rate of up to 100
kHz and two intensified high-speed CMOS cameras. High speed PIV is used for the measurement of the unsteady
flow field. PLIF for the distribution of CH2O/acetone is used to capture the evolution of the flame front. Tunable
diode laser absorption spectroscopy (TDLAS) is adopted for the measurement of flame temperature and
concentrations of CO2/ H2O. Moreover, a hot wire is equipped in the downstream of the swirler used to measure
the flow velocity variation due to the acoustic excitation.
Figure 2 shows the instantaneous flame patterns in a full cycle of acoustic modulations for equivalence ratio
of 0.8. Phase conditioned flow field from PIV and CH* chemiluminescence images are given. The flame surface
decreases from 0° to 180° and increases from 180° to 360°. This is mainly due to two effects, vortex roll-up from
the rim of the bluff body, and the perturbations of the swirler number. The former induces the rolling up of the
flame tip and the latter can cause the changes of the flame angle[1].
Figure 3 shows the flow field from planar PIV and the acetone PLIF. The fuel is vapor acetone with
equivalence ratio ϕ = 0.8. As all of the acetone is consumed at the flame front and there is no PLIF signal in the
downstream region, flame position can be approximately identified from acetone PLIF. From the PIV results it
can be found that a distinct vortex is produced at the injector of the burner and rolled up with the flow. Meanwhile,
in the center zone vortex break down is formed, and there is also a distinct vortex shedding in the inner zone. The
flame is rolled up with the rolling up of the inner and outer vortex. Figure 4 shows the temperature fields measured
using TDLAS in a period with 200Hz acoustic excitation. It can be found that the high and low temperature spots
are produced with the rolling up of the flame tip and convected downstream.

a. swirl burner

b. PIV and PLIF system

c. TDLAS

Figure 1. schematic of the swirler burner and burst mode laser diagnostic system
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Figure 2. Flow field from PIV and CH* chemiluminescence images with 100-200 Hz acoustic excitation.

Figure 3. Flow field from PIV and Acetone PLIF of swirling flame with 200 Hz acoustic excitation.

Figure 4. Temperature field of a period with 200 Hz acoustic excitation by TDLAS.
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In modeling turbulent reactive flows based on one-point one-time transported PDF (TPDF) methods,
while the nonlinear chemical reaction term is treated exactly, the molecular diffusion term is unclosed and
is in general modelled by mixing models. Each mixing model specifies a specific mixing formulation
describing the manner in which mixing occurs, coupled with the specification of the scalar mixing timescale.
Different mixing formulations such as the interaction by exchange with the mean (IEM), the modified Curl’s
model (MC), and the Euclidean minimum spanning tree (EMST) model, binomial Langevin model etc. have
been widely employed in TPDF simulations due to the relative simplicity of their implementation and the
guarantee of realizability. The scalar mixing timescale ߬థ specifies the characteristic timescale of decay of
scalar’s variance ߶෪̶ଶ and is defined as ߬ ൌ ߶෪̶ଶ Ȁ߯෦ where ߯෦ is the scalar dissipation rate and ߶෪̶ଶ is the
థ

థ

థ

scalar’s variance.
Differential diffusion may be significant in turbulent flames. For turbulent premixed flames, reactive
scalars feature their own characteristic lengthscales and timescales. It is desirable for mixing models to
account for different mixing timescales for individual species. However, the extension of mixing models
for different mixing timescale may result in realizability issue. In this work, a particle mass-based
implementation for mixing models is proposed to account for differential diffusion in species mixing. This
approach maintains realizability and requires no additional corrections. With the particle mass-based
implementation, the IEM and the MC models have been augmented to account for different mixing
timescales, denoted by IEM-DD and MC-DD respectively. The conservation of individual species mass and
the desired exponential decay of variance are derived theoretically and validated numerically
For particle-based TPDF simulation, the ݊௧ computational particle has the weight  ݓሺሻ and the
ሺሻ
ሺሻ ሺሻ
composition information consisting of the species mass fraction ܻଵ ǡ ܻଶ ǡ ǥ ǡ ܻேೞ and the specific sensible
ሺሻ

enthalpy ݄௦ . Currently, the mixing model takes the per unit mass quantities as primitive variables during
mixing. The particle weight remains constant during mixing, resulting in the violation of the realizability of
ேೞ
species mass fraction conservation, i.e. σఉୀଵ
ܻఉ ് ͳ(ܰ௦ is the number of species), when different mixing
timescales for individual species are applied. The key idea of the proposed particle mass-based
implementation is to apply mass-based quantities as primitive variables, i.e. species mass
ሺሻ
ሺሻ
ሺሻ
ሺሻ
ሺሻ
ேೞ
{݉ଵ ǡ ݉ଶ ǡ ǥ ǡ ݉ேೞ } and the sensible enthalpy ܪ௦ . The particle mass ݉ሺሻ ൌ σఉୀଵ
݉ఉ corresponds to
its weight  ݓሺሻ but varies during mixing, and the species mass fraction is reconstructed after mixing,
therefore the realizability is ensured automatically.
The IEM-DD model allowing for different mixing timescales has the following formulation,
ሺሻ
ሺሻ
݉ఉ
ܻఉ
݉ఉ െ ݉ሺሻ ෪
ൌെ
ǡ ߚ ൌ ͳǡ ǥ ǡ ܰ௦ ǡ
ݐ
ʹ߬ఉ
ሺሻ
ሺሻ
෪௦
ܪ௦ െ ݉ሺሻ ݄
ܪ௦
ൌെ
Ǥ
ݐ
ʹ߬ೞ
In the MC-DD model, the number of particle pairs selected during the mixing step ο ݐis ܰ௦ ൌ
where ߬ ൌ



ఉאሼଵǡǥǡேೞ ାଵሽ

ଵǤହο௧ே
ఛ

,

߬ఉ (ܰ௦  ͳ represents the sensible enthalpy) is the minimal timescale among all

the scalars. The particle pair (ǡ  )ݍis selected with the probability proportional to the mass of this pair and
has following composition after particle interaction,
ሺሻ
ሺሻ ෪ሺǡሻ
ሺሻ
݉ ൌ ൫ͳ െ ߙߠఉ ൯݉ఉǡ  ߙߠఉ ݉ ܻ
ǡ ߚ ൌ ͳǡ ǥ ǡ ܰ௦ ǡ
ఉ
ఉ

ሺሻ

ܪ௦
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where ݊ ൌ ǡ  ݍand ߠఉ is the decay factor for scalar ߚ which controls the degree of interaction of scalar ߚ
according to the desired mixing timescale ߬ఉ ,
ߠఉ ൌ

͵ െ ටͻ െ ͺ߬݉݅݊ Ȁ߬ߚ

ǡ ߚ ൌ ͳǡ ǥ ǡ ܰ௦  ͳǤ
ʹ
The conservation of mean for these two models can be verified easily. And under the assumption that the
change of ݉ሺሻ is negligible, we can get the desired exponential decay of variance,
ߪఉଶ
݀ߪఉଶ
ൌ െ ǡ ߚ ൌ ͳǡ ǥ ǡ ܰ௦  ͳǤ
݀ݐ
߬ఉ
In order to validate the proposed models numerically, we apply the models to a closed inert mixing
system. The system consists of 1000 computation particles and is used to represent the mixing process
within a computational cell in TPDF calculation. The composition consists of 9 species,
ଶ ǡ ଶ ǡ ଶ ǡ ǡ ǡ  ǡ ଶ ǡ ଶ ଶ ǡ ଶ , and the sensible enthalpy. The initial compositions of particles are
set randomly and the initial mass ݉ሺሻ ൌ ͳ for all particles. Distinct mixing timescales are specified for
each individual scalar as ߬ఉ ൌ ߬ೞ ൈ ඥܹܯఉ Ȁඥܹܯ௩ ǡ ߚ ൌ ͳǡ ǥ ǡͻ and ߬ೞ is set to be ͵ ൈ ͳͲିଷ s, where
ܹܯఉ is the molecular weight of the ߚth species and ܹܯ௩ is the average molecular weight of the system.
Figure 1 shows that the total mass of several species remain constant with IEM-DD and MC-DD
models to demonstrate the conservation of mean. This also holds for the other species and the sensible
enthalpy, but not shown for conciseness. Figure 2 shows the decay of ଶ and ଶ variance, predicted using
the IEM-DD and MC-DD models respectively. The results from the original IEM and MC model, namely
߬ఉ ൌ ߬ೞ for every species, are also shown for comparison. As shown, when IEM-DD or MC-DD model is
applied, ߪୌଶమ and ߪଶమ have different decaying rates, which are close to the desired exponential decay.
Meanwhile, the original IEM and MC models predict the same decay rate of ߪୌଶమ and ߪଶమ as expected.

Fig. 2 Evolution of ߪଶమ (red) and ߪୌଶమ (blue) with
IEM-DD (solid lines) and MC-DD (dashed lines)
using different mixing timescales, and with original
IEM (squares) and MC (upward-pointing triangles)
using a single timescale. Thin black solid lines
indicate the desired results of exponential decay

Fig. 1 Evolution of total masses of several species
with IEM-DD (solid lines) / MC-DD (downwardpointing triangles).
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Abstract
Turbulent swirling reacting flows, including the mean flow field, the large coherent structures (e.g. the precessing
vortex core) and small-scale vortices, are highly three-dimensional. Recently we have conducted high-speed (10
kHz) dual-plane stereo-PIV/OH-PLIF measurements of a turbulent, swirling reacting jet. Preliminary analysis
shows the advantages of fully resolving the nine-component velocity-gradient tensor and the three-component
vorticity in gaining improved understanding of turbulent combustion.
1. Experimental Setup and Data Processing
High-speed (10 kHz) dual-plane stereo-PIV/OH-PLIF measurements are conducted on a turbulent premixed
swirling reacting jet previously described in [1][2]. Figure 1 shows the optical setup. The beam separation,
corresponding to the Taylor length scale, is 2.0 mm across the measurement section. The OH-PLIF plane bisects
the two PIV planes. The flame front is inferred from regions with high magnitude in the OH-PLIF gradient.

Fig. 1. The optical setup for high-speed (10 kHz) dual-plane stereo-PIV/OH-PLIF measurements of a turbulent
swirling reacting jet. The 532-nm and 607-nm laser beams are generated from a burst-mode laser and an optical
parametric oscillator.
2. Results
Figure 2(a) shows three consecutive snapshots of velocity, the out-of-plane vorticity Z z and the OH-PLIF
gradient on both PIV planes. The expected similarity in “large” flow structures on both PIV planes is clearly
identifiable. Local flame quenching very likely occurs at locations with discontinuities in the OH-PLIF gradient.
The enclosed, “tongue-shaped” flame front is associated with a vortex with a negative out-of-plane vorticity, large
out-of-plane velocity gradients (i.e., wu wz , ww wz and wv wz ), very likely corresponding to the precessing
vortex core (PVC). The PVC is a large helical flow structure around the inner swirling shear layer and plays
important roles in flame initiation, quenching, propagation and combustion instabilities [3–5]. Clearly, the large
out-of-plane velocity gradient within the enclosed region cannot be captured with single-plane stereo-PIV/OHPLIF measurements.
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(a)
(b)
Fig. 2. High-speed dual-plane stereo-PIV/OH-PLIF measurements of turbulent swirling combustion. (a)
Similarity of “large” flow structures on both PIV planes, and (b) a sequence of velocity, the in-plane velocity
gradient wu wy , the out-of-plane vorticity Z z and the OH-PLIF gradient on both PIV planes. The planar
velocity (U, V) is shown as vectors, with scalars in colors. The thick black line denotes the magnitude of the OHPLIF gradient.
3. Conclusions
High-speed dual-plane stereo-PIV/OH-PLIF measurements, capable of spatially, temporally and fully resolving
the nine-component velocity-gradient tensor, are conducted on a turbulent swirling reacting jet. Preliminary
analysis shows the expected similarity of “large” and “medium” flow structures on both PIV planes and the
advantages of gaining improved understanding of turbulent swirling combustion by fully resolving the ninecomponent velocity-gradient tensor and the three-component vorticity.
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The interaction between the premixed flame front and vortices plays a crucial role in
practical combustion applications and modelling of turbulent premixed combustion.
Since the density and viscosity vary significantly across the frame front, most of the
existing Eulerian vortex-identification methods are not able to identify a continuous,
complete vortical structure across the flame and characterize its evolution. Most of
previous studies on the anisotropic vorticity are based on the statistical analysis [1,2]. It
appears to be challenging to characterize and elucidate the effects of flame on global
vortical structures and their evolution.
The vortex-surface field (VSF), whose isosurface is a vortex surface consisting of vortex
lines, is developed to tackle the issue of the characterization of evolving vortical
structures [3,4]. This method is rooted in the Helmholtz vorticity theorem, but it can
describe the Lagrangian-like evolution of vortex surfaces in variable-density viscous
flows with numerical regularization. Recently, the VSF method has been extended to
visualize and quantify the flame-vortex interaction in a Taylor-Green reacting flow [5].
In the present study, we apply the VSF to investigate flame/vortex interactions in
turbulent premixed combustion at moderate and high Karlovitz numbers (Ka). We
consider a turbulent premixed flame propagating freely along the streamwise direction in
statistically stationary homogeneous isotropic turbulence. The unburnt gas is a lean H2/air
mixture with the equivalence ratio 0.6 at the temperature Tu=300 K and atmospheric
pressure. As listed in Table 1, we performed four direct numerical simulation (DNS)
cases with the varied turbulent intensity u’ scaled by the laminar flame speed SL.
Table 1: Parameters for DNS of turbulent premixed combustion
Case
A
B
C
D
u’/SL
2
5
10
20
Ka
2.9
11.6
32.9
93
The calculation of VSFs can be implemented as a postprocessing step based on a time
series of velocity–vorticity fields in DNS. The two-time method [2] with a recently
developed local optimization technique is applied to construct the VSF. Two different
vortex-identification methods, the isosurfaces of the VSF and the conventional vorticity
magnitude, are compared in Fig. 1. The VSF isosurface with attached vortex lines is
displayed in Fig. 1(a). We observe that a tangle of twisted vortex tubes on the unburnt
side are stretched along the streamwise direction near the flame front owing to the
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thermal expansion, and the small-scale vortex tubes merge into bulky sheet-like vortical
structures on the burnt side. In contrast, the isosurface of the vortcity magnitude in Fig.
1(b) suddenly disappears around the flame front owing to the rapid decay of vorticity
across the flame front, so it is challenging to characterize how the flame influences
continuous vortex dynamics using conventional Eulerian vortex visualization methods.

Fig. 1 Comparison of different vortex-identification methods for DNS case B of turbulent
premixed combustion. (a) Isosurface of VSF colored by the vorticity magnitude with
some black vortex lines integrated on the surfaces, (b) isosurface of the vorticity
magnitude with the red flame front. (Note: This is a preliminary result, and we would
replace this figure by the one at higher Ka in the final version.)
Furthermore, we find that the anisotropic vortex tubes near the flame front are highly
correlated to the strong local anisotropy of the fluctuating velocity, which can affect the
turbulence modelling. The local geometry of Reynolds stresses in the Lumley triangle
indicates that the velocity field becomes increasingly anisotropic from the unburnt side to
the burnt side and the vortex tubes are elongated in the streamwise direction.
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Scalar dissipation rate (Nc) plays a critical role in turbulent flame models [1]. The effects
of strain rate on Nc are manifest in the transport equation of the scalar dissipation rate in which the
turbulence-scalar interaction term depends on the scalar-normal strain rate Sn=nisijnj, where
sij=0.5(ui,j+uj,i) is the strain rate tensor and n is the scalar-normal unit vector [2]. The eigenvalues
of sij, also known as the principal strain rates (PSRs), si, are defined such that s1s2s3, where s1
and s3 are the most extensive and compressive strain rates, respectively, and s2 is the intermediate
strain rate. Sn can be written in terms of si as: Sn=s1cos2θ1+s2cos2θ2+s3cos2θ3, where θi are the
angles between the si-eigenvectors and scalar-normal. It is evident that Sn directly depends on the
magnitudes of si and their alignments with the scalar-normal direction.
The present work studies the local si-n alignment in turbulent premixed counterflow flames
using simultaneous TPIV and OH-LIF imaging for strain rate field quantification and flame front
detection. The experimental setup is shown in Fig.1. The TPIV measurements provide access to
the complete strain rate tensor and PSRs, which are not available from planar or stereoscopic PIV
measurements. In jet turbulent flows, turbulence is driven by the mean shear layer due to velocity
disparity of flows with ambience, and large bulk strain is typically absent. However, in the
turbulent counterflow, existence of large bulk strain can be expected. It is unclear whether and to
what extent bulk strain rates could influence the preferential si-n alignment, which need to be
clarified for proper modeling of turbulent reacting flows in realistic environments.

Fig.1 Experimental setup for simultaneous TPIV and OH LIF imaging.
Similar to the jet flames, measurements in the counterflow flames show that heat release
enhanced the alignment of extensive strain, s1, with the flame-normal, n. However, the existence
of compressive bulk strain in the counterflow introduced an additional inherent preferential
alignment of compressive strain, s3, with the flame front normal through their mutual alignment
with the burner axis. As a result, a preferential s3-n alignment was observed throughout the
counterflow flame front despite the large heat release parameter in these flames. This result
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represents a significant departure from turbulent jet flames or flames in idealized isotropic
turbulence, which require substantially higher turbulence intensities to achieve such a strong s3-n
alignment. Such strike discrepancy in term of si-n alignment is manifested in Fig.2. Measurements
further show that the effect of turbulence on the alignment was twofold: first, it counteracted the
effect of heat release and promoted preferential s3-n alignment slightly ahead of the flame front,
similar to non-reacting turbulent flows. Second, increasing turbulence intensity reduced the
geometry-reinforced preferential s3-n alignment by increasing surface wrinkling. As a result of
preferential alignments of s3 parallel to n and s1 orthogonal to n, the mean flame-tangential strain
rate, <St>, was extensive and the mean flame-normal strain rate, <Sn>, was dominantly
compressive except for a small region near the flame front where <Sn> became slightly extensive
due to strong dilatation. Further details of the results will be presented in the poster.





Figure2. Simultaneous OH-LIF image with (left) s1-eigenvectors in a Bunsen premixed turbulent
flame and (right) s3-eigenvectors in a counterflow premixed turbulent flame. Eigenvectors are
scaled to its magnitude, and 1 out of 9 eigenvectors are displayed for clarity. The arrows denote
the direction of the flame front normal.
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