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SUMMARY
Twelfth International Workshop on Measurement and Computation of
Turbulent Flames (TNF12)
31 July—2 August, 2014
Pleasanton, California, USA
R.S. Barlow, B. Böhm, B. Coriton, F. di Mare, A. Dreizler, M.J. Dunn, B. Fiorina,
J.H. Frank, E. Hawkes, M. Ihme, J. Janicka, A. Kempf, A. Kronenburg, G. Lacaze,
A.R. Masri, J.C. Oefelein, S.B. Pope, A. Steinberg,
INTRODUCTION
The TNF Workshop series was initiated in 1996 to address validation of RANS based models for turbulent
nonpremixed flames and partially‐premixed flames where combustion occurs mainly in a diffusion flame
mode. The emphasis has been on fundamental issues of turbulence‐chemistry interactions in flames
that are relatively simple in terms of both geometry and chemistry. Although the TNF acronym has been
retained, the word nonpremixed has been dropped from the title, and our scope has expanded (since
TNF9 Montreal, 2008) to address three challenges:


Development and validation of modeling approaches which are accurate over a broad
range of combustion modes and regimes (nonpremixed, partially‐premixed, stratified,
and fully premixed).



Extension of quantitative validation work to include 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.

Our overall goal is to accelerate the development of advanced combustion models that are soundly
based in fundamental science, rigorously tested against experiments, 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
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 may attract a critical mass of people interested in collaboratively investigating the new burner
or research 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), and
Darmstadt, Germany (2012). Proceedings and summaries of all the workshops are available at
http://www.sandia.gov/TNF.
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TNF12 was attended by 93 researchers from 13 countries. The main sessions topics were:


Turbulent stratified flames and model comparisons



Sydney Piloted Premixed Jet Burner (PPJB) update



Experiments and simulations in turbulent opposed jet flames



Piloted DME jet flames



Utilization of temporally‐resolved experimental and simulation data



Enclosed flames and unsteady combustion



Flame‐Wall Interaction



LES quality assessment and uncertainty quantification



Modelling of DNS cases

The complete TNF12 Proceedings are available for download in pdf format from www.sandia.gov/TNF.
The pdf file includes the list of participants, workshop agenda, summary abstracts of technical sessions,
presentation slides, and two‐page abstracts of the 44 contributed posters.
The sections that follow briefly outline the presentations and key discussions points. 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 TNF12 Proceedings and also the Proceedings of previous TNF Workshops,
because each workshop builds upon what has been done before.
PLANNING AND PRIORITIES
The 2016 TNF Workshop will most likely be held in Seoul, Korea prior to the 36th Combustion
Symposium. It is likely that there will again be some coordination on schedule and venue between the
TNF Workshop and the International Sooting Flames (ISF) Workshop.
Each of the topics from TNF12 will be included in the next workshop, assuming there is sufficient
progress and interest. Early coordination to select target cases, define ground rules for model
comparisons, and establish priorities for collaborative experimental and computational work is strongly
encouraged. Regular communication among members of the organizing committee and key
contributors is also strongly encouraged. Suggestions for new topics should be communicated to the
organizers.
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HIGHLIGHTS OF PRESENTATIONS AND DISCUSSIONS
Each section that follows was condensed from a session summary in the complete proceedings.
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.
Turbulent Stratified Flames and Model Comparisons
Coordinators: Andreas Kempf and Benoit Fiorina
Recent simulations of turbulent stratified flames were compared against experimental data. Burner
configurations from TU‐Darmstadt and Cambridge University provided the target cases, both burning
methane. Eight groups were involved in the simulations: the Technische Universität Darmstadt (TUD),
the Institute for Combustion Technology (ITV, Aachen), Lund University (LUND), the EM2C laboratory at
Ecole Centrale Paris (EM2C), the CORIA laboratory (Rouen), the Hanyang University (Seoul), Imperial
College London (IC), and Duisburg‐Essen University (UDE).
With one exception (RANS‐PDF from Hanyang), all groups performed Large Eddy Simulations using Low
Mach Number solvers. TUD applied a premixed flamelet tabulation with local flame thickening, ITV used
a flamelet progress variable approach also based on premixed flamelet tabulation but coupled with a
level set approach, LUND described the combustion chemistry through a 4‐step mechanism combined
with Implicit LES, UDE used an artificially thickened flamelet generated manifolds technique on many
low cost cells, CORIA applied the filtered laminar flame PDF model, Imperial used the stochastic fields
technique, and Hanyang applied a three environment PDF technique with IEM mixing based on a k‐
epsilon RANS model. All modeling strategies were designed to produce the correct laminar flame speed.
The Darmstadt stratified burner consists of three 5‐mm‐staged concentric tubes placed in a 0.1 m/s co‐
flow. Burnt gases exit from the central tube (pilot) to stabilize the flame. Numerical studies focused on
the TSF‐A operating conditions, which promotes moderate fuel stratification within the flame. Both
adiabatic and isothermal assumptions were considered to set up the pilot burner wall boundary
conditions. To estimate the burner wall temperature, TUD developed an analytical analysis to model
heat exchange between the pilot tube and stream 1, while EM2C performed a RANS 2D‐axisymmetric
computation of the fluid flow inside the burner coupled with conductive heat transfer within the burner
wall. Both studies estimate a wall temperature for the pilot tube of around 750K.
In addition to different modeling approaches, simulations differ by the CFD codes, the combustion
chemistry, the numerical methods and the computational grids. Although based on different
assumptions, all these computational strategies are designed to capture the filtered flame propagation
speed both when subgrid‐scale flame wrinkling occurs and when the flame wrinkling is fully resolved at
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the LES filter scale. In addition, as these models account for non‐adiabatic effects on the combustion
chemistry, they are able to capture quenching phenomena induced by heat losses.
An extensive comparison of simulation and experimental data was presented for the mean and RMS
field of velocity, temperature, mixture fraction, and major species mass fractions. In general, good
agreement was observed between the numerical predictions and the measurements. All adiabatic
computations predict a flame anchoring at the burner lips, while the non‐adiabatic simulations show a
flame lift‐off of half a pilot diameter. The comparison of the mean temperature field and the species
formation/consumption against the experimental data provides evidence that accounting for heat losses
improves the prediction of the flame position. Quantitative comparisons exhibit strong similarities in
the mean flame brush position. It is also observed that the absence of turbulence combustion modeling
at the subgrid scale has an influence on the mean flame front position. Instantaneous flame
comparisons exhibit differences in the size of the resolved flame wrinkling patterns. The first reason is
that each computational strategy (with different grids, numerics, and LES combustion models) implicitly
filters the flame at a specific scale. As wrinkling patterns bellow this cut‐off scale are not resolved on
the LES grid, differences are observed in the flame front visualizations. The second reason for the
differences in the size of the flame wrinkling pattern is linked to the influence of the LES combustion
model on the flame dynamics.
The Cambridge/Sandia burner also consists of three concentric tubes in a laminar co‐flow, but the
center tube is sealed with a ceramic cap, and the flame is stabilized by recirculation of combustion
products downstream of this central bluff body. Computations were performed by EM2C, UDE, CORIA,
Hanyang, and Imperial. Two cases were considered: a homogeneous case with an equivalence ratio of
0.75 within both annular tubes (SwB1) and a stratified case with equivalence ratio of 1.0 in the inner and
0.5 in the outer tube (SwB5). Further contributions were made for a highly stratified case (SwB9) with
1.125 and 0.375 equivalence ratio from Hanyang and UDE.
For the reactive cases SwB1 and SwB5, comparisons of mean and rms profiles for the axial and radial
velocity‐component with PIV measurements and for temperature and equivalence ratio were presented
at various downstream locations. A good overall agreement between experiment and simulation was
observed, with considerable progress since TNF11.
One key to accurate predictions of this flame is the inclusion of the effect of heat loss to the bluff body,
which does affect flame standoff. The temperature of this bluff body is known from new measurements
that were performed jointly by experimentalists from Cambridge and Darmstadt.
An interesting issue specific to the Cambridge flame is that of differential diffusion, which is visible in the
region downstream of the bluff body, manifesting itself through an apparently increased mixture
fraction – beyond the mixture fraction of the richest stream at the inlet. This behavior has been
captured by the contribution from CORIA, which transported an additional mixture fraction with a
source term that represents the effect of differential diffusion. The effect of this differential diffusion
has been shown by an interesting study from EM2C: they found that for the conditions of SwB1,
differential diffusion and heat loss effects can compensate each other, such that considering both heat
loss and differential diffusion effects will lead to the same temperature as an adiabatic simulation for
unity Lewis number. This compensation of errors will, however, not occur for SwB5, since differential
diffusion does hardly alter the flame temperature in these conditions.
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On the side of experiments, the mentioned temperature measurements for the bluff body surface have
become available. There are also new statistics for the single shot data, including species concentration
plots conditional on temperature and scatter plots of equivalence ratio vs. progress variable. These
statistics should be considered in the comparisons at the next TNF.
Overall, good progress has been made for both the Darmstadt and Cambridge flames through the
inclusion of the effects of heat‐loss and differential diffusion and the availability of new surface
temperature boundary conditions provided by the experimentalists. Given the good agreement in the
first two velocity and scalar moments, it is not clear how strong the effect of stratification is beyond
altering the laminar flame speed, which can be well resolved by the present simulations. For the
strongly stratified SwB9 case, however, the agreement between experiment and simulation is not yet
satisfying, requiring further research.
Sydney Piloted Premixed Jet Burner (PPJB) Update
Coordinators: Matthew Dunn and Assaad Masri
The purpose of this session was to review recent progress on the piloted premixed jet burner (PPJB) and
to consider how the PPJB might feature in future TNF workshops. Previous comparisons (TNF10 and
TNF11) focused exclusively on the PM1 series of four flames in which jet velocity was increased, hence
increasing the importance of finite‐rate chemistry effects. Both RANS and LES based calculations at
TNF10 and TNF11 showed encouraging results for the lower velocity PM1‐50 and PM1‐100 flames.
However, no numerical modelling methodology was able to capture the degree and impact of the finite‐
rate chemistry effects in the higher jet velocity PM1‐150 and PM1‐200 flames. This led to many
questions: Are the chemical mechanisms sufficiently accurate under the conditions encountered in the
PPJB? Is LES mandatory to sufficiently capture the flowfield dynamics and statistics? What is the
minimum necessary dimensionality of the chemical manifold necessary to sufficiently capture the
extinction and re‐ignition of the higher velocity flames?
Rowinski and Pope (CTM 2013) investigated the sensitivity of LES/PDF results in work that was published
after TNF11. They observed significant sensitivity of finite‐rate chemistry effects to the pilot velocity.
This motivated experiments on the sensitivity of the PPJB flames to variations in pilot velocity, coflow
temperature, and central jet fuel type, with results presented for the first time at TNF12. It was found
that by decreasing the pilot velocity the PM1‐100 flame could display a similar degree of extinction to
the standard flame PM1‐150. Conversely, the degree of extinction could be reduced in the PM1‐150 by
increasing the pilot velocity. For high velocity flames it was found that the coflow temperature had a
significant impact on the degree of extinction. Flames of ethylene and DME were observed to be far
more robust than methane flames.
Previous modelling results had shown a significant sensitivity to the inlet conditions, especially to the
pilot inlet conditions. In response, preliminary OH LIF measurements of both temperature and OH
concentrations at the exit plane of the burner were presented that will allow more accurate
specification of the pilot boundary conditions in models that can accept non‐equilibrium inlet
conditions. Initial results for the PPJB from Jeff Sutton’s group at Ohio State University were introduced,
including proof of principle high‐speed Rayleigh scattering and PIV measurements.
In summary, recent experimental results exploring the sensitivities in the PPJB offer an opportunity to
better understand modelling difficulties associated with the higher velocity PM1‐150 and PM1‐200
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flames. Whilst there is a renewed experimental interest in the PPJB, a strong commitment from the
modelling community will be required to further explore computational sensitivities. Such an
exploration will be required to understand why many models fail to adequately predict extinction in the
PPJB flames, and it should be based on the experimentally identified sensitivities in the PPJB.
Experiments and Simulations in Turbulent Opposed Jet Flames
Coordinators: Bruno Coriton and Steve Pope
The session on turbulent opposed jet flames highlighted the latest measurements and simulations in the
reactant‐to‐product configuration in which a turbulent stream of premixed reactants is opposed to a
second stream of combustion products in thermo‐chemical equilibrium. The reactant‐to‐product
configuration allows for a unique variety of premixed combustion regimes in a compact geometry.
Turbulent premixed flames can be stabilized under intense turbulence and strain thanks to the “back‐
support” of the counterflowing combustion products.
To date, two burners designed at Yale University and Imperial College are available in this configuration.
Both burners employ turbulence‐generating plates (TGP) housed inside the nozzle. The stream of hot
combustion products is generated by premixed flames enclosed inside the bottom nozzles. Fluid
properties (Ret, Kbulk) as well as the stoichiometry of the reactants and the temperature and equivalence
ratio of the combustion products can be varied independently.
New experimental results from these two burners and DNS results for a single lean premixed H2/air
flame were summarized. At Imperial College, simultaneous PIV and OH‐LIF measurements have been
performed in lean premixed flames for different fuels (CH4, JP‐10, DME). At Sandia, PIV and LIF (CO,
CH2O, OH) measurements were performed in the Yale counterflow burner. Data are available for
CH4/N2/O2 premixed flames over a wide range of Reynolds numbers (470‐1050), bulk strain rates
(1400/s‐2240/s), product temperatures (1500K‐2000K), and equivalence ratios (lean‐to‐rich). Under
these conditions, the flames exhibited varying amounts of localized extinctions.
Simulations of turbulent opposed jet flames performed by four research groups (Brandenburg, CRAFT
Tech, Duissburg‐Essen, and Cornell) were presented. Although a broad range of flow conditions were
simulated, no target flame was identified and therefore no direct comparison between the simulations
could be made. In counterflow jets, implementing the inflow velocity boundary conditions is a
challenge. Two strategies were identified and compared: 1) the boundary conditions are prescribed
directly at the nozzle exit planes (Brandenburg, Cornell) or 2) the solution domain also includes the flow
inside the nozzles, either up to the TGP (Duisburg‐Essen) or further upstream of the TGP (CRAFT Tech).
Conclusions from the four modeling group contributions are summarized below:
 Brandenburg performed an ODT simulation of the Sandia H2/air premixed flame for which DNS
data are available. Although ODT is a reduced order model, it was able to achieve good
agreement with the DNS data (temperature, major species, etc). ODT appeared to yield
satisfactory species profiles, but to under‐predict heat release and ignition. The Yale/Sandia
CH4/N2/O2 experiments were also attempted with ODT; however, there was difficulty in
capturing ignition.
 CRAFT Tech’s LES simulations of the Yale reactant‐to‐product burner included the full burner
geometry. The fluid dynamical aspects of the counterflow were studied in a non‐reactive case
(N2/products). The GMLI was found to oscillate slowly between the nozzles and at larger
amplitude than in the experiments, which affected the unconditional statistics. Preliminary
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simulation of the CH4/N2/O2 premixed flame was also conducted with a simple algebraic
Pocheau model. In the future, the extinction/ignition events observed experimentally will be
modelled with an LEM‐CF model.
The group at Duisburg‐Essen performed LES/FDF simulations of the Darmstadt and Imperial
College CH4/air twin‐premixed flames. Good agreement between simulations and Darmstadt’s
experiments were achieved. Future work will include different fuels (C2H4, C3H8).
Cornell’s group performed simulations of both non‐premixed and premixed flames in the Yale
burners. The domain included the flow between the nozzles. Inflow boundary conditions were
prescribed based on Pettit’s LES data of nozzle inflow. Good agreement for velocity statistics
and progress variables were obtained. LES/PDF methods tend to predict less extinction than in
the experiments.

Overall, calculating the flow field was a challenge, even when the domain included the turbulence‐
generating plate. The simpler treatments used by Brandenburg and Cornell appeared satisfactory and
yielded good agreement with the experimental data. Specifying inflow conditions at the nozzle exits
may decrease or eliminate large‐scale flow instabilities.
More calculations are expected in the future now that groups have satisfactory flow calculations and
many different experimental conditions to investigate. To study turbulence‐chemistry interactions,
conditional statistics should be used in order to reduce the sensitivity to imperfections in the flow
calculation and to large‐scale flow instabilities. Comparison of conditional statistics that reveal more
about the turbulence chemistry interaction would be desirable.
Piloted DME Jet Flames
Coordinators: Jonathan Frank and Andreas Kronenburg
This session focused on turbulent piloted partially premixed dimethyl either (DME)/air jet flames. The
DME/air target flame series has varying probability of localized extinction and is analogous to the piloted
CH4/air jet flame series that has been well studied in the context of the TNF Workshop. In the DME/air
flame series (D‐G), jet velocities are varied to provide jet exit Reynolds numbers from approximately
29,000 to 73,000. DME is a relatively simple oxygenated fuel, and the inclusion of DME target flames is
part of an effort to address the combustion of alternative fuels within the TNF Workshop. This series of
turbulent jet flames was introduced at TNF11, and the results presented at TNF12 represent early stages
of comparisons between numerical simulations and experimental measurements. Experiments were
performed at Sandia and included PIV, OH‐LIF, and CH2O‐LIF imaging measurements, as well as joint
Raman/Rayleigh/CO‐LIF line measurements. The numerical simulations consisted of four different
approaches, including RANS‐MEPDF (Hanyang), LES‐PDF (Beijing/Cornell), LES‐CMC (Stuttgart), LES‐FPV
(Freiberg).
An important issue in DME combustion is that the rich‐side chemistry presents challenges for both
experiments and modelling. Fuel decomposition produces significant concentrations of hydrocarbon
intermediates that complicate the interpretation of diagnostic techniques, such as Raman and Rayleigh
scattering. The turbulent transport of hydrocarbon intermediates can result in a broad spatial
distribution of these species, as evidenced by CH2O‐LIF imaging measurements from Sandia. Diagnostics
complications include the overlap of Raman spectra from different hydrocarbons and differences
between the Rayleigh scattering cross‐sections of hydrocarbon intermediates and DME. Strategies to
account for these issues in Raman/Rayleigh scattering measurements are being developed in a
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collaborative effort between Sandia, Ohio State, and TU Darmstadt. The current approach uses a
modified mixture fraction construct and an assumed scalar structure that depends on strain rate,
transport, and the chemical mechanism. Comparisons with computations require care in using the same
mixture fraction construct.
Chemical kinetics challenges include relatively large mechanisms, convergence issues due to stiffness,
and strong dependencies of some intermediates on the mechanism (e.g. CH2O, CH3OCH2). As noted at
TNF11, there remains a need to develop more accurate kinetic mechanisms with a reduced number of
species. Four different DME mechanisms were considered using laminar flame calculations. The Zhao
mechanism predicted significantly larger CH2O mole fractions than the Kaiser, Burke, or Aramco
mechanisms. Similar discrepancies in CH2O were observed in LES calculations of the turbulent Flame D
using the Zhao and Kaiser mechanism.
Four different approaches to turbulent flame simulations were applied to Flame D, and limited initial
comparisons showed largely good agreement with experiments. The somewhat larger deviations in
species predictions for RANS‐MEPDF and LES‐PDF computations are not necessarily associated with
issues of these specific modeling approaches. The discrepancies in the predicted radial profiles using
RANS‐MEPDF could be attributed to inflow boundary conditions that had not been matched with
measurements, shortcomings in the RANS‐based turbulence model, and the use of the IEM mixing
model. The LES‐PDF results presented by Beijing/Cornell originated from LES on rather coarse meshes
leading to relatively large local discrepancies in the measured and computed mixture fraction fields.
Improvements can be expected for TNF13. LES‐CMC and LES‐FPV agree well with measurements.
However, the current CMC implementation fails to capture the fuel decomposition that is observed at
and beyond z/D=40. For the LES‐CMC and LES‐FPV calculations, preliminary comparisons with
experiments included OH and CH2O distributions. For these comparisons, the LES calculations were
used to simulate OH and CH2O LIF signals, and the downstream evolution was compared. The OH field
was captured well, but the radial spreading rate of the CH2O field was particularly sensitive to the LES
grid resolution. The simulation of CH2O‐LIF signals requires additional care.
The significance of differential diffusion in these jet flames remains an open question. At TNF11 some
results indicated that differential diffusion effects need to be considered when modeling these flames.
The presentation at TNF12 included contradictory results concerning the role of differential diffusion.
LES‐PDF show large effects of differential diffusion on all species and temperature throughout the entire
domain. In contrast, LES‐FPV computations do not suggest a large influence of differential diffusion on
most species (major and OH) with the exception of CH2O. Here, non‐premixed flamelets and unity Le
yielded the best agreement with measurements.
Goals for TNF13 should include more detailed comparisons of experiments and simulations as additional
data become available, the extension of simulations to flames with higher probability of localized
extinction (Flames E‐G), advances in chemical mechanisms, and an improved understanding of the
impact of differential diffusion in this flame series.
Utilization of Temporally‐Resolved Experimental and Simulation Data
Coordinators: Adam Steinberg and Benjamin Böhm
This session built off of the TNF 11 session, Interpretation and utilization of temporally resolved data,
and addressed methods by which temporally resolved experiments can be rigorously and quantitatively
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compared with simulations. This included limitations of measurements, potential cross‐platform
analysis techniques, and uncertainty considerations.
A summary was presented of high‐repetition‐rate laser diagnostics. General considerations regarding
high‐speed experiments and simulations were outlined, and differences in interpretation of the
sampling frequency, spatial resolution, field‐of‐view, and output quantities were discussed. It was
proposed that an experimental equivalent of the CFL number be reported, wherein it is required that
the frequency of the measurements be sufficient to capture the time‐scales associated with the
targeted phenomena. For the case of turbulent combustion, this generally is the time scale associated
with the smallest resolved turbulence length scale, which generally are larger than the Kolmogorov
scale.
Several examples of cooperative use of time‐resolved experimental and simulation data were
presented, including: autoignition of hydrogen jets in crossflows (DLR, Argonne), autoignition and
stabilization of hydrogen jets in co‐flows (DLR, Ohio State), lagrangian tracking through 4D data sets (U.
Toronto, Sandia), local extinction of opposed jet flames (TUD, Duisburg‐Essen), proper orthogonal
decomposition of IC engine data (U. Michigan), and data assimilation (NS State).
Even though time‐resolved measurements are becoming more and more popular, their cooperative use
with time‐resolved data from simulations is still rarely found in literature. Many comparisons
performed so far, although using time‐resolved measurements, focus on the first statistical moments of
the quantity of interest disregarding the information on the available time history. The examples
highlighted different levels of comparison between simulations and experiments useful for validation
purpose.
The major take‐away item was that the only way to rigorously compare experiments and simulations is
with some form of statistics. In contrast to conventional data, these statistics may explicitly involve
temporal derivatives or may be conditioned on a particular delay relative to a detectible phenomenon.
A continuing need exists in finding appropriate metrics to handle the huge data sets and to extract the
relevant information from both the experiments and simulations in a meaningful statistical manner
which depends on the phenomenon of interest.
Enclosed Flames and Unsteady Combustion
Coordinators: Benoît Fiorina and Matthias Ihme
The first part of this session provided an overview of experimental and computational work on several
enclosed burner configurations, including both nonpremixed and premixed reactant supply, as well as
modular burners designed for operation across multiple combustion modes. Examples included the
TECFLAM nonpremixed swirl burner, the MOLECULES burner, two MILD combustion configurations from
IST Lisbon, the DLR dual‐swirl model gas turbine combustor, the PRECCINSTA burner, a new partially‐
premixed methane/air swirl burner (similar to the DLR dual‐swirl burner) developed for studies of
acoustically active flames under the collaborative project SFB606, a new single‐sector staged‐
combustion facility at TU Darmstadt, a multi‐mode multi‐fuel swirl burner at Cambridge, a Cambridge‐
UCL bluff‐body swirl burner for unsteady combustion studies, and dual‐swirl micro‐turbine burner from
Sunchon National University and Sydney University.
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The second part of the session focused on experimental and LES studies of the EM2C confined premixed
swirl combustor, which was designed to study the effects of fresh‐gas composition, heat transfer, and
flow dynamics on flame shape and stabilization. The burner includes a cylindrical injection tube with a
14‐mm exit diameter. The flow is put in rotation by a radial swirling vane located upstream of the
injection tube. A central rod installed on the burner axis helps anchoring the flame at the injection unit
outlet 2 mm above the dump plane. The mixture enters the burner through a plenum and subsequently
passes through a grid/honeycomb/grid‐arrangement before entering a water‐cooled convergent nozzle
to reach a nearly uniform top‐hat velocity profile at the entrance of the swirler. A loudspeaker is placed
at the bottom of the injection system to operate pulsed flame regimes. Steady and unsteady (350 Hz
forcing) cases have been studied. Experimental data include velocity measurements by PIV, longitudinal
and transverse OH‐PLIF imaging of flame shape, surface temperature measurements by laser induced
phosphorescence, and gas temperature measurements in the outer recirculation zone using
thermocouples.
Lund University (LUND), the University of Texas at Austin (TX), and EM2C laboratory at Ecole Centrale
Paris have performed LES using Low Mach Number solvers. EM2C and TX applied the model F‐TACLES
based on filtered premixed flamelet tabulation, whereas LUND employs a skeletal mechanism combined
with an Implicit LES approach. Velocity measurements a few mm above the exit of the injection tube
have been used to define the simulations BC’s. Detailed temperature measurements at the walls have
been used to characterize the thermal BC’s. Cold and reactive flow LES of the steady case were
performed. For each group, LES assuming a fully adiabatic combustion chamber predicts an M‐shape
flame and completely mispredicts the thermochemical conditions within the domain. LES which
accounts for non‐adiabaticity predicts a V‐shape flame and shows good agreement with experiments.
Preliminary experimental and numerical results on the unsteady configurations were presented and
need to be further consolidated.
Flame‐Wall Interaction (FWI)
Coordinators: Francesca di Mare, Johannes Janicka, and Andreas Dreizler
The flame‐wall dynamics play a central role in the development of new combustion technologies for
propulsion and power generation under the increasingly stringent regulations on emissions. In modern
gas turbine combustors operating in the lean premixed regime a large amount of the air flow is diverted
from liner cooling, thus giving rise to a sparse, unstable film. The presence of a strong swirling flow in
the main body of the combustor induces hydrodynamic disturbances which disrupt the labile cooling
layer and allow the flame to approach the liner wall. In the presence of fuel‐rich gases the cooling air
also affects the reaction patterns by providing oxidant for high‐temperature combustion, thus increasing
the formation of NOx in the forward part of the combustion chamber. Further oxidation of the exhaust
gas can be promoted by the presence of cooling air in proximity of the metallic surfaces of the high‐
pressure turbine stage, with consequent shortening of the component’s life. In internal combustion
engines the downsizing of the combustion chamber results in a large fraction of the charge burning de
facto in proximity of the walls.
The interaction of the flame with cold walls is a complex phenomenon involving hydrodynamic, chemical
and thermal effects. FWI can be described in terms of head‐on quenching (HOQ) or sidewall quenching
(SWQ). In the first case the flame propagated perpendicularly to the wall and is arrested at a distance
comparable to the flame brush thickness. In the second case the flame propagates parallel to the wall
and is quenched at a distance larger than that observed in HOQ. As the flame extinguishes the heat flux
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toward the wall reaches its maximum, estimated to be equal to one third of the flame power, although
in SWQ smaller heat fluxes have been observed. As the flame modifies and is in turn affected by the
turbulent field in proximity of the wall, the combustion regime undergoes a transition from flamelet in
the core flow to thickened flame near the wall, opening new questions regarding the appropriate
modelling of the turbulence/chemistry interaction.
The time and length scales involved in FWI present significant challenges for both experimental and
numerical investigations. Only recently, simultaneous quantitative measurements of temperature and
CO concentration in the context of FWI have been carried out in a laboratory scale configuration at
moderate Reynolds numbers. DNS studies have been carried out to gain more detailed information on
the fundamental mechanisms of FWI in turbulent flows. However, as these numerical experiments were
carried out in highly idealized conditions, the results fail to address the issue of modelling the complex
turbulence/chemistry interaction in technologically relevant devices where complex fuels are used.
In the near wall region closure is necessary for both hydrodynamic phenomena and chemistry. Whilst
Large Eddy Simulation (LES) can be effectively used to address the former, it is likely that a reduced
chemistry approach, such as the FGM technique, might break down when applied to FWI. In particular,
whilst temperature and CO‐concentration can be well captured using reduced chemistry, the
composition of the burnt or partially burnt mixture in the post‐quenching period can only be predicted
using skeletal mechanisms. On the basis of the information gained in idealized cases through DNS, it
appears that the classic modelling paradigms (premixed/nonpremixed, PDF‐FGF) cannot be applied
without possibly major extensions. Important modelling questions remain to be answered; among
these:
• How can the information obtained from laminar quenching be exploited to understand the
dynamics of FWI in turbulent combustion?
• Is the formulation of a well‐founded turbulence/chemistry interaction model at all possible in
the near wall region?
• How existing modelling approaches should be extended to encompass FWI? Moreover, should
only extension be considered (e.g. heat losses in FGM), or rather a conceptual re‐thinking of
existing models is required?
• Which approach can offer the best perspectives in terms of UHC and CO modelling?
This new TNF session on FWI was aimed at presenting the open issues related to this research topic and
sketch possible future research strategies. As the latter require close interaction between modelling
and simulations on one side and experimental studies on the other, the TNF forum is decidedly an
ideally conducive environment to carry forward systematic research on FWI. To support a fruitful
modelling and simulation activity by all interested researches, the FWI‐burner configuration investigated
by Mann et al. (CNF 161:2371‐2386, 2014) is proposed as benchmark.
LES Quality Assessment and Uncertainty Quantification
Coordinators: Guilhem Lacaze and Joe Oefelein
The need to understand the range of errors that can affect a given LES calculation and establish better
metrics related to LES implementation is well recognized. To address this need, past TNF sessions have
been aimed at investigating different approaches to measure the “quality” of LES calculations. Initial
focus included the potential merits of various algebraic error indicators using the Sydney HM1 flame as a
test platform (e.g., Pope criterion, Celik, etc.). The Error‐Landscape concept (e.g., Geurts, Kempf et al.)
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and Recursive‐Filter‐Refinement techniques (e.g., Klein, Raman) were also investigated. In TNF11, a
summary of efforts to date was presented, followed by attempts to develop better local resolution
criteria based on relevant subfilter scales (e.g., Vervisch et al.). The idea was to better understand and
quantify the range of subfilter scales over which a given system of sub‐models can work effectively.
While some progress has been made, the challenges of establishing robust criteria and methodologies
are still significant. The question of LES quality is still open due to the inherent complex
interconnections between the various sources of error (models, numerics, boundary conditions, etc.).
Given the current status, the objective of the session on this topic in TNF12 was to further extend ideas
by presenting the feasibility and potential benefits of probabilistic Uncertainty Quantification (UQ)
methods to assess the quality of LES models and predictions. The session contained three interrelated
elements. First, a brief summary was presented to highlight the needs and status in the context of TNF
flames. Second, a focused “tutorial‐like” presentation of Bayesian inference methods was given to
establish the basic concepts, tools, and their potential utility in TNF examples. A key element that
makes UQ affordable for LES is the construction of a surrogate model that reproduces the dependence
of quantities of interest on relevant model parameters. This model is built using a number of sampled
LES computations using sparse quadrature methods. Using this model, Bayesian methods are then used
for model calibration, comparison, and validation. The third element was a set of example studies that
demonstrated the current state‐of‐the art in this area. Following the tutorial by Najm, Lacaze showed
how in practice a non‐intrusive UQ technique can be coupled to a LES solver using the HM1 Sydney
burner as an example. Mueller then demonstrated how UQ can be used to estimate error bars on LES
results due to uncertainties in chemical models. Di Mare presented the latest developments in terms of
quality indices for LES in complex geometries. Finally, Sankaran showed comparisons between different
LES solvers applied to the same reacting case, which demonstrated that numerical and model errors
must be considered simultaneously and decoupled to do any meaningful analysis.
Subsequent discussion revolved around the following points:
 Comments on the quality of present TNF calculations:
o Different models are tested in different codes. Models should be tested across different
codes. The objective is to quantify better what combination of numerical methods,
models, and implementation approaches are required for robust application of LES.
o It was suggested that the TNF cases were somewhat “forgiving” and were not
“breaking” models enough. For cases where models agree well with measurements,
parametric studies would bring useful insights with respect to grid dependence,
parameter dependence, etc.
 How can we decouple numerical and model errors?
o Numerical errors depend on the type of numerics and decrease as spatial and temporal
resolutions are refined. Grid sensitivity studies should be systematically performed to
distinguish grid requirements for the different combinations of codes and models.
o Explicit filtering can be used in theory, but is still expensive in practice. Models require a
sufficiently resolved scale‐separation, but achieving this with explicit filtering could
imply prohibitively large grids that quite possibly approach DNS resolutions. This
requires further investigation.
 What is the path for relevant code comparisons?
o Different codes employ different numerical approaches, which can have very different
broadband damping and dispersion characteristics. Hence, fixing the spatial and
temporal resolution across codes using the same models does not necessarily provide a
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good basis for comparison. Instead, resolutions need to be consistent with the order of
accuracy of respective codes.
o Codes and models should first be demonstrated to perform well on non‐reacting flows.
A systematic grid sensitivity analysis should be performed to find the grid spacing
required to capture cold‐flow statistics and related scalar‐mixing processes. This will
help separate problems with mixing from problems with the combustion closure.
o Once scalar mixing characteristics are quantified, analogous reacting cases should be
considered. The cold flow results should then be included with the reacting flow results.
What is the path for relevant model comparison?
o First, perform grid sensitivity analyses against cold flow measurements to find the
resolution at which numerics no longer impact simulation results.
o Model results should be code independent and should be implemented in different
solvers to perform meaningful comparisons.
What cases should we focus on to address LES quality issues at the next TNF?
o Bluff‐body burner HM1 from Sydney.
o Turbulent counter‐flow burner.

Modelling of DNS Cases
Coordinator: Evatt Hawkes
The objective of the session was to do with direct numerical simulation (DNS) databases what has been
done with experimental databases in this workshop since its inception, i.e. to understand and improve
the performance of practically useful models of turbulent combustion.
Used in this way, as a “numerical experiment”, there are several advantages to DNS: the sub‐model
inputs, such as chemical kinetic rates, are completely specified; there are minimal uncertainties
associated with boundary and initial conditions; there are no measurement errors; elements of the
modelling (for example scalar dissipation rate) can be determined or at least guided by the DNS; much
more data are available for comparison (complete time‐varying 3D fields of scalars and velocity); and the
DNS can be examined in detail to understand why models work or not. Taken together, these
advantages represent a significant opportunity in that many possible reasons for differences between
model and “experiment” can be eliminated, and in that the remaining reasons can be better
understood.
On the other hand, we also have to be mindful of the limitations of DNS. DNS is limited by
computational expense to certain parameter regimes. Principally it is restricted to problems which do
not exhibit a large disparity of length and time‐scales. For example it is restricted to low Reynolds
numbers (currently jet Reynolds numbers ~10,000). It is limited by computational expense in terms of
the amount of statistics that can be collected much more than are typical physical experiments, so that
statistical error is much more significant. It is affected by numerical errors. DNS is after all just another
model. It is possible that due to model inputs or physical assumptions being inaccurate, it does not
represent reality accurately enough. It could also be simply wrong due to coding errors, etc., though
most DNS codes are quite well verified.
It was decided early on that the focus of the session should be on a posteriori tests, i.e. tests of the
models where the model is run and the resulting statistics are assessed against the DNS statistics. This is
in contrast to the a priori testing of models, where elements of the modelling a directly examined using
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the DNS data, without actually running the model as a whole. While there is a huge body of work on a
priori testing, reports of a posteriori tests are much fewer. The focus on a posteriori tests was
considered appropriate for TNF first because there has been so many a priori tests that it would have
been impossible to review them within a TNF session, but more importantly because things that work
extremely well in a priori tests often fail in practice, while things that work well in practice often fail in a
priori tests.
Two sets of DNS modelling non‐premixed, temporally evolving, plane‐jet flames featuring extinction and
reignition were considered. These databases were selected because a number of modelling
investigations of the data already existed, and because an initial focus on non‐premixed jet‐flames
mirrored the initial focus of the TNF workshop. The first DNS database considered syngas fuel and a
series of cases having different Reynolds numbers, keeping the Damköhler number fixed. One case was
also considered where all species had unity Lewis number, in order to understand any possible
influences of differential diffusion. The second DNS database considered ethylene fuel with a series of
cases having different Damköhler numbers, keeping Reynolds number fixed. In the syngas cases, higher
Reynolds number resulted in more extinction, while in the ethylene cases lower Damköhler number
resulted in more extinction. Comparison of the results between the two different fuels was also of
interest, since in the case of syngas the reaction zone was much broader than for ethylene, and the PDF
of radicals conditional on mixture fraction was mono‐modal in the case of syngas and bi‐modal in the
case of ethylene.
Four groups contributed modelled results for comparisons. UNSW contributed RANS/transported PDF
results using four different mixing models for all the DNS cases. Cornell/Peking contributed LES/TPDF
results for the highest Re syngas case. Utah contributed ODT modelling of the syngas series. Brigham
Young contributed ODT modelling of the ethylene series. Georgia Tech also previously modeled the
syngas cases using LEM coupled with LES. As per previous comparisons with experimental jet flames,
the most challenging situation for the models arose in cases that exhibited large amounts of extinction.
Regarding mixing models, RANS context, UNSW results show that, when uncertainties of turbulence
modelling, chemistry, etc., are eliminated, all mixing models are capable of good predictions in strongly
burning conditions. In conditions approaching extinction, models that feature locality of mixing (EMST,
SPMM) generally provide good predictions of mean quantities, but greatly under‐estimate conditional
fluctuations. In contrast models that do not feature locality of mixing (IEM, MC) fail for predicting the
means but do better for conditional fluctuations. SPMM is a newer model for which the optimal
parameter settings are not yet known. It was shown to provide results similar to EMST or IEM with
different parameter choices. Regarding LES, Cornell and GA‐Tech show good results with LES,
particularly for syngas case H, which is on the edge of global extinction. Reignition is stronger than in
UNSW’s RANS, suggesting that spatial structure in LES may be helpful for capturing reignition. Regarding
ODT, some great results were demonstrated after parameter tuning to get the jet spreading right.
Results were noticeably better in syngas cases, which are thought to be reigniting by flame‐folding
(represented in ODT), compared with ethylene, which are thought to be reigniting by edge‐flame
propagation (not represented in ODT).
There was a lively discussion after the session. Model parameter tuning was one issue raised several
times. Some of the models had certainly benefited from parameter adjustment, some had not, and for
others it was unclear whether there had been tuning or not. One view was that excessive parameter
adjustment suggests that something deeper is deficient with the model. The other was that parameter
adjustment is needed in order to understand sensitivities, and that the objective is to build up enough
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experience about how to set the parameters in different contexts and preferably embed this into the
model in ways that end users can easily take advantage of.
Future sessions will benefit from a more coordinated effort. In the TNF12 session, the modelling had
been done by various groups over several years. With the exception of the UNSW set of results with an
array of mixing models, too much had been varied between the models to make clear conclusions on
any one modelling element. In addition with most groups reporting just one set of modelling results,
understanding any parameter sensitivities was impossible.
To better coordinate this in future sessions it is suggested that the workshop could propose some
specific DNS cases as targets, similar to what is done for the experimental targets. As per the
experiments, the targets would have to be of interest to enough modelling groups to create a critical
mass of effort such that useful conclusions can be drawn. DNS targets should probably be designed
from the beginning with this particular use in mind, similar to the experimental databases, so as to
maximize their usefulness to the modelling community. The databases should meet some quality
standards, which need to be defined. They need a thorough characterization targeted at what modelers
need to know. Finally, the databases need to be made readily accessible. For this to be useful for TNF13
we probably need to start the process now. A discussion therefore on whether this is a useful direction
for TNF13 to pursue is needed. Several possible future target cases with references are given in the
session summary in the full proceedings.
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TNF12 Workshop – Agenda
Pleasanton, 31 July – 2 August 2014
Thursday, July 31:
16:00 – 17:00

Registration and Poster Setup

17:00 – 21:00

Poster Session and Reception

Friday, August 1:
7:30 – 8:15

Continental Breakfast in the Meeting Rooms

8:15 – 8:30

Introduction and Announcements
(Rob Barlow)

8:30 – 10:00

TUD and Cambridge Stratified Flame Comparisons
(Coordinators: Benoît Fiorina and Andreas Kempf)

10:00 – 10:30

Sydney Piloted Premixed Jet Flame Update
(Coordinators: Matthew Dunn and Assaad Masri)

10:30 – 10:50

Coffee Break (Poster Session)

10:50 – 11:40

Opposed Jet Flames
(Coordinators: Bruno Coriton and Steve Pope)

11:40 – 12:20

DME Flame Comparisons
(Coordinators: Jonathan Frank and Andreas Kronenburg)

12:20 – 13:20

Lunch (Italian Buffet)

13:20 – 14:20

Utilization of Temporally‐Resolved Experimental and
Simulation Data
(Coordinators: Adam Steinberg and Benjamin Böhm)
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Enclosed Flames and Unsteady Combustion
(Coordinator: Benoît Fiorina and Matthias Ihme)

15:30 – 15:50

Coffee Break (Poster Session)
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Flame Wall Interactions
(Coordinators: Francesca di Mare and Andreas Dreizler)
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New Burners
(Coordinator: Rob Barlow)
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Open Discussion
(Moderators: Rob Barlow and Johannes Janicka)

18:00 – 19:00

Dinner
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Poster Session
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TNF12 Workshop – Agenda
Pleasanton, 31 July – 2 August 2014
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Turbulent Stratified Flames and Model Comparisons
Coordinators: Benoit Fiorina and Andreas Kempf
The objective of the session was to compare recent simulations of turbulent stratified flames
against experimental data. Burner configurations from TU‐Darmstadt and Cambridge University
provided the target cases, both burning methane. Eight groups were involved in the simulations:
the Technische Universität Darmstadt (TUD), the Institute for Combustion Technology (ITV,
Aachen), Lund University (LUND), the EM2C laboratory at Ecole Centrale Paris (EM2C), the
CORIA laboratory (Rouen), the Hanyang University (Seoul), Imperial College London (IC), and
Duisburg‐Essen University (UDE).
With one exception (RANS‐PDF from Hanyang), all groups performed Large Eddy Simulations
using Low Mach Number solvers. TUD applies a premixed flamelet tabulation with local flame
thickening, ITV uses a flamelet progress variable approach also based on premixed flamelet
tabulation but coupled with a level set approach, LUND describes the combustion chemistry
through a 4‐step mechanism combined with Implicit LES, UDE used an artificially thickened
flamelet generated manifolds technique on many low cost cells, CORIA applied the filtered
laminar flame PDF model, Imperial used the stochastic fields technique, and Hanyang applied a
three environment PDF technique with IEM mixing based on a k‐epsilon RANS model. All
modeling strategies were designed to produce the correct laminar flame speed.
The Darmstadt stratified burner consists of three 5‐mm‐staged concentric tubes placed in a 0.1
m/s co‐flow. Burnt gases exit from the central tube (pilot) to stabilize the flame. Numerical
studies focus on the TSF‐A operating conditions, which promotes moderate fuel stratification
within the flame. Both adiabatic and isothermal assumptions are considered to set up the pilot
burner wall boundary conditions. To estimate the burner wall temperature, TUD developed an
analytical analysis to model heat exchange between the pilot tube and stream 1, while EM2C
performed a RANS 2D‐axisymmetric computation of the fluid flow inside the burner coupled
with conductive heat transfer within the burner wall. Both studies estimate a wall temperature
for the pilot tube of around 750K.
In addition to different modeling approaches, simulations differ by the CFD codes, the
combustion chemistry, the numerical methods and the computational grids. Although based on
different assumptions, all these computational strategies are designed to capture the filtered
flame propagation speed both when subgrid scale flame wrinkling occurs and when the flame
wrinkling is fully resolved at the LES filter scale. In addition, as these models account for non‐
adiabatic effects on the combustion chemistry, they are able to capture quenching phenomena
induced by heat losses.
An extensive comparison of simulation and experimental data is presented for the mean and
RMS field of velocity, temperature, mixture fraction, and major species mass fractions. In
general, good agreement is observed between the numerical predictions and the
measurements. All adiabatic computations predict a flame anchoring at the burner lips, while
the non‐adiabatic simulations show a flame lift‐off of half a pilot diameter. The comparison of
the mean temperature field and the species formation/consumption against the experimental
data provides evidence that accounting for heat losses improves the prediction of the flame
position. Quantitative comparisons exhibit strong similarities in the mean flame brush position.
It is also observed that the absence of turbulence combustion modeling at the subgrid scale has
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an influence on the mean flame front position. Instantaneous flame comparisons exhibit
differences in the size of the resolved flame wrinkling patterns. The first reason is that each
computational strategy (with different grids, numerics, and LES combustion models) implicitly
filters the flame at a specific scale. As wrinkling patterns bellow this curt‐off scale are not
resolved on the LES grid, differences are observed in the flame front visualizations. The second
reason for the differences in the size of the flame wrinkling pattern is linked to the influence of
the LES combustion model on the flame dynamics.
The Cambridge/Sandia burner also consists of three concentric tubes in a laminar co‐flow, but
the center tube is sealed with a ceramic cap, and the flame is stabilized by recirculation of
combustion products downstream of this central bluff body. Computations were performed by
EM2C, UDE, CORIA, Hanyang, and Imperial. Two cases were considered: a homogeneous case
with an equivalence ratio of 0.75 within both annular tubes (SwB1) and a stratified case with
equivalence ratio of 1.0 in the inner and 0.5 in the outer tube (SwB5). Further contributions
were made for a highly stratified case (SwB9) with 1.125 and 0.375 equivalence ratio from
Hanyang and UDE.
For the reactive cases SwB1 and SwB5, comparisons of mean and rms profiles for the axial and
radial velocity‐component with PIV measurements and for temperature and equivalence ratio
have been presented at various downstream locations. A good overall agreement between
experiment and simulation has been observed, with considerable progress since TNF11.
One key to accurate predictions of this flame is the inclusion of the effect of heat loss to the
bluff body, which affects flame standoff. The temperature of this bluff body is known from new
measurements that were performed jointly by experimentalists from Cambridge and Darmstadt.
An interesting issue specific to the Cambridge flame is that of differential diffusion, which is
visible in the region downstream of the bluff body, manifesting itself through an apparently
increased mixture fraction – beyond the mixture fraction of the richest stream at the inlet. This
behavior has been captured by the contribution from CORIA, which transported an additional
mixture fraction with a source term that represents the effect of differential diffusion. The
effect of this differential diffusion has been shown by an interesting study from EM2C: they
found that for the conditions of SwB1, differential diffusion and heat loss effects can
compensate each other: this means that considering both heat loss and differential diffusion
effects will lead to the same temperature as an adiabatic simulation for unity Lewis number.
This compensation of errors will, however, not occur for SwB5, since differential diffusion does
hardly alter the flame temperature in these conditions.
On the side of experiments, the mentioned temperature measurements for the bluff body have
become available. There are also new statistics for the single shot data, including species
concentration plots conditional on temperature and scatter plots of equivalence ratio vs.
progress variable. These statistics should be considered in the comparisons at the next TNF.
Overall, good progress has been made for both the Darmstadt and Cambridge flames through
the inclusion of the effects of heat‐loss and differential diffusion and the availability of new
surface temperature boundary conditions provided by the experimentalists. Given the good
agreement in the first two velocity and scalar moments, it is not clear how strong the effect of
stratification is beyond altering the laminar flame speed, which can be well resolved by the
present simulations. For the strongly stratified SwB9 case, however, the agreement between
experiment and simulation is not yet satisfying, requiring further research.
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TSF - Ar / Reactive
Burnt gases
g

CH4/Air
fresh mixture

CH4/Air
fresh mixture
G. Kuenne et al. Comb. and Flame (2012)

Pilot ﬂame holder

B. Böhm et al., Proc. Comb. Inst. (2010)
F. Seffrin et al., Comb. and Flame 157. (2010)
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TSFA: no shear layer / stratiﬁcation

1

2

10 m/s - ϕ = 0,6

Pilot ﬂame ϕ = 0,9

1

10 m/s - ϕ = 0,9

Co-ﬂow
air - 0,1m/s

2

10 m/s - ϕ = 0,9

Flame lifting but
ut 
no shear
no stratiﬁcation
on

10 m/s - ϕ = 0,6

stratiﬁcation zones

Co-ﬂow
air - 0,1m/s

Longitudinal cut of the TSF burner
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Caused byheat exchange within the pilot tube
Ceramic tube

1

2

10 m/s - ϕ = 0,6
6

300K

10 m/s - ϕ = 0,9

1

10 m/s - ϕ = 0,9

Co-ﬂow
air - 0,1m/s

2

6
10 m/s - ϕ = 0,6

300K

Pilot ﬂame ϕ = 0,9

2000K

Co-ﬂow
air - 0,1m/s

Preliminary temperature
measurements by thermographic
phosphors. From A. Dreizler, TUD.

Longitudinal cut of the TSF burner
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Heat exchange within the pilot tube

1

2

10 m/s - ϕ = 0,9

10 m/s - ϕ = 0,6
6

Pilot ﬂame ϕ = 0,9

1

10 m/s - ϕ = 0,9

Co-ﬂow
air - 0,1m/s

2

6
10 m/s - ϕ = 0,6

Coupled ﬂuid-solid RANS Simulation

Co-ﬂow
air - 0,1m/s

Longitudinal cut of the TSF burner
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Mercier et al, FTAC, 2014

Experimental data
Axial/radial
velocity

T - YO2 - YCH4 - YCO2 YH2O - YN2
200 mm

125 mm

LDV
measurements

100 mm

100 mm

75 mm

75 mm

50 mm

50 mm
45 mm
35 mm
25 mm
15 mm
5 mm
1 mm

1 mm

Raman/Rayleigh
measurements
50 mm

Experimental data from TSFA-i1 (inert)
Experimental data from TSFA-r (reactive)
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Numerical simulations performed since 2012 (TNF11)
Five groups involved in the LES: TUD, ITV, EM2C, LUND and
DUE:

•

•

5 diﬀerent turbulent combustion models

•

5 diﬀerent meshes

•

5 diﬀerent codes with diﬀerent numerics

•

5 diﬀerent computational domains

•

5 (or maybe more) diﬀerent phd students who run and
analyse the computations

11

Preliminary results shown
in 2012

TUD measurements

UDE - Non-adiabatic

EM2C - Adiabatic

ITV - Adiabatic

EM2C - Non-adiabatic

ITV - Non-adiabatic

TUD - Adiabatic

LUND - Adiabatic

TUD - Non-adiabatic

LUND - Non-adiabatic

mean T [K] at 25 mm

UDE - Adiabatic

2000
1600

2012

1200
800

Dashed LINE = Non adiabatic

400

Solid LINE = adiabatic
0
0.00 0.01 0.02 0.03 0.04 0.05
r [m]

LUND

mean T [K] at 45 mm

EM2C
2000

2012

TUD

1600

DUE

1200

ITV

800
400
0
0.00 0.01 0.02 0.03 0.04 0.05
r [m]
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What’s happened between TNF11 and TNF12?
We agreed on a common numerical strategy:

•

•

deﬁne a procedure to manage the BC’s

•

all groups have included heat losses eﬀects

Longer digestion time

•

•

2012: data collected a couple of hours before the workshop

•

2014: two years to verify the results consistency with
discussions and iterations between groups.

•

Models & Results have been published
F. Cavallo Marincola et al., PROCI, 2012
Kuenne et al. Comb. & Flame, 2012
Ketelheun et al. FTAC, 2013
Trisjono et al., FTAC, 2013
Mercier et al., FTAC, 2014
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Preliminary results shown in
2012

TUD measurements

UDE - Non-adiabatic

EM2C - Adiabatic

ITV - Adiabatic

EM2C - Non-adiabatic

ITV - Non-adiabatic

TUD - Adiabatic

LUND - Adiabatic

TUD - Non-adiabatic

LUND - Non-adiabatic

UDE - Adiabatic

Z = 25 mm

mean T [K] at 25 mm
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Work objectives

•

Diﬃcult to conclude on the combustion model performances (too
many sources of diﬀerences between runs)

•

We need to consider global computational strategies which
include models, code, numerics, mesh
•

The 5 computational strategies are all dedicated to capture
the turbulent ﬂame propagation speed (with and without heat
losses): This is a priori ﬁrst order of importance to capture the
ﬂame position
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Modeling: combustion chemistry
•

Global chemistry (Jones & Lindstedt, Comb & Flame,1988) - LUND

Chemistry tabulation from premixed ﬂamelet elements: FPI/FGM

•

(Gicquel et al, PROCI, 2000; Oijen et al., Comb & Flame 2001).

Premixed ﬂamelets computed using skelettal/reduced schemes from:
• GRI3.0: 53 species, 325 reactions - TUD
• Lindstedt: 29 species, 300 reactions - EM2C
• Peters and Rogg: 28 species - ITV

•


Flame speed ﬁtting
• From premixed ﬂamelet simulations (Pires Da Cruz et al., PROCI, 2000) performed
with GRI3.0 - DUE
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Modeling: combustion chemistry

LUND
EM2C
TUD - DUE
Experiments from Dong
et al. 2002
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Modeling: combustion LES issues
Flamelet regime assumption
ﬂame thickness δl

LES ﬁltering at size

Δ

fresh gases
burnt gases

ﬁltered ﬂame thickness δl

19

Modeling: ﬂame resolution issues
1) Very resolved LES:
ﬂame thickness

δl

≈

Δx < δl
ﬁltered ﬂame thickness

δl

then Δx < δl

• The numerical ﬂame resolution is sufﬁcient
to retrieve the ﬂame consumption speed
• Flame wrinkling is fully resolved (for
ﬂamelet regime)
no combustion model (ILES) - LUND
LES ﬁlter size

Δ≈

Mesh size
2

Δx
20
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Modeling: ﬂame resolution issues
ﬁltered ﬂame thickness

δl

2) practical situations for combustion LES:

Δ > δl
δl ≈ Δ ≈ 2Δx
ﬂame resolution is not sufﬁcient to
retrieve the ﬂame consumption speed
Flame front tracking technique (G-equation) - ITV
Artiﬁcial broadening of the ﬁltered ﬂame front 

• Thickened ﬂame model (TFLES) - TUD 
• Filtered ﬂame front
• Inﬁnitely thin ﬂame FSD - DUE
• F-TACLES - EM2C

Mesh size

LES ﬁlter size

Δx ≈

2

Δ
21

Modeling: SGS ﬂame wrinkling
SGS Flame wrinkling

burnt gases
fresh gases
Filtered ﬂame front consumption speed

Analytical models:

- Charlette et al. 2002 - EM2C, TUD
- Pitsch et al. 2005 - ITV
- Fureby. 2005 - DUE
- no model - LUND

δl

22
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Modeling the impact heat losses on the ﬂame consumption
speed (premixed formulation)
¯ k = f (Yk , 
kinetic scheme
ω̇
h, P̄ )
ILES + 4 steps global scheme - LUND

¯ c = Ξγ ω̇
¯ c1D
ω̇

ω̇k = f (Yk , h, P )
g

in
ter

l

ﬁ
chemistry tabulation from 
let
me
burner stabilized ﬂame
a
ﬂ

F-TACLES - EM2C

γ = Sl (h)/Slad Mercier et al., FTAC, 2014

ω̇c = f (Yc , h)

ST = ΞγSl

Oijen et al. CNF, 2001
Fiorina et al. CTM, 2003

FSD - DUE

ta

th
ic
ke
ni
ng

Be
PD
F



¯ c = Ξω̇c (Yc , 
ω̇
h)/F

¯c =
ω̇

1
0



Pβ (c)ω̇cref

Ea
exp −
R



1
1
−
T
Tref



Flame ThickeningTFLES - TUD

Presumed PDF + enthalpy rescaling - ITV

Ketelheun et al. FTAC, 2013

Trisjono et al., FTAC, 2013
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Table 1: Summary of main turbulent combustion models properties.
Turbulent

Chemistry

Kinetic

Flame resolution

Flame wrinkling

Combustion model

modeling

scheme

management

model

ATF-FGM

Tabulated chemistry

GRI3.0

Thickening

Charlette et al.

(TUD)

(premixed ﬂamelets)

[35]

F-TACLES

Tabulated chemistry

Lindstedt

(EM2C)

(premixed ﬂamelets)

[36]

Coupled G-C

Tabulated chemistry

Peters & Rogg

(ITV)

(premixed ﬂamelets)

[37]

MILES

Semi-global

Jones & Lindstedt

(LUND)

scheme

[31]

FSD

Flame speed

GRI3.0 et al.

(DUE)

tabulation

[35]

[27]
Filtering

Charlette et al.
[27]

Level-set

Pitsch
[14]

Resolved

-

Filtering

Fureby
[40]

All models are designed to capture the ﬁltered ﬂame
consumption speed:
- with or without SGS ﬂame wrinkling
- when heat losses occur
24
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CFD code properties
Group
TUD

Code

grid type

FASTEST

spatial scheme

block

2

nd

structured
EM2C

YALES2

2

unstructured

ITV

CIAO

order velocity [42]

nd

4
4

th

3
LUND

OpenFOAM

unstructured

2

2
DUE

PsiPhi

structured
2

nd

order scalar

nd

4

order scalar [45]

2

order scalar

2

2

Smagorinsky [44]

order

WALE
[47]

order

Dynamic

nd

Smagorinsky [44]

order

Smagorinsky

backward ﬁn. diﬀ.
rd

order velocity

nd

Dynamic

Crank-Nicolson

order TVD for scalars
2

th

nd

order linear for velocity

nd

order

Turbulence SGS

TRK4 [46]

order velocity

rd

nd

Runge Kutta

order velocity

2

nd

2

order scalar[43]

th

nd

structured

temporal scheme

3

order scalar

order

[48]
Smagorinsky

RK4

[48]
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Computational domains
TUD
EM2C
LUND / ITV / DUE

1

2

10 m/s - ϕ = 0,9

10 m/s - ϕ = 0,6

Pilot ﬂame ϕ = 0,9

1

10 m/s - ϕ = 0,9

Co-ﬂow
air - 0,1m/s

2

10 m/s - ϕ = 0,6

Different codes and
different computational
domains: how to
manage the BC’s ?

Co-ﬂow
air - 0,1m/s
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Boundary conditions: thermal
Adiabatic simulations
Adiabatic walls

1

2

10 m/s - ϕ = 0,9

10 m/s - ϕ = 0,6

Pilot ﬂame ϕ = 0,9

1

2

equilibrium pilot
gases temperature

10 m/s - ϕ = 0,6

Co-ﬂow
air - 0,1m/s

10 m/s - ϕ = 0,9

2132K

300K 300K

Co-ﬂow
air - 0,1m/s

300K 300K

Longitudinal cut of the TSF burner
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Boundary conditions: thermal
Non-adiabatic simulations
Adiabatic walls

TUD measurements

UDE - Adiabatic

EM2C - Adiabatic

UDE - Non-adiabatic

EM2C - Non-adiabatic

LUND - Adiabatic

TUD - Adiabatic

LUND - Non-adiabatic

TUD - Non-adiabatic

Z = 15 mm

300K 300K

Mean T [K]
300K 300K

Longitudinal cut of the TSF burner
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2000
1500
1000

2

500
0
0

700
600
500
400
300
Co-ﬂow
200
air - 0,1m/s
100
Inlet temperature
0
proﬁle adjusted to ﬁt 0

5 10 15 20 25 30 35 40

RMS T [K]

10 m/s - ϕ = 0,6

1

10 m/s - ϕ = 0,9

10 m/s - ϕ = 0,9

Co-ﬂow
air - 0,1m/s

1

2

10 m/s - ϕ = 0,6

Isothermal walls
750K (from
coupled RANS
ﬂuid/solid
simulations,
Mercier et al.
2014)

Pilot ﬂame ϕ = 0,9

2500

z= 15 mm temperature
measurements (mean
28
and RMS)
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Boundary conditions: velocity

TUD measurements

UDE - Adiabatic

EM2C - Adiabatic

UDE - Non-adiabatic

EM2C - Non-adiabatic

LUND - Adiabatic

TUD - Adiabatic

LUND - Non-adiabatic

z [m.s−1]
Mean U
1

2

14
12
10
8
6
4
2
0
−2
0

Z = 1 mm

5 10 15 20 25 30 35 40

Co-ﬂow
air - 0,1m/s

z [m.s−1]
RMS U

10 m/s - ϕ = 0,6

2.5
10 m/s - ϕ = 0,9

10 m/s - ϕ = 0,9

Co-ﬂow
air - 0,1m/s

1

2

10 m/s - ϕ = 0,6

Inlet proﬁle verify
the mass ﬂowrate
measured.
Artiﬁcial
turbulence is
injected to ﬁt
z=1mm
measurement
(except TUD)

Pilot ﬂame ϕ = 0,9

TUD - Non-adiabatic

2.0
1.5
1.0
0.5
0.0

0.1 m/s
Longitudinal cut of the TSF burner

Inlet velocity proﬁle 0
adjusted to ﬁt z= 1 mm
measurements (mean
and RMS) for the inert
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List of simulations performed
,p

y

Simulation

Number of

Flame resolution

Pilot inner

Pilot inlet

Combustion

number

nodes

Δx /δl

wall temperature

stream temperature

model

TUD-AD

6.5M

0.4 - 4.4

Adiabatic

2132K (Adiab)

ATF-FGM

TUD-NAD

6.5M

0.4 - 4.4

750K

2000K

(2<F<15)

EM2C-AD

5.4M

3

Adiabatic

2132K (Adiab)

F-TACLES

EM2C-NAD

5.4M

3

750K

2000K

(Δ = 10δl )

ITV-AD

3.1M

2.3

Adiabatic

2132K (Adiab)

Coupled

ITV-NAD

3.1M

2.3

750K

2000K

G-eq / C

LUND-AD

3.1M

0.56

Adiabatic

2132K (Adiab)

MILES

LUND-NAD

3.1M

0.56

750K

2000K

DUE-AD

110M

0.5

Adiabatic

2132K

DUE-NAD

110M

0.5

750K

2000K

FSD
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non-adiabatic simulations:
reduced axial velocity along the
centerline

TUD measurements

UDE - Adiabatic

EM2C - Adiabatic

UDE - Non-adiabatic

EM2C - Non-adiabatic

LUND - Adiabatic
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TUD - Non-adiabatic
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Axial velocity RMS

TUD measurements

UDE - Adiabatic

EM2C - Adiabatic

UDE - Non-adiabatic

EM2C - Non-adiabatic

LUND - Adiabatic

TUD - Adiabatic

LUND - Non-adiabatic

TUD - Non-adiabatic

Z = 50 mm
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Mean radial velocity
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Mean radial velocity

TUD measurements

UDE - Adiabatic
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Temperature iso-surface: adiabatic simulation

(a) TUD

(e) DUE

(b) EM2C

Diﬀerent resolved ﬂame wrinkling
patterns:
-combustion model Auzillon et al., 2011
-LES Filter scale
(c) ITV

(d) LUND
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Temperature iso-surface: non-adiabatic simulation

(a) TUD

(b) EM2C

(c) ITV

(d) LUND

(e) DUE

Same lift-oﬀ predicted in the non adiabatic simulations
37

Temperature ﬁeld:
adiabatic simulations

(a) TUD

(b) EM2C

(c) ITV

(d) LUND

(e) DUE

38
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Temperature ﬁeld:
non-adiabatic simulations

(a) TUD

(b) EM2C

(c) ITV

(d) LUND

(e) DUE

39

Iso-lines of mean temperature (T = 1250K)

ADIAB

NON-ADIAB

Similar mean ﬂame brush thickness position
40
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Mean temperature proﬁles

TUD measurements
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TUD - Adiabatic
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TUD - Non-adiabatic

- ﬂame lift induced by non-adiabatic eﬀects is evidenced
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RMS temperature proﬁles

TUD measurements
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Mean T [K]

2500

- Flame lift induced by non-

2000
1500
1000
500

RMS T [K]

adiabatic eﬀects cause a
ﬂame shifting in the
downstream directions

- Same lift-oﬀ but diﬀerent
ﬂame shifting
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Z = 100 mm

2000

- Grid resolution became

insuﬃcient:
• specially for ILES where the
ﬂame thickness and ﬂame
wrinkling are underesolved

Z = 35 mm

49

500
0
0
700
600
500
400
300
200
100
0
0

5 10 15 20 25 30 35 40

5 10 15 20 25 30 35 40
r [mm]
31 July - 2 August 2014, Pleasanton, California

Challenged 5 reactive LES strategies on a non
adiabatic stratiﬁed burner
The strategies (numerics + modeling) are designed to capture the
ﬂame consumption speed.
Similarities
•

all adiabatic simulations predict a ﬂame anchoring at the
burner lips

•

all non-adiabatic simulations predict a lift-oﬀ of the ﬂame

•

Fairly closed predictions of mean ﬂame brush position

Diﬀerences
•

Diﬀerences in the temperature ﬁeld downstream

•

Flame shifting induced by heat losses
45

Open questions

•

Could certainly improve the comparison between
the 5 datasets. We can have the feeling that the
analysis is not completed

•

How to compare the ﬂame dynamic ?

•

Will we be in the Guinness world record book?

46
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Longest list of authors in combustion and
ﬂame ?
In preparation

Challenging modeling strategies for LES of
non-adiabatic turbulent stratiﬁed combustion
B. Fiorinaa,b,∗, R. Merciera,b , G. Kuennec,d , A. Ketelheunc,d , A. Advićc,e , J.
Janickac,d , D. Geyerc,d , A. Dreizlerc,d , E. Aleniusi , C. Duwigi , P. Trisjonof ,
K. Kleinheinzf , S. Kangg , H. Pitschf , F. Prochh , F. Marincolah , A. Kempfh
a
Ecole Centrale Paris, Grande Voie des Vignes, 92290 Châtenay-Malabry, France
CNRS, UPR 288, Laboratoire d’Energétique Moléculaire et Macroscopique, Combustion
(EM2C), Grande Voie des Vignes, 92290 Châtenay-Malabry, France
c
Institute of Energy and Power Plant Technology, TU Darmstadt,
Jovanka-Bontschits-Strasse 2, 64287 Darmstadt, Germany
d
Darmstadt Graduate School of Energy Science and Engineering, TU Darmstadt,
Jovanka-Bontschits-Strasse 2, 64287 Darmstadt, Germany
e
Graduate School of Computational Engineering, TU Darmstadt, Dolivostrasse 15, 64293
Darmstadt, Germany
f
Institute for Combustion Technology, RWTH Aachen University, Templergraben 64,
Aachen 52056, Germany
g
Department of Mechanical Engineering, Sogang University, Sinsu-dong, Mapu-gu, Seoul
121-742, Korea
h
Universitat Duisburg-Essen, Duisburg 47048, Germany
i
Div. of Fluid Mechanics, Dept. of Energy Sciences, Lund University, SE 22100 Lund,
Great country of Sweden
b

47
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Cambridge Stratified Flames

EM2C: Renaud Mercier, Benoît Fiorina
CORIA: Suresh Nambully, Pascale Domingo, Luc Vervisch
Imperial: Salvador Navarro Martinez
UDE: Fabian Proch, Andreas Kempf
Hanyang: Sangtae Jeon, Taehoon Kim, Yongmo Kim
Cambridge/Sandia: Mark Sweeney, Simone Hochgreb, Matt Dunn, Rob Barlow

Introduction
๏

Compared to Darmstadt TSF
๏

Smaller

๏

Stabilisation by recirculation, not pilot
๏

Heat losses to bluff body

๏

Flame lift off

๏

Stability of recirculation zone

๏

No chamfer for tubes (min. structure size 0.9mm)

๏

Stronger stratification (ratios of 2, 3 instead of 1.5)

๏

Shear

๏

Recirculation zone - with differential diffusion

2
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Configuration
Cases

Cold

SW1

SW5

SW9

Φ

1

2

3

Φ

0.75

1.0

1,125

Φ

0.75

0.5

0,375

U

8.31

U

18.7

U

0.4

Swirl
Fuel

0
CH

Photograph and snapshot from LES (Proch)

3
Overview
LES by F. Proch - FSD 2012

Volume rendered source term

TNF12 Workshop

Source term
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Axial velocity

4
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Overview
LES by F. Proch - PFGM 2014

Volume rendered source term

Source term

Axial velocity

5

Overview
LES by F. Proch

Volume rendered pressure

Axial momentum

TNF12 Workshop

Turbulent viscosity

54

Out of plane velocity

6
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Overview
LES by F. Proch - FSD 2012

Progress variable

Equivalence Ratio

Mixture density

7

Equivalence ratio

Mixture density

8

Overview
LES by F. Proch - PFGM 2014

Progress variable

TNF12 Workshop
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Publications
since 2012

Experimental
M.S. Sweeney, S. Hochgreb, M.J. Dunn, R.S. Barlow, Combust. Flame 159 (2012) 2896–2911.
M.S. Sweeney, S. Hochgreb, M.J. Dunn, R.S. Barlow, Combust. Flame 159 (2012) 2912–2929.
R. Zhou, S. Balusamy, M. S. Sweeney, R. S. Barlow, S. Hochgreb, Combust. Flame 160 (2013)
2017-2028.
M. Euler, R. Zhou, S. Hochgreb, A. Dreizler, Combust. Flame (2014), http://dx.doi.org/10.1016/
j.combustflame.2014.05.006.


Numerical
S. Nambully, P. Domingo, V. Moureau, L. Vervisch, Combust. Flame 161 (2014) 1756-1774.
S. Nambully, P. Domingo, V. Moureau, L. Vervisch, Combust. Flame 161 (2014) 1775-1791.
F. Proch, A. M. Kempf, Combust. Flame (2014) http://dx.doi.org/10.1016/j.combustflame.2014.04.010.
R. Mercier, T. Schmitt, D. Veynante, B. Fiorina, Proc. Combust. Inst. (2014) http://dx.doi.org/10.1016/
j.proci.2014.06.068.

9
New plots, experiment
Joint PDF of equivalence ratio and axial position
Samples from flame brush

lean stream
air 
coﬂow

air 
coﬂow

lean stream
air 
coﬂow

SW1: No stratification (0.75, 0.75)
SW5: Weak stratification (0.5, 1.0)
SW9: Strong strat. (0.375, 1.125)
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New plots, experiment
New plots, experiment
rich ﬂuid 
burned

Equivalence ratio vs. progress
g
variable,
Samples from flame brush

ﬂame enters
coﬂow

ﬂame enters
lean stream

diff-diff

SW1: No stratification (0.75, 0.75)
SW5: Weak stratification (0.5, 1.0)
SW9: Strong strat. (0.375, 1.125)

TNF12 Workshop

ﬂame in 
rich stream
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Contributions
Contributor

EM2C, École
Central, Paris
R. Mercier,
Fiorina

Universität
Duisburg-Essen
Proch, Kempf

INSA de Rouen,
CORIA
Nambully,
Moureau,
Domingo, Vervisch

Cases

SwB1, SwB5

SwB1, SwB5

SwB1, SwB5

Sw5, Sw9

Sw5

Turbulence
model

Dynamic
Germano

Sigma
(Nicoud et al.)
Cm

Dynamic Germano

RANS k-

LES

Combustion
model

F-TACLES

ATF / FGM

Filtered Laminar
Flame PDF
FLF-PDF

Three-Environment
Stochastic fields
PDF Model, IEM

Code

YALES2

PsiPhi

YALES2

MAST

BOFFIN

Schemes

O(4)

equidistant:
Δ=const.
CDS2
(Momentum)

O(4)

O(2)

O(2)

Domain and
grid

unstructured
103.2M cubic
unstructured
SwB1: 2.6M/13M cells, (0.25mm)
50M
SwB5: 5.3M/30M immersed bounds.

unstructured grid
wall-fitted cartesian
here: axisymmetric

Cost
(Core_h)

5,000h
15,000h
SGI-Altix

850h
(24h, 36 cores)

~ 300,000h
(1.3Mh on 8192
Blue Gene P)

50,000h
CRAY XE6m

Hanyang, Seoul,
KR
Jeon, Kim, Kim

Imperial College
London
Navarro Martinez

-

13
Modelling | Hanyang
Multi-Environment PDF Modelling

• Closed joint composition PDF transport equation with IEM
∂fφ
∂t

∂fφ

+ Ui

∂xi

−

∂ ⎛ ∂fφ ⎞
∂
⎜ Γt
⎟=−
∂xi ⎝ ∂xi ⎠
∂Ψ i

⎡⎛ ε
⎞ ⎤
⎢⎜ Cφ k ( φi − Ψ i ) + Si ( Ψ ) ⎟ fφ ⎥
⎠ ⎦
⎣⎝

• Formulation of MEPDF approach
Ne

Ns

n =1

α =1

fφ ( Ψ; x, t ) = ∑ pn ( x, t ) ∏ δ ( Ψα − φα

n

( x, t ) )

where N s : # of composition vector
N e : # of environment
m-th moments
mN s

φ1m  φN
1

s

Ne

Ns

n =1

α =1

= ∑ pn ( x, t ) ∏ φα

mα
n

where mα are the typical chosen to be non-negative integers

14
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Modelling | Hanyang
Multi-Environment PDF Modelling

• Transport equations of weights and weighted abscissas
∂pn
∂pn ∂ ⎛ ∂pn ⎞
+ Ui
−
⎜ Γt
⎟ = an
∂t
∂xi ∂xi ⎝ ∂xi ⎠
∂ s n
∂ s n ∂ ⎛ ∂ s n⎞
+ Ui
−
⎜ Γt
⎟ = bn
∂t
∂xi
∂xi ⎜⎝
∂xi ⎟⎠

• Non-constant linear equation of an and bn
Ne

Ne

∑δ ( Ψ − φ

) a − ∑δ ( ) ( Ψ −
n

n

n =1

where cn = Γt

∂ φ
∂xi

1

n =1

n

∂ φ

φ

n

Ne

){b

(
n − φ n an } − ∑ δ
n =1

2)

(Ψ −

φ

n

)p c

n n

= R ( Ψ ; x, t )

n

∂xi

• Using the derivatives of delta fuction, the final form of linear
equations are re-written by
Ne

(1 − m ) ∑ φ
n =1

m
n

where rn = Cφ

Ne

an + m∑ φ
n =1

ε
k

(φ

− φ

n

m −1
n

Ne

bn = m ( m − 1) ∑ φ
n =1

m−2
n

Ne

pncn + m∑ φ
n =1

m −1
n

pn rn

)+ S( φ )
n

15

Overview
LES by F. Proch

Sw1

Sw9

Sw5

Instantaneous and mean contour plots of equivalence ratio in a burner cross section for all three cases, the lean flammability limit is marked by a black isoline, the flame sensor which marks the combustion region is denoted by white isolines.
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SW1
no stratification

CORIA Rouen, Nambully, Moureau, Domingo, Vervisch
EM2C, Ecole Centrale, Renaud Mercier, Benoit Fiorina 
UDE, Fabian Proch, Andreas Kempf



17
Sw1 - Axial velocity
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Sw1 - Radial velocity
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Sw1 - Temperature

⇠ mean | rms ⇢
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SW1
Equilibrium temperature T eq (φ, Δh) [K]

Cross effects of heat losses and p
preferential diffusion
on the Inner Recirculation Zone (IRZ) temperature

TNF12 Workshop
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Mercier et al., Proc.
Comb. Inst., 2015
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Equivalence ratio φ [-]
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SW5
weak stratification

Hanyang University, Seoul, Sangtae Jeon, Taehoon Kim, Yongmo Kim
CORIA Rouen, Suresh Nambully, Pascale Domingo, Luc Vervisch
EM2C, Paris, Renaud Mercier, Benoit Fiorina
Imperial College, London, Salvador Navarro Martinez
UDE, Fabian Proch, Andreas Kempf

Sw5 - Axial velocity
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Sw5 - Radial velocity
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Sw5 - Temperature
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SW5
Effect of heat transfer to burner surface
⇠ adiabatic | non-adiabatic ⇢

Isosurface of reaction rate colored by fresh gas equivalence ratio for the SwB5 case.
LES by Renaud Mercier, Benoit Fiorina, EM2C, Ecole Centrale Paris
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Sw5
- Temperature
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SW5
Equilibrium temperature T eq (φ, Δh) [K]

Cross effects of heat losses and p
preferential diffusion
on the Inner Recirculation Zone (IRZ) temperature

TNF12 Workshop
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Sw5- Axial velocity

⇠ mean | rms ⇢




 

"











"














!



 






!








31

SW5
Data conditional on equivalence ratio

Hanyang University, Seoul, Sangtae Jeon, Taehoon Kim, Yongmo Kim
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VZE8

Sw5 - Conditional means
Temperature (Hanyang)
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Sw5 - Conditional means
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VZE8

Sw5 - Conditional means
CO mass fraction (Hanyang)

h=10mm

CO mass fraction

0.04

EXP
ENV 1 (I=1.0)
ENV 2 (I=0.5)
ENV 3 (Oxid)

0.03
0.02
0.01
0

0

0.2

0.4

0.6
06

Equivalence ratio

0.8
0

h=30mm

0.04

CO mass fraction

1

0.03
0.02
0.01
0

0

0.2
2

0.4
0

0.6
6

Equivalence ratio

0.8

1

h=50mm

SW9
strong stratification

Sw5

Hanyang University, Seoul, Sangtae Jeon, Taehoon Kim, Yongmo Kim
Universität Duisburg Essen, Fabian Proch, Andreas Kempf
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Sw9 - Axial velocity
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Progress from TNF11
Cambridge Flame

๏

Second Time TNF target

๏

Inclusion of highly stratified SW9 case (0.375, 1.125)

๏

New contributors CORIA, Hanyang, and EM2C, UDE

๏

New modeling approaches: MEPDF, ATF/PFGM, FLF-PDF

๏

Very fast progress: flow, mixing, reaction progress are solved
๏

Good geometry for simulation

๏

Experience form Darmstadt Stratified flame

๏

Inclusion of heat transfer near bluff-body

๏

Heat transfer considered by some groups

๏

Differential diffusion model by CORIA captures mixing effect

41
Challenges and opportunities for TNF13
Cambridge Flame

๏

Differential diffusion?
๏

How big an issue?

๏

Does it have further effects?

๏

Potential for very fine LES/DNS (Δ << 250μm)

๏

No need for further velocity, mixing and temperature comparisons

๏

Comparisons of concentrations/scatter plots/conditional data?


๏

Prepare joint paper, modelled on paper for Darmstadt flame
and present updated results at TNF13

42
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Recent developments in the Piloted Premixed Jet Burner
Coordinators: Matthew J. Dunn and Assaad R. Masri
The purpose of this session at TNF12 was to review recent progress on the piloted premixed jet
burner (PPJB) and to develop a plan for how the PPJB might feature in future TNF sessions. The
PPJB has featured prominently at previous TNF meetings, with dedicated sessions comparing
detailed experimental measurements to numerical modelling results at both TNF10 and TNF11.
Previous comparisons focused exclusively on a series of four PPJB flames, the so called PM1
flame series. In this flame series one parameter is varied, the jet velocity, so as to increase the
jet Reynolds number and hence increase the degree of finite‐rate chemistry effects through the
flame series. Both RANS and LES based calculations at TNF10 and TNF11 indicated that
encouraging results could be obtained for the lower velocity PM1‐50 and PM1‐100 flames.
However, no numerical modelling methodology was able to capture the degree and impact of
the finite‐rate chemistry effects in the higher jet velocity PM1‐150 and PM1‐200 flames. This
lack of success in modelling the higher velocity flames led to many questions being raised from
a modelling perspective, such as: Are the chemical mechanisms utilised sufficiently accurate
under the conditions encountered in the PPJB? Is LES mandatory to sufficiently capture the
flowfield dynamics and statistics? What is the minimum necessary dimensionality of the
chemical manifold necessary to sufficiently capture the extinction and re‐ignition of the higher
velocity flames? These important fundamental questions arose as a result of there being a lack
of obvious sub‐model components, particularly for the LES models, that were causing the poor
modelling predictions for the high velocity flames.
An important outcome from TNF10 was the utility of the RANS PDF based sensitivity results
presented by Rowinski and Pope, involving variation of parameters such as pilot velocity and
rates of key reactions. This sensitivity analysis lead to a convincing conclusion that the mixing
model was deficient, at least for the RANS based PDF calculations of the high‐velocity PPJB
flames [1]. Rowinski and Pope [2] investigated the sensitivity of LES/PDF results in work that
was published after TNF11. They observed significant numerically predicted sensitivity of the
degree of finite‐rate chemistry effects to the pilot velocity. However, this and other reported
sensitivities could not be validated by experimental results as such results did not exist at the
time.
These numerical predictions of the flame sensitivity motivated further experiments on the PPJB.
As a result at TNF12 a range of experimentally derived flame sensitivities were reported,
varying the central jet fuel type, the hot coflow temperature, and the pilot velocity. It was
found that by decreasing the pilot velocity a lower velocity PM1‐100 flame could display a
similar degree of extinction a standard higher velocity flame PM1‐150. Conversely, it was also
found that the degree of extinction could be reduced in the high velocity flames by increasing
the pilot velocity. For high velocity flames it was found experimentally that the coflow
temperature had a significant impact on the degree of extinction, which is a different finding to
some of the previous numerical sensitivity studies done on the coflow temperature for the
PPJB.
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It was noted that all of the modelling results, in‐particular the LES results, reported a significant
sensitivity to the inlet conditions, especially to the pilot inlet conditions. However, the existing
multi‐scalar measurement dataset only provides data at a distance of 10 mm from the pilot and
jet exit plane, creating some degree of uncertainty on the chemical state and potentially super‐
equilibrium radical state of the pilot at the exit plane. Some preliminary OH LIF measurements
to obtain both temperature and OH concentrations were presented as a means to obtain these
two quantities at the exit plane of the burner, thus adding to the model validation dataset the
ability to characterise the boundary conditions of the PPJB to sufficient accuracy for LES
methods that can accept non‐equilibrium inlet conditions, such as LES‐PDF based methods.
At TNF12 some initial results for the PPJB from Jeff Sutton’s group at Ohio State University were
introduced, including some proof of principle high‐speed Rayleigh scattering and PIV
measurements. It is noted that standard 10 kHz systems are not sufficient to capture the
temporal correlation adequately in some regions of these flames due the very high jet velocity.
Diagnostic systems approaching 100 kHz repetition rate, such as those being developed by Jeff
Sutton at Ohio State University, hold the key to not only understanding the temporal dynamics
of the PPJB flames but also providing model validation datasets with a temporal dimension.
In summary, recent experimental results exploring the sensitivities in the PPJB offer an
opportunity to better understand modelling difficulties associated with the higher velocity
PM1‐150 and PM1‐200 flames. Whilst there is a renewed experimental interest in the PPJB, a
strong commitment from the modelling community will be required to further explore
computational sensitivities. Such an exploration will be required to understand why many
models fail to adequately predict extinction in the PPJB flames, and it should be based on the
experimentally identified sensitivities in the PPJB.
1. D.H. Rowinski, S.B. Pope (2011) "PDF calculations of piloted premixed jet flames",
Combustion Theory and Modelling, 15(2), 245‐266.
2. D.H. Rowinski, S.B. Pope (2013) "Computational study of lean premixed turbulent flames
using RANS‐PDF and LES‐PDF methods", Combustion Theory and Modelling, 17(4), 610‐656.
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Sydney Piloted Premixed Jet Burner (PPJB) Update
Session co-ordinators

Matthew J. Dunn
Assaad Masri

TNF 12 Workshop, Pleasanton, CA, 2014

The PPJB is designed to investigate high turbulence intensity
premixed combustion
Coflow Curtain
198mm ID

Coflow: premixed
H2+Air
198mm OD

TNF12 Workshop

Central Jet
Premixed CH4+Air
4mm ID

Pilot
Stoichiometric
CH4 + Air
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Flame series have been identified that exhibit a broad range of
turbulence chemistry interactions

PM1-50

PM1-100

PM1-150

PM1-200

 Central jet velocities 50, 100, 150 and 200m/s
•

(Re~=12500, 25000, 37500 and 50000)

 TCoflow=1500K, φJet=0.5, (Tad,Coflow=TCoflow)

There is a progression from thin to thickened instantaneous flame
front structure the PM1 flame series. For example take T-OH
images for three flames at x/D=10

PM1-50

PM1-100

PM1-150
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The quantity <[CO][OH]|ξ=1400K> can be used as a measure of
finite rate chemistry effects in the PM1 flame series
2
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Axial Position x/D

Detailed PPJB PM1 flame series data package for modellers
 Burner geometry
 LDV (jet) velocity measurements
 Mean and rms radial profiles and scatter plot data for, Temperature,
major species , CO and OH
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First model comparison of PPJB PM1 flame series held at TNF10
(2xLES, 2xRANS PDF)
 LES calculations (Lund/Stanford):
 All presented results first pass/preliminary results
 LES Conclusions
 Stanford
 Need to implement tabulation for mixing
 Need to model pilot chamfer
 For the highest velocity cases, reaction progress over predicted
 Lund
 Good results for PM1-50 case
 Questions raised over resolution requirements
 Subsequent publication addressed the resolution requirements
 Insufficient spatial resolution results in an over predicted
reaction rate (flame too short)

TNF10 RANS PDF findings
 RANS PDF calculations:
 Two equation turbulence models struggle to get the
mixing field correct in all locations
 Joint turbulence-composition PDF model can predict
the mixing fields well with modified Cω1
 Good results for the PM1-50 case
 For the highest velocity cases, reaction progress over
predicted

TNF 12 Workshop, Pleasanton, CA, 2014
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TNF10 RANS PDF questions raised
 Suitability of chemical mechanisms?
 Subsequent work showed no difference for San Diego mechanism

PM1-200

 Why are high velocity flames so poorly predicted?
•

Mixing model deficiency?

TNF 12 Workshop, Pleasanton, CA, 2014

At TNF11 four different LES approaches to modelling the PPJB
were presented

 Stochastic field LES
 ILES
 Two different tabulated flamelet LES models

TNF 12 Workshop, Pleasanton, CA, 2014
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The PM1-150 flame proved to be challenging for all LES models

 RANS PDF results from TNF10 seems to equivalent if not be superior to current LES
calculations. No model correctly predicts the rate of extinction as function of axial
distance, hence flame length is predicted to be too short
 Similar conclusion for flame length based on T or CH4 (flames predicted to be too
short)

TNF 12 Workshop, Pleasanton, CA, 2014

Post TNF11 PPJB numerical simulation progress

 Publication of Chen and Ihme of results reported at TNF11
Yuntao Chen and Matthias Ihme, "Large-eddy simulation of a piloted premixed jet burner“,
Combust. Flame 106 (2013) 2896-2910.

•

Encouraging results for PM1-50 and PM1-100 flames as reported at TNF11

 Publication by Rowinski and Pope on new RANS and LES PDF calculations of PPJB
David H. Rowinski and Stephen B. Pope, “Computational study of lean premixed turbulent flames
using RANSPDF and LESPDF methods”, Combust. Theory Model. 17:4 (2013) , 610-656.

 Significant conclusions for modeling the PPJB, particularly for the PDF approach
 The results of Rowinski and Pope (2013) will be explored in the following slides

TNF 12 Workshop, Pleasanton, CA, 2014
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Modelling diffusion correctly could be important for PPJB
simulations
 Differential diffusion is expected to be important in the following regions:
 Jet near exit shear layer region
 High scalar dissipation layer regions
 Pilot-coflow interface (molecular diffusion vs. turbulent diffusion)

TNF 12 Workshop, Pleasanton, CA, 2014

RANS PDF implementation of differential diffusion in mixing model
significantly improves mean near exit fields

•
•

PM1-50 flame, no thermal boundary layer modelling
dashed line standard model (no differential diffusion), solid line differential diffusion
model, thin solid line with boxes experimental data

TNF12 Workshop
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Accounting for the thermal boundary layer around the pilot shroud
is important in the near field of both LES and RANS PDF models

•

Solid black line LES PDF differential diffusion model no heat transfer

•

Grey solid line LES PDF differential diffusion model with heat transfer

•

Grey dashed line RANS PDF differential diffusion model with heat transfer

•

Thin solid line with boxes experimental data

TNF 12 Workshop, Pleasanton, CA, 2014

LES implementation of differential diffusion model for avoids the
spurious variance production found in the RANS model

TNF12 Workshop

•

Solid black line LES PDF differential diffusion model no heat transfer

•

Grey solid line LES PDF differential diffusion model with heat transfer

•

Grey dashed line RANS PDF differential diffusion model with heat transfer

•

Thin solid line with boxes experimental data
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Little difference between full and reduced 2D FGM representation
of chemistry
 Grid/numerics/model
independent evaluation
 Similar or greater sensitivity to
non-equilibrium pilot conditions

•

FGM solid line

•

Full dashed line

•

Thin solid squares expt.

TNF 12 Workshop, Pleasanton, CA, 2014

LES PDF results represent a significant progression towards
modelling the PM1-150 and PM1-200 flames

 Increasing

CM

improves

the

predictions without creating spurious
scalar variance
 How universal is CM?
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Motivation for further experimental progress
 Numerical parametric studies (Rowinski and Pope) indicate a sensitivity of the
degree of reaction progress along the centerline to the pilot velocity
•

No formally reported experimental data on this

 Vary the degree of turbulence chemistry interaction, whilst keeping the turbulence
timescale approximately constant
•

Interesting test for mixing models

•

Test for universality of model constants (e.g. CM)

 Remove Reynolds number dependence (low significance) as intense turbulence
chemistry effects probably primarily a Damkholer effect in the PPJB

Experimentally it is found that PPJB PM1 flames are sensitive to
Upilot
PM1-100
Upilot=0.4m/s

0.5m/s

0.6m/s

0.7m/s

0.9m/s

1.1m/s

 Central jet velocity 100 m/s
 TCoflow=1500K, φJet=0.5, (Tad,Coflow=TCoflow)
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Experimentally it is found that PPJB PM1 flames are sensitive to
Upilot
PM1-150
Upilot=0.4m/s

0.5m/s

0.6m/s

0.7m/s

0.9m/s

1.1m/s

 Central jet velocity 150 m/s
 TCoflow=1500K, φJet=0.5, (Tad,Coflow=TCoflow)

Experimentally it is found that PPJB PM1 flames are sensitive to
Tcoflow
PM1-150
Tcoflow=1350K 1400K

TNF12 Workshop

1450K

1500K

1530K

1550K

 Central jet velocity 150 m/s

Rowinski and Pope report little change reducing coflow

 UPilot=0.7m/s, φJet=0.5

temperature from 1500K to 1200K for PM1-200
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Experimentally progress has been made characterising the pilot
near field for OH and Temperature for the PPJB
 Measurements of OH and T right at the exit plane
 Super equilibrium OH and CO known to exist at x/D=2.5 but previously unknown
at x/D=0
 Sensitivity of super equilibrium levels to OH to pilot velocity

PM1-100
Upilot=0.5m/s

Upilot=0.7m/s

Upilot=0.9m/s

Alternate fuels: PPJB flames using ethylene are far more robust
compared to methane

Ujet=50m/s

75m/s

100m/s

125m/s

150m/s

 φJet=0.456, (C2H4 + air), Tad,jet=Tcoflow=1500K
 UPilot=0.7m/s, φPilot=0.845, (C2H4 + air)

TNF12 Workshop
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Alternate fuels: DME PPJB flames are far more robust compared
to methane
Increasing Ujet

 Tcoflow=1500K
 Constant φJet, Upilot & φPilot

Initially identified flames series using alternative fuels do not at
face value display the same range of finite rate chemistry effects
as the PM1 flame series
 How to specify flame series for these fuels flames?
 Desire to identify a flame series similar to the PM1 flame series
 For a given phijet select Tcoflow such that Tcoflow =Tad,jet
 For robust fuels (compared to CH4) such as C2H4 and DME will require lower
coflow temperatures (<1500K) and leaner central jet mixtures
 No need pilot to be stoichiometric as in PM1 flame series, can be lean
 Pilot needs to be at least 0.5m/s bulk cold velocity

TNF12 Workshop
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Temperature and Velocity Imaging in the
Sydney Piloted Premixed Jet Burner
Patton Allison, Han Shen, Jeffrey A. Sutton
Department of Mechanical and Aerospace Engineering
Ohio State University
TNF Workshop
August 1, 2014

Turbulence and Combustion Research Laboratory

PPJB “Online”
Piloted Premixed Jet Burner (PPJB) was fabricated
and is operational at OSU
Velocities up to 200 m/s; thermal power ~ 50 kW
(Extensive upgrade to exhaust system)
50 m/s

TNF12 Workshop

100 m/s

150 m/s

200 m/s

x/d = 60

60

60

60

45
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High-Resolution Temperature Imaging
High-resolution temperature imaging using planar Rayleigh scattering

1500 K
532 nm

Rayleigh
camera

Sheet
correction

McKenna
burner

Field of view = 8 mm x 21 mm (measurements reported at x/d = 15)
In-plane spatial resolution ~ 40 m
Out-of-plane spatial resolution (laser sheet thickness) ~ 90 m (FWHM)
> 700 mJ/pulse at 532 nm at 10 Hz
Low-noise CCD camera; SNR ~ 100 at T = 1500 K

Temperature Field Structure
U = 50 m/s, ReT = 750
~0.9 mm

U = 100 m/s, ReT = 3100

U = 150 m/s, ReT = 3700

U = 200 m/s, ReT = 5200
~4.0 mm
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High-Speed Imaging - Temperature
HEPBLS

Burst durations of ~20 ms (200 pulses at 10 kHz)
Pulse energies ~ 1 J/pulse at 532 nm

532 nm

McKenna
burner

Rayleigh
camera
Sheet
correction

10-kHz Temperature Field Sequence

U = 50 m/s ; x/d = 15
20 of 195 images shown

TNF12 Workshop
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High-Speed PIV
High-speed velocity imaging using particle imaging velocimetry

532532
nmnm

CMOS

1:1 imaging; field of view = 10 mm x 15 mm (measurements at x/d = 15)
Pixel resolution = 20 m; 16 x 16 interrogation window (w/ 50% overlap) =
320 m spatial resolution(m) with 160 m vector spacing
Out-of-plane spatial resolution (laser sheet thickness) ~ 100 m (FWHM)
m/lo ~ 0.08; m/K ~ 10 - 50

Axial Velocity Images
U = 50 m/s, ReT = 720

U = 100 m/s, ReT = 3100

Mean

Single
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PPJB modelling very challenging for many numerical groups but
now also a growing number of experimental groups
 Flames have been repeated many times at Sydney
 Scalar data taken at Sandia
 Very encouraging complementary diagnostics now at a new lab (OSU)
•

Unique capabilities (>10kHz) enable temporal analysis

 Also a version of the burner at USC/Stanford

Way forward for the PPJB? Reduced complexity? premixed jet
burner (PJB)?
 Significant challenges modeling high velocity PPJB flames
 Would flames without a stoichiometric pilot and a similar Tcoflow, Φjet and Ujet be of
use?
 NPM2-40, NPM2-100, NPM2-200 (Φjet =0.6 CH4 jet, 1650K H2/air coflow)

 Existing experimental data: velocity, Temperature-OH imaging, Raman-RayleighCO/OH LIF

TNF12 Workshop
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Way forward for PPJB: premixed jet burner (PJB)?
 Preliminary calculations of PJB already exist:
•

LES stochastic fields (Prasad/Martinez) NPM2-200 (200m/s jet case)

•

Two scalar tabulated LES (Duwig et al.) NPM2-40 (40m/s jet case)

 Numerical sensitivity of flame lift-off height to inlet conditions
 Even the (simplified?) non-piloted case remains challenging
•

Are the flame stabilisation dynamics/mechanism similar to the PM1-150and PM-200
cases?

 Experimentally known that the preheat of the jet is significant and the degree of
preheating varies with jet velocity/coflow temperature.
•

Measurements at x/D=2.5 probably not sufficient for modellers

•

Consider re-designing jet tube to incorporate cooling/thermal insulation

•

Alternate flames series in the premixed jet burner

Discussion points
 Experimental exploration of flame for sensitivity analysis is on going: feedback
from modellers desired
 How can future experiments guide or help model development?
 Where to now for PDF calculations?
•

New mixing models

•

MMC

•

Is LES mandatory?

 How to progress tabulated LES approaches?
 Applicability of alternative modelling approaches such as stochastic fields
 Is there going to be strong numerical prediction input at the next TNF?
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Turbulent Opposed Jet Flames
Coordinators: Steve Pope and Bruno Coriton
The session on turbulent opposed jet flames highlighted the latest measurements and
simulations in the reactant‐to‐product configuration in which a turbulent stream of premixed
reactants is opposed to a second stream of combustion products in thermo‐chemical
equilibrium. The reactant‐to‐product configuration allows for a unique variety of premixed
combustion regimes in a compact geometry. Turbulent premixed flames can be stabilized
under intense turbulence and strain thanks to the “back‐support” of the counterflowing
combustion products.
To date, two burners designed at Yale University and Imperial College are available in this
configuration. To generate the turbulent stream issuing through the upper nozzle, both
burners employ turbulence‐generating plates (TGP) housed inside the nozzle. The stream of
hot combustion products is generated by premixed flames enclosed inside the bottom nozzles.
Fluid properties (Ret, Kbulk) as well as the stoichiometry of the reactants and the temperature
and equivalence ratio of the combustion products can be varied independently.
A brief summary of the experimental and DNS data that were presented in the session follows:






At Imperial College, simultaneous PIV and OH‐LIF measurements have been performed
in lean premixed flames for different fuels (CH4, JP‐10, DME). Post‐processing of the
Mie‐scattering and OH‐LIF images enabled the identification of five characteristic flow
regions (reactants, products, mild‐reacting fluid, mixing fluid, and regions of intense
burning) following the approach of Spalding (1996) for distributed reaction zone
regimes. A preliminary comparison of statistics for CH4/air and DME/air premixed
flames was presented. Statistics were conditional on the flame leading edge.
At Sandia National Labs, PIV and LIF (CO, CH2O, OH) measurements were performed in
the Yale counterflow burner. Data are available for CH4/N2/O2 premixed flames over a
wide range of Reynolds numbers (470‐1050), bulk strain rates (1400/s‐2240/s), product
temperatures (1500K‐2000K), and equivalence ratios (lean‐to‐rich). Under these
conditions, the flames exhibited varying amounts of localized extinctions. Mean
progress variables and probabilities of localized extinctions were quantified for all the
flames. Statistics were conditional on a defined gas mixing layer interface (GMLI) that
separated the two jets.
A DNS of a H2/air premixed flame was performed at Sandia National Labs. Lean (φu=0.4)
premixed reactants were opposed to stoichiometric H2/air combustion products at
1475K. Extinction/re‐ignition was found to be a smooth process, meaning that flame
heat release rate decayed monotonically with increasing strain rate. Unconditional
Favre statistics of velocity, temperature and species are available for model validation.

Simulations of turbulent opposed jet flames performed by four research groups (Brandenburg,
CRAFT Tech, Duissburg‐Essen, and Cornell) were presented. Although a broad range of flow
conditions were simulated, no target flame was identified and therefore no direct comparison
between the simulations could be made. In counterflow jets, implementing the inflow velocity
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boundary conditions is a challenge. Two strategies were identified and compared: 1) the
boundary conditions are prescribed directly at the nozzle exit planes (Brandenburg, Cornell) or
2) the solution domain also includes the flow inside the nozzles, either up to the TGP (Duisburg‐
Essen) or further upstream of the TGP (CRAFT Tech). Conclusions from the four modeling group
contributions are summarized below:








Brandenburg performed an ODT simulation of the Sandia H2/air premixed flame for
which DNS data are available. Although ODT is a reduced order model, it was able to
achieve good agreement with the DNS data (temperature, major species, etc). ODT
appeared to yield satisfactory species profiles, but to under‐predict heat release and
ignition. The Yale/Sandia CH4/N2/O2 experiments were also attempted with ODT;
however, there was difficulty in capturing ignition.
CRAFT Tech’s LES simulations of the Yale reactant‐to‐product burner included the full
burner geometry. The fluid dynamical aspects of the counterflow were studied in a non‐
reactive case (N2/products). The GMLI was found to oscillate slowly between the
nozzles and at larger amplitude than in the experiments, which affected the
unconditional statistics. Preliminary simulation of the CH4/N2/O2 premixed flame was
also conducted with a simple algebraic Pocheau model. In the future, the
extinction/ignition events observed experimentally will be modelled with an LEM‐CF
model.
The group at Duisburg‐Essen performed LES/FDF simulations of the Darmstadt and
Imperial College CH4/air twin‐premixed flames. Good agreement between simulations
and Darmstadt’s experiments were achieved. Future work will include different fuels
(C2H4, C3H8).
Cornell’s group performed simulations of both non‐premixed and premixed flames in
the Yale burners. The domain included the flow between the nozzles. Inflow boundary
conditions were prescribed based on Pettit’s LES data of nozzle inflow. Good agreement
for velocity statistics and progress variables were obtained. LES/PDF methods tend to
predict less extinctions than in the experiments.

Overall, calculating the flow field was a challenge, even when the domain included the
turbulence‐generating plate. The simpler treatments used by Brandenburg and Cornell
appeared satisfactory and yielded good agreement with the experimental data. Specifying
inflow conditions at the nozzle exits may decrease or eliminate large‐scale flow instabilities.
More calculations are expected in the future now that groups have satisfactory flow
calculations and many different experimental conditions to investigate. To study turbulence‐
chemistry interactions, conditional statistics should be used in order to reduce the sensitivity to
imperfections in the flow calculation and to large‐scale flow instabilities. Comparison of
conditional statistics that reveal more about the turbulence chemistry interaction would be
desirable.
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Experiments and Simulations in
Turbulent Opposed Jet Flames
Session Coordinators:

Bruno Coriton and Steve B. Pope

12th International Workshop on Measurement and Computation of Turbulent Flames
July 31st – August 2nd, 2014
Pleasanton, California

Highlights of TNF11 Session on Opposed Jet Flames
• Review of turbulent opposed jet configurations
• Review of experiments and simulations with focus on
– Nozzle inflow conditions in Darmstadt & Imperial College burners
– Turbulent non‐premixed flames in Darmstadt burner

• Investigation of more complex fuels (C2H4, C3H8, JP‐10) at Imperial
College
• Review of experiments in the Yale Reactant‐to‐Product configuration

Summary and presentations available on TNF website.
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What to expect from the TNF12 session
• New flames / new measurements:
– Turbulent flame speeds
– Multi‐fluid statistics in CH4 and DME premixed flames
– Premixed flame statistics under a broad range of flow conditions

• New DNS of a lean H2/air premixed flame
• New Simulations (ODT and LES) of isothermal and reactive
flows

Contributors
• Experiments
– K.H.H. Goh, F. Hampp, P. Geipel, R.P. Lindstedt (Imperial College)
– A. Gomez (Yale), and JH. Frank, B. Coriton (Sandia)

• Simulations
–
–
–
–
–

TNF12 Workshop

L. Sgouria, H. Kolla, J. Chen (Sandia)
K. Kemenov and W. Calhoon (CRAFT Tech.)
Z. Jozefik, H. Schmidt (BTU Cottbus) and A.R. Kerstein (Consultant)
M. Rieth, F. Proch, A. Kempf (Duissberg‐Essen) and J.Y. Chen (UC Berkeley)
Ranjith Tirunagari, S.B. Pope (Cornell)
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Outline
• Brief overview of opposed jet flame configurations and burner designs
• Part I. Turbulent premixed flames in the reactant‐to‐product
configuration: Experiments and DNS
– Distributed turbulent combustion: Influence of chemical and turbulent timescale
(Imperial College)
– Experiments on premixed flames with localized extinctions (Sandia / Yale Univ.)
– DNS of a lean H2/air premixed flame (Sandia)

• Part II. Turbulent counterflow flames: Modeling and simulations
– ODT modeling of a counterflow flame under intense turbulence and strain with
comparison to DNS (Brandenburg Tech. Univ.)
– LES of the premixed TCF burner (CRAFT Tech.)
– LES/FDF of IC methane premixed vs. premixed (Univ. of Duisburg‐Essen)
– Numerical simulations of highly‐turbulent counterflow flames in non‐premixed &
premixed modes (Cornell Univ.)

Brief Overview of
Opposed Jet Flame Configurations and
Burner Designs

TNF12 Workshop
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Turbulent Opposed Jet Flames
Advantages:

Challenges:

• The configuration is suitable for non‐
premixed, partially‐premixed and
premixed flames

• Main limitation has been the small
turbulent Reynolds numbers O(50‐100)
(e.g., Mastorakos et al., 1992, Kostiuk et al.,
1993, Sardi et al., 1998, Geyer et al., 2005)

• The geometry is compact and has good
optical access

• Young turbulence

• The flames stabilize away from solid
boundaries

• Complex inflow conditions (turbulence
generated inside nozzles)

• Short residence time, high fuel
flexibility (no soot)

• Intrinsic bulk motions
• For premixed flames, turbulent Karlovitz
numbers Kat ~ O(1) limited by bulk strain
rate

• 1D Statistics along burner centerline

Flow Configurations
Non‐Premixed &
Partially‐premixed
Flame
N2

Turbulent
Oxidizer
Stream

“Twin”‐Premixed
Flames

N2

N2

Turbulent
Premixed
Reactants

Premixed Flame vs.
Burnt Products

N2

N2

Turbulent
Premixed
Reactants

N2

Products

N2

•
•

TNF12 Workshop

Turbulent
Fuel Stream

N2

N2

Adiabatic
Low amount of localized
extinctions

•
•
•

Turbulent
Premixed
Reactants

Contour
of Mixing
Layer
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Hot
Combustion
Products

N2

Flame/Flame interactions
Adiabatic
Low Karlovitz number

Localized
Extinction

•
•
•

“back support” / heat
losses, stratification
Localized extinctions
High Karlovitz number
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Darmstadt / Imperial College Nozzle
•

Same geometry, different turbulence generation
schemes:
–
–

IC current Nozzle Design

DA: perforated plate (4.0 mm hole)
IC: Fractal grid

•

Turbulence levels were enhanced using fractal
grids located 10 mm downstream of the perforated
plates.

•

Fractal Grid: Reynolds number increased up to 450

Flow Visualization inside nozzle
(LES – Stein et al., 2011)

Fractal Grid

Nozzle
Diameter:
30 mm

Yale Turbulent Nozzle
To achieve a tenfold increase in Ret to O(1000) (Coppola et al., 2009):
•
Operate at high flow rates with oxygen enrichment to prevent flame extinction at large strain rates.
•

Force flow through a strategically positioned high‐blockage turbulence generator plate.

•

Let turbulence develop inside contraction nozzle.
Flow visualization inside nozzle
(LES ‐ Pettit et al. 2010)
Axial Velocity

Developing
Turbulence

Re‐circulation
Region of Jet
Break‐up

Nozzle Diameter:
12.7 mm

TGP

TNF12 Workshop
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Conditions at Nozzle Exit
Burner

TGP

Nozzle
Diam.
(mm)

Ubulk (m/s)

u’/<Ubulk>

L’ (mm)

Ret

Darmstadt

Perforated
plate

30

4-8

0.1

4.7

50-100

Imp. Col.

Fractal grid

30

4-18

~0.2

3-4.1

150-450

Yale

Petal plate

12.7

14.4

0.1-0.3
2.7-4.1
(adjustable)

320-1070

Burner

Available Data

Darmstadt

Hot-wire (outlet), 10Hz & high-speed PIV (inside & between nozzles)

Imp. Col.

Hot-wire (outlet), 10Hz PIV (inside & between nozzles)

Yale

Hot-wire (outlet), 10Hz PIV (between nozzles)

Burner References
• Darmstadt
–
–
–
–
–

D. Geyer, A.M. Kempf, A. Dreizler, J. Janicka, Combust. Flame 143 (2005) 524‐548
D. Geyer, A. Dreizler, J. Janicka, et al., Proc. Combust. Inst. 30 (2005) 71‐718
D. Geyer, A.M. Kempf, A. Dreizler, J. Janicka, Proc. Combust. Inst. 30 (2005) 681‐689
B. Bohm, O. Stein, A.M. Kempf, A. Dreizler, Flow Turb. Combust. 85 (2010)73‐93
O. Stein, B. Bohm, A. Dreizler, A.M. Kempf, Flow Turb. Combust. 87 (2011) 425‐447

• Imperial College
–
–
–
–

P. Geipel, K.H.H. Goh, R.P. Lindstedt, Flow Turb. Combust. 85 (2010) 397‐419
K.H.H. Goh, P. Geipel, F. Hampp, R.P. Lindstedt, Fluid Dyn. Res. (Special Issue) 45 (6) (2013) 061403.
K.H.H. Goh, P. Geipel, F. Hampp, R.P. Lindstedt, Proc. Combust. Inst. 34 (2013) 3311–3318
K.H.H. Goh, P. Geipel, R.P. Lindstedt, Combust. Flame (2014)

• Yale University
– G. Coppola, A. Gomez, Exp. Therm. Fluid Sci. 33 (2009) 1037‐1048
– G. Coppola, B. Coriton and A. Gomez, Combust. Flame 156 (2009) 1834‐1843
– M.W.A. Pettit, B. Coriton, A. Gomez, A.M. Kempf, Proc. Combust. Inst. 33 (2010) 1391‐1399
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Part I. Turbulent Premixed Flames in the
Reactant‐to‐Product Configuration:
Experiments and DNS
With contributions from:
F. Hampp, K.H.H. Goh and R.P. Lindstedt (Imperial College)
B. Coriton, J.H. Frank (Sandia) and A. Gomez (Yale)
H. Kolla, L. Sgouria and J.H. Chen (Sandia)

Reactant‐to‐Product Configuration:
Motivations
• High‐Karlovitz numbers, localized extinctions, non‐flamelet & flameless
regimes

N2

Contour of
Mixing
Layer

Turbulent
Premixed
Reactants

N2

Localized
Extinction

Hot Combustion
Products

TNF12 Workshop
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Reactant‐to‐Product Configuration:
Motivations
• High‐Karlovitz numbers, localized extinctions, non‐flamelet & flameless
regimes
• Flame / product interaction, “back support” / heat loss as seen in
premixed stratified flames
Premixed Reactants
φu
Stratified Premixed
φb
Reactants
(φu ≠ φb)

φu

φb

Recirculation
zone

Hot Products of
Combustion

Reactant‐to‐Product Configuration:
Motivations
• High‐Karlovitz numbers, localized extinctions, non‐flamelet & flameless
regimes
• Flame / product interaction, “back support” / heat loss as seen in
premixed stratified flames
• Decoupled parameters (fuel type, T, ϕ, Ret, Kbulk)
• Unique variety of experimental conditions on a laboratory scale burner.

TNF12 Workshop
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Burner Designs
Yale University

Imperial College
Fuel/Air (φu)

CH4/O2/N2 (φu)

Coflow Inlet

UN

Fractal Grid

50 mm

TGP

30 mm

Combustion
Products
at Tb

Fresh
Reactants

100 mm

H = 30 mm

D=

Combustion
Products
at Tb

N2
Shrouds
FSM

LN

Preburner
Flame

FBA

CH4/O2/N2 (φb)

CH4/H2/Air (φb)

Distributed Turbulent Combustion:
Influence of Chemical and Turbulent
Timescales
K.H.H. Goh, P. Geipel, F. Hampp, R.P. Lindstedt
Imperial College London, Department of Mechanical Engineering
Exhibition Road, London, SW7 2AZ, UK.

Supported by AFOSR/EOARD Award FA8655-13-1-3024 and
the Institute of Materials Research and Engineering
Further details in Henry and Fabian’s posters
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Imperial College Recent Publications
Experimental data sets (PIV measurements) for cases below are (readily) available for
comparison with numerical efforts:
Fuels

Ub [m/s]



Flow

[1]

JP-10

3.5

0.2, 0.4, 0.6, 0.8

Back to Burnt

[2]

CH4, C3H8

4.0

0.8, 0.9

Twin Flame

[3]

CH4, C2H4, C3H8

4.0 8.0

0.7, 0.8, 0.9, 1.0

Twin Flame

[4]

C5H10, JP-10

3.0

0.75, 0.85

Twin Flame

Ref

[1] Proc. Combust. Inst. 34 (2) (2013) 3311–3318.
[2] Fluid Dyn. Res. (Special Issue) 45 (6) (2013) 061403.
[3] Combust. Flame, http://dx.doi.org/10.1016/j.combustflame.2014.03.010.
[4] Proc. Combust. Inst. 35, http://dx.doi.org/10.1016/j.proci.2014.06.030

PIV Based Post‐Processing Techniques
(Fluid Dyn. Res. 2013 and Combust. Flame 2014)
Bilinear
interpolation
Mean IPIV

Average over
flame

Average over
images

Stag. pt/plane

PIV image

Norm./curvature

Density
segregation

Savitzky-Golay
filter
FSD

Mean δf

Binning
Reaction zones

Stochastic
mapping
Error in δt

Bulk
motion

PIV

Velocity field

Synchronise
•
•
•
•

POD

Scalar fluxes
ST
Cond. Dissipation
Framework

CPOD energy
Cond. Stats
Mask
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107

31 July - 2 August 2014, Pleasanton, California

TNF Test Matrix
1/ Turbulent Flame Speed using PIV with extensive post‐processing (1000 images)
Upper Nozzle (Reactants)

Lower Nozzle (Products)

Variation

Ub [m/s]



Fuel

Ret

Da

H2/CH4

Ub [m/s]



T [K]

Flow
Timescale

4.0

0.80

CH4

143

1.30

0/100

1.0

0.75

1720

9.0

0.80

CH4

237

0.77

50/50

3.0

0.60

1640

18.0

1.00

CH4

412

0.70

60/40

5.0

0.65

1700

f

2/ Comparison of CH4/air and DME/air premixed flames
using PIV / OH‐LIF with Multi‐Fluid Approach post‐processing (3000 images)
Upper Nozzle (Reactants)

Lower Nozzle (Products)

Variation

Ub [m/s]



Fuel

Ret

Da

H2/CH4

Ub [m/s]



T [K]

Chemical
Timescale

10.0

0.0 – 0.8

DME

3501

4.32

1.03

17004

CH4

from
0 to
~1.8

100/0

3502

100/0

4.32

1.03

17004

c

10.0

0.6 – 0.8

1Means

to boost Ret ~1500 implemented and due to be tested.
2U
b,LN is set to match LN and UN momentum.
3F = 1.0 from LN avoids modifications of the UN reactant F due to
4Lower

mixing.

and higher temperatures possible.

Deriving Turbulent Burning Velocity
PIV image

Instantaneous
progress variable

Flame front
Density
segregation

Resolve c

Average over images,
find points near <c> =
0.02
Interpolate
to <c>=0.02

ST, u’

TNF12 Workshop

Edge
detection

Edge, <c>~0.02
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Turbulent Burning Velocity versus Literature
• Results compared with
existing literature
• The flames are planar and
statistically stationary –
hence not developing.
• Values are higher than
typically observed.
•Empirical fit from Goh (2013).
•Bulk velocities of 4.0 (circle), 9.0 (square) and
18.0 (triangle).
•Determined on axis (blue) and using the
mapping technique (red).

Combustion Mode Transitions
• Using Multiple fluid approach of Spalding (1996) for distributed reaction
regime
• Simultaneous PIV and OH‐PLIF (Kerl et al. (2011)) measurements
• Various states of the reactive mixture can be identified:
• Reactants fluid
• Products fluid
• Conventional flamelet fluid (regions of intense burning)
• Mild‐reacting fluid:
Fluid reacting in diffuse regions with moderate OH levels
• Mixing fluid: Fluid that is being mixed with no detectable OH signal

TNF12 Workshop

109

31 July - 2 August 2014, Pleasanton, California

15

MIE scattering

10
5
0
−5
−10
−15

−10

−5
0
5
Distance from Axis [mm]

Original seeding density, no
OH‐signal: Reactants fluid ‐
enclosed by pink line.

10

Distance from Stagnation Plane [mm]

Distance from Stagnation Plane [mm]

Identification of Multi‐Fluid Zones

15

15

OH Signal

10
5
0
−5
−10
−15

−10

−5
0
5
Distance from Axis [mm]

10

15

10

15

Low seeding density and
OH‐signal similar to LN
exit: HCP (products fluid) ‐
enclosed by purple line.

15

MIE scattering

10
5
0
−5
−10
−15

−10

−5
0
5
Distance from Axis [mm]

Drop in Mie scattering
intensity, yet no OH‐signal:
Undefined
mixing
state
without strong chemical
reaction – mixing fluid.

TNF12 Workshop

10

Distance from Stagnation Plane [mm]

Distance from Stagnation Plane [mm]

Identification of Multi‐Fluid Zones

15

15

OH Signal

10
5
0
−5
−10
−15

−10

Low Mie scattering and
medium
OH‐signal:
Reacting zone driven by
HCP dilution or post
combustion OH – mild
reacting fluid.

110

−5
0
5
Distance from Axis [mm]

Pockets of strong OH‐signal
visualising distinct reaction:
The presence of conventional
premixed flame zones: ‐
flamelet fluid, enclosed by
red line.
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DME/air premixed flames: Effect of Stoichiometry

UN

LN

•

The origin is defined by the density segregation of the Mie scattering image, i.e.
intersection of pink isocontour and burner symmetry axis.

•

Mixing fluid probability is reduced away from the origin and appears closer to the unburnt
reactants (left Figure). Hence, the relative probability of mixing is reduced in favor of
chemical reaction.
The peak and the spatial extent of the mild reacting fluid probability distribution increases
with equivalence ratio (middle Figure) as chemical reaction is favored.
The presence of flamelet burning fluid (right Figure) is first observed at φ = 0.60 and
increases significantly at φ = 0.80. This is to be expected as conventional flame propagation
is increasingly realized.

•
•

Comparison of CH4/air and DME/air
premixed flames

TNF12 Workshop

•

There is a modest dependence of the mixing fluid probability on the reactivity as reaction
zones are shifted towards the origin.

•

The mild reacting fluid probability indicates a higher reactivity of DME than CH4 at a given F
by the peak increase and the faster decay of the distribution, indicating less need for HCP
support to initiate chemical reaction.

•

This finding is supported by the flamelet fluid distribution showing a significantly higher
DME peak probability and similar decay behaviour as the mild reacting fluid.
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Imperial College Conclusions
•

Comprehensive data sets available for model validation.

•

The influence of flow time scale was investigated over a wide range of Ret for
methane. It was shown that the turbulent burning velocities (ST) scales somehow
logarithmically with the velocity fluctuation.
See Henry Goh’s poster

•

To investigate the influence of the chemical timescale, the concept of multi‐fluid
description is adapted and five different states are defined: Reactants, products,
mixing, mild reacting and flamelet fluid.

•

On‐going study of DME/air premixed flames
See Fabian Hampp’s poster

Future work:
•

Additional fuel studies (ethanol)

•

Additional flow conditions (increased Reynolds numbers)

•

High‐speed diagnostics

Experiments on
Premixed Flames with Localized
Extinctions
B. Coritona, J.H. Franka and A. Gomeza
aCombustion
bYale

Research Facility, Sandia National Labs
Center for Combustion Studies, Yale University

Reference: Coriton et al., Combust. Flame (2013)

TNF12 Workshop

112

31 July - 2 August 2014, Pleasanton, California

Range of Flow Conditions
CH4/O2/N2 (φu)

TGP

Large range of flow conditions:
• Bulk Strain Rate, Kbulk = 2Uu/dnozzle
• Turbulent Reynolds Number, Ret = u’l’/
• Non‐adiabaticity, Tb ≠ Tad
• Stratification, φu ≠ φb

Fresh
Reactants
N2
Shrouds

Combustion
Products
at Tb
Preburner
Flame

Kbulk

1400/s – 2240/s

Ret

470 ‐ 1050

Tb

1500K – 2000K

φu

lean (0.7) to rich (1.2)

φb

1.0

CH4/O2/N2 (φb=1.0)

Flame Phenomenology

Stoichiometric products -> abrupt extinctions of methane flames
(Coriton et al., 2010)
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Imaging of Reaction Rates
CO+OH → CO2+H
CH2O+OH → H2O+HCO

Decrease in reaction rates correlates with
depletion of OH species near GMLI.

Identification of the GMLI
and local Flame products
• GMLI corresponds to first peaks of
OH‐LIF gradients detected from the
product side in every pixel rows.

OHLIF
|(OHLIF)|

TNF12 Workshop
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Non‐Conditional vs. Conditional Velocities

Identification of the GMLI
and local Flame products
• GMLI corresponds to first peak of
OH‐LIF gradients detected from the
product side in every pixel rows.
• Flame products determined by
thresholding OH‐LIF images.

OHLIF

c

c=0, in reactants
c=1, in flame products

|(OHLIF)|

TNF12 Workshop
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Identification of the GMLI
and local Flame products

OHLIF

c

c=0
OHLIF

|(OHLIF)|

|(OHLIF)|

GMLI

Conditional OH‐LIF‐based
Mean Progress Variable
• Profiles of <c|Δ> is indicative of
the relative position of the
turbulent flame brush with
respect to the GMLI.

Pext(GMLI) = 1‐<c|Δ=0>

• Localized extinctions for Δ>0
cannot be determined because
OH LIF is an inappropriate
marker of localized extinctions.
• Yet, <c|Δ=0> is the probability of
localized extinctions along the
GMLI.

TNF12 Workshop
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Flow Field Parameters
Effects of Ret

Effect of Kbulk

φu=1.0
Kbulk = 1400/s
Tb = 1850K

φu = 1.0
Ret = 1050
Tb = 1850K

Kbulk

•
•

φu=0.7

•

Entire turbulent flame brush is displaced
closer to GMLI when Kbulk increases.
Probability of localized extinction along
the GMLI increases when Kbulk increases.

•
•

For a same value of Ret, profiles of <c|Δ>
are self‐similar.
Local extinctions increases with increasing
Ret.
Slope angle increases with decreasing Ret.

Effects of Non‐adiabaticity
(and stratification)
1950K

1950K
1850K

1800K

1850K
1800K
1700K

1950K
1850K

1700K

• Slower laminar flame speed
than stoichiometric flame

• <c|Δ> is unaffected by Tb

• Faster depletion of radicals
in rich flames (Najm et al.,
1999)

• Closer vicinity to GMLI
• Lower ignitability of rich
flame w.r.t. lean flame.

TNF12 Workshop
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Conclusions: Target Flames in Yale Burner
• Velocity measurements available for inert (N2 turbulent stream) and
lean CH4/O2/N2 flame (φu = 0.85)
• Statistics (mean progress variable, probability of localized extinctions,
flame front statistics) on localized extinction involving various flow and
thermochemical conditions
• Additional measurements of reaction rates (CO/OH and CH2O/OH)
available (Coriton et al., PCI 2011; Coriton’s PhD dissertation).
• Importance of conditional statistics.

Direct numerical Simulation of a
Turbulent Counterflow Lean H2/Air Premixed Flames for
Model Development and Validation
Sgouria (Iro) Lyra, Hemanth Kolla, Jackie H. Chen
Combustion Research Facility, Sandia National Labs

TNF12 Workshop

118

31 July - 2 August 2014, Pleasanton, California

Direct Numerical Simulation for
Model Development and Validation
• Pros:
– Initial, boundary conditions, chemistry are fully prescribed and known
– All species, temperature, velocity fields are spatially (in 3D) and temporally fully resolved
– Accurate derivatives (e.g., accurate scalar dissipation rate, etc)
– Easy to process, filter, and obtained Favre weighted quantities (density is known).
– No noise, no low‐frequency instabilities

• Challenges:
– Limited to small‐to‐moderate turbulent Reynolds numbers (O(1000)) and simple, compact
geometries, simple fuel (H2)
– Statistical convergence is challenging (few milliseconds, dozen of eddy turnover times)
– Difficulty to gather statistics for intermittent phenomena such as localized extinctions
(in comparison, experiments are limited by uncertainty associated with out‐of plane
transport)

Overview
• Configuration: Yale reactant‐to‐product burner
• Flame: Lean H2/air premixed flame.
• Main Focus: Premixed flame extinction/re‐ignition.
• Complementary information of statistics and dynamics from
experiments and DNS.
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Dynamics of Flame extinctions
Flame front surface (DNS)
Calculation of strained laminar premixed flame
(OPPDIF)

Correlation scalar dissipation rate and
heat release rate (DNS)

• Extinction is smooth as opposed to abrupt.
• Ad‐hoc definitions of flame front (CEMA) and
extinction (heat release rate threshold) used
to delineate extinguished portions.

Instantaneous Flame Structure

TNF12 Workshop
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Non‐conditional, Favre‐Averaged Statistics
(azimuthally averaged)
Temperature

Axial Velocity

Species Mass Fractions

Conclusions: DNS of H2/air premixed flames
• Counter‐flow configuration with enthalpy and composition
stratification has significant extinction.
• Extinction and re‐ignition experienced by flame elements is
smooth and not abrupt.
• Dynamics: high normal strain rates cause increased mixing
between flame and burnt product stream. The starving of
radicals causes extinction.
• Mean flame brush statistics (azimuthally averaged) from DNS
are available for RANS/LES modelers.

TNF12 Workshop

121

31 July - 2 August 2014, Pleasanton, California

Tu r b u l e n t C o u n te r f l ow F l a m e s ( TC F ) :
Modeling and Simulation
Coordinators:

Bruno Coriton
S t e ve P o p e
T w e l f t h I n t e r n a t i o n a l Wo r k s h o p o n M e a s u r e m e n t a n d
Computation of Turbulent Flames (TNF12)
J u ly 3 1 st – A u g u s t 2 nd, 2 0 1 4
Pleasanton, CA

TNF12: TCF Modeling and Simulation Contributions

Name

Institutions

Researchers

Method

Brandenburg

Brandenburg
Technical University

Z. Jozefik, A. R. Kerstein, H. Schmidt

ODT

CRAFT Tech.

CRAFT Tech.

K. Kemenov, W. Calhoon, Jr.

LES/c

University of
Duisburg‐Essen,
UC Berkeley,
Imperial College

M. Rieth, F. Proch, A. Kempf,
J.‐Y. Chen,
P. Lindstedt

LES/FDF

Cornell University,
Sandia, Yale

R. Tirunagari, S. B. Pope,
B. Coriton, A. Gomez, J. H. Frank

LES/PDF

Duisburg‐Essen

Cornell
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Previous Published Simulations
 Pettit, M.W.A., Coriton, B., Gomez, A., and Kempf, A.M., "Large‐Eddy Simulation and
Experiments on Non‐premixed Highly Turbulent Opposed Jet Flows," Proceedings of the
Combustion Institute, 33 (2011), 1391‐1399
 Kim, I.S., Mastorakos, E., “Simulations of Turbulent Non‐premixed Counterflow Flames with
First‐order Conditional Moment Closure,” Flow Turbulence and Combustion, 76 (2006), 133‐
162
 Geyer, D, Kempf, A, Dreizler, A, Janicka, J., “Turbulent Opposed‐jet Flames: A Critical
Benchmark Experiment for Combustion LES”, Combustion and Flame, 143 (2005), 524‐548
 Geyer, D., Dreizler, A., Janicka, J., Permana, A.D., and Chen, J.Y., “Finite‐rate Chemistry Effects
in Turbulent Opposed Flows: Comparison of Raman/Rayleigh Measurements and Monte
Carlo PDF Simulations,” Proceedings of the Combustion Institute, 30 (2005), 711‐718
 Kempf, A., Forkel, H., Sadiki, A., Janicka, J., and Chen, J.‐Y., “Large Eddy Simulation of a
Counterflow Configuration with and without Combustion,” Proceedings of the Combustion
Institute, 28 (2000), 35‐40
 Erkstein, J., Chen, J.Y., Chou, C.P., and Janicka, J., “Modeling of Turbulent Mixing in Opposed Jet
Configuration: One‐Dimensional Monte Carlo Probability Density Function Simulation,”
Proceedings of the Combustion Institute, 28 (2000), 141‐148

Major Issue: Solution Domain and
Inflow Velocity Boundary Conditions
Group

Domain boundaries

Inflow 1

Inflow 2

Cells

Part.

a) Nozzle exit planes

Passot‐Pouquet
spectrum

Laminar

‐

‐

CRAFT Tech.

b) Upstream of TGP

Uniform

Uniform

1.7/6m

‐

Duisburg‐
Essen

a) and c) Downstream
planes of TGPs

Uniform

Uniform

1.7m

6m

Cornell

a) Nozzle exit planes

Scaled LES data

Laminar

0.3m

6m

Brandenburg

(a)

(c)

(b)
(a)
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Flames Studied
Group

Target

Configuration

Stream 1

Stream 2

Brandenburg

Sandia DNS

Premixed/Burnt

H2/air,
φ=0.4, 294K

H2/air,
φ=1.0, 1475K

CRAFT Tech. 1

Sandia/Yale

Inert/Burnt

N2, 294K

CH4/O2/N2,
φ=1.0, 1850K

Premixed/Burnt

CH4/O2/N2,
φ=0.85, 294K

CH4/O2/N2,
φ=1.0, 1850K

(O2/N2: 30/70 % mole)

(O2/N2: 26/74 % mole)

Air, 300K

(O2/N2: 26/74 % mole)

CRAFT Tech. 2

Sandia/Yale

Duisburg‐
Essen 1

Darmstadt

Fuel/Air

CH4/air, φ=2.0,
300K

Duisburg‐
Essen 2

Imperial College

Premixed/Premixed

CH4/air, φ=0.9,
300K

CH4/air, φ=0.9,
300K

Cornell 1

Sandia/Yale

Inert/Inert (cold)

N2, 294K

N2, 294K

Cornell 2

Sandia/Yale

Fuel/Oxidant

CH4/N2, 294K
(35/65 % mole)

O2, 294K

Cornell 3

Sandia/Yale

Inert/Burnt

N2, 294K

CH4/O2/N2,
φ=1.0, 1850K

Premixed/Burnt

CH4/O2/N2,
φ=0.85, 294K

CH4/O2/N2,
φ=1.0, 1850K

(O2/N2: 30/70 % mole)

(O2/N2: 26/74 % mole)

(O2/N2: 26/74 % mole)

Cornell 4

Sandia/Yale

BRANDENBURG
ODT Modeling of a Counterflow Flame Under Intense
Turbulence and Strain with Comparison to DNS
Z. Jozefik1, A. R. Kerstein2, and H. Schmidt1
1Brandenburg

Technical University Cottbus‐Senftenberg, Germany
2Consultant, Danville, CA. USA

DNS results by
S. Lyra3, H. Kolla3, and J. H. Chen3
3Combustion

TNF12 Workshop

Research Facility, Sandia National Laboratories,
Livermore, CA. USA
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Configuration

Laminar inflow

Turbulent inflow

Flow field characteristics:
 bulk strain rate: a = 2U R / L = 2,400s 1 ; residence time:  R = 0.5L / U R = 0.4ms

Reactant stream turbulent inlet conditions:
 Velocity fluctuations based on a Passot‐Pouquet energy spectrum are superimposed on the
mean inlet vel.
 Characteristic values are:

L' = 3.6mm
u' = 5.1m / s

ODT modeling of a counterflow flame with comparison to DNS

Model (See Poster for Details)
Formulation:

Turbulence:

 ODT – one‐dimensional turbulence

 In ODT, turbulent motions that accelerate
mixing are modeled through a series of
stochastic rearrangement events

 1D
 Lagrangian formulation
 Variable density zero‐Mach‐number
equations

 Each event interrupts the system evolution,
applying an instantaneous transformation to
the property fields over some spatial interval

Chemistry:
 ODT viscous penalty parameter Z

 Thermodynamic properties and reaction
rates are calculated using CANTERA

 ODT eddy frequency parameter C

Numerics:

Empirical Input:

 Maximum eddy size allowed is 5 mm= 1.4 L‘
 Stagnation point location for advection
model

 Adaptive grid
 Equations are solved using standard 2nd‐
order finite‐difference discretization
 Time integration is performed using the
CVODE code of SUNDIALS

ODT modeling of a counterflow flame with comparison to DNS
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Results: Favre Averaged Mean and RMS Profiles of
Velocity and Temperature

1) Good overall comparison to DNS data is achieved
2) Mean velocity is in good agreement near stagation point. Away from stagation point, our
linear advection model underestimates DNS
3) RMS profiles are underpredicted, due to the velocity being slowed down too much. As a
result, not enough turbulence is generated around the stagation point

ODT modeling of a counterflow flame with comparison to DNS

Results: Favre Averaged Mean and RMS Profiles of
Major Species

ODT modeling of a counterflow flame with comparison to DNS
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Results: Favre Averaged Mean and RMS Profiles of
Minor Species

ODT modeling of a counterflow flame with comparison to DNS

Results: Scatter Plots
Legend:
DNS

DNS

Heat release rate

Minor species OH

= strained laminar flame

ODT

strain = 2U R / L = 2,400s 1

ODT

1) ODT is able to capture the range of results shown by DNS.

ODT modeling of a counterflow flame with comparison to DNS
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Results: Statistics Conditioned on Temperature

ODT modeling of a counterflow flame with comparison to DNS

BRANDENBURG: Conclusions
 Although ODT is a reduced order model, it is able to achieve overall good agreement with
DNS
 Mean temperature, major species, and some minor species show: quantitative agreement
with DNS
 Scatter plots show: range of DNS results is captured by ODT
 Conditional statistics for heat release rate show: ODT underpredicts ignition
 The methane/air reactant‐to‐product experiment was also attempted with ODT:
 Here, our model does not capture the level of re‐ignition shown in the experiment.
 We believe, that for the exp., advection from off the center line has a major role on ignition detected
on the line.
 Comparing the DNS to the exp. setup:
a) the exp. axial range is larger, 16 mm vs 12 mm for the DNS
b) the exp. reactant stream bulk inlet velocity is slower, 11.2 m/s vs 14.49 m/s for the DNS
c) for the exp., the product stream temp. is below the adiabatic flame temp. of the reactant
stream mixture, while for the DNS it is above.

Future Work:
 ODT vs DNS:
 Run further comparisons to identify cause of underignition.

 ODT vs EXP.:
 Learn from/ compare to LES results.

ODT modeling of a counterflow flame with comparison to DNS
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CRAFT TECH.
Large‐Eddy Simulations of the Premixed TCF Burner
Konstantin Kemenov, William Calhoon, Jr.

Combustion Research and Flow Technology, Inc. (CRAFT Tech)
Huntsville, AL

Premixed Turbulent Counterflow Burner

 Sandia/Yale burner studied experimentally by Coriton et al. (CF 2013)
 CRAFT Tech 1: cold N2 vs. burnt at 1850K
 CRAFT Tech 2: cold CH4/O2/N2, φ = 0.85 vs. burnt at 1850K, Turbulent Re and
Ka numbers are 1050 and 5. The bulk strain rate is K=1400 1/s
 N2 co‐flows at both nozzles
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LES Modeling
 LES of the full TCF burner configuration including: (i) the upper nozzle
(with TGP), (ii) the lower nozzle, and (iii) the counterflow domain
 Vreman SGS model
 Progress variable transport equation with the source term based on
the turbulent flame speed modeling
 Algebraic Pocheau model for

uT (Pocheau 1994)

 LEM – CF model for the turbulent flame speed (Calhoon 2012)

uT  f (ReT , Ka T , aLES )

Computational Setup
Computational Domain







TNF12 Workshop

The upper nozzle with TGP

Multi‐block, high‐order structural code CRAFT‐CFD with preconditioning
A central scheme with explicit filtering
Transport equation for the subgrid TKE
Transport equations for the reactive progress variable and N2
Two LES grids with 3.2M (G0) and 7M (G1) grid points
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CRAFT Tech. 1: N2 vs. Burnt
Animation of Velocity and Product

CRAFT Tech 1: Non‐reactive Case, N2 vs. Burnt, G0

 The Stagnation Interface (SI) and Gas Mixing Layer (GMLI) interface
move up and down between the upper and lower nozzles

TNF12 Workshop
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CRAFT Tech 1: Non‐reactive Case, N2 vs. Burnt, G0

 Stagnation Interface (SI) and Gas Mixing Layer (GMLI) interface move
up and down between nozzles. Reduced level of the inflow turbulence
at the upper nozzle is observed when the SI/GMLI is up

CRAFT Tech 1: Non‐reactive Case, G0
Mean Axial Velocity

 Unconditional mean velocity statistics strongly depend on the averaging
time interval (i.e. , where the GMLI spends most of the time)
 Here, 1T corresponds to 45 flow through times (~ 0.5M time steps)
 Mean profiles are collapsed when they are plotted with respect to the SI
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CRAFT Tech 1: Non‐reactive Case, G0
RMS Axial Velocity

 RMS axial velocity peak values continue to drop as the averaging time
interval increases and the SI moves closer to the upper nozzle
 Here, 1T corresponds to 45 flow through times (~ 0.5M time steps)
 Note that averaging over the last 90 flow through times (2T‐3T) gives the
best agreement with the experimental data

CRAFT Tech 1: Non‐reactive Case, G0
Upper Nozzle Exit Velocity

 Mean axial velocity is M‐shaped at the upper nozzle exit and decreases
in magnitude as the SI approaches the upper nozzle
 RMS velocity fluctuations are over‐predicted as the SI spends more
time closer to the upper nozzle rather than the mid‐plane
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CRAFT Tech 1: Non‐reactive Case, G0
Lower Nozzle Exit Velocity

 Mean axial velocity (absolute value) profiles become more flat and less
M‐shaped as the SI moves further away from the lower nozzle
 Relatively high level of the RMS velocity (non‐turbulent) fluctuations is
observed at the lower nozzle exit

CRAFT Tech 1: Non‐reactive Case, G0 & G1
RMS Axial Velocity

 G1 grid case proved to be more unstable than G0 grid case
 The SI/GMLI topology was found to be strongly modified (or even
destroyed) before experiencing an eventual recovery. This suggests the
exclusion of the affected portion of LES statistics to have a meaningful
comparison with the experimental data
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CRAFT Tech 2: Reactive Case, G0
Axial Velocity and Species Contours

 Typical instantaneous axial velocity and species contours after about
11 flow through times. N2 contours are shown in black
 A simple algebraic Pocheau model is used for the turbulent flame
speed

CRAFT Tech 2: Reactive Case, G0
Mean Axial Velocity

 Mean centerline location of the SI is at x=3.3 mm (after about 11 flow
through times)
 The SI has traveled down to the lower nozzle started moving back
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CRAFT Tech 2: Reactive Case, G0
RMS Axial Velocity

 While the RMS velocity fluctuations are still elevated they are
significantly smaller than those of the non‐reactive case
 Further improvement is expected as more statistics are accumulated

CRAFT Tech.: Conclusions and Future Work
 LES of the full premixed TCF burner geometry has been performed for
the non‐reactive case to study the fluid dynamical aspects of the TCF
configuration. Preliminary simulation of the reactive case has also
been conducted with a simple algebraic Pocheau model
 The results obtained demonstrate that LES is able to capture the
essential features of the counter‐flow dynamics for both reactive and
non‐reactive cases
 Both the GMLI and SI are found to oscillate slowly between nozzles.
Unconditional statistics showed strong dependence on the averaging
time interval which might suggest longer LES runs and/or alternative
approaches to evaluate flow statistics (Coppola et al. 2010)
 Future work will focus on a study of the resolved strain rate effects on
the flame front propagation with the LEM‐CF model in attempt to
represent extinction/re‐ignition events observed in the TCF
configuration experimentally
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DUISBURG‐ESSEN
LES/FDF of IC Methane Premixed vs. Premixed
M. Rieth1, F. Proch1, A. Kempf1
J.‐Y. Chen2, Peter Lindstedt3
1University

of Duisburg‐Essen
of California Berkeley
3Imperial College London

2University

Institute for Combustion and Gas Dynamics

Fluid Dynamics

Turbulent Opposed Jet Experiments and
the Simulations by the Kempf Group
Experiments

Simulations, Kempf group

Imperial TOJ 1, D=25mm, Remax,CH4=2450(?)
Hotwire, thermocouples, mixing, scalar dissip.

Development of combustion LES – Imperial TOJ1
Equilibrium chemistry
flowsi, 0.5 M cell, 1 CPU

Mastorakos, PhD thesis, 1993
Sardi, Taylor, Whitelaw, J. Fluid Mech. 1998
Luff, Korusoy, Lindstedt, Exp. in Fluids 2003
Lindstedt, Luff, Whitelaw, Proc. Combust. Inst. 2007

Darmstadt TOJ, D=30mm, Remax,CH4/air=7200
Line Raman‐Rayleigh for scalar dissipation,
"german engineering“, high speed PIV
Geyer, Kempf, Dreizler, Janicka, Proc. Combust. Inst. 2005
Geyer, Kempf, Dreizler, Janicka, Combust. Flame 2005
Böhm, Heeger, Boxx, Meier, Dreizler, Proc.Comb.Inst. 2009
Böhm, Stein, Kempf, Dreizler, Flow, Turb. & Combust. 2010

Yale TOJ, D=12.7mm, Remax,CH4/air=8000(?)
Bloom mixer in a plenum
Coppola, Coriton, Gomez, Combust. Flame 2009
Coriton, Frank, Gomez, Combust. Flame 2013

Imperial TOJ 2, D=30mm, Re(CH4/air) =7500
Fractal plates on Darmstadt burner Premixed &
against hot coflow
Goh, Geipel, Hampp, Lindstedt, Proc. Combust. Inst. 2013
Goh, Geipel, Lindstedt, Combust. Flame 2014

Kempf, Forkel, Sadiki, Chen, Janicka, Proc. Combust. Inst., 2000

Application of combustion LES – Darmstadt TOJ
Flamelet chemistry, pressure coupling
flowsi, 3 M cell, 1 CPU
Geyer, Kempf, Dreizler, Janicka, Proc. Combust. Inst. 2005
Geyer, Kempf, Dreizler, Janicka, Combust. Flame 2005

Details of in‐nozzle flow – Darmstadt TOJ
Turbulence generation, jet interaction
PsiPhi, 40 M cells
Stein, Böhm, Dreizler, Kempf, Flow, Turb. & Combust. 2011

Flow and combustion in new burner – Yale TOJ
PsiPhi, up to 70 M cells
Pettit, Coriton, Gomez, Kempf, Proc. Combust. Inst. 2011

Development of hybrid Flamelet/FDF method in Darmstadt TOJ
Combustion, non‐flamelet chemistry, extinction
PsiPhi, 1.7 M cells, 5 M particles, 4‐step chemistry
Rieth, Chen, Proch, Kempf, 2013/2014, to be submitted

Premixed flame in Imperial TOJ2
Fractal plate generated turbulence, premixed (& products)
PsiPhi, 1.7 M cells, 8 M particles
Rieth, Chen, Proch, Lindstedt, Kempf, work in progress
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Duisburg‐Essen 1:
Darmstadt Rich Methane/air vs. Air
 Darmstadt TOJ (Geyer et al. 2005, Böhm et al. 2010)
Partially premixed turbulent opposed jet flame
Nozzle 1: methane (ϕ=2.0, 3.18), nozzle 2: air
Perforated plate generated turbulence (Ret=~90, Ub=3.4 m/s)
Measurements used for comparison:
 Velocity statistics (PIV)
 Temperature (Raman/Rayleigh)
 Simulation contains flow between perforated plates
 Methane with ϕ=2.0 simulated






Duisburg‐Essen 2:
Imperial Premixed/Premixed
 Imperial TOJ (Goh, Geipel, Lindstedt 2014)
Lean premixed turbulent opposed jet flame
Nozzle 1&2: methane, ethylene, propane (ϕ=0.7, 0.8, 0.9)
Fractal grid generated turbulence (Ret=130‐318, Ub=4.8 m/s)
Measurements used for comparison:
 Velocity statistics (PIV)
 Progress variable (PIV with density segregation method)
 Simulation contains flow between fractal grids
 Methane with ϕ=0.9 simulated
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Details of the LES/FDF Models

 LES/FDF technique
 LES
 Low Mach number, variable density
 Sigma model for subgrid‐scale closure (Cm=3.0)
 FDF (Raman, Pitsch 2007)
 4‐step chemistry (Peters, Kee 1987)
 Parab. edge reconstruction method PERM (McDermott, Pope 2008)
 Modified Curl mixing model (Cm=2.0) (Janicka et al. 1979)
 Consistency by density coupling

Details of the Numerical Methods
 LES/FDF technique
 LES
 3rd order Runge‐Kutta (RK) time integration
 2nd order spatial discretization (CDS/TVD)
 Predictor‐Corrector scheme
 Equally sized cubic cells
 FDF
 1st order Euler‐Maruyamma embedded in LES RK scheme
 2nd order tri‐linear interpolation scheme, PERM
 Filtering of particle fields for density coupling
 Movement, mixing and reaction in each RK sub‐step
 Particles only used in flame zone
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Duisburg‐Essen 1:
Darmstadt TOJ LES/FDF

 Domain size: 130x40x40mm3
 1.7x106 cells of 0.5mm3, 6x106
particles (~25 per cell)
 Hybrid chemistry: combined
flamelet/finite rate chemistry FDF

Axial velocity (U), particle temperature (T)

Mean and rms of mixture fraction (top row),
temperature (middle row) and axial velocity
(bottom row)

Duisburg‐Essen 2:
Imperial TOJ LES/FDF

PRELIMINARY

Axial velocity (U), progress variable (C)

 Domain size: 130x40x40mm3
 1.7x106 cells of 0.5mm3, 6x106
particles (~25 per cell)

Top row: mean and variance of progress variable
Middle row: mean and rms of axial velocity
Bottom row: rms of radial velocity
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Duisburg‐Essen 2:
Imperial TOJ LES/FGM/ATF

Progress specific reaction rate (rp),
progress variable (C)

 Domain size: 130x40x40mm3
 1.7x106 cells of 0.5mm3, no
particles

Top row: mean and variance of progress variable
Middle row: mean and rms of axial velocity
Bottom row: rms of radial velocity

LES/DNS (single nozzle)

Left: perforated plate (0.4 mm/0.05 mm grid)
Right: fractal grid (0.05 mm grid)
Left: Ub=3.4 m/s, right: Ub=4.0 m/s
Top: Axial velocity 10 mm downstream of grid

Perforated plate mean and rms of
axial centerline velocity for 0.1
mm, 0.2 mm and 0.4 mm grids
(Rieth et al. 2014)

Bottom: Axial vel. in plane containing the centerline

TNF12 Workshop
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Duisburg‐Essen:
Conclusions and future work

 Agreement between LES/FDF and experiment:
 D‐E 1: Darmstadt TOJ: good, but extinction limit too low
 D‐E 2: Imperial TOJ: results need to be improved

 Extend simulations to:
 Other available equivalence ratios
 Different fuels (ethylene, propane)

CORNELL
Numerical Simulations of
H i g h l y ‐ T u r b u l e n t C o u n t e r f l o w F l a m e s ( TC Fs )
i n N o n ‐ P r e m i xe d & P r e m i xe d M o d e s

Affiliations:
aC o r n e l l U n ive r s i t y
bS a n d i a N a t i o n a l L a b s
c Ya l e U n i v e r s i t y

Contributors:
Ranjith Tirunagaria
Stephen B. Popea
Bruno Coritonb
Alessandro Gomezc
Jonathan H. Frankb
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Overview
 Simulation approach
 LES‐PDF methodology

 Simulations of Yale burner
 Cornell 1: Isothermal flow – N2 vs. N2
 Cornell 2: Non‐premixed flame – CH4/N2 vs. O2
 Cornell 3: Inert/Burnt – N2 vs. Hot product stream
 Cornell 4: Premixed/Burnt – CH4/O2/N2 vs. Hot product stream

 Comparisons made
 Velocity statistics (1,2,3,4)
 Mean OH mass fraction (non‐premixed case, 2)
 Conditional /unconditional mean progress variable (premixed case, 4)

Numerical Implementation
 LES: NGA code
 Transport equations for mass and momentum based on the filtered velocity
field are solved on a structured cylindrical grid
 Pressure Poisson equation is solved to enforce continuity
 Two‐way coupling between NGA and HPDF codes
 Transport equation for specific volume is solved in NGA
 Source term computed from the HPDF particle data

 PDF modeling: HPDF code
 Turbulence‐chemistry interactions modeled using composition PDF method
 Monte Carlo particle/mesh method
 Composition variable (Φ) consists of ns species mass fractions and enthalpy
 Each particle’s position and composition is evolved by a set of Stochastic
Differential Equations (SDEs) involving transport, mixing and reaction steps
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Models Used
 LES: Lagrangian dynamic sub‐grid scale model is used to
obtain the turbulent viscosity and turbulent diffusivity
 PDF:
 Turbulent transport modeled using gradient‐diffusion hypothesis involving
turbulent diffusivity
 IEM mixing model

 Molecular transport:
 Unity Lewis number
 Thermal diffusivity obtained from CHEMKIN’s TRANLIB

 Chemistry: 16‐species ARM1 mechanism for methane

Cornell 4: Premixed vs. Burnt Instantaneous
Contour Plots
CP

R

r
z

Temperature

TNF12 Workshop

YCO2
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Inflow Velocity BCs

Top Nozzle Exit

 Velocity time series data provided by Dr. Pettit using “PsiPhi” LES code (Imperial
College) are scaled to match experimental Ret
Ui,React  r,θ,t  = Ui  r 

exp,React

+αi  r   Ui,nozzle  r,θ,βt  - Ui  r 





nozzle 

 Notation:
–

αi(r): to match the r.m.s velocity; β = Tnozzle/TReact: to match the turbulent length scale/time scale;

–

Ui,nozzle is Pettit’s nozzle simulation velocity time‐series data;

–

<Ui(r)>exp,React is the velocity mean from experiments available at 0.5 mm downstream of the nozzle exit;

–

Ui,React is the resultant modified velocity time‐series data
N2/R

Bottom Nozzle Exit

8

 Hot product stream is assumed to be laminar (no TGP)
 Experimental data available at 2.5 mm above the product inlet
side are scaled
 Axial velocity profile (<U>) is scaled to achieve the required
volume flow rate

7.5

-5.5
-8

z

CP

r

 Radial velocity profile (<V>) is scaled such that the mean
stagnation plane is established at the mid‐plane

Cornell 1: Cold N2 vs. N2
Centerline Mean and RMS Velocity

N2

N2

r
z

o Experiments
– Simulations
– Pettit et al.
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Cornell 2: Non‐Premixed
Centerline Velocity and OH
– Simulations

CH4/N2

o Experiments

O2

r
z

Cornell 3: N2 vs. Burnt
Centerline Velocity Mean and RMS

CP

– Simulations

N2

o Experiments

r
z
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Cornell 4: Premixed vs. Burnt
Centerline Velocity Mean and RMS

– Simulations
R

CP

o Experiments

r
z

Centerline Statistics – Progress Variable
Intact Flame Front Contour
start of
flame zone

burnt stream
cp = 1, c = 0

end of flame
zone

flame zone
cp = 0, c = 1

reactant stream
cp = 0, c = 0

right
peak
left
peak

Distance from GMLI, Δ
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Centerline Statistics – Progress Variable
Local Extinction
reactant stream
cp = 0, c = 0

burnt stream
cp = 1, c = 0

left
peak

Distance from GMLI, Δ

Cornell 4: Premixed vs. Burnt, Progress Variable
Probability of finding
turbulent flame combustion products
along the burner centerline

Probability of finding
counterflowing combustion products
along the burner centerline

– Simulations
o Experiments

Mean progress variable
conditioned on Δ, the
distance from the GMLI as
a function of Δ
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Cornell 4: Premixed vs. Burnt
Scatter Plots from the HPDF Particle Data
E

E

R

B

R

B

Reactants (R) – cold, unburnt, premixed
Equilibrium (E) – equilibrium composition of reactants
Burnt (B) – hot products stream
Dots: HPDF particle data
around the centerline

from a cylindrical region

Black solid line: CHEMKIN’s OPPDIF laminar solution
Black dash lines: Mixing line between R/E or B/E
Magenta solid line: Mixing line between R/B

E
R

B

CORNELL: Conclusions
 Inflow velocity boundary conditions with TGP
 Scale Pettit’s LES data to match experimental mean and rms near nozzle exit

 Burnt gas nozzle (no TGP)
 Mean radial velocity controls location of stagnation plane
 Significant velocity fluctuations at the exit plane

 Generally good agreement for velocity statistics in all 4 cases
 Premixed vs. burnt: Good agreement with the experimental data on
progress variable
 LES/PDF predicts a higher probability of finding flame products close to the GMLI

 Scatter plots of species for Cornell 4, premixed vs. burnt
 Inert mixing between burnt stream and partially‐burnt reactants
 On reactant side, close to laminar flame solution (at high T)
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Overall Conclusions (1/2)
 Calculating the flow field and rms velocity accurately is a challenge,
even when the domain includes the turbulence‐generating plate
 The simpler treatments used by Brandenburg and Cornell appear
satisfactory
 Specifying inflow conditions at the nozzle exits may decrease or
eliminate large‐scale flow instabilities
 To study turbulence‐chemistry interactions, conditional statistics
can be used, and these reduce the sensitivity to imperfections in the
flow calculation and to large‐scale flow instabilities

Overall Conclusions (2/2)
 The LES/PDF approach (Duisberg‐Essen and Cornell) appears to
yields satisfactory agreement with the experimental data, including
for the premixed/burnt case
 ODT appears to yield satisfactory species profiles, but it under‐
predicts ignition (and hence has difficulties with methane)
 More calculations are expected in the future now that groups have
satisfactory flow calculations – many different experimental
conditions to investigate
 It will be good to examine conditional statistics that reveal more
(than mean species profiles) about the turbulence chemistry
interactions
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Piloted DME Jet Flames
Coordinators: Jonathan Frank and Andreas Kronenburg
This session focused on turbulent piloted partially premixed dimethyl either (DME)/air jet
flames. The DME/air target flame series has varying probabilities of localized extinction and is
analogous to the piloted CH4/air jet flame series that has been well studied in the context of the
TNF Workshop. In the DME/air flame series (D‐G), jet velocities are varied to provide jet exit
Reynolds numbers from approximately 29,000 to 73,000. DME is a relatively simple oxygenated
fuel, and the inclusion of DME target flames is part of an effort to address the combustion of
alternative fuels within the TNF Workshop. This series of turbulent jet flames was introduced
at TNF11, and the results presented at TNF12 represent early stages of comparisons between
numerical simulations and experimental measurements. Experiments were performed at
Sandia and included PIV, OH‐LIF, and CH2O‐LIF imaging measurements, as well as joint
Raman/Rayleigh/CO‐LIF line measurements. The numerical simulations consisted of four
different approaches, including RANS‐MEPDF (Hanyang), LES‐PDF (Beijing/Cornell), LES‐CMC
(Stuttgart), LES‐FPV (Freiberg).
An important issue in DME combustion is that the rich‐side chemistry presents challenges for
both experiments and modelling. Fuel decomposition produces significant concentrations of
hydrocarbon intermediates that complicate the interpretation of diagnostic techniques, such as
Raman and Rayleigh scattering. The turbulent transport of hydrocarbon intermediates can
result in a broad spatial distribution of these species, as evidenced by CH2O‐LIF imaging
measurements from Sandia. Example diagnostics complications include the overlap of Raman
spectra from different hydrocarbons and differences between the Rayleigh scattering cross‐
sections of hydrocarbon intermediates and DME. A strategy to account for these issues in
Raman/Rayleigh scattering measurements is being developed in a collaborative effort between
Sandia, Ohio State, and TU Darmstadt. The current approach uses a modified mixture fraction
construct and an assumed scalar structure that depends on strain rate, transport, and the
chemical mechanism. Comparisons with computations require care in using the same mixture
fraction construct.
Chemical kinetics challenges include relatively large mechanisms, convergence issues due to
stiffness, and strong dependencies of some intermediates on the mechanism (e.g. CH2O,
CH3OCH2). As noted at TNF 11, there remains a need to develop more accurate kinetic
mechanisms with a reduced number of species. Four different DME mechanisms were
considered using laminar flame calculations. The Zhao mechanism predicted significantly larger
CH2O mole fractions than the Kaiser, Burke, or Aramco mechanisms. Similar discrepancies in
CH2O were observed in LES calculations of the turbulent Flame D using the Zhao and Kaiser
mechanism.
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Four different approaches to turbulent flame simulations were applied to Flame D, and limited
initial comparisons showed largely good agreement with experiments. The somewhat larger
deviations in species predictions for RANS‐MEPDF and LES‐PDF computations are not
necessarily associated with issues of these specific modeling approaches. The discrepancies in
the predicted radial profiles using RANS‐MEPDF could be attributed to inflow boundary
conditions that had not been matched with measurements, shortcomings in the RANS‐based
turbulence model, and the use of the IEM mixing model. The LES‐PDF results presented by
Beijing/Cornell originated from LES on rather coarse meshes leading to relatively large local
discrepancies in the measured and computed mixture fraction fields. Improvements can be
expected for TNF13. LES‐CMC and LES‐FPV agree well with measurements, the current CMC
implementation fails, however, to capture the fuel decomposition that is observed at and
beyond z/D=40. For the LES‐CMC and LES‐FPV calculations, preliminary comparisons with
experiments included OH and CH2O distributions. For these comparisons, the LES calculations
were used to simulate OH and CH2O LIF signals, and the downstream evolution was compared.
The OH field was captured well, but the radial spreading rate of the CH2O field was particularly
sensitive to the LES grid resolution. The simulation of CH2O‐LIF signals requires additional care.
The significance of differential diffusion in these jet flames remains an open question. At
TNF11, a collaboration between TU Bergakademie Freiberg, Engler‐Bunte‐Institute KIT, and TU
Darmstadt indicated that differential diffusion effects need to be considered when modeling
these flames. The presentation at TNF12 included contradictory results concerning the role of
differential diffusion. LES‐PDF show large effects of differential diffusion on all species and
temperature throughout the entire domain. In contrast, LES‐FPV computations do not suggest
a large influence of differential diffusion on most species (major and OH) with the exception of
CH2O. Here, non‐premixed flamelets and unity Le yielded the best agreement with
measurements.
Goals for TNF13 should include more detailed comparisons of experiments and simulations as
additional data become available, the extension of simulations to flames with higher probability
of localized extinction (Flames E‐G), advances in chemical mechanisms, and an improved
understanding of the impact of differential diffusion in this flame series.
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PilotedDMEJetFlames
Coordinators:
JonathanFrank
AndreasKronenburg

12th InternationalWorkshopon
MeasurementandComputationofTurbulentFlames
July31– Aug.2,2014
Pleasanton,CA

University of Stuttgart

PilotedDMEJetFlames
Contributors
Contribution

Affiliations

Researchers

RANS - PDF

Hanyang

S. Jeon, N. Kim, Y. Kim

LES - PDF

Beijing,
Cornell

Y. Yang, S. Pope

LES - CMC

Stuttgart

A. Kronenburg, O. Stein

LES - FPV

Freiberg

D. Messig, S. Popp, F. Hunger, S. Hartl,
C. Hasse

Kinetic Mechanisms

Berkeley

J.Y. Chen

Exp: Velocity,CH2O, OH

Sandia

J. Frank, B. Coriton, M. Gamba, S.K. Im

Exp: Temperature, Species

Sandia,
Darmstadt,
Ohio State

F. Fuest, G. Magnotti, I. Ekoto, R. Barlow,
D. Geyer, A. Dreizler, J. Sutton
University of Stuttgart
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Outline
• OverviewofDMETargetJetFlames
• StatusofSpecies/TemperatureMeasurements
• ChemicalMechanisms
• Simulations
– RANSPDF
– LESPDF
– LESCMC
– LESFPV

• SummaryandDiscussionPoints

University of Stuttgart

PartiallyPremixedPilotedDME/AirJetFlames
• Fuelmixture:20%CH3OCH3(DME),80%air
• Coflow velocity:0.9m/s
• [st = 0.353,I =3.57(same[st asCH4/airseries)
DME/airseries
Flame
Rejet exit

CH4/airseries
Flame
Rejet exit

D

29,300

D

22,400

E

43,900

E

33,600

F

58,600

F

44,800

G

73,200

Pilot:

• premixed C2H2, H2, air, CO2, N2
• same enthalpy and equilibrium composition
•

as a I = 0.60 DME-air flame
~2% power of main flame

Frank, Hsu, Kuhl, U.S. Combustion Meeting (2011)
University of Stuttgart
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VelocityFieldMeasurements

Radial profiles of axial velocity x/D = 5-25
Flame D

Flame E

Flame F

Flame G

University of Stuttgart

LIFImagingMeasurements
35th Symp. Paper 5A09
Flame D

Flame E

Flame F

Flame G

Increasing localized extinction
University of Stuttgart
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ComparisonsofSimulationswith
CH2OandOHLIFMeasurements
•

SimulateLIFsignalsfrominstantaneousLESsamples
– Comparemeasuredandsimulatedsignals
– Effectsofspatialaveragingwithdifferentgrids

•

Temperaturedependentquenchingrates
– AvailableforOH
– Fornow,usemodelsofCH2Oquenching

•

SpectroscopyofCH2Omorecomplex

University of Stuttgart

ComplicationsofRichSideChemistry
inDMEFlameSeries
Rayleigh scattering
VRay/VRayN2
O=532 nm)
DME
9.2
CH4

2.2

C2H2

4.3

C2H4

5.9

C2H6

6.3

University of Stuttgart
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ImpactonRaman/Rayleighsignals
(Fuestetal.CNF2012)
 IntermediatesimpactingRamanandRayleighmeasurement
ofDME/airflames
 OverlappingRamanspectraofintermediates
 DifferentRayleighcrosssections

Raman
signal
Ramansignal
(-) (-)

Raman spectra

Rayleigh cross sections

1
0.8

V HC / V N 2

C2 H4

DME

( )

0.6
0.4
0.2

.

V DME

CH4

C2 H6

610

.

V C 2H 2

0
620

630
640
Wellenlänge (nm)
Wavelength
(nm)

.

650

V CH 4

• See poster #25, Gaetano Magnotti

ApproximateaccountingforHCintermediates
(Fuestetal.CNF2012)
 TemperaturedependentmodelsforRamanandRayleighscatteringbasedon
laminarflamecalculation





Tsujigeometry,Zhaoetal.DMEmechanism,a=50s1,multicomponent
Modifiedmixturefraction,F*=F6+(5)minimizesdifferencefromFBilger
CO2,O2,CO,N2, H2O,H2 +(DME,CH4,C2H4,C2H6,andCH4)
RamancrosssectionsassumedindependentofT

 Assumedscalarstructuredependsonstrainrate,transport,andchemical
mechanism
 Datapostprocessing:
 Derivationofmassfractions,atomratios,andmixturefractionsensitiveto
intermediatehydrocarbons

Î Comparisontocomputationsrequiresadditionalcare
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Raman/Rayleigh/COLIFscalarmeasurementsof
turbulentpilotedflameDMED

 2datasetsfrom2differentmeasurements
 Datataken2012
 firsttestmeasurement
 onlyflameD
 presentedatUSNationalMeeting2013inUtah

 Datataken2013
 flameseriesDG
 differentcopyoftheburner,improvedDMEflowcalibration
 publishedinPROCI2014(5A13)

 Closeagreement,however,smalldifferences

Raman/Rayleigh/COLIFscalarmeasurementsof
turbulentpilotedflameDMED
 Maindifferencesininletconditions
 narrowerexitprofilein2013(differentburnercopy)
 lowerDMEin2013;19.7%vs.20.5%(20%targetvalue)
 higherO2 in2013;16.6%vs.16.0%(16.8%targetvalue)
2013: thin points

2012: thick points

x/d = 1

TNF12 Workshop
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Raman/Rayleigh/COLIFscalarmeasurementsof
turbulentpilotedflameDMED
 Maindifferencesinconditionalmeanvalues
 O2 atx/d=5higher2013
 H2 peakatx/d=40higher2013
 COandCOLIFagreebetterin2013

2013
2012

Computations
• Challenges
– Kinetics
• relativelylargemechanisms(computationallyexpensive)
• stiff,convergenceissues
• Strongdependenciesofsomeintermediatesonthemechanism(e.g.
CH2O,CH3OCH2,…)

– Modelling
• Relevantflamestructureonrichside
• Z=1withinflammabilitylimit
• Howdomodelsdealwiththis(modelsbasedonflamestructure)?
• Importanceofdifferentialdiffusioneffects?

University of Stuttgart
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Experimental investigations
from [1]
 Comparison between CH4 and DME
with DLR A burner configuration
 Local shift regarding peaks of
relative mole fraction of CH2O
 Significantly higher CH2O LIF
signals (presumably resulting in
higher mole fractions) for DME
flame

[1] K. N. Gabet et al., Proc. Combust. Inst. 34 (2013) 1447-1454
Chair of Numerical Thermo-Fluid Dynamics | TU Bergakademie Freiberg | 09599 Freiberg
C. Hasse| +49 3737 394820 | christian.hasse@iec.tu-freiberg.de | www.ntfd.tu-freiberg.de

15

Structure of diffusion and premixed FLUT
CH2O profiles in premixed and non-premixed flamelets
Diffusion FLUT:

fixed Z

Premixed FLUT:

Normalized progress
variable

 Premixed FLUT shows flammable
mixture for Z=1
 Higher CH2O mole fraction in fuel rich
region (DME pyrolysis) for premixed
FLUT
Chair of Numerical Thermo-Fluid Dynamics | TU Bergakademie Freiberg | 09599 Freiberg
C. Hasse| +49 3737 394820 | christian.hasse@iec.tu-freiberg.de | www.ntfd.tu-freiberg.de
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Computations
Contributionsby
• Hanyang (RANS multienvironmentPDF)
• Beijing/Cornell(LESPDF)
• Freiberg(LESflamelet)
• Stuttgart(LESCMC)

Status:comparabletoStratifiedFlamecomparisons2yearsago

University of Stuttgart
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• Formulation of MEPDF approach
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•Computational setup
•Standard k-H with Pope’s correction
•IEM mixing model with CI=2.0
•Jet velocity IC: one-seventh law, 5% turbulence intensity
•2-ENV (Fu 1.0/0.0, Pi 0.6/0.4; Ox 0.0/1.0)
and 3-ENV (Fu 1.0/0.0/0.0, Pi 0.0/1.0/0.0; Ox 0.0/0.0/1.0) PDF approach
•Chemistry: Zhao et al.
%QODWUVKQP#PCN[UKUCPF8KTVWCN'PIKPG.CD
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Predicted and measured radial profiles for unconditional mean of temperature,
mixture fraction, mole fraction of DME, O2, Co and CO2.
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LESPDF Beijing/Cornell(Yang/Pope)
• PDFmodelincludingdifferentialdiffusion

• LES/PDF(forpreliminarystudy)
–
–
–
–
–

Computationaldomain:60D×30D×2
39speciesskeletalmechanism[Luetal.,2013]
128×72×32=0.3milliongridpoints
20particles/cell
ModelconstantCM =10inthemixingmodel

21

Meanprofiles
ƽ:Experiment:LES/PDFwithDD:LES/PDFwithoutDD

x/D =10

TNF12 Workshop

x/D =20

164

x/D =40
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Meanprofilesconditionedonmixturefraction
ƽ:Experiment:LES/PDFwithDD:LES/PDFwithoutDD

MeanprofilesofH – C conditionedonmixturefraction

x/D =10

x/D =20

x/D =40

23

LESCMC Stuttgart(Kronenburg &Stein)
• CMC

– Mainclosureassumptions

• Computationalsetup
– Domain:10Dx10Dx60D

and

10Dx10Dx40D(fine)

– LESresolution:72x72x240 and

144x144x512

– CMCresolution:2x2x60

16x16x60

and

– Chemistry:Zhangetal(55species)[Kaiseretal.(78species),
Aramco1.3(124species)]
– BOFFIN
University of Stuttgart

TNF12 Workshop

165

31 July - 2 August 2014, Pleasanton, California

LESCMC
• Formaldehyde(left)andCO(right)
z/D=5

Createplots

z/D=10

z/D=20

University of Stuttgart

LESCMC
• Conditionalmomentsatz/D=10

• H2O,COandHCsatz/D=10andz/D=20

University of Stuttgart
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LES-FPV – Freiberg (Hasse)
 Flamelet/progress variable approach (FPV)
 transport equation for mixture fraction and progress variable (combination of
species mass fractions e.g. H2, H2O, CO, CO2)
 algebraic equation for mixture fraction variance
 Tabulated chemistry by flamelet look up tables (FLUT)
 Turbulence-chemistry-interaction using beta-PDF
 Different generation approaches: diffusion (DF) and premixed flamelets (PF)
 Different diffusion modeling: Le=1, Le1.
 Reaction mechanism from Zhao et. al (55 species and 290 reactions)
 Flow solver based on OpenFOAM®
 LES
 Sigma model
 Turbulent velocity distributions as fuel jet inlet boundary condition from pipe
simulations
 Cartesian grid (50D in downstream direction)
 Grid resolution: 200x80x80 cells
 Results temporally averaged over 17 flow trough times
Chair of Numerical Thermo-Fluid Dynamics | TU Bergakademie Freiberg | 09599 Freiberg
C. Hasse| +49 3737 394820 | christian.hasse@iec.tu-freiberg.de | www.ntfd.tu-freiberg.de
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Preliminary results
Averaged temperature and species profiles

 Experimental data from Fuest et al. (2014)
 Good agreement between simulation and measurements for most
appropriate FLUT
Chair of Numerical Thermo-Fluid Dynamics | TU Bergakademie Freiberg | 09599 Freiberg
C. Hasse| +49 3737 394820 | christian.hasse@iec.tu-freiberg.de | www.ntfd.tu-freiberg.de
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Results
Averaged normalized CH2O and OH LIF signals
 Good agreement between computed
and measured OH LIF signals
 Also for CH2O profiles, except fuel rich
regions along jet axis
 Normalizing deletes influence of used
FLUT, except premixed FLUT with Le1
Æ Mole fractions show significant
differences between premixed and diffusion
FLUT (only CH2O), quantitative
measurements would be feasible

normalized LIF signals
mole fractions
Chair of Numerical Thermo-Fluid Dynamics | TU Bergakademie Freiberg | 09599 Freiberg
C. Hasse| +49 3737 394820 | christian.hasse@iec.tu-freiberg.de | www.ntfd.tu-freiberg.de

29

Differences
• LESresolution

0.3m

1.3m

10m

University of Stuttgart
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Issues
• differentialdiffusion
Freiberg

Beijing/Cornell/Sandia
䖃: Experiment
: LES/PDF with DD
---: LES/PDF without DD

x/D = 10

x/D = 20

x/D = 40

 Freiberg
 No significant influence for OH profiles using different FLUT’s
 Significant differences for the peak Values of CH2O for premixed FLUT
(Le1) are two times higher than comparable diffusion FLUT (Le1)
 Beijing/Cornell
 Le1 need to be included?
University of Stuttgart

Issues
• differentialdiffusion

Differential diffusion in a laminar
counterflow diffusion flame with
a = 100 1/s

University of Stuttgart
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Issues
• Chemistry

1) ZhaoZ.Zhao,M.Chaos,A.Kazakov,F.L.Dryer,Int.J.
Chem.Kin.,40(2008)118(53species,291reactions)
2) KaiserE.W.Kaiser,T.J.Wallington,M.D.Hurley,J.Platz,
H.J.Curran,W.J.Pitz,C.K.Westbrook,J.Phys.Chem.A,
104(2000)81948206(79species,351reactions)
3) W.K.Metcalfe,S.M.Burke,S.S.Ahmed,H.J.Curran,“A
HierarchicalandComparativeKineticModelingStudyof
C1–C2HydrocarbonandOxygenatedFuels”,Int.J.Chem.
Kinet.(2013)45(10)638–675.(Aramco1.3:124species,
766reactions)
4) U.Burke,K.P.Somers,P.O’Toole,C.M.Zinner,N.
Marquet,G.Bourque,E.L.Petersen,W.K.Metcalfe,Z.
Serinyel,H.J.Curran,“Anignitiondelayandkinetic
modelingstudyofmethane,dimethylether,andtheir
mixturesathighpressures”,Combust.Flame,InPress.
University of Stuttgart

Issues
• Chemistry
Partiallypremixed(DME/air=1:4):oppflow a=1500/s
AramcogiveslowestCH2Ovalues
Burke

Zhao
Kaiser

Aramco

University of Stuttgart
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Issues
• Chemistry
Kaiser
Aramco

Zhao

Laminarburningvelocities(fromJYChen)
University of Stuttgart

Issues
• Robustnessofmodelling approaches
x/d=5

CO mole fraction

0.15

0.1

0.05

0

0

0.2

0.4

0.6

Mixture fraction

0.8

0.15

CO mole fraction

1

/d 10
x/d=5

LESCMC:strongerdependence
onCMCresolution

0.1

0.05

0

0

0.2

0.4

0.6

Mixture fraction

0.8

1

/d 10

MEPDF:2ENVvs.3ENV

HowtodealwithchangingBC?
University of Stuttgart
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DiscussionPoints&FutureNeeds
• Comparisonsareinapreliminarystage
• Additionalchallengesforthemodeller
• Contradictoryconclusions:Aredifferentialdiffusion
effectsimportant?
• Whathappensbeyondz/D=40?
• Needtodevelopaccuratekineticmechanisms(witha
reducednumberofspecies)
• Detailedcomparisonsasmoredataavailable
• Simulateflameswithmoreextinction(FlamesEG)

University of Stuttgart
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Utilization of Temporally‐Resolved Experimental and Simulation Data
Coordinators: Adam Steinberg and Benjamin Böhm
This session built off of the TNF 11 session ‘Interpretation and utilization of temporally resolved
data’. The overarching theme was methods by which temporally resolved experiments can be
rigorously and quantitatively compared with simulations for the purposes of understanding
fundamental processes, validating simulations, or solving practical combustion problems. This
included limitations of measurements, potential cross‐platform analysis techniques, and
uncertainty considerations.
The session began with a summary of currently well‐established high‐repetition‐rate laser
diagnostics, along with new and forthcoming developments. Particular recent highlights
included 10 kHz tomographic‐PIV to provide 4D vector data, 10 kHz CH PLIF using a continuous
duty cycle laser, and 10 kHz 1D Raman measurements using a pulse‐burst laser.
The session then continued with a discussion of general considerations regarding high‐speed
experiments and simulations. In particular, the differences in interpretation of the sampling
frequency, spatial resolution, field‐of‐view, and output quantities were discussed. This is
summarized by the following table:

Frequency

Spatial
resolution
Field‐of‐view

Experiments
Measure naturally occurring
dynamics (Nyquist + experimental
CFL number)
Capture scales of interest

Extract a small section from a large
physical problem with sufficient size
to capture relevant dynamic
processes
Interpretation Limited by detectable quantities,
measurement uncertainty, and
dimensionality

Simulations
Replicate naturally occurring
dynamics (CFL number)
Either simulate all scales or model
subgrid
Either simulate the entire domain or
construct small model problems

Limited by model and numerical
accuracy

It was proposed that an experimental equivalent of the CFL number be reported, wherein it is
required that the frequency of the measurements be sufficient to capture the time‐scales
associated with the targeted phenomena. For the case of turbulent combustion, this generally
is the time scale associated with the smallest resolved turbulence length scale, which generally
are larger than the Kolmogorov scale. Other limiting considerations that were highlighted
include the experimental capability to capture sufficient duration in a (resolution‐limited) field‐
of‐view and through‐plane motion.
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The session then discussed examples of cooperative use of time‐resolved experimental and
simulation data, along with particular points of emphasis from these examples. This included:
a)
b)
c)
d)
e)
f)

Autoignition of hydrogen jets in crossflows (DLR, Argonne)
Autoignition and stabilization of hydrogen jets in co‐flows (DLR, Ohio State)
Lagrangian tracking through 4D data sets (U. Toronto, Sandia)
Local extinction of opposed jet flames (TUD, Duisburg‐Essen)
Proper orthogonal decomposition of IC engine data (U. Michigan)
Data assimilation (NS State)

Even though time‐resolved measurements are becoming more and more popular, their
cooperative use with time‐resolved data from simulations is still rarely found in literature.
Many comparisons performed so far, although using time‐resolved measurements, focus on the
first statistical moments of the quantity of interest disregarding the information on the
available time history. The discussed examples highlighted different levels of comparison
between simulations and experiments useful for validation purpose.
a) Transient visualizations for a comparison in a very early stage of the simulation in order
to check for severe modeling errors before expensive simulations are continued.
b) Time‐series and spectra provide a statistically comparison of coherent structures and
give information on the range of scales.
c) Conditional statistics are useful to extract the relevant data from transient events
embedded in turbulent flows which are by definition stochastic in time and space. From
theses selected data statistics can be build up for a reliable comparison.
d) A proper orthogonal decomposition (POD) performed on the combined dataset from
experiments and simulations can be a useful metric for a quantitative comparison. This
has been proven to be useful to check for similarity, temporal trends, or outliers within
engine data. The transfer of this tool to turbulent combustion is straightforward but the
interpretation of the achieved results remains often problematic and needs to be
considered very carefully!
Temporally resolved experimental data are starting to prove themselves as a useful tool to
explore transient physical phenomena and to validate simulations. The major take‐away item
was that the only way to rigorously compare experiments and simulations is with some form of
statistics. In contrast to conventional data, these statistics may explicitly involve temporal
derivatives or may be conditioned on a particular delay relative to a detectible phenomenon. A
continuing need exists in finding appropriate metrics to handle the huge data sets and to
extract the relevant information from both the experiments and simulations in a meaningful
statistical manner which depends on the phenomenon of interest.
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Utilization of temporally-resolved
experimental and simulation data

10 kHz T-PIV and OH PLIF
Courtesy of B. Coriton

10 kHz multi-scalar measurements
Courtesy of C. Arndt

Adam Steinberg and Benjamin Böhm
10 kHz CH PLIF from DPSS system
Courtesy of C. Carter

Preface/Summary of TNF 11 Session
 TNF 11 had a session on
‘Interpretation and Utilization of Time Resolved Data’
 Lots of ideas, not many actions/results
(common to just ‘show-off’ the diagnostics)
 Different meanings of ‘time-resolved’ across experiments, LES, DNS
 Specific phenomena should be targeted for which time-resolution is critical
 (Auto) Ignition, flame propagation, blow-off, flash-back, thermo-acoustics,
transport, extinction
 Standardized analysis routines should be developed across complimentary
experiments and simulations
 Preferably across the entire community
 Can work in Lagrangian or Eulerian frameworks
 Specialized budget equations isolate evolution of a given quantity
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Preface/Summary of TNF 11 Session
 ‘High-speed’ community is not fully in-line with TNF workshop
 Not yet coordinated efforts between simulations and experiments (generally)
 Not yet targeted at TNF flames (generally)
 Many phenomena of interest do not occur in TNF flames
 (Auto) Ignition, flame propagation, blow-off, flash-back, thermo-acoustics,
transport, extinction

 We are getting better!
 How do we want to bring these into alignment?
 Relevant phenomena in current target flames
 New flames with dynamic phenomena
 Jets in hot co- and cross-flows
 Confined flames

Contributors
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Outline
 Current experimental capabilities

A few minutes of “showing off’ the diagnostics

 Experimental and computational considerations
 Example problems
 Conclusions and goals for next TNF workshop

Part 1: Showing off the Diagnostics

10 kHz T-PIV and OH PLIF
Courtesy of B. Coriton

10 kHz multi-scalar measurements
Courtesy of C. Arndt

10 kHz CH PLIF from DPSS system
Courtesy of C. Carter
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Current Experimental Capabilities
 DPSS laser systems
 Continuous, commercially available, ‘reasonably priced’, portable
 Getting to higher powers (300 W @ 532 nm) and repetition rates (ca. 50 kHz)
 Still limited in terms of pulse energy and possible measurement techniques
266 nm 281 nm 314 nm
355 nm
Acetone/
Toluene OH PLIF CH PLIF CH2O PLIF
1mJ/p 1 mJ/p 0.15 mJ/p
7 mJ/p

200 mJ/p

400 mJ/p

390 nm
CH PLIF

0.4 mJ/p

 Pulse-burst systems

532 nm
PIV, Mie, Rayleigh (1D)
15 mJ/p @ 2 x 10 kHz

2D & filtered Rayleigh, 1D Raman
>1 J/p @ 10 kHz

 Very high pulse energies and repetition rates, more possible measurement techniques
 Getting to longer pulse trains (hundreds of pulses), ‘commercial’ PB systems coming online
 Expensive, rep-rate may not solve limiting problem
100 kHz formaldehyde PLIF
(Michael et al. Opt. Letters (2014))

Highlights: Tomographic PIV
B. Coriton, J. Frank (Sandia), A. Steinberg (Toronto)

 Moving from comparing ensemble statistics to comparing phenomena requires
tracking features through time
 Need to capture 3D structure and dynamics of turbulence-flame interactions
 Out-of-plane motion introduces uncertainty in tracking from planar techniques
 Bias errors from 2D measurements of 3D fields

 High-speed and 3D diagnostics are complimentary
 Yields same dimensionality as simulations!

 Tomographic PIV
 Full 9-component velocity gradient tensor
 Accurate tracking of events through space and time

 Need frameworks for comparing
dynamic 3D phenomena
Planar
• 2 velocity components
• 2 dimensions
• 4 velocity gradients

Stereoscopic
• 3 velocity components
• 2 dimensions
• 6 velocity gradients

Tomographic
• 3 velocity components
• 3 dimensions
• 9 velocity gradients

Coriton et al. EiF (2014), Coriton and Frank, PCI (2014), Steinberg et al., PCI (2014)
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Highlights: Tomographic PIV
 High-speed T-PIV previously performed in non-reacting flows
 E.g. Westerweel et al, Annu. Rev. Fluid Mech. (2013)

 Combustion adds (Weinkauff et al., Exp. Fluids (2013))
 Beam steering
 Dilatation
 Etc.

 Also add scalar measurements

⁄
⁄
⁄

⁄
⁄
⁄

⁄
⁄
⁄

B. Coriton, J. Frank, A. Steinberg

Highlights: Tomographic PIV

DME/air jet flame
ReD = UD/ν ≈ 7,500
1Coriton

TNF12 Workshop

Enstrophy isosurface at

∙

15

10 s

et al. EiF (2014), Coriton and Frank, PCI (2014), Steinberg et al., PCI (2014)
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Highlights: Tomographic PIV

Enstrophy isosurfaces at
∙
10, 20, 30 10 s

1Coriton

Enstrophy isosurface at

∙

15

10 s

et al. EiF (2014), Coriton and Frank, PCI (2014), Steinberg et al., PCI (2014)

Highlights – CH PLIF From DPSS
C. Carter (AFRL), S. Hammack, T. Lee (Illinois)

 CH PLIF is an effective marker of the flame front
 Previously, A-X(0,0) & B-X(0,0) bands have been used
 Can C Σ
X Π 0,0 band,
 Advantages

310-320 nm, be used?

 Stronger A & B coefficients
 Convenient
for dye lasers

Accessible by
DPSS systems?

 Disadvantages
 CH lines in forest of OH A-X lines
 Only resonant detection
 C state predissociated

25
mm

Driscoll et al., 2005
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Highlights – CH PLIF From DPSS

 CH PLIF is an effective marker of the flame front
 Previously, A-X(0,0) & B-X(0,0) bands have been used
 Can C Σ
X Π 0,0 band,
 Advantages

310-320 nm, be used?

 Stronger A & B coefficients
 Convenient
for dye lasers

Accessible by
DPSS systems?

focus on
this region

 Disadvantages
 CH lines in forest of OH A-X lines
 Only resonant detection
 C state predissociated

Yikes(!)
Cam says that
Jay Jeffries said
this can be done
(1986)
C. Carter, S. Hammack, T. Lee

Highlights – CH PLIF From DPSS
314.390 nm

a

314.399

314.423

314.415

b

c

314.429 nm

d

e

OH
CH
Q2(9.5)
Bunsen flame, = 1.4

Q2(8.5)

OH A-X(0,0)
P1(12.5)

Q2(5.5)



c

Epulse = 0.15 mJ

OH A-X(1,1)
Q1(6.5)

 Simple retro-reflector

CH C-X
Q-branch

a b

Q1(7.5)

de




Signal to noise up to 17!
Image acquired with 10-kHz laser
system
 EdgeWave laser pumping CREDO
dye laser with DCM

C. Carter, S. Hammack, T. Lee
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Highlights – CH PLIF From DPSS



Epulse = 0.15 mJ
 Simple retro-reflector




Signal to noise up to 17!
Image acquired with 10-kHz
laser system
 EdgeWave laser pumping
CREDO dye laser with DCM

Carter, Hammack, and Lee, Appl. Phys. B (2014)

C. Carter, S. Hammack, T. Lee

Highlights – 1D Raman+Rayleigh
K. Gabet, F. Fuest, J. A. Sutton (OSU)

Concept
tp

tB

tfl

pulsed oscillator

Amplification Nd:YAG gain curve

“burst” of
high-energy pulses

Burst durations of >20 ms (>200 pulses at 10 kHz)
Pulse energies ~ 1 J/pulse at 532 nm
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Highlights – 1D Raman+Rayleigh
DLR H3
(0.5H2/0.5N2)
Re = 10,000
x/d = 40

O2
532 nm

Rayleigh

1

2 3

7 5

H2O

H2

H2

Raman

2

N2

560

630
Wavelength (nm)

700

8
9

4

x/d = 20

10

5
6
6

x/d = 10

1 – adjustable slit
2 – 85 mm f/1.4 lens
3 – 550 nm LP filter
4 – 532-nm BP filter
5 - 50 mm f/1.2 lens

6 – V710 camera
7 – 532-nm notch filter
8 – VPH grating
9 – 105 mm f/1.8 lens
10 - HS-IRO intensifier

Pulse energy ~ 500 mJ
(limited by breakdown)
K. Gabet, F. Fuest, J. Sutton

Highlights – 1D Raman+Rayleigh
K. Gabet, F. Fuest, J. A. Sutton (OSU)

DLR H3
(0.5H2/0.5N2)
Re = 10,000
x/d = 40

x/d = 20

x/d = 10

K. Gabet, F. Fuest, J. Sutton
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Part 2: Considerations

General considerations
 Regardless of the problem, both the experiments and simulations must
resolve the dynamics of the target process
 Different requirements for experiments and simulations

TNF12 Workshop

Experiments

Simulations

Frequency

Measure naturally occurring dynamics
(Nyquist + experimental CFL number)

Replicate naturally occurring
dynamics (CFL number)

Spatial
resolution

Capture scales of interest

Either simulate all scales or
model subgrid

Field-of-view

Extract a small section from a large
physical problem with sufficient size to
capture relevant dynamic processes

Either simulate the entire
domain or construct small
model problems

Interpretation

Limited by detectable quantities,
measurement uncertainty, and
dimensionality

Limited by model and numerical
accuracy
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More specific considerations (experimental)
 Length and time scales
 Experiments do not (need to) resolve all length and time scales
 Must resolve dynamics of the relevant spatial scales
 Analogous to CFL number:

∆

∆

~1

 Often this is the smallest resolved turbulence length scale


∆

⁄ λ

∆

/

∆
/

λ

1/2

300 μm
25 mm

 Our current temporal resolutions
often are sufficient to resolve
the observable dynamics

More specific considerations (experimental)
 Measurement domains
 Experiments extract a small section from a large problem
 Require the process of interest to be completed in the measurement domain
 Often difficult due to limited number of pixels and desired spatial resolution
 Example for capturing ‘eddy turn-over time’


λ

1

 Often limiting parameter in
high-resolution experiments
 Particularly with PIV

TNF12 Workshop
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 High-speed measurements often have low SNR
 How much does noise effects results
 Classical Reynolds decomposition in turbulent
flow
    t   n noise
turbulent fluctuations
ensemble average
actual value

 De-noising strategies (e.g. wavelet de-noising)
can reduce noise significantly!

mixture fraction mean

 Measurement uncertainty

0.8

mixture fraction fluctuations

More specific considerations (experimental)

0.025

0.42 J/pulse
0.79 J/pulse
1.59 J/pulse

0.7
0.6
0.5
0.4
0.3
0.2

n

0.020
0.015
0.010
0.005
0.000
3

  2   2   2
t

4

5

6

7

n

8

9

radius [mm]

Credits: D. Geyer

Part 3: Example Problems

Coflo
w
Courtesy of A. Abdilghanie
Courtesy of B. Coriton
and J. Frank

Courtesy of X. Zhao
and A. Bhagatwala

TNF12 Workshop

Courtesy of C. Arndt and J. Sutton
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Autoignition of a Jet-in-Crossflow (A Serendipidous Example)
J. Fleck, P. Griebel, A. Steinberg, C. Arndt, A. Abdilghanie, C. Emmanouil, P. Fischer, T. Lu
Initial (primary)
ignition event





Secondary
ignition events
move upstream

10 atm pressure
1000 K vitiated inflow gas
Engine relevant flow-rates and geometry
Fleck et al, Int. J. Hyd. Energy (2013)
Fleck et al, Proc. Combust Inst. (2012)

Flame stabilizes
in vicinity of
fuel injector

Autoignition of a Jet-in-Crossflow

J. Fleck, P. Griebel, C. Arndt, A. Steinberg, A. Abdilghanie, C. Emmanouil, P. Fischer, T. Lu
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Autoignition of a Jet-in-Crossflow
(Abdilghanie et al, US Meeting 2013, Paper# 2D06-070LT-0251)

 Detailed H2 mechanism (Li et al, IJCK 2004)
 Spectral element method, 1.5M elements

950K,
850K


180,

1cm,

30.28 m/s

J. Fleck, P. Griebel, C. Arndt, A. Steinberg, A. Abdilghanie, C. Emmanouil, P. Fischer, T. Lu

Autoignition of a Jet-in-Crossflow

J. Fleck, P. Griebel, C. Arndt, A. Steinberg, A. Abdilghanie, C. Emmanouil, P. Fischer, T. Lu

TNF12 Workshop

189

31 July - 2 August 2014, Pleasanton, California

Unraveling Transport: Source-Term Budgets
A. M. Steinberg, X. Zhao, A. Bhagatwala, B. Coriton, J. H. Frank, J. H. Chen

 Everything is described by a transport equation, e.g.
Principle strainrate transport
Scalar-gradient
transport

 In general, we can think of this as
Total derivative of
things I (hopefully)
can measure

Things I can
measure

Things I cannot
measure

Total derivative is the change in a property following a massless nondiffusive fluid particle

Total (Lagrangian) Derivatives
 Total derivatives can be determined directly from Eulerian space- and
time-derivatives
ξ
ξ
∙ ξ
 Spatial gradients from measurements exhibit noise (particularly PIV)
 If ξ is itself a gradient quantity ( , χ), this interpretation can be highly
contaminated by noise
 Better to minimize order of gradient calculations

 Total derivative is the change in a property following a massless nondiffusive fluid particle
 Lagrangian interpretation
 Use theoretical Lagrangian particles (TLPs) to calculate

A. Steinberg, X. Zhao, A. Bhagatwala, B. Coriton, J. Frank, J. Chen
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Theoretical Lagrangian Particles
 Requirements:
1. 4D data
 T-PIV and DNS/LES
2. Sufficient spatial and temporal resolution to capture relevant dynamics
 LES interpretation may be less clear depending on resolution
3. Accurate tracking algorithms
 Excellent guidelines available from DNS!
 See paper on Tuesday for details on experimental accuracy… it is good

 Can apply the same analysis techniques directly to experiments and
simulations

A. Steinberg, X. Zhao, A. Bhagatwala, B. Coriton, J. Frank, J. Chen

Coriton et al., Exp. Fluids (2014)

Example Experiments w/ DNS
Experiment
 Piloted jet flames
 Sandia Flame C
 Re

⁄

 At ⁄

13,400
15, Da

0.1

1.1

 Premixed DME/air flame at
 Re
 At ⁄

⁄

12,500
10, Ka

60, Da

1

1 of every 64 calculated
vectors shown

 10 kHz T-PIV and OH PLIF
 Illumination volume: 17 mm x 12 mm x 3 mm
 Spatial resolution 360-390 μm
Vector spacing ca. 90 μm (75% overlap)
 Smallest resolved structures: λ



∆

∆
/

/

= 700 μm

0.15

A. Steinberg, X. Zhao, A. Bhagatwala, B. Coriton, J. Frank, J. Chen
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Example Experiments w/ DNS
DNS
 Temporally evolving mixing layer
 Spatial resolution: 25 μm ~ 0.7λk

Coflow

 Flame parameters:
 DME/air
 Stoichiometric mixture fraction: 0.375
 Reynolds number: 13,000
 Damköhler number: 0.08
 See Bhagatwala et al, Wed. at 12:25

y

Jet

Temperature Iso-contours from DNS

z

x

A. Steinberg, X. Zhao, A. Bhagatwala, B. Coriton, J. Frank, J. Chen

Lagrangian Particle Tracking
 Tracer particles placed into flow
 Moved around by DNS or experimental velocity field
 Slightly different algorithms used by experiment and DNS
 In the process of reconciling

Experiment

DNS

2nd order backward tracking

4th order forward tracking

Cubic spline interpolation to particle
location

Tri-linear interpolation to particle location

D/Dt from 2nd order central difference

D/Dt from 2nd order central difference

Conditioned on proximity to OH

Conditioned on OH concentration

A. Steinberg, X. Zhao, A. Bhagatwala, B. Coriton, J. Frank, J. Chen
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Lagrangian Particle Tracking

A. Steinberg, X. Zhao, A. Bhagatwala, B. Coriton, J. Frank, J. Chen

Lagrangian Particle Tracking

Tracers

OH mass fraction (z-direction averaged)

A. Steinberg, X. Zhao, A. Bhagatwala, B. Coriton, J. Frank, J. Chen
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Evaluation of Strain-Rate Transport

DNS

Experiment (Pre)

∗

Very different flames… some similar trends!
A. Steinberg, X. Zhao, A. Bhagatwala, B. Coriton, J. Frank, J. Chen

Evaluation of Strain-Rate Transport

DNS

Experiment (Non)

∗

Somewhat more similar flames… less similar trends!
A. Steinberg, X. Zhao, A. Bhagatwala, B. Coriton, J. Frank, J. Chen
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More 4D Analysis – Intermittency and Clustering
B. Coriton and J. H. Frank (Sandia)

 Turbulent partially premixed piloted jet flame
 DME/air 1:4 by vol
 Re

/ ~ 29,300

20

Intermittency and Clustering

20

Compressive
strain-rate
structures

B. Coriton, J. Frank
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Intermittency and Clustering
Jet Flame

Air Jet

Histogram of Number of Strain Rate Clusters

Bursts of high strain rate in flame
occur in larger connected structures
Strain Rate Norm: |s|

‐8,000 s‐1
See paper on Friday afternoon for something similar (please!)
B. Coriton, J. Frank

Which quantities are needed for LES validation?
 Boundary and inflow conditions
 Classical validation (includes transported and modelled quantities)
 Velocities, scalars
 Mean, rms

 LES yields more information
 Transient development of the flow
 Structural information (gradients, correlations…)

 That’s what planar/volumetric high-speed measurements provide!

TNF12 Workshop
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Interlinking transients from experiment and simulation
 Current Status (from Ghil)
 Theoreticians: “Science is truth, don’t bother me with the facts”
 Experimentalist: “Don’t ruin my beautiful, hard-won data with your lousy model”

 Temporal evolution of transient events
 Can be captured by phase-averaged statistics in predictable flows
 Turbulence is stochastic!
 What is the ‘phase’ in stochastic flows?

 Methods to compare experiment and simulation of turbulent flames
 Qualitative transients
 Power density spectra
 Conditional statistics
 Proper Orthogonal Decomposition

Autoignition – DLR Jet in Hot Coflow Burner
C. Arndt, J. Prause, W. Meier (DLR), J. Sutton, (OSU)

 Pulsed methane in lean H2/air products
 vjet = 50 m/s - 200 m/s
 Re = 6,000 – 24,000

 Coflow conditions
 vcoflow = 4 m/s – 7 m/s
 Tcoflow = 1300 K – 1700 K

 Jet development has excellent repeatability

TNF12 Workshop
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Experimental Setup

 Ohio State experiments
 Rayleigh scattering
 2x OH* chemiluminescence
 Additional air coflow for Rayleigh
signal quantification
Locate kernel in 3D

 DLR Stuttgart experiments
 OH PLIF
 OH* chemiluminescence
 Luminosity
 Compile statistics on autoignition height and time

C. Arndt, J. Prause, W. Meier, J. Sutton

Steady State
Lift-Off Height

Ignition Time

Ignition Height

Ignition Time and Height

C. Arndt, J. Prause, W. Meier, J. Sutton
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Temperature Mixture Fraction

Exemplary Auto-Ignition Event
Influence of Temperature and Mixture Fraction
 Ignition at
 Very lean mixture fractions
≪
 Uniformly mixed location

 Mixing and elevated
temperature in the jet
core

Scalar Dissipation

 Ignition at locations with
low scalar dissipation
2

C. Arndt, J. Prause, W. Meier, J. Sutton

Numerical Simulation
DLR CFD THETA Code
 Wall-adapting local eddy viscosity (WALE)
 Detailed kinetic mechanism of Li et al. 2007
 Pressumed PDFs for sub-grid turbulencechemistry-interaction
 10 Million node grid
 Good LES-resolution due to intermediate
Reynolds number (Re

13,000)

J. Li et al., Int. J. Chem. Kinet. 39 (2007), 109-136.
S.S. Girimaji, Combust. Sci. Technol. 78 (1991), 177.
P. Gerlinger et al., J. Comput. Phys. 167 (2001), 247-276.

C. Arndt, J. Prause, W. Meier, J. Sutton
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Numerical Simulation
OH-PLIF

C.M. Arndt et al., Appl Phys B 108 (2012)

C. Arndt, J. Prause, W. Meier, J. Sutton

Example – Turbulent opposed jet flame
 Well known TNF target flame
 Comprehensive experimental data set available

Time-average flame luminosity
(photography)

 Single point statistics
 velocities
 scalars (temperature, species)
 scalar dissipation rates
 flame front (OH contour)
 Planar time correlated data
 Velocities
 Flame front

Combustion LES,
OH emission (45°), by A. Kempf

TNF12 Workshop

200

31 July - 2 August 2014, Pleasanton, California

Inflow conditions?

Credits: A. Kempf

Inflow conditions – Validation
 Inflow conditions are already transient
 To expect good LES predictions jet
break up needs to be captured
accurately
 High-Speed PIV data for validation

Energy density spectrum
Credits: O. Stein, A. Kempf
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Stochastic transient events

0.28

r=0mm TOJ2C
r=0mm TOJ2D

0.21

PDF

 Broad strain distribution at the
flame front due to turbulence
 Extinction is a rare event overlaid
by turbulence
 Find the measurements
associated to extinction to
validate their predictions

0.14
extinction

0.07
0.00

f)
0

500

1000 1500 2000

s2d [1/s]
turbulence

Statistics from stochastic transient events
 conditioning in time and space
(multidimensional conditioning)
 New coordinates: z*, r*, and t*
 Repeat this for many events
 Build statistics
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Setup
Simulation

Experiment

 LES with transported filtered density
function (LES/FDF)
 Flamelet and finite rate chemistry (4step, Chemkin & CVODE for
integration)
 equally sized cubic cells, immersed
boundary with cell size of 0.5 mm3

 Simultaneous PIV and OH-PLIF at
5 kHz

 Domain size: 130x40x40mm3,
1.7x106 cells

 Field of view ~ 10 x 15 mm² at the
stagnation plane

 LIF spatial resolution ~100 µm
 PIV interrogation area (0.6 x 06
mm²), laser sheet thickness 0.6mm

LES predictions of extinction – validation
 LES captures the same extinction
mechanism
 Good qualitative agreement
 Time periods agree quantitatively

Period of
increasing strain

 Open issues
 Phase shift between exp. and LES
time trace
 Absolute strain values…

Period of
max. strain

1000
900

MP1

800

-1.2 ms

strain [1/s]

700
600
500
400
300

MP1

Exp.

200

LES

100
0
-8

-6

-4
time history [ms]

-2

0

Credits: M. Rieth, A. Kempf
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Proper orthogonal Decomposition as a tool to
quantitatively compare data sets
Example:
 Internal combustion engine flow,
University of Michigan highspeed PIV, Penn State LES
 60 consecutive cycles each, 2
CAD steps
 Perform phase-invariant POD
with all data in one matrix

 creates orthogonal modes
(“patterns”), weighted by energy
 does not require a-priori
assumptions
 coefficients quantify contribution
of corresponding mode to total
energy
 great to compare data sets, e.g.
experiment and simulation, for
similarity, temporal trends,
outliers, etc.
 works with phase-dependent and
phase-invariant POD

Credits: V. Sick

Joint POD: Example of engine flow
Normalization may be important if flow kinetic energy in part of the cycle
dominates

PIV, LES

Conserved
Energy

Normalized
Energy

Credits: V. Sick
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Data Assimilation
J. Edwards and T. Eckekki (NC State)

 Overarching Goal: Develop methods for incorporating data from more
‘trusted’ sources to improve accuracy of LES predictions of reactive flows
 ‘Trusted source’ data can come from experiments
 Initial results use a higher-fidelity LES simulation on a finer mesh
 Several ways of ‘steering’ target simulation in space/time
 Unclosed subgrid contributions evaluated using trusted data (model form
assessment)
 Data-based closure for reactive scalars in composition space
 Direct assimilation of time-dependent data (4D Data Assimilation –
4DDA)

4DDA (4-D Data Assimilation) of Velocity
 Starting point is Weather Research & Forecasting (WRF) approach

Distance-based
weighting functions
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U o,k : Observation data at location k

U k : Predicted data interpolated

space

 

wx ( x , xo ,k , r ( x ))



 
r ( x ) 2  min(r ( x ) 2 ,| x  xo ,k |2 ) r (x ) :


 
r ( x ) 2  | x  xo ,k |2

to observation location k

‘Capture Radius’
(observations outside the
capture radius of a mesh cell
are not weighted)
J. Edwards and T. Eckekki
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4DDA (4-D Data Assimilation) of Velocity
 Temperature contours
 500 – 2500 K
 10000 observation points from
highly resolved LES
 Steering improves results
 Eddy structures more
accurately tracked
 Reaction fronts sharp

J. Edwards and T. Eckekki

Towards Assimilation of Experimental Data
 Observations:
 Not all variables measured and these variables are rarely measured
simultaneously
 Spatial resolution of measurements may be limited and time resolution of
measurements (if there is time resolution) >> typical LES time steps
 Also need initial and boundary conditions for assimilation are required

 Potential Frameworks for Assimilation
 Quantitative measurement with spatially and temporally-resolved velocity and a
(qualitative or quantitative) reactive scalar (e.g. temperature)
 Assimilate velocity (or capture large-scale structures with proper orthogonal
decomposition)
 Use scalar measurement to estimate position of flame

 Multiscalar “point” measurements
 Change volume of measurements to emulate different spatial filters
 Estimate SGS contributions and use to improve model

 Otherwise may have to work with statistics including spatial and temporal
averaging (comparisons at the level of RANS)
J. Edwards and T. Eckekki
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Conclusions and Discussion Points
 Temporally resolved data are starting to prove themselves as useful tools
in combustion science and engineering
 Exploring new physics
 New ways of validating/verifying simulations
 Investigation of practical dynamic phenomena

 Comparison of experiments and simulations requires statistics
 Different statistics
 Combined with phenomenology

 Many current experimental/computational comparisons are uncoordinated

Conclusions and Discussion Points
 What are specific low-hanging fruit that should targeted for next TNF?
 Currently available data sets?
 Readily available configurations (experimental and computational)?
 Most important phenomena?

 Do we want another dedicated session?
 Are we at the point that we should treat the experiments and simulations as
‘mature’ and start integrating into the ‘burner’ sessions?
 New configurations?
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Enclosed Flames and Unsteady Combustion
Coordinators: Benoît Fiorina and Matthias Ihme
The purpose on this session was to identify numerical and experimental issues that are specific to
enclosed flames configurations. Two major objectives were identified:

 Provide an overview about different configurations
 Initiate a joint comparative numerical study on an unsteady confined flame in a laboratory
scale experiment

Overview of enclosed combustor configurations
Experimental configurations were reviewed along with corresponding numerical simulations. A
classification was proposed according to the following criteria:
-

reactant supply mode (premixed, non‐premixed)
injection configuration (jet, swirled, …)
pressure level
type of fuel
diagnostics available

The review focuses on configurations with non‐premixed reactant supply, which included the
TECFLAM and MOLECULES burners from the Technische Universität Darmstadt (TUD). Both
configurations are representative of aeronautical combustors. Flameless combustion regimes
observed in MILD combustors from the IST group have been presented. In these configurations,
the modeling of the chemical structure introduces challenges because of the role of the dilution of
the fresh gases with reaction products. Details on geometry and recent simulations of the dual‐
swirl gas‐turbine combustor of Wolfgang Meier at DLR were reviewed in the context of partially‐
premixed combustion regimes.
The second part of the discussion addressed premixed reactant‐supply burners. This review
included the Preccinsta burner for which numerous numerical simulations have been performed,
including Large Eddy Simulations (LES) and a Direct Numerical Simulation (DNS). New confined
swirl burners and experimental data from a collaborative research project at Germany have been
brought to the TNF‐attention.
Modular burners have been reviewed, including a new Single‐Sector Combustor configuration,
which is currently studied at TUD. The reactant staging design allows the investigation of different
flame regimes, such as a non‐premixed jet, a partially‐premixed swirled flame, and lean‐premixed
swirled flame. The second modular burner that was reviewed was the Cambridge swirl multi‐
mode burner, which has been designed to examine local and global extinction of premixed, non‐
premixed, and spray gas‐turbine‐like flames. By changing the injection system, these three types
of flames are observed in the same combustor. Then, the presentation described the Cambridge‐
UCL bluff‐body turbulent premixed flames for forced and self‐excited nonlinear flame dynamics
studies. Finally, the dual swirl micro‐turbine burner from Sunchon National University and The
University of Sydney was presented.

TNF12 Workshop

208

31 July - 2 August 2014, Pleasanton, California

Experimental and LES studies of the EM2C confined unsteady swirling flame
The shape of confined turbulent premixed flames depends on the fresh‐gas composition and the
flow dynamics. In practical combustion chambers, intense heat exchange with the boundaries of
the combustion chamber may impact the turbulent flame propagation and the overall flame
stabilization process. In such situations, flame shape transitions can be observed without any
change of the operating conditions of the burner. To gain further insight into this phenomenon, a
CH4/H2/Air burner has been designed at EM2C laboratory to study confined turbulent flames
stabilized over a bluff‐body swirl injector.
The burner includes a cylindrical injection tube with a 14‐mm exit diameter. The flow is put in
rotation by a radial swirling vane located upstream of the injection tube. A central rod installed on
the burner axis helps anchoring the flame at the injection unit outlet 2 mm above the dump plane.
The mixture enters the burner through a plenum and subsequently passes through a
grid/honeycomb/grid‐arrangement before entering a water‐cooled convergent nozzle to reach a
nearly uniform top‐hat velocity profile at the entrance of the swirler. A loudspeaker is placed at
the bottom of the injection system to operate pulsed flame regimes.
Particle Imaging Velocimetry (PIV) was used to characterize the flow features. Longitudinal and
transverse planar Laser Induced Fluorescence of the hydroxyl radical (OH‐PLIF) measurements are
carried out to delineate the location of the flame front and burnt gases and infer the flame shape.
Laser Induced Phosphorescence (LIP) measurements were carried out to determine the
temperatures of the quartz walls and of the dump plane at different locations. The temperature
of the burnt gases in the outer recirculation zone near the outer shear layer is measured using
thermocouples to characterize the influence of heat losses on the flame topology.
Three groups have been involved in the numerical studies: Lund University (LUND), the University
of Texas at Austin (TX), and EM2C laboratory at Ecole Centrale Paris. All groups performed Large
Eddy Simulations using Low Mach Number solvers. EM2C and TX applied the model F‐TACLES
based on filtered premixed flamelet tabulation, whereas LUND employs a skeletal mechanism
combined with an Implicit LES approach. Velocity measurements a few mm above the exit of the
injection tube have been used to define the simulations BC’s. Detailed temperature
measurements at the walls have been used to characterize the thermal BC’s.
Cold and reactive flow LES of the steady case were performed. For each group, LES assuming a
fully adiabatic combustion chamber predicts a M shape flame and completely mispredicts the
thermochemical conditions within the domain. LES, which accounts for non‐adiabaticity predicts a
V shape flame and shows good agreement with experiments. Preliminary experimental and
numerical results on the unsteady configurations have been presented and need to be further
consolidated.
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Enclosed Flames and Unsteady Combustion

Benoît Fiorina

Matthias Ihme

Ecole Centrale Paris
EM2C - CNRS

Stanford University

TNF 12, Pleasanton CA, 2014


Session objectives: studying enclosed and unsteady
combustion
1) Provide an overview about diﬀerent conﬁgurations (M. Ihme)

-

review experimental data
refer to previous calculations
discuss the state of understanding of these cases
document good practices in LES



2) Initiate a joint comparative numerical study on a laboratory scale
experiment (B. Fiorina)

-

Low Reynolds, swirled
Simpliﬁed geometry
Operate in a forced mode (pulsed inlet)
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Overview of
Enclosed Combustors Configurations
M AT T H I A S I H M E

With contributions from:
Jens Hermann, Andreas Dreizler, Ramanarayanan Balachandran,
Epaminondas Mastorakos, Assaad Masri, Wolfgang Meier, Vincent Moureau,
Mário Costa, Benoit Fiorina, Yee Chee See

Turbulent Non-premixed Flame (TNF) Workshop
Main emphasis of TNF-modeling efforts on canonical flames
 Simple mesh-generation
 Comprehensive data-base
 Isolation of combustion-physical processes
 Extinction/reignition
 Damkoehler effects
 Diffusion flames/partial-premixed
 Fuel-effects
 Heat-transfer
 Swirl/recirculation
 Parabolic (convection-dominated flows)
Enclosed combustor configurations
 Many of these effects are also present in enclosed combustors
 ... but certain effects are unique
 Separation
 pressing vortex core
 Wall effects
 Geometric complexity and mesh-generation
 Plenum-chamber coupling
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Overview of burner configurations
Swirl

Fuel/Oxidizer
injection mode

Pressure

Fuel

Measurements

Remarks

TECFLAM

0-2

Diff

ambient

NG

LDV, T, Species, PLIF

2005

MOLECLUES

0.8

Diff

2 bar

NG

LDV, PLIF

2005

Veríssimo/Castel
a

-

Diff

Ambient

NG

Probes

2011; Vitiated ,
Heat loss

PRECCINSTA

Single
swirler

Diff/Prem

Ambient

NG

Velocity, Species

Premixed,
partially
premixed

DLR dual swirl
burner; SFB606
Burner

Twin
swirlers

Diff

Ambient

NG

PIV, speices, pressure,
Simultaneous
measurements

Stable,
acoustically
unstable modes

RSM SingleSector
Combustor

0-1.6

Premixed

2-10 bar

NG

Chemiluminescence ,
thermographic
phosphors, other
measurements planned

Staged
operating
condition,
preheated air,
pilot

Cambridge/UCL
multi-mode
burner

Single
swriler

Modular:
premixed/diff/swirl

Ambient

NG, liquid fuel

PLIF, LDV, spray
droplet, Mie

Sydney dualswirl turbine

Enclosed Burners

Year

Syndey DSTurb
RSM-Single Sec.
Cambridge/UCL
Lisboa
DLR SFB606
DLR GTMC
Molecules
PRECCINSTA
Premixed

Tecflam
Non-premixed

Fuel/oxidizer injection mode
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Nonpremixed
Reactant
Supply

EKT EBI
PCI DLR
Confined TECFLAM swirl burner:
experimental investiagations and numerical simulations
(TNF5)
W. Meier, B. Noll
Institut für Verbrennungstechnik, DLR Stuttgart
H. Bockhorn, W. Leuckel
Engler-Bunte-Institut, Universität Karlsruhe
C. Schulz, J. Wolfrum
Physikalisch Chemisches Institut, Universität Heidelberg
C. Schneider, S. Repp, A. Sadiki, A. Dreizler, J. Janicka
Energie- und Kraftwerkstechnik, TU Darmstadt
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EKT EBI
PCI DLR

Burner Description

Combustion chamber

750mm
500mm
15

•

Height 1200 mm

•

Inner diam. 500 mm

•

Double walled

3
20

30mm

530mm

220mm

ca. 2555mm

530mm

Movable-Block

Natural Gas

730mm

Air

740mm

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

-1

2000

a=1s (opp. fl. calc., J.-Y. Chen)

1500

o r = 0 - 10 mm
x r = 14 - 24 mm
l r = 26 - 36 mm
ý r = 40 - 150 mm

500

2500

0,25

2500

CH4/3

h=10 mm

O2 h=10mm

0,20

DLR
EBI

2000

Mole Fraction

Temperature / K

Moveable
block

Measurements
h = 10 mm

1000

Fixed block

1500

1000

1500

0,15

T

0,10

1000
500

0,05
500

2000

0,00
0

20

40

60

80

100

Temperature / K

fstoich.
0,1

S00,theor= 1,85

S0,theor= 0

490mm

EKT EBI
PCI DLR
2500

Air

Air

• Water cooled (80㼻C)
Swirl burner
• Central bluff body
• Airflow swirled only
• Variable swirl number
(Stheo = 0 - 2)
• Variable thermal load
(50 - 350 kW)
• Fuel: natural gas

0
120

Radial Position / mm

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

Mixture Fraction

2500

0,25

h=90 mm

Mole Fraction

DLR
EBI

h=90mm

0,15

2000
1500
1000

0,10

O2

0,05

500

CH4

0,00
0

20

40

60

80

100

Temperature / K

T

0,20

0
120

Radial Position / mm
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MOLECULES burner, Andreas Dreizler
Maschinenbau/FG Reaktive Strömungen und Messtechnik

mAir
TAir
p
I
Pth
Re

=
=
=
=
=
=

30 g/s
350㼻C
2 bar (abs)
0,8
50kW (natural gas)
46000 (air), 40800 (fuel)

Nozzle: Turbomeca
Andreas Dreizler | 9

Flow, Turbulence and Combustion 2005 75: 293–315
Proc. Combust. Inst. 2007 31: 3091-3098

MOLECULES burner, Andreas Dreizler
Maschinenbau/FG Reaktive Strömungen und Messtechnik

Mean OH
distribution and
mean velocities in
central axial plane

ÎDetached flame, lift-off height ~20 mm
Andreas Dreizler | 10
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LES of the Molecules burner using F-TACLES for stratified turbulent
flames (Fiorina, EM2C)
TUD Experiments: Janus et al. 2005
TUD Numerical simulations: Wegner et al. 2007, Schneider et al.
2008
AVBP code, TTGC scheme (3rd Order), WALE model

Tabulated Thermochemistry for Compressible flows formalism Vicquelin et al 2011
Filtered Tabulated Chemistry for stratified LES (F-TACLES) Auzillon et al. 2012

11

Flame structure: OH molar fraction average

LIF-OH Janus et al. 2005

F-TACLES simulation

Dimensionless OH molar fraction
12
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Research activities at IST on enclosed
gas flames (Mário Costa, IST, Lisboa, Portugal)
r

Fuel
Air

Air

z
Exhaust

Exhaust

ø4
ø14
ø18.5
340

ø75
ø90
ø100

Combustor 1

Combustor 2
13

Combustor 1: typical results
Ø100

1.1
1.3
1.5
1.7
1.9
2.1
2.2

Inlet air
momentum (N)
0.38
0.52
0.65
0.83
1.08
1.30
1.39

10

14

9
8
7

12
10

6

8

5
6

4
3
2

340

a
b
c
d
e
f
g

Inlet air
velocity (m/s)
96.2
113.2
126.5
143.0
162.8
178.6
184.8

4
NOx

2
1
CO
0
0
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3

CO
(dry volume ppm @ 15% O2)

O

NOx
(dry volume ppm @ 15% O2)

Run

a)
r
z

b)

Air
Fuel Fuel

Air
Fuel Fuel

c)

d)

Air
Fuel Fuel

Air
Fuel Fuel

e)
Air
Fuel Fuel

f)
Air
Fuel Fuel

0

50

100

Counts

150

18

For all conditions:
fuel thermal input = 10 kW
inlet fuel velocity = 6.2 m/s
inlet air temperature = 400 ºC

12

200

9
6

250

3

a)
300
-50

b)
0

c)

d)

e)

f)

0

50

14
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Combustor 2: typical results
Fuel
Air Air

r
Exhaust
z

Exhaust

0
5 10 15 20

20

5 10 15 20

5 10 15 20

2 1.5 1.0 .5

40
60
80
100
120
140
10 20 30 40

180

a)

b)

15
10

Temperature
NOx

750

5

1500
1250

1.5

0.75

10

0.5
5
0.25
0

0
0

40

80 120 160 200 240 280 320

z (mm)

O2, CO2 (dry volume %)

20
15

10
5

1.5

CO2

25

750
500

1

1750

15

1000

0

CO
HC
O2

2000

30

20

500

1.25

35

CO
HC
O2
CO2

1.25
1

20
1250

15

1000

10
5
0

20

1.5
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5

1.25
15
1

CO
HC
O2
CO2

0.75
0.5

10
5

0.25
0

0
40

25

500

0.25
0

30

0

0.5

0

1500

750

10

0.75

35
Temperature
NOx

80 120 160 200 240 280 320

0
0

z (mm)

NOx (dry volume ppm)

20

Temperature
NOx

O2, CO2 (dry volume %)

25

1000

e)

Temperature (ºC)

1750

1250

d)

NOx (dry volume ppm)

2000

30

Temperature (ºC)

35

1750

NOx (dry volume ppm)

2000

1500

c)

50

O2, CO2 (dry volume %)

0

CO, HC (dry volume %)

CO, HC (dry volume %)

Temperature (ºC)

200
-50

CO, HC (dry volume %)

160

40

80 120 160 200 240 280 320

z (mm)

Available literature
Veríssimo, A. S., Rocha, A. M. A. and Costa, M. (2011). Operational, combustion and emission
characteristics of a small-scale combustor. Energy & Fuels, 25, 2469-2480.
Castela, M., Veríssimo, A. S., Rocha, A. M. A. and Costa, M. (2012). Experimental study of the
combustion regimes occurring in a laboratory combustor. Combustion Science and Technology, 184,
243-258.
Veríssimo, A. S., Rocha, A. M. A. and Costa, M. (2013). Importance of the inlet air velocity on the
establishment of flameless combustion in a laboratory combustor. Experimental Thermal and Fluid
Science, 44, 75-81.
Veríssimo, A. S., Rocha, A. M. A. and Costa, M. (2013). Experimental study on the influence of the
thermal input on the reaction zone under flameless oxidation conditions. Fuel Processing
Technology, 106, 423-428.
Rebola, A., Coelho, P. J. and Costa, M. (2013). Experimental evaluation of the performance of a
flameless combustor. Applied Thermal Engineering, 50, 805-815.
Graça, M., Duarte, A., Coelho, P. J. and Costa, M. (2013). Numerical simulation of a reversed flow
small-scale combustor. Fuel Processing Technology, 107, 126-137.
J. Lamouroux, M. Ihme, B. Fiorina, O. Gicquel, “Tabulated chemistry approach for diluted
combustion regimes with internal recirculation and heat losses” CnF, 2014, 161 (2014) 2120–2136)
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LES Modeling of Verissimo/Castela Recirculation Burner
LES-modeling using tabulation chemistry with heat-transfer and internal
recirculation (Lamouroux, Ihme, Fiorina,Gicquel, CnF, 2014)

17

www.DLR.de • Chart 18 • Institute of Combustion Technology , DLR Stutgart > Wolfgang Meier

Enclosed Flames: Dual Swirl Burner update
New experimental data:
- Flowfield and vortex-flame interaction for various flames.
(“Experimental study of vortex-flame interaction in a swirl combustor”
M. Stöhr, I. Boxx, C.D. Carter, R. Sadanandan, W. Meier
Combust. Flame 159, 2636-2649 (2012))
(„Effects of Damköhler number on vortex-flame interaction in a
gas turbine model combustor“ M. Stöhr, C. M. Arndt, W. Meier
Proc. Combust. Inst. 34, 3107-3115 (2013))

Data sets available from DLR Stuttgart.
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Large Eddy Simulation of a Partially-Premixed Gas
Turbine Model Combustor (See, Ihme, 2013/2014)
UNSTRUCTURED LES-SOLVER
 Mesh resolution: 15-50million
TURBULENT NON-PREMIXED COMBUSTION MODELS
 Flamelet Progress Approach (FPV)
› Tabulate flamelets in mixture fraction, Z and
progress variable, C space
› Presumed PDF closure
• Beta PDF for Z; Dirac for C


Filtered Tabulated Chemistry for Large Eddy
Simulation (F-TACLES)1
› Extension of Flamelet Prolongation ILDM
(FPI) method 2
› Pre-filtering of premixed flamelet solutions
› Efficiency function3 is utilized to recover
flame propagation speed

PIV

CHEMISTRY LIBRARY GENERATION
 GRI-2.11 detailed chemistry kinetics
 Unity Lewis Number assumed for flamelet
solutions
 Progress variable = H2O + H2 + CO2 + CO

Large Eddy Simulation of a Partially-Premixed Gas
Turbine Model Combustor (See, Ihme, 2013/2014)
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Large Eddy Simulation of a Partially-Premixed Gas
Turbine Model Combustor (See, Ihme, 2013/2014)
Mixed hex-tet mesh

Fully block-struc. hex

FLAME SHAPE IS CONTROLLED BY SEPARATION POINT IN OUTER SWIRLER

Premixed Reactant
Supply
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www.DLR.de • Chart 23 • Institute of Combustion Technology , DLR Stutgart > Wolfgang Meier

Enclosed Flames: TM Burner update
New experimental data:
- Flowfield and precessing vortex core behavior
for various flames
(Proc. Combust. Inst. 34, 3117 (2013))
- Velocities, major species, temperature in perfectly and
technically premixed flames (publication in preparation)
New publications:
- “Thermo-acoustic velocity coupling in a swirl stabilized gas turbine model
combustor“ V. Caux-Brisebois, A.M. Steinberg, C.M. Arndt, W. Meier
Combust. Flame http://dx.doi.org/10.1016/j.combustflame.2014.05.020
- „Formation and flame-induced suppression of the precessing vortex core in a swirl
combustor: experiments and linear stability analysis” Kilian Oberleithner, Michael
Stöhr, Seong Ho Im, Christoph M. Arndt, Adam M. Steinberg; submitted to
Combust. Flame
- “Large Eddy Simulation of combustion instabilities in a lean partially premixed
swirled flame“ B. Franzelli, E. Riber, L.Y.M. Gicquel, T. Poinsot; Combust. Flame
159, 621-639 (2012)
- “Large Eddy Simulation of a thermoacoustic instability within a swirl-stabilized
burner using impedance boundary conditions”, J.-M. Lourier, B. Noll, M. Aigner,
Proc. ASME Turbo Expo, GT2014-26200

Recent work on the PRECCINSTA swirl burner at CORIA and EM2C
(Guédot, Lartigue, Moureau, CORIA; Mercier, Fiorina, Veynante, EM2C)
 Aim: to help validating LES models for turbulent premixed flames
 Operating conditions
• Partially premixed (often
considered fully premixed)
• Atmospheric
• Reynolds number = 45,000
• Phi = 0.75 to 0.83

Exhaust

Inlet

 Related publications
•
•
•
•
•
•

Swirler

Roux et al., Combustion and Flame (2005)
Moureau et al., Journal of Computational Physics (2007a, 2007b)
Galpin et al., Combustion and Flame (2008)
Moureau et al., Combustion and Flame (2011)
Franzelli et al., Combustion and Flame (2012)
…

Combustion
Chamber

24
24
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Recent work on the PRECCINSTA swirl burner at CORIA and EM2C
(Guédot, Lartigue, Moureau, CORIA; Mercier, Fiorina, Veynante, EM2C)
A challenge: the exploitation of large numerical databases. Two
examples.

2) filtering of a 12.6 billion
cell DNS for a priori
analysis requires highperformance Gaussian
filters

Unfiltered

1) Precessing Vortex Core
extraction requires costly highorder filters

Filtered

110M tets

Guédot L., Lartigue G.,
Moureau V., to be submitted to PoF

25
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Enclosed Flames: SFB606 Burner
New confined swirl burner and experimental data from a
German collaborative research project (SFB606)
- Similarity with dual swirl burner.
- Partially premixed methane/air
flames at 1 atm.
- 2 separated swirled air flows.
- Fuel injection through a ring of
small holes.
- Thermal powers  40 kW.
- Various thermoacoustic modes.
- Experimental data of flow
velocities, flame shape, major
species, temperature and
acoustic oscillations.
- Publications in preparation.
- Data sets available in ~ 1 year.
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Modular Burner:
Flexible Fuel
Injections;
Fuel Staging

RSM Single-Sector Combustor
Jens Hermann, Andreas Dreizler
 Plenum and swirler section







Inflow of preheated air
Jet in a cross flow for fuel mixing
Radial movable block swirler
Swirl variable during operation
Mixing pipe for further premixing
Central bluff body with pilot
Combustor operation Limits
300 K – 680 K
T3
P3
0.2 MPa – 1.0 MPa
25 g/s – 150 g/s
m3
LeanPremixed
>0.75 for S=0.7-1.3
LeanPremixed+Pilot
>0.60 for S=0.7-1.3
S
0.0 -1.6

TNF 12 | 28
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First results: Particle Image Velocimetry
Isothermal flow

Reacting flow

 Inner recirculation zone (IRZ)
 Outer recirculation zone (ORZ)
 Axial core jet with high radial and circumferential
velocities (deduced from isothermal 2d3c PIV not presented here)
 More pronounced bubble like IRZ in reacting case
 Apex angle wider due to heat release

Operation point
30 g/s +/- 1,75 g/s
M3
0.25 MPa +/- 800Pa
P3
T3
350°C +/- 5°C
global
0,65 [-]
Staging Pilot / Main
0 / 100 %
34m/s +/- 2m/s
vBulk
Swirl number
0,7 [-]
TNF 12 | 29

Flame luminescence
 Staging allows investigation of different flame regimes

=0.65 Staging 0/100
 Non-premixed jet

=0.65 Staging 50/50
 Partially premixed swirl flame

=0.65 Staging 100/0
 Lean-premixed swirl flame
Standard operation point
M3
30 g/s +/- 1,75 g/s
P3
0.25 MPa +/- 800Pa
350°C +/- 5°C
T3
global
0,65 [-]
vBulk
34m/s +/- 2m/s
Swirl number
1 [-]
TNF 12 | 30
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Cambridge swirl multi-mode burner:
focus on local and global extinction of premixed,
non-premixed, and spray gas-turbine-like flames
Slides for TNF, 2014
Epaminondas Mastorakos
em257@eng.cam.ac.uk
Department of Engineering

OH-PLIF

31
HRR, LES/CMC

Three types of flame in same burner (Cavaliere et al.,
Flow Turb & Comb, 2013)
Premixed

Non-premixed

Spray

Atomiser

All dimensions in mm.
32
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Fast OH-PLIF for flame sheet imaging
Da decreasing

Premixed

Non-premixed

Spray

33

Available data (not everything for all conditions)
•

Cold flow (just air, no fuel): U,W,u’,w’ with LDA

•

Hot flow: droplet velocity, “air” velocity (seeding + spray), droplet size

•

Flame shape (OH*, Abel-transformed)

•

Simultaneous OH & CH2O PLIF: Heat release imaging

•

Flame sheet dynamics (lift-off statistics, various metrics for sheet “holes”)

•

Blow-off dynamics (OH* as a function of time), extinction duration

•

Mie scattering of spray (angle, location)

•

Liquid fuels studied: C2H5OH, C7H16, C10H22, C12H24

•

Premixed: progress variable, flame curvature

•

Modelling with LES: CERFACS, UCAM so far

•

CFD grid exists for sharing (both structured & unstructured)
34
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Available literature
Swirling premixed, non-premixed, spray:


Cavaliere,
D.E.,
Kariuki,
J.
&
Mastorakos,
E.
(2013)
A
comparison
of
behaviour of swirl-stabilised premixed, non-premixed and spray flames. Flow, Turbulence and Combustion 91, 347-372.



Tyliszczak, A., D.E. Cavaliere & Mastorakos, E. (2014) LES/CMC of blow-off in a liquid fuelled swirl burner. Flow, Turbulence and Combustion
92, 237-267.



Zhang, H., Garmory, A., Cavaliere, D.E. & Mastorakos, E. (2014) Large eddy simulation/conditional moment closure modeling of swirl-stabilized
non-premixed flames with local extinction. To appear in Proceedings of the Combustion Institute.



Yuan, R., Kariuki, J., Dowult, A., Balachandran, R. & Mastorakos, E. (2014) Reaction zone visualisation in swirling spray n-heptane flames. To
appear in Proceedings of the Combustion Institute.

the

blow-off

Future work
•

Further analysis of OH-PLIF 5 kHz movies (hopefully, to lead to a better quantification of local extinction); Further analysis of CH2O images

•

Blow-off dynamics with POD (with Prof. Continillo’s group)

•

Further measurements planned:

•

•

LIBS for local phi (preliminary results presented in Lisbon, July 2014)

•

Emissions at exit (sampling probe)

•

U,W inside swirler (if CFD modellers push hard enough)

Collaborations sought for mixture fraction measurements
35

Future work
Further analysis of OH-PLIF 5 kHz movies (hopefully, to lead to a better
quantification of local extinction)
Further analysis of CH2O images
Blow-off dynamics with POD (with Prof. Continillo’s group)
Further measurements planned:
LIBS for local phi (preliminary results presented in Lisbon, July 2014)
Emissions at exit (sampling probe)
U,W inside swirler (if CFD modellers push hard enough)

Collaborations sought for mixture fraction measurements.
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Cambridge-UCL bluff-body turbulent
premixed flames for forced and self-excited
nonlinear flame dynamics studies
Slides for TNF-2014
Ramanarayanan Balachandran, r.balachandran@ucl.ac.uk
Epaminondas Mastorakos, em257@cam.ac.uk

COMBUSTOR SCHEMATIC
• Choked fuel injection
through central pipe to
achieve partial
premixing
•For premixed flamesAir and fuel mixed far
upstream and
introduced to plenum
using air inlet.

Key features:
High Reynolds number,
High Swirl (Vane)
Fuel flexibility
Combustion modes:
premixed, partially-premixed
(Imperfectly premixed)

TNF12 Workshop

• Acoustic velocity
determined using the twomicrophone technique and
calibrated against hotwire
measurements under cold
flow conditions
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MEASUREMENT METHODS
• Forced flow-field response (cold flow)
– High-speed Laser tomography, velocity measurements with LDA

• Heat Release Evaluation Methods
– Three different approaches:
• Conventional OH* /CH* measurements
– Using PMT, Imaging using Intensified CCD (ICCD) – slow and high speed

• Flame Surface Density (FSD)
– Based on OH Planar Laser Induced Fluorescence (PLIF)
– Flame contour tracking, Flame surface evaluation

• Direct Local Heat Release Imaging
– By simultaneous OH and CH2O PLIF

• Sequential, Time resolved OH PLIF
• for tracking flame-annihilation events

PREMIXED FLAME DYNAMICS 2/2

t=0
t = 1 ms
t = 2 ms
t = 3 ms
Time resolved OH PLIF realisations of premixed flame of I =0.55, forced at
160 Hz showing flame surface annihilation; ¢U ²=9.9 m/s, A~0.5
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Literature
•

•
•

•
•

•
•

•
•

Balachandran, R., Ayoola, B. O., Kaminski, C. F., Dowling, A. P., & Mastorakos, E. (2005). Experimental investigation of the
nonlinear response of turbulent premixed flames to imposed inlet velocity oscillations. Combustion and Flame, 143(1-2), 37-55.
doi:10.1016/j.combustflame.2005.04.009
Ayoola, B. O., Balachandran, R., Frank, J. H., Mastorakos, E., & Kaminski, C. F. (2006). Spatially resolved heat release rate
measurements in turbulent premixed flames. Combustion and Flame, 144(1-2), 1-16.
Armitage, C. A., Balachandran, R., Mastorakos, E., & Cant, R. S. (2006). Investigation of the nonlinear response of turbulent
premixed flames to imposed inlet velocity oscillations. Combustion and Flame, 146(3), 419-436.
doi:10.1016/j.combustflame.2006.06.002
Balachandran, R., Dowling, A. P., & Mastorakos, E. (2008). Non-linear response of turbulent premixed flames to imposed inlet
velocity oscillations of two frequencies. FLOW TURBUL COMBUST, 80(4), 455-487. doi:10.1007/s10494-008-9139-1
Ayache, S., Dawson, J. R., Triantafyllidis, A., Balachandran, R., & Mastorakos, E. (2010). Experiments and Large-Eddy
Simulations of acoustically forced bluff-body flows. INT J HEAT FLUID FL, 31(5), 754-766.
doi:10.1016/j.ijheatfluidflow.2010.04.003
Balachandran, R., Dowling, A. P., & Mastorakos, E. (2011). Dynamics of bluff-body stabilised flames subjected to equivalence
ratio oscillations. In Fifth European Combustion Meeting. Cardiff, Great Britain.
Hussain, T., Dowlut, A., & Balachandran, R. (2012). Investigation in to the effect of hydrogen enrichment on the response of
turbulent premixed flames subjected to acoustic excitation. In 19th International Congress on Sound & Vibration. Vilnius,
Lithuania.
Hussain, T., & Balachandran, R. (2011). Investigation of the effect of fuel stratification on response of turbulent premixed flames
to acoustic excitation. In 18th International Congress on Sound & Vibration. Rio de Janeiro, Brazil.
Ruan, S., Dunstan, T. D., Swaminathan, N., & Balachandran, R. (2013). Computation of turbulent premixed flames response to
inlet velocity oscillations. In 24th International colloquium on the dynamics of explosions and reactive systems. Taipei,
Indonesia.
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Summary
Enclosed burner configurations with premixed and non-premixed reactant
supply
Primary focus of model-evaluation has been on premixed burners
 Single swirler
 Ambient conditions
 Thermoacoustically and hydrodynamically stable
 Gaseous fuels
 Power-range: ~10-50 kW
Moderate interest in partially-premixed and non-premixed enclosed
burners
New burner configurations
 Modular burner configurations: premixed/non-premixed/spray, staging as
attractive opportunity to examine different combustion regimes without
need for time-consuming mesh-generation and geometry adaptation

TNF12 Workshop

233

31 July - 2 August 2014, Pleasanton, California

Experimental and LES studies of the EM2C
conﬁned unsteady swirling ﬂame
Benoît Fiorina and
Renaud Mercier
Ecole Centrale Paris
EM2C - CNRS

TNF 12, Pleasanton CA, 2014


Experiments
Thibaut Guiberti, Laurent Zimmer,
Salma Bejaoui, Thierry Schuller

Numerical studies
Christophe Duwig

Malik Hassanaly and Venkat Raman

Renaud Mercier and Benoît Fiorina

2
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Target ﬂame:
EM2C swirled and conﬁned combustor
Steady regime

Unsteady regime

(a)
Stabilization inﬂuenced
by burnt gases
recirculation
ORZ: Outer Recirculation Zone
IRZ: Inner Recirculation Zone
OSL: Outer Shear Layer
ISL: Inner Shear Layer

Capture the turbulent
ﬂame response to ﬂow
perturbation

3

Modeling the ﬂame dynamic is a challenge for
turbulent combustion models

«DNS»

LES
F-TACLES

«DNS»

LES
TFLES

Auzillon et al. PROCI, 2011
4
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Conﬁned swirling EM2C ﬂame
1. Description of the experimental facility
i)

Burner conﬁguration

ii) Diagnostics
2. Simulations
i)

Modeling and numerical approaches

ii) Management of computational domain and boundary
conditions
3. Result analysis
i)

cold case

ii) steady reactive case
iii) pulsed case
5

EM2C swirled and conﬁned combustor

T.F. Guiberti, D. Durox, P. Scouﬂaire, T. Schuller.
Impact of heat loss and hydrogen enrichment on the
shape of conﬁned swirling ﬂames, PROCI 2015. 
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z
y
x

Guiberti et al., PROCI, 2015

Operating conditions
Fuel
Equivalence ratio

TNF12 Workshop

XCH4 = 0.4

XH2 = 0.6

φ = 0.7

Pressure

atmospheric

Flow rate

ṁ = 2, 09.10−3 kg.s−1

Power

P = 4kW

Swirl number

0.4

Reynolds

7000

Mach

0.05
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Particle Image Velocimetry (PIV)
Inert and reactive cases: Ux and Uy

Centerline plane (y=0) - Axial velocity Uz
m/s

m/s

z
y
x

Mean (inert)

Mean (reactive)
Guiberti et al. thesis, in preparation,

Chemiluminescence of OH* gives the heat
release








Raw signal

After Abel transform
Guiberti et al., in preparation, 2015
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Planar Laser Induced Fluorescence delineates
the ﬂame front
Centerline plane (y=0) - OH

OH-PLIF
Instantaneous

z

OH-PLIF
Mean

y
Mean Binarized OH PLIF
field gives the probability
to find burnt gases

x

Guiberti et al., PROCI, 2015

Laser Induced
Phosphorescence (LIP)

Wall temperature measurements
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Measurement of the ORZ temperature by
thermocouples
Mesures TC

T [K]

45
mm

16
mm

z
y
x

Acoustically forced ﬂame at 350 Hz
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Heat release rate and velocity forcing at
350 Hz
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Summary of cases / diagnostics
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Cases

Pulse
frequency
(Hz)

Inert

-

-

14

Reacting
(steady)

-

-

14

2D PIV
OH-PLIF
OH*-CHEM

Reacting
(forcing)

350

0,09

14

OH*-CHEM

u’/U

Measurements

U
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EM2C model & computational conditions
๏ YALES2 LES ﬂow solver

Moureau et al., CR mécanique, 2011

•

Low Mach number

•

Fourth order in time and space

•

5.6 M nodes unstructured mesh (ﬂame resolution of 0.25-0.5
mm)

๏ F-TACLES turbulent combustion model Fiorina et al., Comb & Flame, 2010
•

Account for the inﬂuence of heat losses Mercier et al., FTAC, 2014

•

Filtered Flamelet library computed using Lindstedt
mechanism

•

Subgrid scale ﬂame wrinkling model Charlette et al., Comb & Flame, 2002
17

LUND model & computational conditions
๏ Open FOAM LES ﬂow solver
•

Low Mach number

•

Second order in time and space (TVD)

•

5.6 M nodes structured mesh (ﬂame resolution of 0.2 mm)

๏ Implicit LES
•

Chemical scheme DRM 19 (skeletal from GRI1.2)

18
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TEXAS model & computational
conditions
๏ Open FOAM LES ﬂow solver
•

Low Mach number

•

Second order in time and space (TVD)

•

1.8 M tetra (ﬂame resolution of 1 mm)

๏ F-TACLES turbulent combustion model Fiorina et al., Comb & Flame, 2010
•

Enthalpy Flamelet Approach Menon et al., Combustion and Flame 160, 2013

19

We used the same computational domain (we are making
progress)
 
 

( !  
. )

)

z
/) ' 

x





%&   ''
*  







(    
) 


"  # 
! 
 

)
 

20

TNF12 Workshop

243

31 July - 2 August 2014, Pleasanton, California

Thermal boundary conditions
๏ Based on wall temperature measurements
•

with thermocouples

•

with LIP
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Mercier et al., in preparation, 2014

RANS simulation shows consistency between thermal
BC’s and TC measurements in the burnt gases ORZ

TC probe

T [K]

T [K]

RANS

45
mm

z
y
x

16
mm

Bottom wall
Mercier et al., in preparation, 2014
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Velocity boundary conditions
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All simulations capture cold
PIV measurements at z=2mm
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Inlet mean proﬁle verify the
mass ﬂowrate and swirl
number measured. Artiﬁcial
turbulence is injected to ﬁt
z=1mm measurements

Axial mean velocity - inert case

24
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Axial mean velocity - inert case

25

Radial mean velocity - inert case

26
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Radial mean velocity - inert case

27

Steady reactive case

LUND
non adiabatic

EXPE
non adiabatic

EM2C
non adiabatic

adiabatic !!
EM2C
28
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Steady reactive case
Adiabatic

Non-adiabatic

EM2C LES

EM2C LES

Mercier et al., in preparation, 2014

reactive case: velocity

30
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reactive case: velocity

31

reactive case: velocity

32
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reactive case: velocity

33

Pulsed conﬁguration (350Hz)
Phase averaged data
EM2C LES
averaged over 20 cycles

EM2C EXP
OH - CHEM

PIV + OH-PLIF

350 Hz

34
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Inlet velocity and heat release ﬂuctuations
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Conclusions
1. Steady state cases
• heat losses has to be accounted to get the ﬂame shape
• velocity ﬁeld is well captured
• mean 2D OH ﬁeld compare well with experiments
2. Unsteady simulations
• very preliminary experimental and numerical results: to be
consolidated for TNF13
• additional experimental data needed for the ﬂame transfer
function
• identify what is important to capture the ﬂame dynamic?
sensitivity to SGS wrinkling ?
• move to stratiﬁed combustion ?

Kim & Hochgreb, 2011

36
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Flame-Wall Interaction
F. di Mare, J. Janicka, A. Dreizler
Institute of Energy and Power Plant Technology/Institute of Reactive Flows and Diagnostics
( dimare@ekt.tu-darmstadt.de, janicka@ekt.tu-darmstadt.de, dreizler@csi.tu-darmstadt.de )
Techische Universität Darmstadt
Jovanka-Bontschits-Straße 2,
D-64287 Darmstadt, Germany
The technological and scientific relevance of the interaction between turbulent flames and
cold walls in enclosed configurations became clear already in the 19th century, as systematic
observations on the behaviour of premixed flames in pipes led to the realisation of the first
mine safety lamps (Davy, 1816, Stephenson, 1816).
The flame-wall dynamics play today a central role in the development of new combustion
technologies for propulsion and power generation under the increasingly stringent
regulations on emissions. In modern gas turbine combustors, operating in the lean premixed
regime a large amount of the air flow is diverted from the liner cooling thus giving rise to a
sparse, unstable film. The presence of a strong swirling flow in the main body of the
combustor induces hydrodynamic disturbances which disrupt the labile cooling layer and
allow the flame to approach the liner wall. In the presence of fuel-rich gases the cooling air
also affects the reaction patterns by providing oxidant for high-temperature combustion, thus
increasing the formation of NOx in the forward part of the combustion chamber. Further
oxidation of the exhaust gas can be promoted by the presence of cooling air in proximity of
the metallic surfaces of the high-pressure turbine stage, with consequent shortening of the
component’s life. In internal combustion engines the downsizing of the combustion chamber
results in a large fraction of the charge burning de facto in proximity of the walls.
The interaction of the flame with cold walls (Flame-Wall Interaction, FWI) is a highly
complex phenomenon involving hydrodynamic, chemical and thermal effects (Alshaalan and
Ruthland, 1998) and its modality can be essentially described by referring to the reciprocal
orientation between the wall normal and the direction of propagation of the flame (Head-On
or Sidewall Quenching – HOQ and SWQ). In the first case, known as Head-on Quenching
(HOQ), the flame propagated perpendicularly to the wall and is arrested at a distance from
the latter which is of the same order of magnitude as the flame brush thickness. In the
second case the flame propagates parallel to the wall (Sidewall Quenching - SWQ) and is
quenched at a distance which is larger than that observed in HOQ. As the flame extinguishes
the heat flux toward the wall reach its maximum, estimated to be equal to one third of the
flame power, although in SWQ smaller heat fluxes have been observed as in HOQ
(Bruneaux et al., 1996).
As the flame modifies and is in turn affected by the turbulent field in proximity of the wall,
the combustion regime undergoes a transition from flamelet in the core flow to thickened
flame near the wall (A. Gruber et al., 2010), opening new questions as for the appropriate
modelling of the turbulence/chemistry interaction. It could be therefore argued that, even in
the case of diffusion flames, the premixed paradigm for FWI is indeed a representative
model, as kinetically-controlled reactions start prevailing, although this conclusion has not
been proved.
The time and length scales involved in FWI render both numerical and experimental
investigation of this phenomenon an extremely challenging task. Gaining optical access to
the quenching region, having a characteristic length of fractions of millimetres, presents
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objective difficulties and non-intrusive, laser-based techniques are affected by spurious
scattering and reflections from the walls. In turn, the lack of reliable and detailed
measurements renders obviously the construction of realistic models all the more difficult.
Only recently, simultaneous quantitative measurements of temperature and CO
concentration in the context of FWI have been carried out in a laboratory scale configuration
at moderate Reynolds numbers (Singh et al., 2013, Mann et al. 2014). In (Färber et al.,
2010) a full-scale gas turbine combustor was also experimentally investigated, albeit at
atmospheric conditions. In (Lange et al., 2012) a first attempt has been made to obtain
quantitative information on temperature and CO concentrations by means of combined
planar laser techniques at flight relevant conditions.
In an attempt to gain more detailed information on the fundamental mechanisms of FWI
in turbulent flows, which could not be easily obtained from experimental studies, resort has
been made extensively to Direct Numerical Simulations (DNS) (for example Alshaalan and
Rutland, 1998, Bruneaux et al., 1996, De la Taillade et al., 2002, Wang and Trouvé, 2006,
Gruber et al., 2010). In all of these studies an attempt was made to gain fundamental
understanding of the FWI mechanisms by removing in fact the need for hydrodynamic as
well as chemical closures. However, as these numerical experiments were carried out in
highly idealised conditions, the results, as high quality as they are, fail to address the issue of
modelling the complex turbulence/chemistry interaction in technologically relevant devices
where complex fuels are used.
In the near wall region closure is necessary for both hydrodynamic phenomena and
chemistry. Whilst Large Eddy Simulation (LES) can be effectively used to address the
former, it is likely that a reduced chemistry approach, such as the FGM technique, might
break down when applied to FWI, although promising results have been obtained in a recent
work by Pantangi et al. (2014) where the effects of heat losses at the wall were also
accounted for. In particular, whilst temperature and CO-concentration can be well captured
using reduced chemistry, the composition of the burnt or partially burnt mixture in the postquenching period can only be predicted using skeletal mechanisms. On the basis of the
information gained in idealised cases through DNS, it appears that the classic modelling
paradigms (premixed/non premixed, PDF-FGF) cannot be applied without possibly major
extensions. Although fundamental insight in the phenomenology of FWI has been gained by
means of fundamental laminar quenching studies, important modelling questions remain still
to be answered; among these:
 How can the information obtained from laminar quenching be exploited to
understand the dynamics of FWI in turbulent combustion?
 Is the formulation of a well-founded turbulence/chemistry interaction model at all
possible in the near wall region?
 How existing modelling approaches should be extended to encompass FWI?
Moreover, should only extension be considered (e.g. heat losses in FGM), or
rather a conceptual re-thinking of existing models is required?
 Which approach can offer the best perspectives in terms of UHC and CO
modelling?
This new TNF session on FWI was aimed at presenting the open issues related to this
research topic and sketch possible future research strategies. As the latter require close
interaction between modelling and simulations on one side and experimental studies on the
other, the TNF forum is decidedly an ideally conducive environment to carry forward
systematic research on FWI. To support a fruitful modelling and simulation activity by all
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interested researches, the FWI-burner configuration investigated by Mann et al. (2014) is
proposed as benchmark for this session.
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Modelling and Simulation of Flame-Wall Interaction

Technological and scientific significance - I
19th Century
The empiric observation of turbulent flames in enclosed
vessels led to an important discovery (~1816): the quenched
mine lamp
Sir H. Davy

…
G. Stephenson

Modelling and Simulation of Flame-Wall Interaction

Technological and scientific significance - II
21th Century
The evolution of combustion technology for propulsion and
power generation brings the problem of flame-wall interaction
again in the spotlight
• RQL combustors:
► < 20% Air for injection
► > 80% Air for cooling and dilution
► Fuel-rich primary zone
• LP/LPP combustors
► > 70% Air for injection
► < 30% Air for cooling and dilution
• Progressive downsizing of IC-engines
► 90% of charge burning near cold walls
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Modelling and Simulation of Flame-Wall Interaction

Technological and scientific significance - III

Combustors Volume

21th Century
The evolution of combustion technology for propulsion and
power generation brings the problem of flame-wall interaction
again in the spotlight
• General trend:

Reduced
residence time

Local quenching causes an increase in
CO and UHC production and can lead to
catastrophic material failure
Higher
temperature
(also for the
cooling air)

Advantageous
conditions to
abate NOx,
disadvantageous
conditions to
abate CO

► Sparse, unstable cooling film
► Increased interaction of the flame with liners walls and
consequent increased thermal stresses
► Also flashback and acoustic instabilities

Modelling and Simulation of Flame-Wall Interaction

Technological and scientific significance - IV
21th Century
The evolution of combustion technology for propulsion and
power generation brings the problem of flame-wall interaction
again in the spotlight
• Outside the combustion chamber:
► Chemical reaction in exhaust gas with a high concentration
of UHC on the way to HP turbine
► Surface reaction on turbine film cooled blade
► Flow-purging in cavities and end wall areas due to heat
release from chemical reaction of UHC with oxidiser in
cooling film

Durability and efficiency issues
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Modelling and Simulation of Flame-Wall Interaction

Technological and scientific significance - V
21th Century
The evolution of combustion technology for propulsion and
power generation brings the problem of flame-wall interaction
again in the spotlight
• In IC-Engines:
► 90% of the charge burns in proximity of cold walls
► Local quenching leads to UHC and CO formation
► Geometrical complexity of the combustion chamber (cylinder) has a
special influence

30% combustion energy in an
engine is lost by heat transfer
trough the wall

40% of unburned hydrocarbons in engines
is due to flame – wall interactions

Courtesy of A. Dreizler
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Technological and scientific significance - VI
• Scientific problem:

Source: Poinsot and Veynante, Theoretical and Numerical Combustion 2005
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Physical background
Phenomenology of flame-wall interaction
• A turbulent flame approaching solid walls is a not
uncommon although undesirable occurrence in technical
devices (enclosed flames)
o General topological classification:
Nw

Ugas

Nw

Burnt gas

Ugas
Burnt gas

Fresh cold gas

Fresh cold gas

HOQ

SWQ
Crevice: both can be observed

Ugas
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Modelling and Simulation of Flame-Wall Interaction

Physical background
Phenomenology of flame-wall interaction
• If diffusion flames are considered, however:

Lataillade et al., Proc. Comb. Inst., 2002

Modelling and Simulation of Flame-Wall Interaction

Physical background
Phenomenology of flame-wall interaction
• Fundamental mechanisms: thermo-chemical interaction
between cold wall (~400-600 K) and flame (1200 – 1400 K)
o Flame approaches cold surface
o At a certain distance (quenching distance) from the cold
surface the heat fluxes to the wall critically increase
determining extinction
o Low-temperature chemistry predominates in the postquenching period
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Modelling and Simulation of Flame-Wall Interaction

Physical background
Phenomenology of flame-wall interaction
• Relevant parameters:

 L0 

0

• Flame thickness
• Laminar flame speed

uL 

Pe 

xw

xw



0
L

Q F   u C p u L0 (Tb  Tu )

w 
 w

• Wall thickness
• Wall thermal diffusivity

Dw 
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Physical background
Phenomenology of flame-wall interaction

Chauvy et al., FTAC, 2010
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Physical background
Phenomenology of flame-wall interaction
• What we have learned from simplified numerical models:
Dabireau et al., CNF, 2003 Pe at quenching almost
Gruber et al., JFM, 2010
constant (except H2)
Hasse et al., CNF, 2000

Is it a simple description
of chemistry (e.g.
Arrhenius)
adequate at this stage?

Westbrook et al., CNF, 1981 Dimensional
quenching distance
Popp et al., CNF, 1997
Hasse et al., CNF, 2000
function of T, P etc.

Simplified description of
the chemistry does not
suffice

Modelling and Simulation of Flame-Wall Interaction

Physical background
Phenomenology of flame-wall interaction
• What we have learned from simplified numerical models:
Hasse et al., CNF, 2000
Popp et al. CNF, 1997
Popp et al. PCI, 1996

Gruber et al., JFM, 2010
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Low-T oxidation of
intermediate HC and
UHC

Clear change in the
structure of the flame
near the wall
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Low-T reaction patterns,
as well as two-way
thermal coupling with
Soret effects should be
accounted for

Is a new modelling
strategy required, which
does no longer rely on
the thin flame
assumption?
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Current research: experiments
• Challenges:
► wall-temperature measurements
► wall heat flux evaluation
► High-speed velocity measurements in boundary layer

Plenary Lecture by A. Dreizler, Advanced
Laser Diagnostics for an Improved
Understanding of Flame-Wall Interactions
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Current research: modelling and simulation
• Current trends:
o Chemistry reduction - extension of chemistry tabulation
methods:
► FGM, FPI to non-adiabatic conditions
École Central Paris (B. Fiorina et al.)
RWTH Aachen (P. Trisjono et al.)
TU-Darmstadt (P. Pantangi et al., A. Kethelheun et al., G. Kuenne
et al.)
TU-Eindhoven (A. van Oijen et al.)

► ILDM to the domain of slow-chemistry and lowtemperature chemistry
Karlsruhe University (V. Bykov and U. Maas)

o Turbulence/chemistry interaction: not clear!
► DNS observations by Alshaalan and Ruthland (PIC,
1998) on scalar PDF in a premixed flame with heat
loss on the wall
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Current research: modelling and simulation
kinetic scheme

ILES + 4 steps global scheme
F-TACLES
Mercier et al.,
FTAC, 2014

chemistry tabulation from
burner stabilized flame

FSD

Oijen et al. CNF, 2001
Fiorina et al. CTM, 2003

Flame ThickeningTFLES

Presumed PDF + enthalpy rescaling

Ketelheun et al. FTAC, 2013

Trisjono et al., FTAC, 2013

Modelling and Simulation of Flame-Wall Interaction

Current research: modelling and simulation

Instantaneous enthalpy contours superimposed by line contours of RPV
source term (left), a magnified view of the selected area (right) for nonadiabatic, reacting flow (fine mesh) (Pantangi et al. TFAC 2013)
Mann et al., 2014
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Current research: modelling and simulation
• Filtered mixture fraction
• Filtered progress variable

~
~
~
Y  



• Thermo-chemical enthalpy (no thickening, Le=1)

~

~

 *   ( , h)



F

~
h

(Kuenne et al., CNF 2014)

FGM table: GRI and B. Fiorina et al., CTM 2003
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Modelling and experimental requirements - I
• Experimental and numerical observation show that:
► By interaction with the wall, the structure of the flame
changes.
► For the first time, 3D DNS studies offer new insight in the
behaviour of a rod- stabilised flame impinging on a cold
wall, although only for relatively simple fuels (H2).
► Current reduction strategy can be almost heuristically
extended to cover non-adiabatic conditions and the
introduction of further control parameters is no major
difficulty.

However…

Modelling and Simulation of Flame-Wall Interaction

Modelling and experimental requirements - II
• Change in flame structure means substantially change of
combustion paradigm
• Challenges:
► Appropriate chemistry reduction strategy in presence of
heat losses
► Appropriate low-temperature chemistry
► Appropriate turbulence-chemistry interaction (TCI)
► Two-way coupling for heat transfer
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Modelling and Simulation of Flame-Wall Interaction

Modelling and experimental requirements - III
• Change in flame structure means substantially change of
combustion paradigm
• Open issues in TCI:
► DNS carried out still at relatively low Re and with simple
fuels (H2), unfeasible at higher Re and with complex
fuels
High-quality experimental data are necessary
► Flamelet assumption breaks down: novel modelling
concepts necessary - PDF methods a promising option
► Turbulence modelling in the near-wall region itself is
problematic:
 LES involves high costs (N~Re 21/8)
 hybrid methods present conceptual issues (RANS at
the wall!)
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Concluding remarks
• Flame-Wall-Interaction is an ideal subject for the TNF
Workshop, combining:
► Modelling of complex chemistry
► Modelling TCI
► Experimental configurations are simple enough to be
amenable to numerical investigation

Modelling and Simulation of Flame-Wall Interaction
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New Burners
Coordinator: Rob Barlow
This brief session highlighted a few new burners that were described in poster abstracts or
were otherwise known to be under development. The purpose was to bring these burners to
the attention of the TNF audience in order to promote feedback and to facilitate early
interaction on burners that might become future targets for collaborative experiments and
model comparisons. Some new burners are discussed in other sessions as listed below.
Sydney Piloted Burner with Inhomogeneous Inlets: (Poster #4) This variant of the original
Sydney Piloted Jet Burner includes a retractable central tube within the main tube, both being
surrounded by the pilot annulus. With CH4 is supplied through the central tube and air (2:1 by
volume) through the main tube annulus, the blowoff velocity increases by 40 percent over the
homogeneous jet when the central tube is recessed an optimal distance. Scalar measurements
show that stratified‐premixed combustion dominates close to the nozzle exit (z/D = 1),
augmenting the stabilizing effect of the pilot, and there is a transition from premixed to
diffusion flame structure within 10 jet exit diameters. The mixed‐mode combustion that occurs
in between these locations will not be easy to represent in some modeling approaches. The
exit profile of mixture fraction also has significant influence of extinction/re‐ignition behavior
farther downstream. (Meares et al. CNF 2014 and ProCI 2014)
Plasma Heated Auto‐ignition Facility: (Poster #9) A new facility for experiments on auto‐
ignition and lifted jet flames in hot coflow has been developed at TU Darmstadt, using plasma‐
heated air up to 1300 K and 40 m/s. Preliminary OH/CH2O PLIF imaging were shown, and plans
for high‐speed velocity and scalar imaging were outlined.
Confined Jet‐in‐Hot‐Coflow Burner: (Poster #27) This burner is being developed for
investigation of MILD combustion of liquid fuels at elevated pressure. As of the workshop a
prototype had been build and tested at atmospheric conditions. The final burner is intended to
operate up to 5 atm in reacting experiments.
Vitiated Coflow Burner: (See also the PPJB section of these proceedings.) There has been
discussion over the past few years regarding possible design modifications to the
Berkeley/Sydney drilled plate burner. One goal might be to produce a flame series that would
transition from auto‐ignition to flame propagation as the primary mechanism of stabilization.
However, those familiar with the operation of this type of burner anticipate practical difficulties
in achieving this, including the need to redesign the drilled plate for operation at lower
temperature and the expectation that lower coflow temperature would lead to higher liftoff
height and potential interaction of the flame stabilization region with outside air. Another
modification of interest would be to provide better thermal isolation of the central jet in
unpiloted experiments on highly turbulent premixed flames. If this could be designed as a
retrofit to the Sydney PPJB, then copies of that burner now at Sandia and Ohio State University
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might also be modified to allow application of multiple complementary diagnostics to selected
flames.
Jet Flames in Cross Flow: This configuration has been the subject of recent DNS (Grout et al.,
JFM, 2012) and experimental investigations (Steinberg et al., ProCI 34, 2013), both motivated
by concepts of staged combustion in land‐based gas turbines. Both investigations addressed
heated flows, H2N2 fuel, and relatively low Reynolds number (4000‐6000). Exploratory
experiments were conducted at Sandia to test whether flames including methane could be
stabilized at higher Re in room temperature air cross flow. Using CH4/H2 (1:1) partially
premixed with air ( = 3.17), flames could be operated stably up to Re = 35000 with jet
diameter 7.5 mm at the outlet of a contoured nozzle and momentum ratio J = 20. Preliminary
Raman/Rayleigh measurements were obtained, but no further work is planned at this time.
Enclosed Swirl Combustors: In addition to the combustors discussed in the section on Enclosed
Flames and Unsteady Combustion, there is recently published work on a swirling premixed
annular combustor studied at Cranfield University (Ruggles & Kelman, CNF, in press). The
reactant flow was forced at frequencies 100, 200, and 400 Hz, and high‐speed SPIV and
chemiluminescence imaging were applied in a phase‐locked manner.
General Considerations:
 What combustion phenomena are we after?
o Interesting, relevant to applications, challenge for models
o Are Reynolds numbers high enough?
 Which new (or existing) burners look most promising?
o Well documented and unambiguous bc’s
o Parameter space that tests sensitivity of combustion processes and model
performance
o Potential to get “complete” experimental data sets
 Seek and provide input to improve burner designs and experimental plans before
they are cast in stone
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New Burners
• Session objectives
– Introduce a few (more) new burners
– Discuss opportunities around new experiments
•
•
•
•

What physics do we want to address within TNF
Pros and cons of specific designs
Experimental and modeling issues
Level of interest and priorities

New Burners
• Sydney piloted jet flame with inhomogeneous inlet (Masri)
– Meares & Masri CNF 161 (2014)
– Poster #4; Meares et al. 35th Symposium (3A09);

• TU Darmstadt lifted jet flame in plasma‐heated air (Dreizler)
– New facility (a lot of hot air!), Poster #9

• Adelaide confined jet in hot coflow burner (Medwell)
– MILD combustion of liquid fuels at elevated pressure, Poster #27

• Vitiated coflow burner (Berkeley/Sydney) revisited
• Sandia jet flame in cross flow (Peng, Barlow)
– Only preliminary tests so far

• Enclosed flames covered in previous sessions
• Other new burners?
• More experiments on old burners?
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New Piloted Burner: Stability Limits
Blow-off velocity for a range of
air/fuel volume ratios, VA/VF

FJ = fuel in jet, air in annulus
FA = fuel in annulus, air in jet

Lr = Recess distance
Fuel: CNG (88.8% CH4)
Pilot: C2H2/H2/air (Tad=2480) K
S. Meares, A. Masri, CNF 161 (2014)

Selected Flames: VA/VF = 2.0
FJ (fuel in jet)
FA (fuel in annulus)

S. Meares, A. Masri, CNF 161 (2014)
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Boundary Conditions - Velocity
LDA measurements in
non-reacting jets at
U=0.9UBO for each Lr

u FA200

u FJ200

u' FA200

u' FA200

Axial Velocity, u

RMS fluctuations, u’

S. Meares, A. Masri, CNF 161 (2014)

Mixture Fraction: Rayleigh
Mixture Fraction, ξ

ξ FA200

ξ FJ200

RMS fluctuations, ξ’

ξ' FA200

ξ' FJ200

S. Meares, A. Masri, CNF 161 (2014)
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Sandia Measurements: Air/CH4=2
› Meares et al. (Symposium 3A09)
- C2H2/H2/air; =1 (Tad=2480 K); FJ (fuel in center tube); Lr=100, 300 mm; U=82 m/s

› TNF poster #4, “Near-Field Scalar Structure…”
- C2H2/H2/air/CO2/N2, =1 (match adiabatic equilibrium T, products of CH4/air)
- Transition of combustion mode within a few diameters

A novel test rig for Auto-ignition studies
of a fuel jet propagating into hot air
F. Eitel, J. Pareja, D. Geyer, A. Dreizler
Institute Reactive Flows and Diagnostics

Poster #9

TU Darmstadt – CSI | A. Dreizler |
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Novel Auto-ignition (AI) Test Rig
Microwave plasma heater (MWPH)

burner head

•

Maximum output power: 75 kW

•

Maximum mass flow rate: 66 g/s (air)

•

Temporal temperature fluctuations below ±2 K

Flow conditioning unit (FCU)
Burner head

burner exit

TU Darmstadt – CSI | A. Dreizler | 1

Operational Field of the AI Test Rig
Co-flow:
•
•
•

T=725..1420 K
u=7..40 m/s
Re=5.000..25.000

Jet:
• Re=2.000..10.000
• Fuels:
• CH4
• CH4/H2
• C2H4
Constraints:
• Cooling
• Tmax turbulence grids
• Power output of the MWPH
• plasma stability
• Maximum mass flow rate

Operational field of the AI test rig in terms of
co-flow velocity u
and co-flow control
temperature T

TU Darmstadt – CSI | A. Dreizler | 2
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Flame structure
Small flame kernels ignite
They grow by time and
propagate downstream
And finally merge with the
lifted flame base
Flame
stabilization
is
supported substantially by AI
rather than pure flame
propagation
Consecutive CL images (false color) of a CH4-jet in a hot
turbulent air co-flow (Tco-flow=1223 K) recorded with 6 kHz
TU Darmstadt – CSI | A. Dreizler | 3

Experimental Setup
OH PLIF @10 kHz
CH2O PLIF 2 shots at @10 kHz
Stereoscopic PIV @10kHz

Schematic of the experimental setup for CH2O/OH PLIF and S-PIV measurements
TU Darmstadt – CSI | A. Dreizler | 4
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Poster #27

Confined
Jet-in-Hot-Coflow
burner

Dr Paul R. Medwell
School of Mechanical Engineering
The University of Adelaide
paul.medwell@adelaide.edu.au

Confined Jet-in-Hot-Coflow burner
• MILD combustion of liquid fuels at pressure
• Similar to previous jet-in-hot-coflow burners:
–Adelaide/Delft JHC burner
–Vitiated Coflow Burner (Berkeley / Cabra burner)
–…plus others
• Extend coflow pipe to confine flame and enable pressurisation
• Key Challenges:
–Geometric size (to enable resolution of main flow features)
–Stabilisation of secondary burner (for generating coflow)
–Cooling of central jet (fuel cracking and/or liquid “boiling”)
–Optical access
–Thermal gradients
–Pressure vessel design / approval
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Confined Jet-in-Hot-Coflow burner
• Two distinct sections:
–Main combustor
• Turbulent jet flame
• Gaseous or liquid fuels
• Different nozzle geometries
• Requires optical access
–Secondary burner
• Hot and vitiated O2 exhaust products
• May be operated independently from main
combustor
–Open configuration enables comparison
with previous jet-in-hot-coflow burners
• Laminar / turbulent / swirl modes
• Operate in non-/partially-premixed mode
–To avoid flashback

Preliminary Operation - Photographs
Secondary
burner
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Status and Plans
• Prototype built (200mm diameter)
• Operated over a range of operating conditions
–Exact flowrates unknown during these preliminary tests
• Current version manufactured from thin ducting
–Designed for 5 atm testing (cold conditions)
–Reacting experiments (atmospheric pressure)
• Finalise design (walls) for reacting experiments up to 5 bar
• Operation on liquid fuels
• Cooling of jet
–Prevent cracking of fuel (and vapourisation of liquid fuels)
• More windows (and larger)
• Seek suggestions or comments for any other
improvements
paul.medwell@adelaide.edu.au

Vitiated Coflow Burner
• Berkeley/Sydney drilled plate design
–
–
–
–

Cabra, Gordon, Dunn, …
Lifted auto‐igniting jet flames; piloted premixed jet flames
Importance of heat transfer and accuracy temperature
Can the design be improved?

• Recent discussions
– Better thermal isolation of the central tube (premixed)
– Design for lower coflow T (AI  flame propagation)
• Lower T means higher liftoff if pushing high Re; maintain large diam.
• Different hole pattern needed; how about C2H2/H2/air?
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Jet Flame in Cross Flow
• Preliminary tests, luminosity images (Terry Peng)
– CH4/H2 (1:1), partially premixed (=2.2, 3.17)
– Laminar cross flow of air to 20 m/s (0.25m x 0.25m)
– Turbulent pipe flow (up to Re=23300)

• Contoured nozzle is being designed

=3.17, J=8, Re = 23312

– No room for the long pipe
– Laminar exit, flat velocity profile
– Thin boundary layer

• Is there any interest in this geometry?

Premixed Swirling Dump Combustor
• Adam Ruggles (CNF accepted)
Poster #45
• Forced at 100, 200, 400 Hz
• High‐speed stereo PIV and
chemiluminescence
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Some Discussion Items
• What combustion phenomena are we after?
– Interesting, relevant to applications, challenge for models
– Are Reynolds numbers high enough?

• Which new (or existing) burners look most promising
– Well documented and unambiguous bc’s
– Parameter space that tests sensitivity of combustion
processes and model performance
– Potential to get “complete” experimental data sets

• Input to improve burner designs or experimental plans

TNF12 Workshop

282

31 July - 2 August 2014, Pleasanton, California

blank

TNF12 Workshop

283

31 July - 2 August 2014, Pleasanton, California

TNF12 Session on LES Quality Assessment and UQ
Coordinators: Guilhem Lacaze and Joe Oefelein
Contributors: Habib Najm, Michael Mueller, Francesca di Mare and Vaidya Sankaran
The need to understand the range of errors that can affect a given LES calculation and
establish better metrics related to LES implementation is well recognized. To address
this need, past TNF sessions have been aimed at investigating different approaches to
measure the “quality” of LES calculations. Initial focus included the potential merits of
various algebraic error indicators using the Sydney HM1 flame as a test platform (e.g.,
Pope criterion, Celik, etc.). The Error‐Landscape concept (e.g., Geurts, Kempf et al.) and
Recursive‐Filter‐Refinement techniques (e.g., Klein, Raman) were also investigated. In
TNF11, a summary of efforts to date was presented, followed by attempts to develop
better local resolution criteria based on relevant subfilter scales (e.g., Vervisch et al.).
The idea was to better understand and quantify the range of subfilter scales over which
a given system of sub‐models can work effectively. While some progress has been
made, the challenges of establishing robust criteria and methodologies are still
significant. The question of LES quality is still open due to the inherent complex
interconnections between the various sources of error (models, numerics, boundary
conditions, etc.).
Given the current status, the objective of the session on this topic in TNF12 was to
further extend ideas by presenting the feasibility and potential benefits of probabilistic
Uncertainty Quantification (UQ) methods to assess the quality of LES models and
predictions. The session contained three interrelated elements. First, a brief summary
was presented to highlight the needs and status in the context of TNF flames. Second, a
focused “tutorial‐like” presentation of Bayesian inference methods was given to
establish the basic concepts, tools, and their potential utility in TNF examples. A key
element that makes UQ affordable for LES is the construction of a surrogate model that
reproduces the dependence of quantities of interest on relevant model parameters.
This model is built using a number of sampled LES computations using sparse
quadrature methods. Using this model, Bayesian methods are then used for model
calibration, comparison, and validation. The third element was a set of example studies
that demonstrated the current state‐of‐the art in this area. Following the tutorial by
Najm, Lacaze showed how in practice a non‐intrusive UQ technique can be coupled to a
LES solver using the HM1 Sydney burner as an example. Mueller then demonstrated
how UQ can be used to estimate error bars on LES results due to uncertainties in
chemical models. Di Mare presented the latest developments in terms of quality indices
for LES in complex geometries. Finally, Sankaran showed comparisons between different
LES solvers applied to the same reacting case, which demonstrated that numerical and
model errors must be considered simultaneously and decoupled to do any meaningful
analysis.
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Subsequent discussion revolved around the following points:


Comments on the quality of present TNF calculations:
o Different models are tested in different codes. Models should be tested
across different codes. The objective is to quantify better what
combination of numerical methods, models, and implementation
approaches are required for robust application of LES.
o It was suggested that the TNF cases were somewhat “forgiving” and were
not “breaking” models enough. For cases where models agree well with
measurements, parametric studies would bring useful insights with
respect to grid dependence, parameter dependence, etc.



How can we decouple numerical and model errors?
o Numerical errors depend on the type of numerics and decrease as spatial
and temporal resolutions are refined. Grid sensitivity studies should be
systematically performed to distinguish grid requirements for the
different combinations of codes and models.
o Explicit filtering can be used in theory, but is still expensive in practice.
Models require a sufficiently resolved scale‐separation, but achieving this
with explicit filtering could imply prohibitively large grids that quite
possibly approach DNS resolutions. This requires further investigation.



What is the path for relevant code comparisons?
o Different codes employ different numerical approaches, which can have
very different broadband damping and dispersion characteristics. Hence,
fixing the spatial and temporal resolution across codes using the same
models does not necessarily provide a good basis for comparison.
Instead, resolutions need to be consistent the order of accuracy of
respective codes.
o Codes and models should first be demonstrated to perform well on non‐
reacting flows. A systematic grid sensitivity analysis should be performed
to find the grid spacing required to capture cold‐flow statistics and
related scalar‐mixing processes. This will help separate problems with
mixing from problems with the combustion closure.
o Once scalar mixing characteristics are quantified, analog reacting cases
should be considered. The cold flow results should then be included with
the reacting flow results.



What is the path for relevant model comparison?
o First, perform grid sensitivity analyses against cold flow measurements to
find the resolution at which numerics no longer impact simulation results.
o Model results should be code independent and should be implemented
in different solvers to perform meaningful comparisons.



What cases should we focus on to address LES quality issues at the next TNF?
o Bluff‐body burner HM1 from Sydney.
o Turbulent counter‐flow burner.
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Toward LES Quality Assessment and
Uncertainty Quantification
Contributors: Habib Najm,
Guilhem Lacaze, Michael Mueller,
Francesca di Mare, Vaidya Sankaran
Organizers:

Joe Oefelein, Guilhem Lacaze

Twelfth International Workshop on Measurement and
Computation of Turbulent (Non)Premixed Flames
Pleasanton California, July 31 – August 2 2014

Development of quality assessment
and UQ techniques for LES
• LES is complicated by the interdependence of different subfilter
models, competition between model and numerical errors, model
variability, and numerical implementation
– Control of accuracy is critical for development of predictive LES
– When accuracy not sufficient, results misleading and intractably erroneous

• Many uncertainties beyond just model accuracy
–
–
–
–

Poor numerics and/or grid quality
Lack of appropriate spatial or temporal resolution
Ill-posed boundary conditions or solution initialization
Inaccurate models (or weak links in the coupled system of models)

• Combined uncertainties make it difficult to draw conclusions regarding
isolated model performance
– A typical dilemma …
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Status and objectives (1/2) …
• Past TNF sessions have been aimed at investigating different
approaches to measure the “quality” of LES calculations
– Initial focus on the potential merits of various algebraic error indicators
using the Sydney HM1 flame (e.g., Pope criterion, Celik, etc.)
– The Error-Landscape concept (Geurts, Kempf et al.) and Recursive-FilterRefinement techniques (e.g., Klein, Raman) were also investigated

• In TNF 11, a review of approaches was presented, followed by
attempts to develop local resolution criteria based on minimizing
filter/model residual errors (e.g., Vervisch et al.)
– The idea was to better understand and quantify the range of subfilter scales
over which a given system of sub-models can work effectively

• While some progress has been made, the challenges of establishing
robust criteria and methodologies are still significant

Status and objectives (2/2) …
• Given current challenges, the objective of this session is to

– Extend ideas by presenting the feasibility and potential benefits of
probabilistic Uncertainty Quantification (UQ) methods
– Present a set of related studies that highlight recent progress needs

• Outline

– Tutorial-like presentation of Bayesian inference methods to establish basic
concepts and tools and potential application in TNF flames
• Key approach that makes UQ affordable for LES is the construction of surrogate
models that reproduce dependence of quantities of interest
• Surrogate model is built using a number of sampled LES computations, Bayesian
methods then used understand parameter sensitivity and for model validation

– Two recent examples of these UQ methods applied to TNF jet flames with
emphasis on model parameters and chemistry model
– Recent application of existing quality criteria in complex configurations
– Demonstration of degrading the effects of errors and interplay with models
along with resultant code to code variations that occur as a consequence

• End goal is to generate discussion aimed at establishing the logical
incorporation of these techniques into future flame studies
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Discussion …
• Should we try to “standardize” reporting of key simulation
parameters and implementation details
– Algorithmic characteristics of codes (spatial, temporal, stabilization method)
– Estimated residual values (discretization, conceptual, model)
– Spatial and temporal resolution, key length/time scales, related parameters
• Grid spacing … numerical parameter
• Filter width … model parameter

– Is there a systematic way to quantify local resolution requirements based
on combination of models and numerical methods used

• What is best way to integrate QA/UQ techniques into future TNF studies

– Should we continue to use HM1 flame as a baseline (i.e., should we move to
a “simpler” configuration such as turbulent opposed jet)
– Are there a set of algebraic error indicators that should be reported routinely,
or should these be abandoned due to ambiguities
– Is there more we can do to accelerate use of UQ to understand and control
modeling errors, numerical errors, and interactions between

Vervisch et al. (C&F 157, 2010) …
criteria based on minimizing residuals
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Uncertainty Quantification, Bayesian Inference,
and Analysis of Models
Habib N. Najm
Sandia National Laboratories
Livermore, CA
hnnajm@sandia.gov
Twelfth International Workshop
on Measurement and Computation of Turbulent Flames (TNF12)
Pleasanton, CA
July 31-Aug 2, 2014
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Intro Bayes Illust Models Closure

Outline
1

Introduction

2

Bayesian Inference

3

Illustration in Chemical Ignition

4

Model Comparison, Validation, Averaging

5

Closure
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Why UQ?
Why UQ?
Assessment of confidence in computational predictions
Validation and comparison of scientific/engineering models
Design optimization
Use of computational predictions for decision-support
Assimilation of observational data and model construction
Further ...
Explore model response over range of parameter variation
Enhanced understanding extracted from computations
Particularly important given cost of computations
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Uncertainty Quantification and Computational Science
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Uncertainty Quantification and Computational Science
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Uncertainty Quantification and Computational Science
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Uncertainty Quantification and Computational Science
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Inverse & Forward UQ
Model validation & comparison, Hypothesis testing

SNL

TNF12 Workshop

Najm

Bayes

292

5 / 45

31 July - 2 August 2014, Pleasanton, California

Intro Bayes Illust Models Closure

Specific uses of UQ in LES studies
Forward uncertainty propagation
Given known uncertainties in model inputs, e.g.
subgrid model parameters, initial and boundary conditions

– estimate uncertainties in model output predictions
– evaluate global sensitivities to model inputs
– build surrogates for model output dependence on inputs
Inverse UQ – model calibration, parameter estimation
Given data on model output observables, e.g.
experimental measurements, DNS computations

– estimate values of model inputs/parameters
– estimate plausibility of, compare, select among models
– validate models
SNL
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Least-Squares Parameter Estimation
Fit model f (); unknown parameters ; measurement y
Forward Problem:
f ( ) = ym
Estimate

for best fit between f ( ) and y :
fit

= g

1

(y)

This is a classic inverse problem
Typically solved using least-squares regression
=

rms

i.e. minimize the

2

arg min(||y

:
2

=

D
X
((f ( )

k=1
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Issues with Least Squares Parameter Estimation
Choice of optimal number of fit parameters (p)
decreases with increased p
Danger of overfitting
2

No general means for handling nuisance parameters
Least-squares estimation of Uncertainty in inferred
parameter values relies on presumed
Gaussian noise
linearity of the model in the parameters
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Bayes formula for Parameter Inference
Data Model (fit model + noise):

y = f( ) + ✏

Bayes Formula:
p( , y) = p( |y)p(y) = p(y| )p( )
p( |y)

Posterior

Likelihood

Prior

p(y| )

p( )

=
p(y)
Evidence

Prior: knowledge of

prior to data

Likelihood: forward model and measurement noise
Posterior: combines information from prior and data
Evidence: normalizing constant for present context
SNL
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Advantages of Bayesian Methods
Formal means of logical inference and machine learning
Means of incorporation of prior knowledge/measurements
and heterogeneous data
Full probabilistic description of parameters
General means of handling nuisance parameters through
marginalization
Means of identification of optimal model complexity
Ockham’s razor
Only as much complexity as is required by the physics, and
no more
Avoid fitting to noise
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The Prior
Prior p( ) comes from
Physical constraints
Prior data
Prior knowledge

The prior can be uninformative
It can be chosen to impose regularization
Unknown aspects of the prior can be added to the rest of
the parameters as hyperparameters
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Construction of the Likelihood p(y| )
Where does probability enter the mapping
Through a presumed error model:
Example:

! y in p(y| )?

Model:
ym = g( )
Data: y
Error between data and model prediction: ✏
y

=

g( ) + ✏

Model this error as a random variable
Example
Error is due to instrument measurement noise
Instrument has Gaussian errors, with no bias
✏ ⇠ N (0,
SNL
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Construction of the Likelihood p(y| ) – cont’d
For any given , this implies
y| ,
or

2

⇠ N (g( ),

1
p(y| , ) = p
2⇡

exp

✓

(y

)
g( ))2
2 2

◆

Given N measurements (y1 , . . . , yN ), and presuming
independent identically distributed (iid) noise
yi = g( ) + ✏i
✏i ⇠ N (0,
L( ) = p(y1 , . . . , yN | , ) =
SNL
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Construction of the Likelihood p(y| ) – cont’d
Recall that the weighted least-squares data mis-fit is given by
2

=

N 
X
yi
i=1

and the best-fit estimate of
rms

f( )

2

i

is

= arg min(

2

( ))

Minimizing 2 is equivalent to maximizing the likelihood
Maximum Likelihood Estimate (MLE):
⌘

MLE

rms

Exploration of the likelihood provides for a more general
examination of quality of fit than 2
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Experimental Data
Empirical data error model structure can be informed
based on knowledge of the experimental apparatus
Both bias and noise models are typically available from
instrument calibration
Noise PDF structure
A counting instrument would exhibit Poisson noise
A measurement combining many noise sources would
exhibit Gaussian noise

Noise correlation structure
– Point measurement
– Field measurement
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Line fitting example
Consider the fitting of a straight line
ym = ax + b
to data D = {(xi , yi ), i = 1, . . . , N }.
Consider an (improper) uninformative prior
⇡(a, b) = Const
providing no prior information on (a, b).
Assume iid additive unbiased Gaussian noise in y with a given
constant noise variance 2 , thus the data model is:
2

✏ ⇠ N (0,

y = ax + b + ✏,

)

with no noise in the independent variable x.
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Line fitting example
Presuming

known, we have the likelihood,
L(a, b) = p(D|a, b) =

N
Y
i=1

where
1
p(yi |a, b) = p
2⇡

exp

✓

(yi

p(yi |a, b)

axi
2 2

b)2

◆

and, per Bayes formula, the posterior density p(a, b|D) is
p(a, b|D) =
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Line fitting example – cont’d
The posterior on (a, b) is the two-dimensional Multivariate
Normal (MVN) distribution
p(a, b|D) / (2⇡
/ (2⇡

2

)

N
Y

N/2

exp

i=1

2

)

N/2

exp

✓

(yi

b)2

axi
2 2

N
X
(yi
i=1

axi
2 2

◆

b)2

!

Linear model, Gaussian noise, -given, and a Gaussian or
constant-uninformative prior.
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Line fitting example – Effect of data size on p(a, b|D)
Low data noise: = 0.25
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More data ) more accurate parameter estimates
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Line fitting example – Effect of data size on p(a, b|D)
Medium data noise: = 0.5
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More data ) more accurate parameter estimates
Higher noise amplitude ) higher uncertainty
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Line fitting example – Effect of data size on p(a, b|D)
High data noise: = 1.0
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Line fitting example – prior vs. data-size
20 data points
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Line fitting example – prior vs. data-size
80 data points
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Line fitting example – prior vs. data-size
200 data points

20
18
16
14
12
10
8
6
4
2
0

-1.5

-1.5

-2

-2

-2.5

-2.5

-3

-3

-3.5

-3.5

-4

-4

-4.5

-4.5

-5 100
90
80
70
60
50
40
30
20
10
0
-5
0 0.5 1 1.5 2 2.5 3 3.5
0 0.5 1 1.5 2 2.5 3 3.5

Constant uninformative prior

SNL

Gaussian prior

Najm

Bayes

24 / 45

Intro Bayes Illust Models Closure

Line fitting example – prior vs. data-size
2000 data points
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Exploring the Posterior
Given any sample , the un-normalized posterior
probability can be easily computed
p( |y) / p(y| )p( )
Explore posterior w/ Markov Chain Monte Carlo (MCMC)
– Metropolis-Hastings algorithm:
Random walk with proposal PDF & rejection rules

– Computationally intensive, O(105 ) samples
– Each sample: evaluation of the forward model
Surrogate models

Evaluate moments/marginals from the MCMC statistics

SNL
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Line fitting example – MCMC – (a, b, ln ) samples
3

3

2

2

a

1

1
0

0

lns

lns

-1

-1
-2

-2

b

b

-3

-3
-4
0

a

20

40

60

80

-4
100 0

200

400

600

800

1000

Initial transient “Burn-in” period, ⇡ 100 steps
Problem and initial condition dependent
SNL

TNF12 Workshop

Najm

Bayes

303

27 / 45

31 July - 2 August 2014, Pleasanton, California

Intro Bayes Illust Models Closure

Line fitting example – MCMC – (a, b, ln ) samples
3
2

a

1
0
lns

-1
-2

b

-3
-4
0

2000

4000

6000

8000

10000

Visual inspection reveals “good mixing”
No significant long-term correlation or periodicity
SNL
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Line fitting example – MCMC – posterior density
0

0

-500

-500

-1000

-1000

-1500

-1500

-2000
0

20

40

60

80

-2000
0
100

200

400

600

800

1000

Chain finds high posterior density (HPD) region
stays there generating many random samples

SNL
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Intro Bayes Illust Models Closure

Line fitting example – MCMC – (a, b) samples
1

0

b

-1

-2

-3

-4
-1

0

1
a

2

3

After transient burn-in, chain settles in high posterior
density region
SNL
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Chemical Rate Parameter Estimation example
Synthetic ignition data generated using a detailed model+noise
Ignition using
GRImech3.0 methane-air
chemistry

1
Ignition time (sec)

Ignition time versus Initial
Temperature
Multiplicative noise error
model
11 data points:
⌧id = ⌧ GRI (Tio ) (1 + ✏i )

TNF12 Workshop

GRI+noise
0.1

0.01
1000

✏ ⇠ N (0, 1)
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Intro Bayes Illust Models Closure

Fitting with a simple chemical model
Fit a global single-step
irreversible chemical
model

36
lnA

34
32
30
28

CH4 +2O2 ! CO2 +2H2 O

10.8

kf

lnE

R = [CH4 ][O2 ]kf

10.6

= A exp( E/Ro T )

-0.5
-1
-1.5
-2
-2.5
-3
0

lns

Infer 3-D parameter
vector (ln A, ln E, ln )
Good mixing with
adaptive MCMC when
start at MLE
SNL
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Marginal Posteriors on ln A and ln E

0.8

15

0.6

p(lnE)

p(lnA)

10

0.4

5

0.2

0

30

32
lnA

0

34

ln A = 32.15 ± 3 ⇥ 0.61

SNL
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ln E = 10.73 ± 3 ⇥ 0.032
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Intro Bayes Illust Models Closure

Bayesian Inference Posterior and Nominal Prediction

10.85

1
Ignition time (sec)

10.8

10.75

10.7

10.65

GRI

GRI
GRI+noise
Fit Model

GRI+noise
0.1

10.6

30

31

32

33

34

0.01
1000

35

Marginal joint posterior on
(ln A, ln E) exhibits strong
correlation
SNL
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Nominal fit model is consistent with the true model
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Model UQ
No model of a physical system is strictly true
The probability of a model being strictly true is zero

Given limited information, some models may be relied
upon for describing the system
Let M = {M1 , M2 , . . .} be the set of all models

p(Mk |I) is the probability that Mk is the model behind the
available information
Model Plausibility

Parameter estimation is conditioned on the model
p(D|✓, Mk )⇡(✓|Mk )
p(✓|D, Mk ) =
p(D|Mk )

SNL
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Intro Bayes Illust Models Closure

Bayesian Model Comparison
Evidence (marginal likelihood) for Mk :
Z
p(D|Mk ) = p(D|✓, Mk )⇡(✓|Mk )d✓

Bayes Factor Bij :

Bij =

p(D|Mi )
p(D|Mj )

Plausibility of Mk :
p(D|Mk ) ⇡(Mk |M)
p(Mk |D, M) = P
s p(D|Ms )⇡(Ms |M)

k = 1, . . .

Posterior odds:

p(Mi |D, M)
⇡(Mi |M)
= Bij
p(Mj |D, M)
⇡(Mj |M)
SNL

Najm
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Marginal Likelihood example
Consider Fitting with data from a truth model
y t = x3 + x 2

6

Gaussian iid additive noise model with fixed variance s
Bayesian regression with a Gaussian Likelihood, iid and
given s
Consider a set of Legendre Polynomial expansion models,
order 1-10
P
X
ym =
ck k (x)
k=0

Uniform priors [ D, D] on all coefficients

SNL
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Too much model complexity leads to overfitting
Order = 1

SNL
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Too much model complexity leads to overfitting
Order = 2

SNL

TNF12 Workshop

Najm

Bayes

309

38 / 45

31 July - 2 August 2014, Pleasanton, California
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Too much model complexity leads to overfitting
Order = 3
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Too much model complexity leads to overfitting
Order = 4

SNL
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Too much model complexity leads to overfitting
Order = 5
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Too much model complexity leads to overfitting
Order = 6

SNL

TNF12 Workshop

Najm

Bayes

311

38 / 45

31 July - 2 August 2014, Pleasanton, California
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Too much model complexity leads to overfitting
Order = 7
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Too much model complexity leads to overfitting
Order = 8

SNL
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Intro Bayes Illust Models Closure

Too much model complexity leads to overfitting
Order = 9
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Too much model complexity leads to overfitting
Order = 10

SNL
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Intro Bayes Illust Models Closure

The argument for parsimony
Model complexity ⌘ number of parameters
Overfitting ⌘ too much complexity relative to available data
Fitting the noise

Okham’s razor principle
Use only as much complexity as is necessary to capture
behavior of physical system

Overfitting results in
Lack of robustness
– Extreme sensitivity to noise and the particular
realization of the data
Inability to test hypotheses
– Any number of models can be made to fit the data
Poor predictive power
– The model is useless away from calibration-data
SNL

Najm

Bayes

39 / 45

Intro Bayes Illust Models Closure

Evidence – Marginal Likelihood

Log evidence: sum of two scores, balances complexity & fit
Peaks at 3rd order
SNL
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Evidence and Validation Error

Validation error – `2 error for a random set of 1000 points
Validation error is minimal at the 3rd-order evidence peak
SNL

Najm
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Bayesian Model Comparison in Physical Models
Bayesian methods for model comparison and selection have
been used in
Combustion
Turbulent combustion modeling (Cheung, Rel. Eng. 2011)
Graphite nitridation chemistry (Miki, AIAA Conf. 2012)
Syngas chemistry (Braman, CTM 2013)

Cosmology
Social science
Biology – phylogenetics
Climate modeling
...

SNL
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Intro Bayes Illust Models Closure

Validation
Validity is a statement of model utility for predicting a given
observable under given conditions
Inspection of model utility requires accounting for
uncertainty
Statistical tool-chest for model validation
– Cross-validation
– Bayes Factor
– Model Plausibility
– Posterior Odds
– Posterior predictive:
Z
p(D̃|D, Mk ) = p(D̃|✓, Mk )p(✓|D, Mk )d✓
SNL

Najm
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Model Averaging
When multiple models are acceptable, and no model is a
clear winner, model averaging can be used to provide a
prediction of interest
If prediction errors among models are uncorrelated, then
averaging is expected to reduce prediction errors
Not likely if models are dependent, or if they have
comparable large bias errors in a given observable of
interest

Bayesian Model Averaging
X
p( |D, M) =
p( |D, Mk )p(Mk |D, M)
k

SNL
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Intro Bayes Illust Models Closure

Closure
Probabilistic UQ framework
Forward and Inverse UQ

Bayesian inference
Model calibration: parameter estimation
Parametric and model uncertainty

Model comparison and selection; parsimony
Model validation
Model averaging

SNL
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Uncertainty quantification in LES of a
turbulent bluff-body stabilized flame

M. Khalil, G. Lacaze, J.C. Oefelein, H.N. Najm
CRF, Sandia

TNF12
July 31 - August 2, 2014
Pleasanton, CA

Needs and challenges
• Numerical tools (LES) are becoming very complex (more and
more embedded physics)
• Many sources of ambiguities are interconnected:
–
–
–
–

Numerics and/or grid quality
Spatial and/or temporal resolution
Ill-posed boundary conditions
Inaccurate models

• Control of accuracy is critical for predictive simulations – LES is
more sensitive than other approaches
– When insufficient accuracy, results are misleading and intractably
erroneous

• No efficient and comprehensive method has been developed yet
to analyze error network

TNF12 Workshop
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The objective of the study: demonstrate
the capability of non-intrusive UQ for LES
• Question: sensitivity of LES to fixed Smagorinsky
constant, turbulent Prandtl and Schmidt numbers
• Specific case: Sydney Bluff-body burner (rich
database for comparison)
• Optimal accuracy vs cost ratio (all runs had to be
completed in 3 weeks) : 10 points in diam. (12M cells)
• Use of non-intrusive UQ approach developed by
Habib Najm et al.
–
–
–
–

Define quadrature points in parametric space
Run LESs to build surrogate (using 2nd order PCE)
Use surrogate to perform global sensitivity analysis
Monte Carlo sampling is accessible using the surrogate

Dally, B.B, Masri, A.R., Barlow, R.S., Fiechtner, G.J., and Fletcher, D.F., 'Instantaneous and Mean Compositional
Structure of Bluff-Body Stabilised Nonpremixed Flames', Combust. Flame 114:119-148 (1998).

The code used for the study:
Sandia LES solver Raptor
• Theoretical framework [1] …
–
–
–
–
–

Fully-coupled, compressible conservation equations
Transport of mass, momentum, energy and mixture fraction
Combustion closure: Flamelet (tabulation of heat-release) with presumed-pdf
Dynamic SGS modeling turned off
Smagorinsky constant, turbulent Prandlt and Schmidt numbers are set constant for
each case:
0.065 < Cs < 0.346 [Piomelli 1989]
0.5 < Prt < 1.7
[Erlebacher 1992]
0.5 < Sct < 1.7 [Reynolds 1976]

• Numerical framework …

– Dual-time stepping with generalized preconditioning (all-Mach-number formulation)
– Staggered finite-volume differencing (non-dissipative, discretely conservative)

• Massively-parallel: each case ran on 1024 processors
[1] Oefelein, J. C. (2006). Large eddy simulation of turbulent combustion processes in propulsion and power systems. Progress in
Aerospace Sciences, 42: 2-37.

TNF12 Workshop

319

31 July - 2 August 2014, Pleasanton, California

Computational details
Enough to avoid confinement

dj = 3.6 mm
dbb= 50 mm

Adiab. slip walls

Synthetic correlated turbulence It=2%
Ubulk = 35 m/s
air

12 M cells

Synthetic correlated turbulence It=10%
Ubulk = 108 m/s
CH4 + H2 (50-50 in volume)

Procedure
• Total of 43 LES simulations
• 25 used to build the surrogate in parametric space
• 18 used to evaluate surrogate accuracy (80% accurate minimum)
• Total CPU consumption: 2.7 M hours
• Runs performed on the NERSC's Cray XC30: Edison
The 25 points in
parametric space
2

• Initial solution flushed for 400 ms
(steady state reached in 300 ms)

1.5
Sct

• Statistics converged over 30 ms
(8 turnovers of recirculation zone)

1
0.5
2

0.4
1

0.2

Prt
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Comparison with exp.
Satisfactory agreement for the considered resolution
(10 pts in dj)

x = 10 mm

x = 20 mm

Variability along the centerline: very hard
to extract sensitivity without UQ
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Global sensitivity at 30 mm on the axis

Measurement
location
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Physical explanation of results

Non-intuitive dependency of Umean
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Physical explanation of results: temperature
field in the stabilization region

Measurement
location of
the QoI

Isoline: 1000K

Prt = 1.7
(minimum turbulent heat flux)

Prt = 0.5
(maximum turbulent heat flux)

With Prt=1.7: thinner flame brush and lower heat-up of the jet.
Smagorinski constant and turbulent Schmidt are hold fixed

Physical explanation of results: impact on
density
Isoline: U=80 m/s

Prt = 1.7
(minimum turbulent heat flux)

Prt = 0.5
(maximum turbulent heat flux)

At measurement location, Umean mostly depends on the momentum of the
jet which is principally impacted by turbulent heat flux => sensitivity
dominated by Prt..
12
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Uncertainty Quantification in LES:
Chemical Kinetics
Michael E. Mueller
Computational Turbulent Reacting Flow Laboratory (CTRFL)
Department of Mechanical and Aerospace Engineering
Princeton University

Turbulent Nonpremixed Flame Workshop
Pleasanton, CA
July 31‐August 2, 2014

The UQ Challenge
• Mathematicians’ Ideal UQ Problem
Low‐Dimensional
Uncertainty

Computationally
Inexpensive Problem

– Novelty in either high‐dimensional uncertainty or expensive problem

• Our UQ Problem
High‐Dimensional
Uncertainty
AND
Computationally
Expensive Problem
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Chemical Kinetics UQ
• Example: Sandia D Flame
– GRI Mech 3.0: 218 reactions (w/o NO chemistry)

• Brute Force Approach

Input Uncertainties:
Kinetic rates

Black Box
Algorithm

Output Uncertainties:
ui, Z, T, Yk, etc.

– Too many input uncertainties: Must randomly sample over kinetic rate
space and perform separate LES for each sample
– Clearly intractable: Thousands of LES calculations required

Chemical Kinetics UQ
• Algorithmic Choices
– Reduce dimensionality of uncertainty: Mechanism reduction
• This introduces unquantified uncertainty due to reduction!

– Make problem less expensive
• Chemical kinetic UQ with RANS?
• If RANS is not predictive, what does the uncertainty mean?
• Even thousands of RANS calculations are intractable

– Take advantage of LES algorithms
• Flamelet modeling…

TNF12 Workshop
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Chemical Kinetics UQ
• Uncertainty “Conditioning” 1
Collocation Points
(Stochastic Density Perturbation)
Input Uncertainties

Flamelet
Model

Model Outputs
(ߩ, etc.)

ܶ, ܻ݇, etc. (stochastic)

݅ݑ, ܼ, etc. (deterministic)

LES Flow
Solver

1M.E.

Output Uncertainties

Collocation
Weights

Model Inputs
(ܼ, etc.)

Mueller, G. Iaccarino, H. Pitsch, Proc. Combust. Inst. 34 (2013) 1299‐1306

Application to Sandia D
• Mixture Fraction

Solid: Mean
Dotted: േ3࣌

– Statistics collected over seven LES runs
• Demonstrated convergence

– Even this small uncertainty can account for most of the discrepancies
with the experimental measurements
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Application to Sandia D
• Temperature and CO Mass Fraction

Solid: Mean
Dotted: േ3࣌

– Typical overprediction of temperature and CO with flamelet models
• Attributed to excessive burning in the partially premixed fuel stream1
• However, uncertainty could account for portion of discrepancies
• Note: Does not prove that the combustion model is valid

1H.

Pitsch, Proc. Combust. Inst. 29 (2002) 1971‐1978

Future Extensions
• More Sophisticated Flamelet Models
– Currently, steady flamelet with only uncertain density
• Single‐dimensional uncertainty in LES: few runs required

– Eventually, flamelet/progress variable with uncertain density, progress
variable, and progress variable source term
• Higher‐dimensional uncertainty in LES: more runs required

• More Complex Fuels: DME, etc.
– Do larger fuels and chemical mechanisms make combustion model
validation more difficult?
– Does the uncertainty due to chemistry growth with increasing fuel
complexity?

TNF12 Workshop
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Discussion
• What is the purpose of error propagation and uncertainty
quantification?
– It can be presumptuous to draw quantitative conclusions about the
accuracy of our numerical simulations based on these techniques.
• Uncertainty Garbage In = Uncertainty Garbage Out
• E.g., in work presented, kinetic rates have uncorrelated uncertainties,
which is not correct (i.e., those are very conservative).

– The focus of these analyses should be what they tell us about our
models, their validation, and suitability of target flames.
• Comparative Analysis: What is the error due to chemical kinetics in DME
flames versus methane flames?
• Internal Sensitivity/Consistency: If my model had an error X in quantity Y,
what is its effect on quantity Z?

Discussion
• What is the purpose of EP/UQ?
– Case Study: Sooting Jet Flame1
• Effects of upstream temperature errors on downstream pollutant errors
Solid: Mean
Dotted: േ3࣌

• Upstream error in ܶ consistent with experimental uncertainty results in
downstream error in soot exceeding experimental uncertainty

1M.E.

TNF12 Workshop
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Quality Assessment in LES of IC-Engines
F. di Mare* and J. Janicka**
*Institute of Reactive Flows and Diagnostics,
**Institute of Energy and Powerplant Technology
Technische Universität Darmstadt
Darmstadt, Germany

*also:
Institute of Propulsion Technology
German Aerospace Center
Cologne, Germany

Quality Assessment in LES of IC-Engines

Contents

• Application of Quality Criteria to LES of IC-Engines
• Available criteria
• Some results
• Coupling Quality Criteria to Uncertainty Quantification

TNF12 Workshop

329

31 July - 2 August 2014, Pleasanton, California

Quality Assessment in LES of IC-Engines

Contents

• Application of Quality Criteria to LES of IC-Engines
• Available criteria
• Some results
• Coupling Quality Criteria to Uncertainty Quantification

Quality Assessment in LES of IC-Engines

Application of Quality Criteria to LES of ICEngines
•

Motivation: very good agreement with measurements*.

(*Baum et al., Flow, Turb. Comb. 2014)
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Quality Assessment in LES of IC-Engines

Application of Quality Criteria to LES of ICEngines
•

Motivation: very good agreement with measurements*.
Bore

86 mm

Stroke

86 mm

Clearance heigth

2.6 mm

Connecting rod length

148 mm

Engine speed

800 rpm

Compression ratio
Intake pressure
Intake air temperature
Intake/Exhaust port dia.
Intake/Exhaust port length

8.5
95 kPa
295 K
60 mm
600 mm / 420 mm

(*Baum et al., Flow, Turb. Comb. 2014)

Quality Assessment in LES of IC-Engines

Application of Quality Criteria to LES of ICEngines

Total # of cells: 1.6 →2.5x106 (BDC)
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Quality Assessment in LES of IC-Engines

Application of Quality Criteria to LES of ICEngines

• Cylinder’s head and valves: highest velocity gradients
• This would require high resolution
• Mesh quality during valve lift poses severe limitations to
mesh refinement
• Topological changes in the piston’s mesh automatically
imply space- and time-dependent filter width

Predictive CFD and Virtual Test Rigs

Epimetheus methods: IC-Engines
•

Results

Axial phase averaged and RMS velocity profiles during intake (270°CA bTDC). Numerical predictions
shown in blue on the coarse grid (-) and in red on the refined grid (-). Experimental Results are
represented by black crosses (+). (Baumann et al., Flow, Turb. Comb., 2014)
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Quality Assessment in LES of IC-Engines

Contents

• Application of Quality Criteria to LES of IC-Engines
• Available criteria
• Some results
• Coupling Quality Criteria to Uncertainty Quantification

Quality Assessment in LES of IC-Engines

Available criteria
•

Ratio of resolved to total turbulent energy:

M ( x, t ) 

k res ( x, t )
k res ( x, t )  k sgs ( x, t )

• Kolmogorov scale-based:

IQ 

1
1   (



 eff

)m

• Two-mesh energy estimator (based on Richardson
extrapolation):

k res
k res
k res


p
k k

ktot k res  ak 
k res  res 2 p res1 ( ) p
(*di Mare et al., Comp. Fluids, 2014)
 1 2
IQk 
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Quality Assessment in LES of IC-Engines

Available criteria
•

Indicators of the degree of modelling in LES:
o Turbulent-to-effective viscosity

IQ 

t
  t

o Ratio of mesh width to effective Kolmogorov scale

IQ1 



 eff

o Ratio of integral length scale to mesh width

IQ 2 

Lij


(*di Mare et al., Comp. Fluids, 2014)

Quality Assessment in LES of IC-Engines

Contents

• Application of Quality Criteria to LES of IC-Engines
• Available criteria
• Some results
• Coupling Quality Criteria to Uncertainty Quantification
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Quality Assessment in LES of IC-Engines

Results
•

Results*: energy-based criterium, phase av. 450° CA (intake
stroke), coarse vs. fine mesh

(*di Mare et al., Comp. Fluids, 2014)

Quality Assessment in LES of IC-Engines

Results
•

Results*: energy-based criterium, phase av. 450° CA (intake
stroke) and 630° CA, coarse vs. fine mesh

(*di Mare et al., Comp. Fluids, 2014)
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Quality Assessment in LES of IC-Engines

Results
•

Results*: energy-based criterium, phase av. 450° CA (intake
stroke), coarse vs. fine mesh

(*di Mare et al., Comp. Fluids, 2014)

Quality Assessment in LES of IC-Engines

Contents

• Application of Quality Criteria to LES of IC-Engines
• Available criteria
• Some results
• Coupling Quality Criteria to Uncertainty Quantification
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Quality Assessment in LES of IC-Engines

Coupling Quality Criteria to Uncertainty
Quantification
• Adjoint-based a posteriori error estimation (Lang, private
communication):
► Sensitivity to energy resolution
• Possibility of using intrusive methods limited by:
► Cost of code restructuring
► Conceptual issue for implicit filtering: are the modified
equations filtered or should the filter operator be
applied after the expansion of the system equations?

Quality Assessment in LES of IC-Engines
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Is LES of reacting flows predictive?
Vaidya Sankaran, Peter Cocks & Marios Soteriou

TNF -12 Workshop, Pleasanton, CA
August, 2nd 2014

This page contains no technical data and is not subject to the EAR or the ITAR

Introduction
 Large Eddy Simulations
 Potential to “predict” complex geometry / flow-conditions not accessible to DNS

 LES is being routinely applied in Industry
 Interest in capturing correct trend response to variation in parameters
 Expensive for device scale simulations
 Increased cost raises expectations on solution quality/ prediction reliability

 What is the current experience ?
 Unrepeatable results between different models and numerical schemes
 Refinement (Grid size / Time-step) does not work always
 Hard to separate numerics from physics
 Requires trial and error
 Know the answer to predict it !

This page contains no technical data and is not subject to the EAR or the ITAR
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Introduction
 Current Experience:
 Grid refinement does not always guarantee improved predictions

From LES to DNS of a lean premixed swirl flame: Filtered
laminar flame-PDF modeling, Moureau et al,
Comb. &
Flame, 2011

3
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Introduction
 Current Experience:
 Grid refinement does not always guarantee improved predictions

14 million
(dashed) is
better than
110 million
(solid)

From LES to DNS of a lean premixed swirl flame: Filtered
laminar flame-PDF modeling, Moureau et al,
Comb. &
Flame, 2011

This page contains no technical data and is not subject to the EAR or the ITAR
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Introduction
 Current Experience:
 Mesh type (Hex vs. Tets) affects the solution

Hyb2 (20 mil)

Hex2 (17 mil)

Enclosed Flames and Unsteady Combustion, B. Fiorina and M.Ihme,TNF12 Workshop, 2014

5

This page contains no technical data and is not subject to the EAR or the ITAR

Our Experience
CHARLESTM
Cascade
Technologies Inc

LESLIE3D
Georgia Institute of
Technology

OpenFOAM©
ESI-OpenCFD

Fluent
ANSYS

General
description

• Unstructured
• Explicit
• Density based

• Structured
• Explicit
• Density based

• Unstructured
• Implicit
• Pressure based

• Unstructured
• Implicit
• Pressure based

Numerical
schemes

• 3rd order RK in time

• 2nd order in time
MacCormack

• 2nd order backward
difference in time

• 2nd order implicit
scheme in time

• 2nd order central +
ENO schemes

• 2nd order in space
MacCormack

• 2nd order bounded
central scheme

2nd order bounded
central scheme

• TVD limiters

• Third order upwind
with monotonized
central limiter

• PISO pressurevelocity coupling
• Green-Gauss node
based gradient
reconstruction

• PISO pressurevelocity coupling
• Green-Gauss node
based gradient
reconstruction

 Same grid, nearly same time-steps & boundary conditions
 LES filter size (= mesh size) determined from Pope’s criterion
 To resolve 80% K.E
 ∆/η ~ 80 (for the finest mesh)
This page contains no technical data and is not subject to the EAR or the ITAR
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Our Experience – Reacting LES
 Reacting flow field is strikingly different from non-reacting flow-field
 The presence of combustion suppresses V-K vortex shedding

Non-Reacting

Reacting

 At this density ratio (~6) the flame should be symmetric1,2,3
 Most simulation results in the literature show an asymmetric flame shape

 This is challenging but important for codes to predict
 Flame shape impacts combustion dynamics / emissions
1Sjunnesson
2Erickson,
3Emerson,

A., Nelsson C and Max E., Fourth International Conference on Laser Anemometry – Advances and Application, ASME, Cleveland, August 1991
R. R. and Soteriou, M. C., Combustion and Flame, 158, 2011, pp. 2441-2457
B., O’Connor, J., Juniper, M. and Lieuwen, T., J. Fluid. Mech, 2012, 706, pp. 219-259

7
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Our Experience – Reacting LES
CHARLES

LESLIE3D

OpenFOAM

Fluent

No qualitative convergence for different numerical schemes (codes)

This page contains no technical data and is not subject to the EAR or the ITAR
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Our Experience – Reacting LES
Same Code - Different Numerical Scheme ; Boundary Conditions
Central Scheme

MUSCL Scheme

Effect of B.C

No qualitative convergence for different numerical schemes in same code

9
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Our Experience – Reacting LES

No quantitative convergence for different numerical schemes (codes)
Why do we care ?
This page contains no technical data and is not subject to the EAR or the ITAR
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Motivation
 Primary Motivation
 Model Transition between different CFD codes & model assessment for internal use

 Model Transition
 UTRC uses an array of CFD codes (proprietary & commercial)
 LESLIE, CharLES, US3D, Fluent + proprietary internal codes

 Note: State-of-Art, high fidelity codes from leading experts
 Models developed using proprietary codes transitioned to commercial codes
 Models from open literature transitioned to internal codes for assessment

 Hard to reproduce promised or claimed improvement in prediction
 Physical models behave differently in different codes

 Inconsistent prediction makes it difficult to assess model fidelity
 Hard to justify cost of model development (internally & through external collaboration)
What could be the problem (as reported in Literature) ?
11

This page contains no technical data and is not subject to the EAR or the ITAR

The Problem
 Continuous LES equations: Low-pass filtered solution of N-S equations
 Dynamics of resolved scales (l > ∆) captured explicitly
 Dynamic effect of filtered-out scales ( l < ∆) on retained scales – modeled

 Premise
 LES equations with an explicit closure model should yield a “unique solution”
 For a given initial/boundary conditions and filter

 Discrete or Numerical LES
 Introduces additional length scale h and additional numerical filtering
 Characteristics of physical filter well-defined; not so with numerical filter

 Numerical filtering changes resolved-scale dynamics
 Numerically aliased scales corrupts resolved scales
 “Numerical stress” ≈ subgrid stress & impacts physical cascade dynamics
Nature of interaction between subgrid & numerical stresses - Unpredictable
This page contains no technical data and is not subject to the EAR or the ITAR
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The Problem – Some proof
Grid Independent LES as pivotal point for computational
error assessment : Bernard J Geurts, 2006
1. Even at low resolution, error cancelation can improve
the predictions

2

2. Even at high resolution, error addition can worsen the
predictions

1

Resolved Scales

2nd

Analysis of numerical error reduction in explicitly filtered
LES Bailly et al, Quality & Reliability of LES, 2008

6th
1. With 2nd order schemes, lot of the resolved scales are
contaminated by discretization errors

14th

2. Higher order methods clamp down discretization errors

13

This page contains no technical data and is not subject to the EAR or the ITAR

The Problem: LES in Industrial Environment
 Complexity of application limits the level of mesh resolution

May not be a nice grid

Nice grid

B. Sen, Y. Guo, R. G. Mckinney, F. Montanari, F. Bedford , Proceedings of ASME Turbo Expo 2012, GT2012-70145

 Simple applications:

 Real applications:

 Maintaining grid quality & good resolution
possible

 Geometrical complexity:
 Physics complexity:

 Maintaining grid quality & good resolution
NOT possible

Swirlers, injectors, cavities, cooling holes, etc
Multiple flame regimes, high P, T, Re, Ma, We, etc.

 At marginal resolution: Aliasing / Truncation / Commutation errors interact with modeling
errors in an unpredictable way
This page contains no technical data and is not subject to the EAR or the ITAR
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The Problem: LES in Industrial Environment
 Complexity of application limits the level of mesh resolution

May not be a nice grid

Nice grid

B. Sen, Y. Guo, R. G. Mckinney, F. Montanari, F. Bedford , Proceedings of ASME Turbo Expo 2012, GT2012-70145

 Simple applications:

 Real applications:

 Maintaining grid quality & good resolution
possible

 Geometrical complexity:
 Physics complexity:

 Maintaining grid quality & good resolution
NOT possible

Swirlers, injectors, cavities, cooling holes, etc
Multiple flame regimes, high P, T, Re, Ma, We, etc.

 At marginal resolution: Aliasing / Truncation / Commutation errors interact with modeling
errors in an unpredictable way
15

This page contains no technical data and is not subject to the EAR or the ITAR

Summary: Where do we stand ?
 At engineering mesh size, numerical & physical models strongly alter solution
 Interaction of errors may cancel out or increase the error – Unpredictable

 Even sophisticated physical models can be corrupted
 Dynamic models use resolved scale information to construct subgrid stresses

 Available approaches have limited use for practical for industrial applications
 “Best-practice recommendations” are too simplistic
 Error indicators are aposteriori and depends on physical model
 Numerical tricks are inserted into physical models as “Consistency conditions”
 Averaging in homogeneous directions
 Indiscreet filtering of solution to avoid spurious oscillations

 Without minimizing interaction errors, fidelity of the physical models cannot be
assessed
 Need focus on this issue from reactive LES experts

This page contains no technical data and is not subject to the EAR or the ITAR
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Modelling of DNS Cases
Coordinators: Evatt Hawkes and Alex Krisman
Background and aims
The objective of the session was to do with direct numerical simulation (DNS) databases what
has been done with experimental databases in this workshop since its inception, i.e. to
understand and improve the performance of practically useful models of turbulent combustion.
Used in this way, as a “numerical experiment”, there are several advantages to DNS: the sub‐
model inputs, such as chemical kinetic rates, are completely specified; there are minimal
uncertainties associated with boundary and initial conditions; there are no measurement
errors; elements of the modelling (or example scalar dissipation rate) can be determined or at
least guided by the DNS; much more data are available for comparison (complete time‐varying
3D fields of scalars and velocity); and the DNS can be examined in detail to understand why
models work or not. Taken together, these advantages represent a significant opportunity in
that many possible reasons for differences between model and “experiment” can be
eliminated, and in that the remaining reasons can be better understood.
On the other hand, we also have to be mindful of the limitations of DNS. DNS is limited by
computational expense to certain parameter regimes. Principally it is restricted to problems
which do not exhibit a large disparity of length and time‐scales. For example it is restricted to
low Reynolds numbers (currently jet Reynolds numbers ~10,000). It is limited by computational
expense in terms of the amount of statistics that can be collected much more than are typical
physical experiments, so that statistical error is much more significant. It is affected by
numerical errors. DNS is after all just another model. It is possible that due to model inputs or
physical assumptions being inaccurate, it does not represent reality accurately enough. It could
also be simply wrong due to coding errors, etc., though most DNS codes are quite well verified.
It was decided early on that the focus of the session should be on a posteriori tests, i.e. tests of
the models where the model is run and the resulting statistics are assessed against the DNS
statistics. This is in contrast to the a priori testing of models, where elements of the modelling
a directly examined using the DNS data, without actually running the model as a whole. While
there is a huge body of work on a priori testing, reports of a posteriori tests are much fewer.
The focus on a posteriori tests was considered appropriate for TNF first because there has been
so many a priori tests that it would have been impossible to review them within a TNF session,
but more importantly because things that work extremely well in a priori tests often fail in
practice, while things that work well in practice often fail in a priori tests.
DNS databases
Two sets of DNS modelling non‐premixed, temporally evolving, plane‐jet flames featuring
extinction and reignition were considered [1,2]. These databases were selected because a
number of modelling investigations of the data already existed, and because an initial focus on
non‐premixed jet‐flames mirrored the initial focus of the TNF workshop. The first DNS database
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considered syngas fuel [1] and a series of cases having different Reynolds numbers, keeping the
Damköhler number fixed. One case was also considered where all species had unity Lewis
number, in order to understand any possible influences of differential diffusion. The second
DNS database considered ethylene fuel with a series of cases having different Damköhler
numbers, keeping Reynolds number fixed [2]. In the syngas cases, higher Reynolds number
resulted in more extinction, while in the ethylene cases lower Damköhler number resulted in
more extinction. Comparison of the results between the two different fuels was also of
interest, since in the case of syngas the reaction zone was much broader than for ethylene, and
the PDF of radicals conditional on mixture fraction was mono‐modal in the case of syngas and
bi‐modal in the case of ethylene. For further details of the DNS please consult Refs. [1,2].
Models compared


UNSW (E.R. Hawkes, A. Krisman, J.C.K. Tang, A. Kong, D. Dalakoti, J.H. Chen) contributed
Reynolds‐averaged Navier‐Stokes modelling, using the transported probability density
function (TPDF) approach. Composition TPDF modelling was conducted for all of the DNS
cases. The model took the DNS mean velocities, turbulent diffusion coefficient, and micro‐
mixing rate directly from the DNS, eliminating uncertainties of modelling these quantities in
order to focus only on micro‐mixing models. Interaction by exchange with the mean (IEM),
modified Curl’s (MC), Euclidean minimum spanning trees (EMST), and the shadow‐position
mixing model (SPMM) were compared. Some of these results were previously reported in
Ref. [3]. Preliminary results from a velocity‐composition TPDF model using a simplified
Langevin approach were also presented.



Cornell (Y. Yang, S.B. Pope) contributed large‐eddy simulation (LES) TPDF modelling of the
highest Reynolds number syngas case. Results were previously reported in Refs. [4,5].



Utah (N. Punati, J.C. Sutherland) contributed one‐dimensional turbulence (ODT) modelling
of the syngas series, some results of which are reported in Ref. [6].



Brigham Young (D.S. Rappleye, D.O. Lignell) contributed ODT modelling of the ethylene
series, reported in [7].



Georgia‐Tech. (B. Sen, S. Menon) also previously modelled the syngas cases using a linear‐
eddy model (LEM) coupled with LES. Interested readers may refer to Ref. [8].

Findings and discussion points
At least one good result was reported for each model. On the other hand, all of the models
were either not applied to compute all of the cases, or struggled in at least some of the cases.
As per previous comparisons with experimental jet flames, the most challenging situation for
the models arose in cases that exhibited large amounts of extinction.
Regarding mixing models, RANS context: UNSW results show that, when uncertainties of
turbulence modelling, chemistry, etc., are eliminated, all mixing models are capable to good
predictions in strongly burning conditions. In conditions approaching extinction, models that
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feature locality of mixing (EMST, SPMM) generally provide good predictions of mean quantities,
but greatly under‐estimate conditional fluctuations. In contrast models that do not feature
locality of mixing (IEM, MC) fail for predicting the means but do better for conditional
fluctuations. SPMM is a newer model for which the optimal parameter settings are not yet
known. It was shown to provide results similar to EMST or IEM with different parameter
choices.
Regarding LES: Cornell and GA‐Tech show good results with LES, particularly for syngas case H,
which is on the edge of global extinction. Reignition is stronger than in UNSW’s RANS,
suggesting that spatial structure in LES may be helpful for capturing reignition.
Regarding ODT: Some great results were demonstrated after parameter tuning to get the jet
spreading right. Results were noticeably better in syngas cases, which are thought to be
reigniting by flame‐folding (represented in ODT), compared with ethylene, which are thought to
be reigniting by edge‐flame propagation (not represented in ODT).
There was a lively discussion after the session. Model parameter tuning was one issue raised
several times. Some of the models had certainly benefited from parameter adjustment, some
had not, and for others it was unclear whether there had been tuning or not. One view was
that excessive parameter adjustment suggests that something deeper is deficient with the
model. The other was that parameter adjustment is needed in order to understand
sensitivities, and that the objective is to build up enough experience about how to set the
parameters in different contexts and preferably embed this into the model in ways that end
users can easily take advantage of. This is an issue that will probably not go away.
Future sessions and targets
In the opinion of the author, the session provided some useful outcomes. Future sessions may
benefit from a more coordinated effort. In the TNF12 session, the modelling had been done by
various groups over several years. With the exception of the UNSW set of results with an array
of mixing models, too much had been varied between the models to make clear conclusions on
any one modelling element. In addition with most groups reporting just one set of modelling
results, understanding any parameter sensitivities was impossible.
To better coordinate this in future sessions it is suggested that the workshop could propose
some specific DNS cases as targets, similar to what is done for the experimental targets. As per
the experiments, the targets would have to be of interest to enough modelling groups to create
a critical mass of effort such that useful conclusions can be drawn. DNS targets should probably
be designed from the beginning with this particular use in mind, similar to the experimental
databases, so as to maximise their usefulness to the modelling community. The databases
should meet some quality standards, which need to be defined. They need a thorough
characterisation targeted at what modellers need to know. Finally, the databases need to be
made readily accessible. For this to be useful for TNF13 we probably need to start the process
now. A discussion therefore on whether this is a useful direction for TNF13 to pursue is needed.
The following targets were suggested in TNF12 as possible future targets of the workshop:
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1. A series of temporally evolving, premixed, plane‐jet flames of lean hydrogen‐air in high
Karlovitz number conditions [10,11].
2. Several series of lifted non‐premixed plane‐jet flames: hydrogen flames spanning
various oxidiser temperatures [11], ethylene flames at a high oxidiser temperature [12]
for which modelling results are already reported in Ref. [13,14], and methane flames
with one‐step chemistry at atmospheric oxidiser temperature [15].
3. A series of lifted flames in a cross‐flow [16‐18].
4. Swirling premixed flames in the PRECINSTA burner [19].
5. Pulsed round jet flames [20].
6. Premixed counter‐flow flames [21].
7. Premixed flames in channels [22,23].
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DNSSESSION
Organisers:
• EvattHawkes,UNSW,evatt.hawkes@unsw.edu.au
• AlexKrisman
Modellingcontributions:
• Cornell:YueYang(nowatPeking)&StevePope
• UNSW:AlexKrisman,JoshTang,AustinKong,
DeepakDalakoti,EvattHawkes
• Utah:NaveenPunati,JamesSutherland
• BYU:DavidLignell
• GATech:Baris Sen,SureshMenon
ModelledDNScontributions:
• Syngas:EvattHawkes,JamesSutherland,Ramanan
Sankaran,JackieChen
• Ethylene:DavidLignell,JackieChen,Schmutz

Introduction
Focusonaposterioritests
PLUS
• Chemistrymodelis
fixed
• Boundaryandinitial
conditionsknown
• Fulldataavailable
• Chancetounderstand
whythingsworkornot

TNF12 Workshop

MINUS
• Lackofrangeofscales
• Lackofstatistical
convergence
• Limitedaccessible
conditions
• Validation?
• Numericalerror?
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TemporallyEvolvingNonpremixedPlaneJetFlames
ConfigurationDiagram.Contoursofheatreleaseshown.
Spanwise BC:
periodic

Streamwise BC:
periodic

Flamelet

Mixing,
Reaction
Mixing,
Reaction

Initialcondition

•
•
•

Latertime

Jetdevelopstemporally.
Sheardriventurbulenceinteractswiththeflame.
SIMPLEGEOMETRY

DNSofturbulentnonpremixedCO/H2 flames
Hawkes,Sankaran,Sutherland,Chen,Proc.Combust.Inst.31(2007)1633–1640.

•
•
•
•
•

SkeletalCO/H2 chemistry(11species.,Lietal.2005)
ParametersselectedtomaximizeReynoldsnumber,Re
ParametricstudyinRe,Damköhler numberfixed.
Conditionsresultinextinctionandreignition.
Thesewereprettybigcalculationsin2004– butnownotsobig!

IncreasingReynoldsnumber
Case L
•
– Re 2500
– 150 million grid
– 2016 Cray XT3
4.8GF processors
– 0.4 million hours
– ~ 5TBdata

TNF12 Workshop

CaseM
– Re4500
– 350milliongrid
– 4096IBMSP31.5GF
processors
– 3.0millionhours
– ~10TBdata
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Case H
– Re 9000
– 500 million grid
– 512 Cray X1E
18 GF processors
– 0.4 million hours
– ~ 20TBdata
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DNSCases
CaseM

CaseH

CaseL

IncreasingReynoldsnumber

• HigherRe:
– morefinescaleintermittent
structure
– higherfluctuationsofF

CorrelationwithScalarDissipation

ScalarDissipation

F

TNF12 Workshop
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ExtinctionandReignition  ConditionalPDFSofOH
Colorscale:P(YOH|Z),conditionalprobabilityofOH
Whiteline:<YOH|Z>,conditionalmeanofOH
Dashedblackline:steadyextinctionflamelet
SimulationTime

Initial
Condition
(Flamelet)

Mostly
Reignited

Lotsof
Extinction

Transitional

IMPORTANTTOUNDERSTAND:
• PDFisbroadandmonomodal
• Thismightbemoreforgivingtosomemodelswhichhavetroublewith
athinreactionzone,anddifficultformodelsthatassumeone.

Reynoldsnumbereffectsonextinction
Re=2500

Re=4500

Re=9000

20tj
Simulation Time

IncreasingReynoldsnumberresultsinmoreextinction

40tj
TNF12 Workshop

353

31 July - 2 August 2014, Pleasanton, California

TemporalEthyleneJetFlames
Lignell,Chen,Schmutz,Combust.Flame158(2011)949–963
ODT

• Threecases
– ConstantRe=5120
– Da=WjFq=0.023,0.017,0.011(Case
13)
– Da=WjFq
Case1=0.023
Case2=0.017
– [st=0.17
– Wrun/Wj=74,87,140;Wj=0.0049ms
– Chemistry:19species167
reactions,10QSS
– Unlikesyngas,PDFisbimodal.
Reactionzonealsothinner.

•

riod

ic

ODT line

Pe

DNS

IMPORTANTTONOTE
– PDFismuchnarrowerandbimodal

ModellingContributionsUNSW
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ModellingContributions UNSW
•

EvattHawkes,AlexKrisman,JoshuaTang,Austin
Kong,DeepakDalakoti +helpfromStevePope
onSPMMandVCPDF.

• CompositionPDF(RANS)
– IEM,MC,EMST&ShadowPositionMM
(SPMM)
– <V>,<:>,<*t>takenfromDNSÆ No
uncertainlyfrominaccurateturbulencemodels
tofocusonlyonmixing.
– Allethylene&syngascases

• VelocityCompositionPDF(RANS)
– IEM&SLM
– <dp/dx>/<rho>,<:>,<H>takenfromDNSÆ
Nouncertainlyfrominaccuratemicromixing
rate.
– SyngascaseM
– VERYPRELIMINARY!

Time/tj

ModellingContributions
Cornell/Peking

TNF12 Workshop

355

31 July - 2 August 2014, Pleasanton, California

Simulationoverview
•

Syngascase Hawkesetal.,2007
– CaseH:Re=9079andDa=0.011
– Skeletalmechanismwith11species
– 500milliongridpoints(uniformmesh)

•

Largeeddysimulation/PDFmodeling
– Hybridfinitevolume/MonteCarlomethod
– Sameboundaryconditionsandchemical
mechanismasDNS
– 1milliongridpoints (uniformmesh)
– 20particlespercell

Y.Yangetal.,Proc.Combust.Inst., 33,13191330,2013

SchematicoftheDNS
13
configurations

ImplementationofLES/PDF
• LES:highorderaccurateLEScodeNGA(Desjardinsetal.,2008)
–
–
–
–

Secondorderaccuracyinspaceandtime
LESfilterwidth =8x,DNS
Dynamicsubgridscalemodel
Convectiveoutflowboundarycondition

• PDF:highlyscalablecodeHPDF(WangandPope,2011)
– Secondorderaccuracyinspaceandtime
– TwowaycouplingofLES/PDF
– IEMmixingmodelwithmoleculartransport(Viswanathan etal.,2011)
O.Desjardinsetal,J.Comput.Phys.,227,71257159,2008
H.WangandS.B.Pope,Proc.Combust.Inst., 33,13191330,2011
S.Viswanathan etal.,J.Comput.Phys.,230,69166957,2011
14
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ComparisonsbetweenDNSandLES/PDF:
Contoursofmixturefraction

DNS
LES/PDF,t =20tj

DNS,t =20tj

t =40tj

LES/PDF
t =20tj

Re=9079,DNS:864× 1008× 576=501.6M,LES/PDF:108× 126× 72=0.98M

15

ModellingContributionsUtah
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OneDimensionalTurbulenceModel
• Lineofsightthrough3Dturbulent
flowfield
• Resolvesfullrangeoflengthand
timescalesintheselecteddomain
• Stochasticmodelforturbulence
• Tripletmapping
• FirstproposedbyKerstein in1999
• Authorsdevelopedavariantin
Eulerianform
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SimulationDetails
ODT6

DNS

•
•
•
•
•
•
•

Initialconditionsareextractedfrom
DNSdata
L
Detailedkinetics(11speciesand21
reactions)andsamespatialand
temporalresolution
Modelhasadjustableparameters
3simulationsforeachcase(L,Mand
H)areperformed
Foreachsimulation,resultsare
M
compiledfrom400realizations
Totalsimulationscostis~6000CPU
hours
AdjustableconstantCrepresenting
turbulenceintensity.Fittedas
functionofRe:

log C 16.9  -1.69 log(Re)
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ModellingContributions
BrighamYoungU

ODTofTemporalEthyleneJetFlames
Cases
–
–
–
–

•

ODT

ConstantRe=5120
Da=WjFq=0.023,0.017[st=0.17
Wrun/Wj=74,87,140;Wj=0.0049ms
Chemistry:19species167reactions,10
QSS

ODT:
–
–
–

riod

ic

AMR:mincellssize=15,17,19Pm
512realizations
Reignition underpredicted:noedge
flamesinODT

LineofSight
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DNS

ODT line

•

<T|[st>(t)
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Seealso– modellingpreviously
presentedbySen&Menon,GATech

Computational Combustion Lab
Aerospace Engineering
LES of Extinction and Re-Ignition in a
CO/H2 Plane Jet Flame with Artificial
Neural Networks (DNS: Hawkes, E. R., et. al,
PCI, 2007; LES: Sen, B. A. et. al. CF, 2010)

Ýk
Z

LANN(Y1,...,YNs,T)

Rejet= 4478 (Case M), 9079 (Case H)
LES = 5.5M, 1.9M(C), 4.6(M), 9M(F)
ANN trained using LEM in LEM-LES (LANN)
OR
Turbulent ANN (TANN) used in LES without LEM

Ýk
Z

TANN(Ỹ1,...,ỸNs, T̃,Re' ,

wỸk
)
wx i

•Scalar

dissipation rate is
on stoichiometric surface
• DNS and LES show
similar extinction and reignition characteristics

OH
DNS, Case M

TNF12 Workshop

OH
LES, Case M

Scalar Dissipation

LES, Case M
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Computational Combustion Lab
Aerospace Engineering

At Extinction, Case M

At Re-ignition, Case M

• TANN-LES shows reasonable agreement with DNS
• Both extinction and re-ignition captured properly
• Computational cost reduced by O(20) even for LES
• Scalar dissipation data offers insight into new subgrid
closures for flamelet type models (under development)

TANN-LES, Case H
Three grids (C, M, F)

Results Syngas
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SyngasCaseL(leastextinction)

• EMSTcannailthiscasewithrelativelylittleextinction
• Flameletlikebytheendofthesimulation
• ODTinthiscasepredictsabittoomuchspreading

SyngasCaseM(middleextinction)

• SimilartrendsforIEMandMC,butEMSTsomewhatoverpredictshere.
• SPMMfallsbetweenIEMandEMST.Theparameterscanactuallybe
adjustedtoreplicateeitherone(notshown).
• UNSWVC1withstandardSLMhomogeneousisotropicturbulence
constantsunderpredictsjetspreading.EmpiricallyweadjusttheWiener
productiontermintheLangevin equationtocorrectthis(UNSWVC2).
ReallyweneedaGLM– nextstep.NomoreresultsshownforVC1.
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SyngasCaseM(middleextinction)drilldown.
Canweblamethisonthemixturefraction?

• Notreally,exceptpossiblyforUNSWVCPDFandUtahODT

SyngasCaseM(middleextinction)drilldown.
•
•

WhydoesEMSToverpredicthere?Itgreatlyunderpredictsconditionalvariance
– verymuchaflameletlikesolution.Toomuchlocality?
SPMMcancontrolthelocalityandgivessolutionsresemblingIEMorEMSTfor
extremeparameterchoices.
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SyngasCaseH(mostextinction)

• Herewestarttoseebigdifferences.Thisisaveryhardcaseontheedgeof
totalextinction.
• Someoftheseresultsmayhavebenefitedfromsometuning,butUNSW
EMSTdoeswellat20tj whileODTdoesafantasticjobat40tj.
• Cornellpicksthereignition butunderpredictstheamountofextinction.

Andinmixturefractionspace…

TNF12 Workshop
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Canweblameitonmixturefraction?

• Cornellsomewhatoverpredictsspreadingandvariance.

Canweblameitonturbulence?

• Cornell’soverpredictionofspreadingandvarianceofmixture
fractionisprobablydowntooverestimatedu’.
• (Nou’variancefromUtah)
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Results Ethylene

EthyleneCase1– leastextinction

• SPMMandEMST– modelswhichcontrollocality– canreallynailcase1.
• IEMandMChaveserioustrouble.
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Canweblameitonmixturefraction?

• UNSWdefinitelycannot– mostquantitiesthatresultintheseprofiles
areinputs.
• ODT– sometuningmightimprovethis.

EthyleneCase2– moreextinction

• HereIEMandMCstillhopeless.
• ODTprettygoodat45tj butdoesn’tpredictenoughreignition.No
reignition mechanismfromoutoflineburningflameelements?
• SPMMOKbutwejustusedtheSyngasparameters.Tuningwould
improvethis.

TNF12 Workshop
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EthyleneCase1&3 UNSW
Case1

Case3

Case1(notmuchextinction)
• IEMandMCgetthebimodality,EMSTjustpicksflameletlikeburningbranch.
Case3(almosttotallyblownout)
• IEMandMCcorrectlypickmostlythenonburningbranchbutTtoolow.
• EMSTincorrectlypicksburningbranch.

Summary– modelcomparisons
•

Remixingmodels,RANScontext:UNSWresultsshowthatwhen
uncertaintiesofturbulencemodelling,chemistry,etc.,areeliminated:
– allmixingmodelsarecapabletogoodpredictionsinstronglyburningconditions;
– inconditionsapproachingextinction,modelsthatfeaturelocalityofmixing(EMST,
SPMM)generallyprovidegoodpredictionsofmeanquantities,butgreatlyunder
estimateconditionalfluctuations;incontrastmodelsthatdonotfeaturelocalityof
mixing(IEM,MC)failforpredictingthemeansbutdobetterforconditional
fluctuations;
– SPMMcanbetunedtoprovideresultssimilartoEMSTorIEMwithdifferent
parameterchoices.

•

•

TNF12 Workshop

ReLES:CornellandGATechshowgoodresultswithLES,particularlyfor
syngascaseHwhichisontheedgeofglobalextinction.Reignition is
strongerthaninUNSW’sRANS,suggestingthatspatialstructureinLESis
helpfulforcapturingreignition.
ReODT:Somegreatresultsafterparametertuningtogetthejetspreading
right.Resultsnoticeablybetterinsyngascaseswhicharethoughttobe
reignitingbyflamefolding(representedinODT)comparedwithethylene
whicharethoughttobereignitingbyedgeflamepropagation(not
representedinODT).
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SuggestionsforFutureDNSTargets

PremixedTemporalJets
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369

31 July - 2 August 2014, Pleasanton, California

Premixedtemporaljet
Hawkesetal.Combust.Flame2012
•

MostpriorDNShavebeenperformedwithoutastrong
meanshear,whichisanimportantfeatureofpracticalgas
turbinecombustors.

•

Premixedtemporaljet:asimple,canonicalconfigurationto
investigatesheardriventurbulenceinteractingwithaflame.

•

Flameisinitiallylaminarandoutsidetheturbulentregion
thenpropagatestowardsthecentre,consumingthe
premixedreactants.

•

Freshmixture:=0.7,H2air,700K,1atm

•

H2airchemistry:Li,Zhao,Kazakov,Dryer2007,9species,21
reactions

•

Rejet =10,000(UH/),Damköhler numbervariedkeepingRe
fixed.

•

Initialforcing:u”/U=0.04(smallish),l/H=1/3

•

UNSW/Sandiacollaboration.

Parametrics:
• Phi=0.7,twoDa
• Phi=0.5,twoDa+NOx

QualitativepictureoftheH2 flames
LowerDamköhler number

Higher Damköhler number

Chatakonda,Hawkes etal.Combust.Flame2013
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LiftedFlames

DNSdataforliftedjetflames
Simulations employing Sandia’s S3D
DNS code
Fuel

Config.

Rejet

Coflow
temperature

Institutions

Features

H2

Slot jet

8,000
11,000

750,850, 950K
1100K

Sandia, UNIST

Transitionfrom
propagation to
ignition

C2H4

Slot jet

10,000

1,550K

Sandia

Highlyignitive

1step

Round&
Slotjet

various

various

UNSW

Lesschemistry,
largerjet size

H2 &
inert

Pulsed
roundjet

7,000

1,100K

Southampton

Unsteady mixing
effects
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Hydrogenflameseries– UNIST,Sandia

• Variation of co-flow temperature: 750K, 850K, 950K, 1100K
• Transition from propagative stabilization to autoignitive stabilization
Yoo, Sankaran, Chen, J. Fluid Mech. (2009), vol. 640, pp. 453–481.
S.O. Kim, C.S. Yoo, (UNIST), J.H. Chen (Sandia), in preparation

Ethyleneairliftedflame– UNIST,Sandia

• 18 species reduced chemistry, highly-heated coflow (1,550K)
• A posteriori validation of flamelet-LES modelling
C.S. Yoo, E.S. Richardson, R. Sankaran, J.H. Chen, Proc. Combust. Inst. 33: 1619-1627 (2011)
E. Knudsen, E.S. Richardson, E.M. Doran, H. Pitsch, J.H, Chen, Phys. Fluids 24(5): 055103 (2012).
C.M. Kaul, V. Raman, E. Knudsen, E.S. Richardson, J.H. Chen. Proc. Combust. Inst. 34(1): 1289–1297
(2013)
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AutoIgnitingC2H4 Jet
•
•
•
•
•

DNSAxialVelocity

A posteriori LES
DNS: Yoo et al., PCI 2010
550 K C2H4 / N2 jet in 1550 K air coflow
22 species C2H4 mechanism, Re = 10,000
Auto-iginition ~ 6D downstream of inlet

Temperature
•

Case highlights links between subfilter
scalar models and flame lift off height

•

A posteriori LES subfilter model validation
– Knudsen et al., Phys. Fluids 2012
– Kaul et al., PCI 2012
– Both use unsteady flamelet models

DNS

LES

Comprehensive1stepchemistryDNSdatabase


EvattHawkes(UNSWAustralia–
evatt.hawkes@unsw.edu.au),Shahram Karami,Mohsen
Talei,andJackieChen.

•
•

•
•

•

TNF12 Workshop

1stepchemistrybutrealistic4mmjet
widthandReynoldsnumber50007500.
Activationenergyadjustmenttoachieve
equivalenceratiodependenceofflame
speedtypicalforhydrocarbons.
Largeparametersets.
Slotjetflames:
– 3xdilution
– 3xLewisnumber
Roundjetflames:
– 4xcoflowvelocity
– 2xReynoldsnumber
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Pulsedroundjetflames– Southampton,Sandia

• 1 pulse, 2 pulse, and continuous round jets – non-reacting and reacting.
• Mean dissipation rate increases/decreases by order of magnitude through pulse.
• Reactive simulations in progress.
Dong-hyuk Shin, Ed Richardson (Univ. Southampton), Jacqueline Chen (Sandia)

JetsinCrossFlow

TNF12 Workshop
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JICFConfiguration
(Grout,Gruber,Sankaran,Lyra,Chen)

VolumerenderingoftheT,H2O
andH2 massfractionfields.

• Fueljet70%H2 /30%He,Rej =2420
• Vitiatedcrossflow oflean(=0.46)CH4
products,numberRe =9480
• Jettocrossflowdensityratio,S=0.37
• Jettocrossflow momentumfluxratio,J=9
• Jetnozzlediameter,d=1.5mm
• Lx u Ly u Lz: 30du 30du 30d
• DetailedH2/COchemistry:13species/35
reactions(Lietal.2004)
• SimultaneoushighspeedSPIVandOHPLIF
performedbyB.Wilde&T.Lieuwen

FlameStructure

• Majorflowandflamefeaturesi.e.jet
trajectory&flamebrushextentare
similarbetweenDNSand
experiment.
• Autoigniting,burnerattachedflame
aroundtheburneredge.
• Windwardreactionzoneisthinnerin
thenearfield,exhibitshigherlocal
andglobalheatreleasethanthe
reactionzoneontheleeside.
• Grout,Gruber,Yoo,Chen,Proc.
Combust.Inst.2011
• Kolla,Grout,Gruber,Chen,Combust.
Flame2012
• Grout,Gruber,Kolla,etal.J.Fluid
Mech.2012
• Lyra &Chen,inprep.

TNF12 Workshop

MeanvelocitymagnitudeandY(OH)
top:experiment,bottom:DNS.
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OpposedJets

H2/airpremixedcounterflow flame
(Iro Lyra,JackieChen)
Configuration:
•Reactantstream:H2/air, =0.4,Tadiabatic =1423K
 Ret =1100,TR =294K,UR=14.47m/s
• Productstream:H2/air, =1.0
 Laminar,T=1475K,UP=49.95m/s
• Nozzlediameterd=12.7mm,Strainrate:24001/s
• Lx u Ly u Lz: 12u 17.5u 17.5mm
• Detailedchemistry(Lietal.2004):9species/21steps
• OHPLIFbyCoriton&Frank
Motivation:
•Investigateeffectsofturbulence,strain,enthalpyand
compositionstratificationonpremixedflame.
•Flameexhibitssmoothextinction/reignition.
•FavremeanfieldsavailableforRANS/LES&averages
conditionedonextinctionholesextractedintime.
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Premixedflamesinchannels
(Flashback– Gruber,Chen)

DNS of Premixed Flame Anchored in Turbulent Channel Flow
Case configuration and setup

Case parameters:
















Uc ~ 80 m/s
Sl /Uc = 0.15
Re ~ 180
Inlet velocity BC from
auxiliary DNS of inert
turbulent channel
H2-Air at =1.5 and 750 K
Isothermal walls (750K)
Assuming full chemical
kinetics (9 species, 19
reactions)
Lx~2.03 cm, Ly~0.59 cm,
Lz~0.87 cm
Resolution 6-31 m
Time step ~ 4 ns
Total Sampling time ~ 1
ms
Grid is 600x200x280 ~
33.610^6 nodes
Total CPU time ~ 0.1 Mhrs

Combustion models in RANS/LES frameworks can be validated vs (in order of increasing detail):
¾
Representation of global flame lenght and flame-wall interaction location
¾
Representation of instantaneous and/or averaged wall heat flux
¾
Representation of turbulent flame brush thickness and structure vs wall distance
¾
…
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DNS of Premixed Flame Flashback in Turbulent Channel Flow
Case configuration and setup
Case parameters:














Combustion models in RANS/LES frameworks can be validated vs (in order of increasing detail):
¾
Occurrence of upstream flame propagation/flashback
¾
Prediction of flame front velocity, DNS results indicate Vf / Sl ~ 1.7
¾
Representation of flame wrinkling and backflow pockets (LES only)
¾
…



Uc ~ 20 m/s
Sl /Uc = 0.35
Re ~ 180
Inlet velocity BC from
auxiliary DNS of inert
turbulent channel
H2-Air at =0.55 and
750 K
Isothermal walls (750K)
Assuming full chemical
kinetics (9 species, 19
reactions)
Lx~6.0 cm, Ly~1.2 cm,
Lz~3.6 cm
Resolution 25 m
Time step ~ 4 ns
Total Sampling time ~
1 ms
Grid is 2400x480x1440
~ 1.66*10^9 nodes
Total CPU time ~ 10
Mhrs Æ 140 hrs on
72000 cores @ ORNL

Precinsta burnerDNS
(finally– acasethatisnotfrom
Sandia!)
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Validation of a dynamic formulation for LES premixed combustion,
D. Veynante, V. Moureau
 Wrinkling factor model with dynamic E parameter:
A posteriori validation

A priori validation
Flame tip
(pockets)

0.8

M o d e l p a ra m e te r

Flame /
turbulence
equilibrium

Mean
model
parameter E

Mean
model
parameter
E

1.0

<.> = 1D slice
Global
value

Boger’s mode
Dynamic E

0.6

0.4

0.2

RMS

Downstream location (cm)
0.0

Downstream location (cm)

2.6B tets, 100
Pm

0

1

2
Downstream location (cm)

3

4

14M tets, 600 Pm 59

Summary&discussionitems
• PlentyofDNSareavailable.Focushasbeenon
SandiagroupbutothergroupsalsodoingDNSthat
wouldbeverysuitable,e.g.Coria,LBNLgroup,etc
• Needtoestablish:
– guidelinesforquality,etc.
– easeofaccesstodata
– modelguidelinesinordertofacilitatecomparisons
betweenmodels
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Investigation of preferential diffusion effects in turbulent lifted
CH4 /H2 flames using LES with a novel FGM-PDF model
Ebrahim Abtahizadeh∗ , Jeroen van Oijen, Philip de Goey
Combustion Technology, Mechanical Engineering, Eindhoven University of Technology,
5600 MB Eindhoven, The Netherlands

This paper reports on the numerical investigation of preferential diffusion effects in the lift-off height and
stabilization mechanism of turbulent lifted CH4 /H2 flames in a hot and diluted environment. In the laboratory
scale Mild burners (JHC burners), stabilization of reaction zone is very often occured by autoignition. This
requires sophisticated models which are able to predict complex autoignition events. Since these autoignition events are typically initiated at very small mixture fractions due to an intense dilution of oxidizer stream,
turbulent structures in the fuel stream can hardly intrude these ignition events. This induces that influence
of molecular diffusion on autoignition is comparable to that of turbulence transport (eddy viscosity). In this
condition, addition of H2 to fuel makes molecular diffusion and preferential diffusion effects increasingly
important.
The Delft Jet-in-Hot colfow (DJHC) burner is chosen as a test case in which methane base fuel has
been enriched with 0%, 5%, 10% and 25% of H2 . First, a novel numerical model is developed based on the
FGM technique to account for preferential diffusion effects in autoignition. Such development is inevitable
since investigations with detailed chemistry indicate that preferential diffusion affects strongly autoignition
of the hydrogen enriched mixtures. Igniting Mixing Layer (IML) flamelets are introduced and analyzed
to accommodate preferential diffusion effects in a flamelet database. The predictions of this model are
then compared with results of the full chemistry model. Figure 1a shows a comparison of the predicted
temperature rise ∆T for Case D25H2 using detailed chemistry and the various FGM models. Three FGM
implementations are considered here which employ different transport models in the two stages of the FGM
computation: 1) Creation of the IML-flamelet tables and 2) solving transport equations for the controlling
variables. In FGM A, the IML-flamelets are generated using unity Lewis numbers (Lei = 1). FGM B and C
have been constructed using a Lei = ci transport model. In model FGM C, the transport equations for the
controlling variables are solved in their full form including the preferential diffusion terms. The results of the
FGM C model, in which Lei = ci is used for both flamelets and transport equations, agree perfectly with the
detailed chemistry solution. Such an agreement is also observed for the temporal evolution of temperature
in mixture fraction space in Fig. 1b.
In the next stage, the developed FGM approach is implemented in LES of the H2 enriched turbulent
lifted jet flames. A presumed β -PDF approximation together with a gradient based model has been used to
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Figure 1: Comparison of (a) temperature rise ∆T and (b) temperature evolution of IML-flamelets for Case
D25H2 with different models. In figure (b), lines with close circles and open circles refer to computations
with detailed chemistry and FGM chemistry, respectively.
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Figure 2: {YeOH } for all cases (from left to right D00H2 , D05H2 , D10H2 and D25H2 ). Computations with (top)
FGM A model and (bottom) FGM B model. Red lines correspond to 50% probability of OH chemiluminescence from the measurements [2].
account for turbulence-chemistry interaction. Figure 2 shows the time-averaged {YeOH } distributions obtained
from the statistics of approximately 10 through flow times of the fuel jet. These plots are shown for all studied
cases using FGM A and FGM B models. Computations with FGM A result in approximately the same liftoff height for cases D00H2 , D05H2 and D10H2 . However, computations with FGM B indicate a significant
change of the lift-off height among these cases especially between cases D00H2 and D05H2 For Case
D25H2 , FGM B yields an attached flame to the jet exit. The predicted lift-off heights by FGM B are in a good
agreement with the measurements [1, 2]. These observations demonstrate that preferential diffusion has a
strong influence on the stabilization height and mechanism of the studied flames.
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The Role of Temperature, Mixture Fraction, and Scalar Dissipation Rate on Auto-Ignition of a Transient
Methane Jet in a Hot Coflow
C. M. Arndt1*, M. J. Papageorge2, F. Fuest2, J. A. Sutton2, W. Meier1
1

German Aerospace Center (DLR), Institute of Combustion Technology, Stuttgart, Germany
Ohio State University, Department of Mechanical and Aerospace Engineering, Columbus, OH, USA
*E-Mail: christoph.arndt@dlr.de

2

Auto-ignition of (cold) fuel in a hot oxidizer is of great importance in several technical systems such as internal
combustion engines and gas turbine combustors employing reheat, flameless, or MILD combustion. Particularly, the
study of fuel jets issuing into hot, vitiated air (Jet-in-Hot-Coflow, JHC) and the subsequent flame stabilization has
gained significant research interest in recent years. Due to the fast and transient nature of auto-ignition, its
experimental investigation requires high-repetition-rate imaging techniques.
High-speed planar imaging has become a wide-spread tool in combustion research, primarily relying on commercial
lasers with relatively low pulse energies, for OH planar laser-induced fluorescence and particle image velocimetry.
However, measurement techniques such as planar Rayleigh scattering or Raman scattering cannot be utilized using
commercial high-speed lasers due to the limited pulse energies available. For these applications, pulse-burst laser
systems are a promising tool to generate a limited number of high-energy laser pulses at high repetition rates. In this
work, the High Energy Pulse Burst Laser System (HEPBLS) at Ohio State University has been used for high-speed
(10 kHz) planar Rayleigh scattering imaging [1]. The goal was to study the roles of the mixture fraction,
temperature, and scalar dissipation rate fields during fuel injection and the subsequent auto-ignition of a transient,
turbulent methane jet (T=300 K) issuing into a coaxial laminar coflow of hot exhaust gas (T≈1500 K) from a lean
premixed hydrogen/air flat flame. The experiments were conducted in the well-characterized DLR Jet-in-HotCoflow Burner [2,3] with highly repeatable boundary conditions and excellent optical access for non-intrusive laser
diagnostics. The burst length of more than 20 ms, corresponding to more than 200 consecutive laser pulses at a
repetition rate of 10 kHz, was sufficient to capture the complete temporal development of the mixing field between
the transient fuel jet and the surrounding coflow prior to and through the occurrence of auto-ignition. Simultaneous
high-speed OH* chemiluminescence imaging was applied to gain 3D-information of the ignition kernel location.
This information allowed the selection of ignition events in which the initial flame kernel formed inside the lasersheet.
The Rayleigh scattering signal depends on the density and scattering cross section of the probed gas. With the
assumption of adiabatic mixing between fuel and oxidizer, the mixture fraction and temperature during the fuel
injection and prior to the onset of auto-ignition can be measured simultaneously. Great care was taken to assess
potential error sources in the data processing in order to gain quantitative data that can be used for model validation.
For example, effects of thermal decomposition during mixing of fuel and hot exhaust gas were considered for the
residence times of interest in the experiment and were found to have no significant influence on the data reduction
accuracy and the deduction of the mixture fraction and temperature fields.
Figure 1 shows an image series of the mixture fraction during the transient fuel injection into the hot coflow. The
evaluation of the transient jet tip position for a large number of fuel injection events revealed extremely reproducible
fuel injection and system behavior, with a precision of less than 10 microseconds. The transient high-velocity jet
was found to reach a quasi-stationary state a few milliseconds after the start of the fuel injection and before the
occurrence of the initial auto-ignition event. Thus, the auto-ignition can be considered to occur in a stationary state,
which is an important finding for numerical modelling of this experiment. The time series of Rayleigh scattering
images revealed a highly turbulent mixing field prior to the onset of auto-ignition. Flow conditions which favored
auto-ignition consisted of low mixture gradients, lean fuel mixtures and high temperatures at the periphery of the jet,
above axial locations of z/D = 17. Figure 2 shows an exemplary image series of the temperature and mixture fraction
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during the development of an auto-ignition kernel. The analysis of selected ignition events revealed that autoignition occurred at the windward side of bulges of the inflowing jet, where the measured scalar dissipation rate was
low.

Figure 1: Mixture fraction evolution during transient fuel injection.

Figure 2: Example auto-ignition sequence. Mixture fraction (top) and temperature (bottom). Auto-ignition was first
detected at 2.3 ms at z/D≈18.5 and is indicated by the white bordered region. The contour of stoichiometric mixture
fraction is at the periphery of the jet is also indicated by a line.
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Effect of H2 and CO2 on the stabilization mechanism of jet flames
L.D. Arteaga Mendez, E. H. van Veen, M.J. Tummers and D.J.E.M. Roekaerts
Department Process and Energy, Delft University of Technology, The Netherlands
L.D.ArteagaMendez@tudelft.nl
The flame stabilization zone of jet flames issued into a coflow was experimentally studied using highspeed recordings of the flame luminescence, PIV and CARS point temperature measurements. The fuels
burned were H2/natural-gas and CO2/natural-gas mixtures, natural gas being the base fuel. They were
selected to resemble unconventional fuel gases such as refinery gas and biogas. The coflow consisted of a
stream of either ambient-air (mimicking traditional combustion technology) or hot-lean-combustionproducts (mimicking clean combustion technologies such as flameless oxidation [1]). The aim of this
research is to better understand the flame stabilization mechanism of these fuels, generate databases for
model validations and contribute to successful extension of the application of unconventional gaseous
fuels in both traditional and new combustion technologies.
Figure 1 shows four H2/DNG jet flames with a constant Reynolds
number of 5600 oxidized in cold-air. Results show that hydrogen
addition increases the flame stability, reduces the liftoff height and also
reduces the amplitude of the fluctuations of the liftoff-height.
Conditional statistics of the velocity field at the instantaneous flame
stabilization point show that hydrogen addition permits ignition at
more turbulent regions of the shear
layer where high strain rates and
Figure 1: Snapshots of H2/
natural-gas flames oxidized in a
cold-air at 0.5 ms exposure time.
The hydrogen contents are a) 0%,
b) 5%, c) 10% and d) 25%.

vorticity levels exists (Fig. 2).
Gradual CO2 addition up to 30% in
jet flames oxidized in cold-air with a
constant Reynolds number of 4000
showed that CO2 addition reduces
the flame stability, increases the liftoff height and increases the
corresponding fluctuations. The increase of the amplitude of the
fluctuations at higher liftoff-heights is attributed to larger flow
structures which are predominant in these regions independent of the
fuel composition.
Changing the oxidizer to hot-leancombustion-products
produces
major changes in the flame Figure 2: PDFs of strain rate
structure. For natural-gas, the flame (left) and vorticity (right) at the
stabilization mechanism changes stabilization point. a)-d) as
from flame propagation to auto- described in Fig. 1.
ignition kernels [2]. The temperature
peaks responsible for producing thermal NO are substantially reduced.
Figure 3 shows as example two temperature PDFs for a 25%H2 fuel
jet flame oxidized in ambient-air and hot-lean-combustion-products.
Note that high temperatures are suppressed despite the oxidizer has a
Figure 3: Temperature PDFs in a mean temperature of 1400 K. At 5% H2 in the fuel, autoignition
kernels are observed but their streamwise region of occurrence has
flame point for a 25%H2 jet
flame oxidized in hot-leansignificantly reduced. Figure 4 shows the mean luminescence and
combustion-products (top) and
three instantaneous snapshots at the flame stabilization region of a
cold-air (bottom).
25% H2 jet flame. The instantaneous snapshots show flame bases
similar to ordinary lifted flames. Autoignition kernels are not
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detectable anymore. However the flame zone frequently shows dark
zones interpreted as unignited regions. Temperature PDFs in this region
show temperature ranges from 980 K to 1925 K. Assuming that the
temperature of the unignited mixture is 980 K, the calculated
stoichiometric adiabatic flame temperature is 1845 K. The measured
temperatures are 80 K higher, suggesting that the concentration of
hydrogen in the measured point is higher than that originally present in
the
fuel. It indicates that besides turbulent mixing, preferential diffusion
Figure 4: Mean and three
of
hydrogen
plays an important role in the mixing of fuel and oxidizer.
consecutive snapshots of flame
luminescence at the stabilization Figure 5 shows the velocity
region of the 25%H2 flame
field
and
turbulence
intensity for the H2/naturalgas flames oxidized in hot-lean-combustion-products. The
magenta line is the mean liftoff-height defined in [2]. The
25%H2 jet flame presents higher levels of turbulence intensity
in the jet shear layer. These are attributed to effects of
combustion reactions.
CO2 addition up to 30% to fuel jets oxidized in hot-leancombustion-products does not produce major changes of the
flame stabilization mechanism. Autoignition kernels are
observed over a wide streamwise distance and the mean liftoff- Figure 5: Velocity field (arrows), axial
height is slightly shifted downstream. The mean values of turbulence intensity (colormap) and mean
temperature are similar at the stabilization region as shown in lif-off height (magenta line) of the
Fig. 6 that compares the radial mean temperature profiles for a H2/DNG flames oxidized in hot-leannatural-gas and 30%CO2 flame up to 170 mm from the fuel combustion-products.
pipe exit. Entrainment of surrounding air into the reaction zone is observed for heights above 100 mm.
In summary, H2 addition to the fuel substantially increases the flame
stability in both types of coflow. These flames can ignite at more
turbulent regions of the shear layer producing flames with lower liftoff heights. High temperatures measured only in the flames containing
H2 suggest that preferential diffusion is an important transport
mechanism in these flames.
CO2 addition reduces the flame stability in jet flames oxidized in
ambient-air. However changing the oxidizer to hot-lean-combustionproducts allows combustion reactions with minor changes in the flame
stabilization region.
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Near Field Scalar Structure of Piloted Jet Flames with Inhomogeneous Inlet Profiles
R.S. Barlowa, S. Mearesb, G. Magnottia, A.R. Masrib
a
Combustion Research Facility,
Sandia National Laboratories, Livermore CA 94550, USA
b
School of Aerospace, Mechanical and Mechatronic Engineering
The University of Sydney, NSW, 2006 Australia.
Inhomogeneous fuel/oxidizer inlet conditions are common in combustion applications. In order to gain
better fundamental understanding of the mechanism of stabilization in partially premixed flames with
inhomogeneous inlet flows, a new burner [1] was developed at Sydney University based on a simple
modification of the original piloted burner. Figure 1a illustrates that a central tube (ID=4.0 mm) was added
which may be retracted by a variable distance upstream of the burner exit. Meares and coworkers [1,2] have
applied a variety of diagnostics to document the flame structure and stability over a broad range of operating
conditions.
Measurements of temperature and major species were obtained using the line-imaged
Raman/Rayleigh/CO-LIF system at Sandia. Mixture fraction, FB, was calculated from the seven measured
major species (CH4, O2, N2, CO2, H2O, CO, and H2) using the formulation of Bilger, with pure CH4 taken as the
normalizing fuel condition, giving a stoichiometric value of FB=0.055.
In the present poster we consider flames having 1:2 mole ratio of CH4 to air in the jet, stabilized by a pilot
burning a C2H2/H2/CO2/N2/air mixture to match the temperature and equilibrium composition of CH4/air at
equivalence ratio  = 1.0. (Note that flames reported in [1,2] used a pilot flow of C2H2/H2/air, which has higher
adiabatic flame temperature.) When the inner tube is retracted far upstream of the burner exit, the flames have
the same stability behavior as the original homogeneous burner. However, with fuel issuing from the inner tube
and air flowing through the annulus, the blowoff velocity increases by nearly 40 percent when the tube is
retracted an optimal distance. Measured exit velocities are similar for the optimally stable (inhomogeneous) and
fully retracted (near homogeneous) flames [1,2]. Therefore, the enhanced stability must result primarily from
differences in the exit profile of mixture fraction. Radial profiles of mean mixture fraction at z/D=1.0 above the
burner exit are compared in Fig. 1b for the flames (Lr=75 mm, UJ=80 m/s and Lr=300 mm, UJ=59 m/s). Each
has bulk velocity UJ set at roughly 56% of the corresponding blowoff velocity. Mean and rms temperature
profiles from the Lr75 flame are included, and the peak in T’ at radius r=3.9 mm marks the center of the reaction
zone between cold jet fluid and high-temperature pilot gases. Both the mixture fraction and its gradient are
much lower at the flame location in the Lr75 case. In fact, the mean mixture fraction within the reaction zone at
the edge of the jet is near stoichiometric, and the mean gradient is near zero for the more stable Lr75 flame.
Scatter plots of temperature vs. mixture fraction at z/D=1.0 in the two flames are shown in Fig. 1c.
To further illuminate and quantify differences in instantaneous near-field scalar structure of the two flames,
single-shot profiles of temperature, mixture fraction, and scalar (mixture fraction) dissipation at z/D=1.0 are
compared in Figs. 2a and 2b for the Lr75 and Lr300 flames, respectively, with each individual profile shifted
spatially to align at a “center” temperature of 1200K. At just one jet diameter from the exit the instantaneous
temperature profiles show a flamelet-like structure with strong effects of turbulence limited to the lowtemperature portion of the flow. Histograms are plotted of the mixture fraction and the 1D radial component of
scalar dissipation at the center temperature, as well as the linearized change, B/T, in mixture fraction across
the 1000K jump (700-1700K) around the center temperature. This last quantity is proposed as a metric of the
local combustion mode, at least in the near field of the present flames, where flamelet-like reaction zone
structure is observed. These results show that near-field combustion in the Lr75 flame is stratified-premixed
with relatively small gradients (both positive and negative) in mixture fraction and essentially all samples within
the flamelets being flammable. By contrast the Lr300 results show partially-premixed diffusion flamelets with
cold-side mixture fraction well outside the rich flammability limit, a relatively narrow distribution of the flame
structure metric B/T centered near 9x10-5 K-1, and scalar dissipation levels much higher within the flame
than in the Lr75 case, even though the Lr75 flame has 36% higher jet velocity than the Lr300 flame. The radial
contribution to scalar dissipation is calculated here using 0.1-mm data spacing and a simple central difference
formulation, and this combination is expected to suffer from significant spatial averaging of gradients in the near
field of these jet flames. Therefore, the scalar dissipation results reported here should be used only for
qualitative comparison.
1.
2.

S. Meares, A.R. Masri, Combust. Flame 161 (2014) 484-495.
S. Meares, V.N. Prasad, G. Magnotti, R.S. Barlow, A.R. Masri, Proc. Combust. Inst. 35 (2014).
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a)
b)
c)
Figure 1. a) Burner diagram; b) Profiles at z/D=1.0 of mean mixture fraction (blue), mean temperature (red),
and rms temperature fluctuation (red dash) in the Lr=75, 80 mps flame, and mean mixture fraction (black) in the
Lr=300, 59 mps flame.

a)

b)
Figure 2. Single shot profiles of T, FB, and the 1D radial contribution to scalar dissipation, each shifted in space
to align Tcenter=1200K at the origin, and histograms of B at Tcenter, B/T, and 1D radial scalar dissipation at
Tcenter from a) z/D=1 in the Lr75 flame, b) z/D=1 in the Lr300 flame, and c) z/D=5 in the Lr75 flame.
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Turbulent Flame Extinction Effects in Partially Premixed Methane-air Flames
William H. Calhoon, Jr., Stephen J. Mattick, Konstantin Kemenov, James Chenoweth
Combustion Research and Flow Technology, Inc.
Huntsville, AL 35803
calhoon@craft-tech.com
Abstract
The accurate characterization of extinction phenomena in turbulent reacting flows is of significant
importance to both ground based gas turbine power generation systems and high performance aircraft propulsion
systems. In both of these applications flame stability and extinction are controlled by the interaction of the flame
with flow strain rate induced by turbulence at both large and small scales. The prediction of local and global flame
extinction is a very challenging problem that requires a detailed accounting of the interaction of a wide range of
turbulent scales with the flame structure.
To address this difficult challenge a modeling formulation based on the linear-eddy model (LEM) has
recently been developed for application to the counter flow configuration [1]. The LEM is a comprehensive
stochastic mixing model formulation that directly accounts for the interaction of microscale flow turbulence with
flame structure. Applying the LEM within the counter flow configuration allows large scale straining to be applied
to the flame as well. As a consequence, the 1-D LEM/counter flow (LEM-CF) model may be used to directly
investigate turbulent flame extinction resulting from both large and small scale velocity straining effects.
To evaluate the LEM-CF’s ability to capture flame extinction, the experimental case of Geyer, et al. [2],[3]
was investigated. This experiment measured scalar statistics and the global flame extinction limit in counter flow
flames of partially premixed methane/air – air. Fig. 1 and 2 presents LEM-CF comparisons with data for mean
mixture fraction (Z), mixture fraction rms (Z’), temperature (T), and temperature rms (T’) for conditions just below
the blow-out limit. Included in these figures are LEM-CF predictions with and without differential diffusion effects.
As seen in these figures, including differential diffusion improves the predictions which are in good agreement with
the experimental data. With this stable flame case completed, the global extinction limit was determined for the
LEM-CF model and compared with the experimental value as listed in Tab. 1. This table includes predictions for
both LEM-CF cases. As seen in this table, both LEM-CF cases slightly over predict, but are in good agreement with
the measurement. Furthermore, the results obtained demonstrate that neglecting differential diffusion effects
significantly degrades the prediction.
The LEM-CF model may also be used to develop efficient database driven subgrid models for large-eddy
simulation (LES). Subgrid modeling formulations for both nonpremixed/partially premixed [1] and premixed [4]
flows have been developed. The nonpremixed formulation is similar in form and efficiency to the Flamelet
Generated Manifold approach of Vremen, et al. [5]. However, the LEM-CF formulation includes an additional
extinction criteria based on the instantaneous resolved scale strain rate. As a result, the model may directly predict
local flame extinction under which case the chemical production rate is set to zero. This formulation has been
applied to the Sandia Flame D and F cases to assess the model’s capabilities. Fig. 3 presents instantaneous LES
filtered temperature contours for both flames. As seen in this figure the flame is attached to the pilot zone for Flame
D. For Flame F, however, there is a large suppression of the temperature in the nearfield of the nozzle. This
behavior results from local flame extinction as may be visualized in Fig. 4 which presents iso-surface contours of the
model’s extinction function overlaid on the temperature contours of Fig. 3. As seen in this figure, Flame D exhibits
a low level of localized extinction which is concentrated near the jet centerline. For Flame F, however, a large
degree of local flame extinction is present throughout the flame region. Predictions for mean quantities of selected
variables along the jet axis are compared with data from the TNF archive [6] in Fig. 5 and 6. As seen in these
figures, good agreement is achieved for both flame cases. This agreement is particularly notable for Flame F due to
the large degree of localized extinction observed for this experiment.
References
[1] Calhoon, W. H. Jr., Zambon, A., Sekar, B., and Kiel, B., J Eng for Gas Turb and Pwr, Vol. 134, No. 3, Mar
2012, pp. 031505-1 – 031505-12.
[2] Geyer, D., Kempf, Dreizler, A., and Janicka, Comb and Flame, Vol. 143, 2005, pp. 524-548.
[3] Geyer, Dreizler, Janicka, Permana, and Chen, Proc. Combust. Inst., Vol. 30, 2005, pp. 711-718.

TNF12 Workshop

392

31 July - 2 August 2014, Pleasanton, California

[4] Kemenov, K.A., Calhoon, W.H. Jr., and Zambon, A., submitted to Flow, Turb and Comb, 2014.
[5] Vreman, A.W., Albrecht, B.A, van Oijen, J.A., Goey, L.P.H., and Bastiaans, R.J.M., Comb and Flame, Vol.
153, Issue 3, May 2008, Pages 394–416.
[6] TNF Workshop, http://www.ca.sandia.gov/TNF, R. Barlow, Eds., Sandia National Laboratories.
1500

600

0.4

Tab. 1. Extinction Limit
Case
aEXT (1/sec)
Exp
255
LEM-CF
298
LEM-CF,
360
equ. diff.

400

T'

1000

T(K)

0.2

0.5

Z'

Z

1

200

500
0

0

0
-1

-0.5

0

0.5

1

-1

x(cm)

-0.5

0

0.5

x(cm)

Fig. 1. Mean axial mix. fraction and
rms: Exp. (symbols), LEM-CF (solid
line), LEM-CF equ. diff. (dashed line)

Fig. 2. Mean axial temperature and
rms: Exp. (symbols), LEM-CF (solid
line), LEM-CF equ. diff. (dashed line)

Fig. 3. Instantaneous symmetry plane LES filtered
temperature.
2500

Fig. 4. Instantaneous extinction function iso-surface and
symmetry plane LES filtered temperature.

0.2

0.15

LEM-CF LES
Exp

2000

1

LEM-CF LES
Exp

LEM-CF LES
Exp

0.15

0.1

1000

YCO2

YCH4

T(K)

1500

0.1

0.05

0.05

500
0
0

20

40

60

0
0

80

(a) x/D

20

40

60

0
0

80

20

40

60

80

(c) x/D

(b) x/D

Fig. 5. Flame D axial mean: (a) temperature, (b) CH4 mass fraction, (c) CO2 mass fraction of LEM-CF subgrid
model predictions compared with experimental data.
2500

0.2

0.15

LEM-CF LES
Exp

2000

LEM-CF LES
Exp

LEM-CF LES
Exp

0.15

0.1

1000

YCO2

YCH4

T(K)

1500

0.1

0.05

0.05

500
0
0

20

40

(a) x/D

60

80

0
0

20

40

(b) x/D

60

80

0
0

20

40

60

80

(c) x/D

Fig. 6. Flame F axial mean: (a) temperature, (b) CH4 mass fraction, (c) CO2 mass fraction of LEM-CF subgrid
model predictions compared with experimental data.

TNF12 Workshop

393

31 July - 2 August 2014, Pleasanton, California

PDF simulation of Sandia D flame with the RCCE-ANN chemistry
tabulation approach
A.K. Chatzopoulos, Stelios Rigopoulos1
Department of Mechanical Engineering, Imperial College London, Exhibition Road, London SW7 2AZ, UK
In this work we extent the Rate-Controlled Constrained Equilibrium (RCCE)- Artificial Neural Networks (ANNs)
methodology, initially presented in [1], to CH4 -air turbulent combustion. The objective of our approach is to train
the ANNs on the chemical space deriving from an abstract problem in such a way that enables them to capture the
structure of real turbulent flames and minimise the need for ANN re-training. The training of ANNs involves simulating an ensemble of igniting laminar flamelets [2] with random strain rates (up to extinction) to generate and collect
training samples. Reduced chemistry is obtained via the application of RCCE [3, 4] to the detailed mechanism of
Lindstedt and co-workers [5] and the reduced set consists of 14 constraint species: CH4 , O2 , H2 O, CO, CO2 , H2 , N2 ,
H, OH, O, HO2 , CHO, CH2 O, CH3 . The training and simulation of ANNs is based on the synergy of two different
ANNs classes used for pattern classification and prediction tasks [6], the Self-Organising Map (SOM) [7] and the
Multilayer perceptron (MLP) [8] respectively. On the reference SOM we account for 400 clusters, each of which
corresponds to one MLP, figure 1. Regarding the tabulation basis, two different tabulations, summarised in table 1,
are examined, based on different configurations of the flamelet equation. The first one has identical fuel composition
to the turbulent flames of interest. On the other hand, the second one focuses on the evaluation of the performance
of a more general tabulation, based on pure fuel flamelets, to partially premixed turbulent composition. To test the
proposed methodology, both RCCE-ANNs tabulations, RCCE-ANNs(T1 ) and RCCE-ANNs(T2 ), are employed in
RANS simulations of the benchmark Sandia flame D [9, 10, 11]. The interaction of turbulent and combustion is
modelled utilizing the transported Probability Density Function (PDF) approach. The PDF is resolved by 350, 000
Lagrangian stochastic particles and mixing is closed by the modified Curl’s model with CD = 2.0. The comparison
between the chemistry tabulations, the real-time application of RCCE and the experimental measurements, presented
in figures 2, 3 and 4, shows reasonable overall agreement, whereas, significant speed-ups of computational times,
shown in table 2, are recorded for both tabulations against RCCE. This indicates the potential of the RCCE-ANNs
tabulation methodology in the application of complex problems of turbulent combustion.

Fuel (Z = 1)
YCH4
Y O2
Y N2
Oxidizer (Z = 0)
YCH4
Y O2
Y N2

T1

T2

Sandia Flames

0.1563
0.1965
0.6472

1.0
0.0
0.0

0.1563
0.1965
0.6472

0.0
0.233
0.767

0.0
0.233
0.767

0.0
0.233
0.767

Table 1: Boundary conditions (mass fractions) for
Sandia Flames and the employed flamelet configuFig. 1: Schematic representation of a MLP topology.
rations.

Fig. 2: Mean temperature radial profiles.
1 s.rigopoulos@imperial.ac.uk
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Fig. 3: Mean O2 radial profiles.

Fig. 4: Mean CO2 radial profiles.
Method
MLP topology (hidden layers)
CPU times (s)

RCCE(DVODE)
−
1322

RCCE-ANNs(T1 )
20 − 20
3.02

RCCE-ANNs(T2 )
30
1.64

Table 2: CPU time for one reaction step (Intel Xeon 2.66GHz).
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NEW EXPERIMENTAL PERSPECTIVES FOR
COMBUSTION MODEL DEVELOPMENT AND VALIDATION USING
HIGH-SPEED TOMOGRAPHIC PARTICLE IMAGE VELOCIMETRY
Bruno Coriton and Jonathan H. Frank*
Combustion Research Facility, Sandia National Laboratories, Livermore, California 94551
*corresponding author’s email: jhfrank@sandia.gov
High-speed measurements of three-dimensional velocity fields are necessary to further understand the
interplay between turbulence and flame dynamics in addition to providing valuable data for the
development of combustion models. We recently demonstrated the feasibility of tomographic particle
image velocimetry (TPIV) at acquisition rates of 10-to-15 kHz in reactive flows [1]. The threedimensional velocity measurements were combined with planar laser-induced fluorescence (PLIF)
imaging of OH at the same acquisition rates. The tomographic PIV system, depicted in Fig. 1, consisted
of four high-speed CMOS cameras and a dual-head pulsed Nd:YAG. The resulting high-speed
tomographic PIV and OH PLIF measurements were used to track the temporal evolution of interactions
between coherent structures and flames.
TPIV measurements offer access to the complete velocity gradient tensor, from which key fluid dynamic
quantities, such as the kinetic energy dissipation, vorticity, principal strain rate components and tensor
invariants, can be determined (Fig. 2). We recently used TPIV measurements to analyze the influence
of combustion on the principal strain rate transport in turbulent premixed flames [2] and on the
intermittency of elevated strain rate structures in turbulent jet flames [3]. In contrast, two-dimensional
PIV techniques provide incomplete or biased measurements of these quantities in the presence of threedimensional flow structures. Volumetric three-component velocity data are critical for proper
interpretation and analysis of temporally resolved measurements in turbulent flows, wherein threedimensional motion can greatly influence the interpretation of temporal data sequences [4]. The
experimental determination of the complete velocity gradient tensor offers new possibilities for
combustion model development and validation.
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Fig.1 – Experimental Setup

Fig.2 – Examples of scalar quantities that can be derived from
tomographic PIV measurements in a DME/Air turbulent jet flame at
ReD = 29,300.
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Velocity-composition joint probability density function modelling of nonpremixed turbulent flame DNS
Deepak Dalakoti1,3, Alex Krisman1, Evatt R. Hawkes1,2, Joshua C.K. Tang2, Austin Kong1
1. Mechanical and Manufacturing Engineering, UNSW, Sydney, NSW 2052, Australia
2. Photovoltaic and Renewable Energy Engineering, UNSW, Sydney, NSW 2052, Australia
3. Indian Institute of Technology Kanpur 208016, India
Transported probability density function (TPDF) methods are well-suited to modelling turbulent
combustion due their closure of the chemical source term [1,2]. Variants of the TPDF method include
the composition (C-TPDF), and velocity-composition (VC-TPDF) models, which differ by their degree of
closure and the number of transported variables. The C-TPDF model solves transport equations of
scalars only, such as species mass fractions and enthalpy, whereas the VC-TPDF model also solves
for the velocity vector [1,2].
In previous work by some of present the authors [3], a RANS-implementation of the C-TPDF model was
tested in comparison to direct numerical simulation (DNS) of a non-premixed temporal jet flame burning
syngas [4] and ethylene [5] fuel at various levels of turbulence. The focus of that paper was on the
validation and comparison of various mixing sub-models. Using DNS data has the advantage that it
eliminates some uncertainties such as the chemical kinetic sub-model, boundary conditions,
measurement error, etc. It can also be used to eliminate uncertainties in turbulence models, thus
narrowing the focus of an investigation. This study presents an extension of that work, with the
implementation of a VC-TPDF model within the same computational framework.
Two test cases were considered: a mean scalar gradient case (MSG) and a non-premixed turbulent jet
case (syn-gas fuel, case M from [3,4]). The MSG test case was selected in order to provide an analytic
solution with which to validate the VC-TPDF implementation. Case M was selected to compare the
performance of the VC-TPDF model against the C-TPDF baseline.
The VC-TPDF model was implemented with a hybrid particle-mesh and a symmetric time-splitting
method. The simplified Langevin model (SLM) [7] (equation 1) was used to model velocity of particles.
The gradient of mean pressure (p), the turbulent dissipation rate (ε), and the turbulent mixing frequency
() are required inputs for the SLM equation. These were taken directly from DNS.

dV  

1 dp
1/ 2
1 3 
dt    C0   V  V  dt +  C0C1  dW
 dy
2 4 

(1)

Figure 1 shows the results from the MSG case. Both the scalar flux and scalar variance are
quantitatively in excellent agreement with the analytic solution, providing confidence that the VC-TPDF
model has been correctly implemented.
Figure 2 shows the evolution of the mean temperature field from the DNS, C-TPDF, and preliminary
results for VC-TPDF. Both the C-TPDF and VC-TPDF models are able to capture the overall extinction
and re-ignition behaviour reasonably well. Depending on the choice of constants, a trade-off was
observed between predicting the jet spreading and the turbulence intensity. A key difference between
these models is that the VC-TPDF model requires less input from DNS. Principally, the mean velocity
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Auto-ignition studies of a fuel jet propagating into hot air generated by a novel plasma heater
Felix Eitel, Jhon Pareja, Dirk Geyer, Andreas Dreizler*
Reaktive Strömungen und Messtechnik, Technische Universität Darmstadt, Jovanka-Bontschits-Straße 2, 64287
Darmstadt, Germany
*Corresponding Author: dreizler@csi.tu-darmstadt.de
Autoignition (AI) is a fundamental problem in combustion science which deals with the transition from a low
temperature, slowly reacting state to a high temperature, fully burning state. It plays an important role in applications
such as diesel engines, lean premixed prevaporized (LPP) gas turbines, homogeneous charge compression ignition
(HCCI) engines and moderate or intense low oxygen dilution (MILD) combustion [1-2]. In these practical applications
fuel and air flows are usually turbulent; hence it is essential to understand the autoignition under turbulent flow
conditions. Experimental approaches are mandatory to understand the complex interaction of the turbulent mixing with
the chemical processes.
In this study, the development of a novel test rig for AI studies of a cold fuel jet propagating into turbulent air
preheated up to 1300 K is described. The test rig was developed with a particular emphasis on the application of a
variety of laser diagnostic techniques. Advances of the experimental setup for simultaneous time-resolved high speed
OH planar laser-induced fluorescence (PLIF), time-resolved CH2O PLIF and stereo particle image velocimetry (S-PIV)
are presented along with the first results from combined OH and CH2O PLIF experiments using methane as fuel.
Novel test rig

H

Fig. 1 Cross-section of the auto-ignition test-rig (left side) with schematic description of microwave plasma heater
(MWPH) including axial (A1), tangential (A2) and cooling (A3) air inlets, fused silica tube (B), plasma (C), the
flow conditioning unit (FCU) including static mixer (F), air inlets for particle seeding (G) and burner head and
burner exit (right side) including two turbulence grids (H), fuel injection lance (I) and nozzle (J).
The basic setup of the novel test rig (see Fig. 1) consists of three main sections: (1) hot air is produced by microwave
plasma-heating (MWPH) capable of achieving high co-flow temperatures (up to 1300 K within 30 min) at turbulent
conditions as well as a wide range of co-flow velocities (from 8 to 40 m/s). (2) Following to the heating the
temperature profile is homogenized in the flow conditioning unit (FCU) by a static mixer. Downstream of the static
mixer solid seeding particles can be added as needed for particle image velocimetry (PIV). Next to the seeding section
the burner head (3) is attached to the FCU. Inside the burner head the flow is accelerated by a contoured nozzle with a
contraction ratio of 4. Two adjacent turbulence enhancing perforated plates with a whole diameter of 8 mm and a
blockage ratio of 35 % are employed to control the integral length scale. At the burner exit, which is attached
downstream of the contraction nozzle, a tube of fused silica is concentrically aligned to the fuel lance. The exit planes
of the fused silica tube and the fuel lance are staggered by 5 mm to allow for optical measurements directly at start of
fuel injection.
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Experimental setup
Fig. 2 shows a schematic of the experimental setup for the CH2O/OH PLIF and S-PIV experiments. For the timeresolved CH2O PLIF experiment, two frequency-doubled dye laser (operating on Pyridine 1) were pumped using two
frequency-double Nd:YAG lasers (500 mJ/pulse at 532 nm) at 10 Hz to produce two UV beams (29 mJ/pulse at 339.26
nm), temporally separated by
. The laser beams were combined and expanded into a sheet of
approximately 30 mm width by means of cylindrical lenses. Fluorescence emission from 385 to 485 nm was imaged
onto a CMOS camera (LaVision HSS6, 1024 × 512 pixels) equipped with a high speed intensifier and a short pass
filter.
In the high speed OH PLIF
Filter CH2O
experiment, a dye laser was
Dye laser OH
operated with Rhodamine 6G
Burner head
and pumped with a 10 kHz
Filter OH
Beam combining prism
S-PIV
Nd:YAG laser. The UV beam
Cam1
Dye lasers
(~0.3 mJ/pulse) was tuned at
CH2O
282.90 nm and expanded into a
sheet of 25 mm height. The
S-PIV
fluorescence
emission
was
Cam2
PIV laser
y
collected at 310 nm and imaged
onto the intensifier and the
x
z
following camera using an UV
lens and a high-transmission,
Fig. 2 Schematic of the experimental setup for CH2O/OH PLIF and S-PIV.
band-pass filter. The setup
includes the possibility of
simultaneous S-PIV measurements using a frequency-doubled Nd:YAG dual-cavity laser (100 W at 532nm) and two
CMOS cameras (double-frame exposure) in Scheimpflug arrangement. Particles are seeded to the fuel as well as to the
air flow. The current measurements were centered around 63 mm downstream from the exit of the fuel lance in order to
prevent for mixing of ambient air prior to the AI process.
Preliminary results
Results from the characterization of the test-rig as well as lift-off height measurements with different fuels will be
presented in the poster. Fig. 3 shows preliminary results from simultaneous CH 2O/OH PLIF measurements of a
methane jet issuing into hot turbulent air. The images are not yet corrected for laser profile inhomogeneities. These
diagnostics allow probing the location, structure and evolution of autoignition kernels. Current measurements are
suitable to study the interaction between the low temperature reactions regime, denoted by the presence of CH2O
species, and the fully burning regime, marked by the OH radicals. The future integration of the S-PIV measurements
will allow for investigations of the interaction between the turbulent mixing and the chemical reactions during AI
processes.
a)

b)

c)

f)

d)

e)

g)

h)

Fig. 3 Sequential OH PLIF images (from (a) to (e)) and simultaneous CH2O PLIF images ((h) and (i)) show the
evolution of an autoignition kernel. The
between two consecutive OH images is 100 , the
of the two CH2O
images is
and the
between the OH and the CH2O images is 4
as shown in the timing schematic (f).
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Simulation of Sandia D/E/F flames with Rate-Controlled Constrained
Equilibrium (RCCE)
S. Elbahloul, Stelios Rigopoulos1
Department of Mechanical Engineering, Imperial College London, Exhibition Road, London SW7 2AZ, UK
Mechanism reduction is key to the success of PDF methods, as chemistry computations are extremely expensive
when carried out by detailed mechanisms. For large-scale PDF computations tabulation is the only practical way
to introduce detailed chemistry (as in e.g. [1]), but mechanism reduction is an essential prerequisite as the number
of variables must be substantially reduced for tabulation to be feasible. Rate-Controlled Constrained Equilibrium
(RCCE) is a systematic method of mechanism reduction that offers the flexibility of easy derivation and testing of
reduced mechanisms, since the selection of slow/fast species enters as external input to the program. The objective
of this work is to investigate the potential of the RCCE mechanism reduction methodology for modelling turbulent
flames within the framework of transported PDF methods. For this reason, we have chosen to simulate the Sandia
flames [2], [3] that have long served as a benchmark for the turbulent combustion modelling community. The focus
of this work is on the comparison of the results from the simulation with the detailed mechanism with those from
the RCCE-reduced mechanism, as this is the ultimate test for the accuracy of RCCE.
The simulations of Sandia flames D/E/F are carried out with a RANS approach and a Lagrangian particle method
for solving the transported joint-scalar PDF equation. The results obtained with the RCCE-reduced mechanism are
compared with both experiments and direct integration of the detailed mechanism. The mechanism employed here
is the well known GRI 3.0 CH4 combustion mechanism. The turbulence closure employed is the k − ε model, while
the micromixing closure in the PDF transport equation is the interaction with the mean (IEM) model. The RCCEreduced mechanism employs 18 constraints, which were selected from the original 53 species based on laminar
flamelet simulations.
Overall, excellent agreement is observed between the RCCE simulations and direct integration, indicating that
the reduced mechanism can reproduce very well the features of the full mechanism. Some radial profiles of temperature and CO in mixture fraction space for flames D and F are shown in figs. 1,2. Agreement with experimental results
is also reasonably good, within the limits of the turbulence and mixing models employed. Apart from RCCE, the
other components in this simulation are rather standard and their accuracy is known; this combination was chosen so
that we can focus on the comparison of RCCE and direct integration. In general, the comparisons indicated that the
RCCE-reduced mechanism is able of reproducing the finite-rate chemistry effects in the detailed mechanism, with
the accuracy reaching in most cases that of the detailed mechanism. The shape of the flames was reasonably well
reproduced, with some discrepancies in mixture fraction caused by the eddy-diffusivity modelling. Scatter plots reproduced a reasonable amount of extinction and reignition present in the experiments, but the comparison of RCCE
and direct integration was again almost indistinguishable. Better yet predictions can be accomplished by employing
a more advanced mixing model, or by LES, in which case the impact of the mixing model can be minimised through
grid refinement.
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Fig. 1: Radial profiles of unconditional mean temperature in physical space and mean mass fractions of CO in
mixture fraction space for flame D.
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Fig. 2: Radial profiles of unconditional mean temperature in physical space and mean mass fractions of CO in
mixture fraction space for flame F.
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Turbulent Burning Velocities of Methane Flames in Highly Turbulent
Opposed Jet Flows
K. H. H. Goh1,2 , P. Geipel1,3 , F. Hampp1 , R. P. Lindstedt1
1

2

Department of Mechanical Engineering, Imperial College, London SW7 2AZ, UK
Institute of Materials Research and Engineering, 3, Research Link, Singapore 117602
3
Siemens Industrial Turbomachinery AB, SE-612 83 Finspong, Sweden.

A turbulent opposed jet burner was used to investigate methane flames for turbulent Reynolds numbers
from 143 to 412 using fractal grid generated multi-scale turbulence. The flame stabilisation method in such
burners is through aerodynamics rather than pilot flames and the essentially adiabatic conditions lead to
flame dynamics and extinction in the back-to-back geometry being related to the aerothermochemistry of
the combustion process. The flames in the current work were stabilised by hot products of combustion
from methane-hydrogen-air flames emerging from the lower nozzle, in a manner similar to that of previous
work [1]. The purpose of the current contribution is to provide turbulent burning velocities for a wider
range of conditions, while maintaining well-defined boundary conditions, using the opposed jet geometry in
a back-to-burnt configuration. The current focus is on the use of the local displacement speed approach, as
defined by Driscoll [2] and evaluated by Goh et al. [3], for the determination of turbulent burning velocities.
Table 1: Flow conditions including bulk velocity (Ub ), the equivalence ratio (φ) for the methane (CH4 ) and
hydrogen (H2 ) fuel blend used in the lower nozzle to generate the hot combustion products, and the lower
nozzle exit temperature (T ). Subscripts u represent the upper nozzle.
Ub,u
[m/s]
4.0
9.0
18.0

φu
[-]
0.80
0.80
1.00

%CH4
[-]
100
50
40

%H2
[-]
0
50
60

Ub
[m/s]
1.0
3.0
5.0

φ
[-]
0.75
0.60
0.65

T
[K]
1720
1640
1700

Flow conditions are shown in Table 1, with bulk velocities in the upper nozzle varied from 4 m/s to
18 m/s. Other variables such as the reaction interface thickness (δf ) and the size of the turbulent flame
brush (δt ) were determined using the method of Goh et al. [4], where the flame fronts were detected via
the density segregation method of Goh et al. [5]. The corresponding values of laminar burning velocities
(SL ) were assessed by Goh [6], using various sources as reviewed by Ranzi et al. [7], and the values used are
shown alongside the experimentally determined integral length scales (LI ) and turbulent Reynolds numbers
(Ret ) obtained via hot wire anemometry [6]. The Damköhler numbers were also estimated using the actual
reaction zone interface thickness.
Table 2: Flow conditions including bulk velocity (Ub ), equivalence ratio (φ), reaction interface thickness (δf ),
size of the turbulent flame brush (δt ), laminar burning velocity (SL ), integral length scale (LI ), turbulent
Reynolds number (Ret ), Damköhler number (Da), corresponding velocity fluctuations (u0 ) and turbulent
burning velocities (ST ) along the burner axis (subscript 1) and mapped normal to the mean progress variable
contours (subscript 2). Subscripts u represent the upper nozzle.
Ub,u
[m/s]
4.0
9.0
18.0

φu
[-]
0.80
0.80
1.00

δf
[mm]
1.039
0.845
0.675

δt
[mm]
10.22
7.74
7.45

SL
[cm/s]
25.2
25.2
35.5

LI
[mm]
3.5
3.1
2.9

Ret
[-]
143
237
412

Da
[-]
1.30
0.77
0.70

u01
[m/s]
1.03
2.03
3.90

ST,1
[m/s]
2.73
4.29
5.94

u02
[m/s]
1.00±0.04
2.13±0.12
4.24±0.31

ST,2
[m/s]
2.84±0.18
4.37±0.40
6.83±0.60

Turbulent burning velocities (ST,1 ) and the corresponding axial velocity fluctuations (u01 ) were obtained
along the axis of the burner where the mean reaction progress variable (c) was 0.02 [1]. In addition, along
the iso-contour where c = 0.02, at radial locations within the nozzle diameter, the mean and deviation of
1 Corresponding
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corresponding values of the turbulent burning velocity (ST,2 ) and axial velocity fluctuations (u02 ) were also
obtained. These are shown alongside literature data [2, 6] and its empirically fitted function (as presented by
Goh [6]) in Fig. 1. Values of ST were somewhat higher than those in literature, possibly due to the influence
of the back-to-burnt stabilisation method. The differences in the state of the hot combustion products shown
in Table 1 may, therefore, exert some influence. Also, values of ST,2 and u02 were found to be somewhat
higher than the corresponding values along the axis of the burner.
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Figure 1: Turbulent burning velocities normalised against laminar burning velocities (top row) and rms
velocity fluctuations (bottom row) for methane flames at bulk velocities of 4.0 ( ), 9.0 () and 18.0 (4)
metres per second. Blue and red symbols represent centreline and mean progress variable contour averaged
values. Dots represent values obtained from literature [2, 6], whereas the line represents an empirical fit [6].
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Analysis of topological transitions of swirling flames triggered by the thermal
boundaries of the combustion chamber
T. F. Guiberti1,2, L. Zimmer1,2, D. Durox1,2, T. Schuller1,2
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Ecole Centrale Paris, Grande Voie des Vignes, 92290 Châtenay-Malabry, France
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thibault.guiberti@ecp.fr

The shape of the flame is an important feature that controls the temperature field of burnt gases,
pollutant emissions, heat fluxes to the combustor walls and to the injection unit, and the
combustor stability with respect to thermo-acoustic self-sustained oscillations. Shape transitions
of lean premixed swirling flames are often observed in combustion chambers without changes of
the flow operating conditions of the combustor. In these systems, swirling premixed flames are
generally stabilized with a V shape, but intermittent topological transitions strongly depend on
the thermal boundary conditions of the combustor.
The role of heat losses at the chamber walls
modifying the temperature in the outer
recirculation zone of swirling flames is analyzed
in this study for lean premixed CH4/H2/Air
flames with a test trig dedicated to detailed
combustion and heat transfer analysis. The
burner (See Fig. 1) includes a cylindrical
injection tube with a 14 mm exit diameter. The
flow is put in rotation by a radial swirling vane
located upstream of the injection tube. A 6 mm
diameter central rod installed on the burner axis
helps anchoring the flame at the injection unit
outlet 2 mm above the dump plane. The flame is
stabilized in a square combustion chamber
featuring four quartz windows. The swirl number
is fixed to S = 0.4 in these experiments and the
walls are relatively far away from the reaction
zone. Laser induced OH fluorescence and
particle imaging velocimetry measurments in
different planes are used to analyze flame shape
transitions and the corresponding flow field
when the thermal boundaries of the combustion
chamber are modified. The temperatures of the
chamber walls are determined by laser induced
phosphorescence and the temperature in the
outer recirculation zone is deduced from
thermocouple measurements.
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Figure 1 Schematic of the test-rig.
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It is shown that when combustion is initiated with cold chamber walls, the probability of V to M
flame shape transitions is reduced compared to a situation with hot chamber walls (See Fig. 2).
When thermal steady state is reached, the fraction of H2 in the methane/hydrogen fuel mixture
also influences the V to M shape transition probability (See Fig. 3).

Figure 2 (a):(d) Average over 400 instantaneous binarized transverse OH-PLIF images for XH2fuel = 0.70
when the time is varied from ignition to steady state. The temperature reached at chamber walls (LIP2)
during OH-PLIF measurements and the corresponding M shape flame probability are indicated.
(e) Temporal evolution of the temperature reached at different positions on the combustion chamber
walls. Blue and black lines respectively stand for LIP and thermocouple (TC) surface measurements.
Black square symbols represent thermocouple measurements in the ORZ. Red circle symbols show the
probability to stabilize a M shape flame as a function of time.

Figure 3 Abel inverted OH* chemiluminescence images of swirling flames at thermal steady state of the
combustor and for different fuel compositions. The fraction of hydrogen the methane/hydrogen fuel
mixture XH2fuel varies from 0.55 to 0.86. The equivalence ratio is kept constant at φ = 0.7 as well as the
thermal power of the flame P = 4 kW.
Reference(s)
[1] T. F. Guiberti, D. Durox, L. Zimmer, T. Schuller, Combustion and Flame (submitted).
[2] J. Brübach, C. Pflitsch, A. Dreizler, B. Atakan, Progress in Energy and Combustion Science 39 (1)
(2013) 37-60.
[3] T. F. Guiberti, D. Durox, P. Scouflaire, T. Schuller, Proceedings of the Combustion Institute 35.
Accepted for publication.
[4] B. Coriton, J. H. Frank, A. Gomez, Combustion and Flame 160 (2013) 2442-2456.
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Toward estimating the extinction frequency in turbulent
non-premixed flames with a simple stochastic model
John C. Hewson
Sandia National Laboratories, Albuquerque, NM 87185-0836 USA
jchewso@sandia.gov
The prediction of statistics for flame extinction in turbulent non-premixed flames is a key aspect
in the design of combustion systems. While localized extinction can be tolerated and can be
beneficial in minimizing pollutant emissions by maximizing combustion intensity, a transition to
global extinction must be avoided. This transition to global extinction is referred to as flame
blow out and its prevention as flame stabilization. Over the course of this series of workshops a
great deal of effort has addressed the prediction of flame stabilization.
Localized extinction of steady flames is understood to be predicted using a mixing time scale like
the scalar-dissipation rate, χ. However, in turbulent flows the scalar-dissipation rate is rapidly
varying over orders of magnitude with a distribution characterized as log normal. Under these
conditions, the steady extinction criterion is not necessarily the most relevant and an unsteady
extinction criterion needs to be employed. In recent work, such a criterion for unsteady
extinction was developed in terms of the magnitude by which the scalar dissipation rate exceeds
the critical steady extinction value, χq, integrated over the duration when χ > χq [1]

Z=

∫

( χ − χ q ) dt

(1)

χ >χq

that is referred to as the dissipation impulse. A suitably normalized measure of this dissipation
impulse, Ξ ∝ Ζ, was found to have a well-defined critical value for unsteady extinction Ξq.
Further, this critical value Ξq was related to characteristics of the steady flame state: the
maximum flame temperature as a function of the dissipation rate on the so-called S-curve stable
upper branch and unstable middle branch [1].
Here we present a simple model for the temporal evolution of the scalar dissipation rate and
extract statistics for the dissipation impulse, Ζ ∝ Ξ, to develop an understanding of the expected
extinction frequency. The simplified model for the scalar-dissipation rate evolution employs an
Ornstein–Uhlenbeck process as proposed by [2] and applied to extinction and ignition problems
in non-premixed combustion in [3, 4]. The Ornstein-Uhlenbeck process is normalized to depend
on a single parameter, the variance of the logarithm of the dissipation rate, σ2, with time
normalized by the dissipation correlation time. Two other parameters relate the flame
characteristics to the scalar-dissipation rate statistics: the steady extinction dissipation rate, χq,
normalized by the average dissipation rate, χavg, and the characteristic dissipation impulse Z q ∝ Ξq
for transient extinction.
Prior work has shown that the interesting parameter space is χq >> χavg [5]. Evolution of the
Ornstein-Uhlenbeck process provides dissipation rate histories for which the statistics of the
dissipation impulse, Zq, are obtained. These results are presented in terms of the frequency of
dissipation impulses of a given magnitude, normalized by the dissipation rate correlation time,
and as a function of χq /χavg for various σ in the below figures.
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In the figure at left the frequency of impulses of normalized magnitude Z is plotted as a function
of the magnitude, providing a frequency distribution. As expected, impulses of larger magnitude
are less frequent; the frequency follows a power law scaling for (normalized) magnitudes less
than unity and falls off more rapidly for larger impulse magnitudes. The frequency also depends
on the relative magnitude of χq /χavg and σ with increasing magnitudes more frequent for smaller
χq /χavg and larger σ as expected. A correlation in the frequency is found when these two sets of
parameters are combined by measuring the distance ln χq - <ln χ> (the distance in logarithmic
space between the most typical dissipation rate and χq) as shown in the figure at the right. There
the different colored lines correspond to different magnitudes (as per the figure at left) separated
by two orders of magnitude each and the different line patterns within each group correspond to
different σ. It is noted that the distance ln χq - <ln χ> employed in the figure at right is directly
related to the probability that χ > χq based on the lognormal size distribution.
These results suggest the beginnings of an approach to estimating the frequency of extinction
without carrying out simulations using detailed chemical kinetics incorporating stochastic
variations in mixing rates as are typically employed to predict extinction. Further work is
required to assess the actual ability to make predictions in actual flames as studied in the present
workshop series.
[1]
[2]
[3]

[4]

[5]

J. C. Hewson, "An extinction criterion for nonpremixed flames subject to brief periods of
high dissipation rates," Combust. Flame, vol. 160, pp. 887-897, 2013.
S. B. Pope and Y. L. Chen, "The Velocity-Dissipation Probability Density-Function
Model for Turbulent Flows," Phys. Fluids A, vol. 2, pp. 1437-1449, Aug 1990.
H. Pitsch and S. Fedotov, "Investigations of Scalar Dissipation Rate Fluctuations in
Nonpremixed Turbulent Combustion Using a Stochastic Approach," Combust. Theory
Modeling, vol. 5, pp. 41-57, 2001.
G. Blanquart and H. Pitsch, "Modeling autoignition in non-premixed turbulent
combustion using a stochastic flamelet approach," Proceedings of the Combustion
Institute, vol. 30, pp. 2745-2753, 2005 2005.
J. C. Hewson and A. R. Kerstein, "Local Extinction and Reignition in Nonpremixed
Turbulent CO/H2/N2 Jet Flames," Combust. Sci. Tech., vol. 174, pp. 35-66, 2002.
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Evaluation of the dynamic F-TACLES combustion model applied to a lean
preheated methane turbulent premixed flame
Arash Hosseinzadeh ? , Thomas Schmitt† , Amsini Sadiki? and Johannes Janicka?
?
Institute of Energy and Power Plant TechnologyTechnische Universität Darmstadt, Darmstadt, Germany
E-mail: zadeh@ekt.tu-darmstadt.de
†

EM2C Laboratory, CNRS, Ecole Centrale Paris, France

The power-law wrinkling model proposed by Charlette et al. [1] is applied in a dynamic approach and coupled with
F-TACLES (Filtered TAbulated Chemistry for Large Eddy Simulation)[2] combustion model (Schmitt et al. [3]) . A
”Germano-like” procedure based on a Gaussian filtering of the flame structure is used in this dynamic formulation.
The combustion model is implemented in a low-Mach code including the dynamic Smagorinsky model to describe the
subgrid scale flow structures.
Diverse numerical simulations are conducted for a lean premixed turbulent Bunsen type flame (Matrix Burner), both
with dynamic and non-dynamic formulation of the power-law wrinkling model on two different grid levels to retrieve
the evolving flow and combustion properties. Comparisons of numerical and experimental statistical results show a
large discrepancy for the non-dynamic formulation by using different values for the power exponent. The statistical
results using the dynamically determined model parameter are very encouraging and underline that the utilization of
the dynamic formulation is inevitable for a correct prediction of the turbulent burning velocity.
The software package FASTEST is used. It is a fully conservative Finite-Volume code with a SIMPLE type pressure
correction scheme that simulates flows in complex three-dimensional configurations. The spatial discretization is of
second order, and the time discretization is an explicit Runge-Kutta third order. To assure the boundedness of scalar
quantities a TVD limiter is used. The code uses block structured, hexahedral boundary-fitted grids
Configuration and numerical setup
The Matrix burner was developed and experimentally investigated at KIT (Karlsruhe Institute of Technology) by
Zajadatz et al. [4]. The objective was to produce turbulent flames with gas turbines characteristics, i.e., high turbulence
intensity and high energy density. The model burner is equipped with a square matrix turbulence generator consisting
of 32 boreholes and swirl sheets that render opposite swirl direction in each borehole pair, respectively. Fig.1 shows
the experimental set-up of the model burner which consists of turbulence generator, burner nozzle and stabilization
device. The simulation domain is also displayed.
The burner jet flow is homogenous and has a well-defined mean velocity without integral swirl and has high volumetric
heat release rates. The flame is stabilized upstream of the burner orifice at the jet rim, where hydrogen is fed from
the ring rim into the flow field. In the current work, a methane/air mixture with an air to fuel equivalence ratio of
λ = 1.75 (lean premixed) and a thermal load of Pth = 275.6kW is considered. The premixed fuel is preheated to
the temperature of T0 = 400o C. The Reynolds number based on the nozzle diameter (D = 0.15m) and bulk velocity
(Ubulk = 23.5m) is Re ≈ 55.000.
Results & Conclusions
First, fixed values for power law exponent were employed. Second, the investigations were carried out using the
dynamic formulation of the power-law wrinkling model with a global averaged approach on two different grid levels.
The numerical investigations show that the non-dynamic model with constant values of the power exponent is not able
to predict the correct turbulent burning velocity, and consequently, the flame characteristics, as depicted in Fig.3, in
both coarse (shown) and fine (not shown) grids. The statistical results with a dynamically determined model parameter
are very encouraging and allow for very good predictions, as depicted in Fig.4 for both grid levels (see also Fig.2).
The results show that the value of the power exponent is case dependent and cannot be held as a fixed general value
for all different configurations. Therefore the utilization of a dynamic formulation of the power-law wrinkling model
is compelling for a correct prediction of the turbulent burning velocity.

TNF12 Workshop

412

31 July - 2 August 2014, Pleasanton, California

Figure 1: Matrix burner experimental setup and numerical domain.

Figure 2: Contour plots of averaged temperature superimposed with progress variable source term using
dynamic formulation; left coarse; and right: fine mesh.

Figure 3: Temperature, corresponding rms and the CH4
mass fraction. • Experiment; —β=0.5; – –β=0.3 using
coarse grid.

Figure 4: Daynamic formulation: Temperature, corresponding rms and the CH4 mass fraction. • Experiment; — Fine grid; – – Coarse grid.
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H
oxxy-fuel com
mbustion
In mostt combustioon processees air is ussed as the oxidizer. However,
processees exhibit advantages
a
as
a increasedd thermal effficiency, hiigher processsing rates, reduced
flue gaas volumess and redu
uced pollut
utant emissions at hiigher oxyggen concen
ntrations.
Furtherm
more, oxy-fuel combu
ustion is a key processs for carbo
on capture and storage (CCS)
applicattions.
Oxy-fueel combustiion can be realized w
with a high
her amount of O2 in tthe oxidizeer and/or
additionnal dilution of the fuel and/or oxiddizer with CO
C 2. In botth cases, typpical characcteristics
of air coombustion are altered, e.g. flame temperaturres decreasee with higheer CO2 dilu
ution and
increasee with a higher
h
amou
unt of O2. Further, raadiation efffects are m
more domin
nant and
differenntial diffusioon is significant due to higher amo
ounts of H2.
The 3D
D turbulennt simulatio
on of suchh systems requires suitable tuurbulence-ch
hemistry
interactiion (TCI) modeling
m
as
a the compplexity of the
t underly
ying chemisstry becom
mes more
pronounnced [1]. Onn the fuel riich side, buut also due to
t lower flaame temperaatures, sign
nificantly
slower conversion reactions can take pllace [2].
melet/progrress variablle (FPV) [33] model
The flam
is a suittable choicee to capture slower proccesses as
demonsstrated for local extincttion, NOX eemission
and radiation [4] inn standard methane-air
m
r flames,
which aare all slow
wer processees compareed to the
fast oxiddation reacttions.
In the ppresent studdy, a flameleet/progress variable
large edddy simulaation of a turbulent oxy-fuel
flame was perrformed. An
A
instanntaneous
temperaature field of
o this flamee is shown iin Fig. 1.
The expperimental investigatio
on with laseer based
multi-sppecies Ram
man measureements [5] showed
that thhe flame exhibits strong diffferential
diffusioon effects.
An inveestigation off the underlying steadyy laminar
flamelett solutions confirmed the import
rtance of
differenntial diffusioon. A moree detailed ddiffusion
modelinng (diff diff
d
corrected) was rrequired,
which inncluded a variation
v
of the Lewis-nnumbers
in mixtuure fractionn space. On
n the other hand, a
constannt, non-unityy Lewis-num
mber approaach (diff
diff) waas not suffiicient and the
t same hoolds true
for the unity Lewiis-number approach
a
(L
Le=1) as
shown iin Fig. 2.
The LES simulatioons confirmeed the findinngs of Fig
g. 1: Contour plot oof the insttantaneous
the expperiments inndicating th
he importannce of tem
mperature diistribution.
differenntial diffusioon close to the
t burner nnozzle
and deccreasing furtther downsttream.
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Fig. 2: Scatter pllot of the experimenta
e
al data in a height of 1D
1 with thee compariso
on of a
f
unity Lewis-num
mbers and two diffeerential diffusion
steady flamelet solution for
mentations.
implem

mber of the fflow is mod
dest and thee resolution in the LES
S is high,
Further,, as the Reyynolds-num
accuratee modeling of the comb
bustion proocess was fo
ound to be crucial.
c
A coonvenient trreatment
of the ddiffusion pheenomenon within
w
the F
FPV approacch is thus reequired.
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Multi-Environment PDF Modeling for Turbulent DME/AIR Pilot Jet Flames
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Among oxygenated fuels, the simplest ether fuel, dimethyl ether(DME), has been attracting much attention
as a clean alternative fuel for the compression-ignition engines due to its beneficial characteristics
including low soot emissions as well as improved auto-ignition characteristics. However, because DME has
distinctly different combustion characteristics from conventional hydrocarbon fuels in terms of oxygenate
ingredient, chemical kinetics, transport properties, ignition, and heat release rate, the application of DME in
practical combustion systems creates many problems. In this respect, more systematic research is needed
for the combustion processes of DME fuel.
Recently, Fuest et al.[1, 2] carried out for 1D Raman/Rayleigh measurements[2] for the partially-premixed
DME/air flames in the Sydney/Sandia piloted jet burner geometry[3]. In the present study, the multienvironment probability density function method[4] has been applied to simulate the turbulent piloted,
partially-premixed DME/air jet flames[1]. The direct quadrature method of moments (DQMOM) has been
adopted to solve the transport PDF equation due to its computational efficiency and robustness. The IEM
mixing model is employed to represent the mixing process and the chemical mechanism is based on DME
mechanism[5]. Numerical results obtained in this study are precisely compared with experimental data[1]
in terms of unconditional and conditional means for scalar fields including temperature, mixture fraction
and species mole fraction.
Figures 1 and 2 shows the predicted and measured[1] radial profiles for unconditional means of
temperature, mixture fraction and mole fraction of major species(DME, O2, CO2, CO, H2 and H2O) at four
axial stations. Even if there exist the certain deviations with measurements, the predicted profiles of scalar
fields are the overall conformity with the experimental data. Close to the burner exit(x/d=1), it can be
clearly seen that the flame structure is dominantly influenced by the surrounding pilot flame. The flame
structure in this region indicates there exist the pilot premixed flame and the non-premixed flame zone
through the mixing process among co-flow air, pilot, and main jet. At x/d = 5 shortly after the burner exit,
the predicted and measured flame fields indicate that the influence of the pilot flame is nearly negligible. At
the fuel-rich central zone in further downstream region(x/d = 20), the DME mole fraction is overestimated
and the mixture fraction is underestimated. These discrepancies are is attributed to the neglect of the
preferential diffusion in the present MEPDF approach as well as the shortcomings of the RANS-based twoenvironment PDF model. Fig. 2 presents the conditional scatters of temperature and mole fraction of O2,
CO2 and CO at various axial locations to account for the effects of conditional fluctuations of temperature
and composition vector on the local flame structure. The predicted conditional profiles have the overall
agreement with experimental data. At the upstream region(x/d = 1), there exists the unique peak CO2 levels
distributed from the lean condition(f=0.2) to the stoichiometric condition in the mixture fraction space. This
unique tendency is mainly due to the presence of the pilot flame. At the far fuel-rich region, the condition
means for temperature, CO and CO2 mole fraction at axial locations(x/d>10) are substantially
underestimated. This underestimations are direct tied with the neglect of preferential diffusion.
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The lean premixed combustion technology has gained the wide popularity due to its low NOx emission
characteristics. However, the practical lean-premixed combustor systems including gas turbines and
automobile engines usually operate in the stratified regimes in which a flame propagates through the nonuniformity distributed mixtures. This stratified premixed flame might be optimally devised to improve
flame stability and ignitability in the very lean conditions, or it could be generated by the limitation on
mixing length for fuel and oxidizer in actual combustors. In these aspects, the systematic researches are
needed to clearly understand the dynamics and precise structure in the turbulent stratified premixed flames
with the various equivalence ratio gradients. Recent experiments[1, 2] provided the benchmark data for the
well-defined turbulent stratified premixed flames for model validation. Hochgreb et al.[2] systematically
performed a sequence of measurements for the turbulent stratified premixed flames with different levels of
stratification and turbulence intensity in a two-dimensional slot burner.
In the present study, the multi-environment probability density function method[3] has been applied to
simulate the turbulent stratified premixed flames. The direct quadrature method of moments (DQMOM)
has been adopted to solve the transport PDF equation due to its computational efficiency and robustness.
The IEM mixing model is employed to represent the mixing process and the chemical mechanism is based
on GRI 2.11 mechanism. Computations are made for the non-swirling turbulent stratified premixed flames
including SWB5 and SWB9. SWB5 flame is moderately stratified while SWB9 flame is highly stratified.
Because of page limitation, numerical results only for SWB5 are presented here. Numerical results
obtained in this study are precisely compared with experimental data [2, 4] in terms of axial velocity and
unconditional means for scalar fields including temperature and species mass fraction.
Fig. 1 shows the overall flame pattern including contours of temperature and equivalence ratio in the
turbulent stratified premixed flame(SWB5). It can be seen that, the turbulent mixing takes place along the
downstream regions between the coflow and the outer stream as well as between the inner and outer stream.
The predicted isoline of the lean flammability limit indicates that the flammable zone gradually increases
up to 80mm and it decreases the far downstream region(x>80mm) due to the coflow / cold outer stream
mixing. As displayed in Fig. 2, the mean axial velocity are reasonably agreed with experimental data[4]
even if the noticeable deviations exist. In the upstream recirculation zone at x<30mm, the strength of the
flow reversal is slightly underestimated. These discrepancies could be attributed the imposition of adiabatic
wall condition and the shortcomings of the RANS-based turbulence model. Fig. 3 shows the radial profiles
of mean scalar fields in terms of temperature, equivalence ratio, mass fraction of CH4 and O2. Numerical
results are comparable agreement with experimental data [2]. However, the present MEPDF approach
based on the unitary Lewis number assumption is unable to predict a distinct peak of equivalence ratio in
the bluff body region. Fig. 4 presents the conditional scatters of temperature and mass fraction of CH 4 and
O2 at four axial locations. These conditional scatters clearly distinguish the characteristic flame regions
such as purely premixed flame and stratified premixed flame.
Reference(s)
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premixed turbulent flames", Proc. Combust. Inst. 33 (2011) 1583–1590.
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of turbulent premixed and stratified methane/air flames", Combust. Flame 160 (2013) 2017–2028.

TNF12 Workshop

418

31 July - 2 August 2014, Pleasanton, California

30

35

1500
1000
500

0

5

10

15

20

Radial position [mm]

25

30

Equivalence ratio

1500

500

5

10

15

20

Radial position [mm]

25

30

10
0
-10 0

25

35

25

30

30

0

5

5

10

10

15

15

20

1

20

25

Radial
Radial
position
position
[mm][mm]

25

0.8

30

30

35

600
400
200

0

1

0

0

5

5

10

10

15

15

20

20

25

Radial
Radial
position
position
[mm][mm]

25

-10

30

30

35

600
400
200

0.2
0

0

0

0

5

5

10

10

15

15

20

5

10

15

20

Radial position [mm]

25

h=70mm

30
20
10
0
-10

0

5

10

15

20

Radial position [mm]

25

20

25

Radial
Radial
position
position
[mm][mm]

25

30

30

35

25

h=10mm

4
2
00

5

10

15

20

Radial position [mm]

25

h=30mm

8
6
4
2
00

5

10

15

20

Radial position [mm]

25

h=50mm

8
6
4
2
0

0

5

10

15

20

Radial position [mm]

25

h=70mm

8
6
4
2
0

0

5

10

15

20

Radial position [mm]

25

O2 mass fraction

0.1

0.05

0

0

0

5

5

10

10

15

15

20

20

25

25

Radial
Radial
position
position
[mm][mm]

30

30

35

0.15

0.1

0.02
0.05

0

0

0.06

0

5

5

10

10

15

15

20

20

25

25

Radial
Radial
position
position
[mm][mm]

30

30

35

0.15

0.1

0.02

0

0.05

0

0

0.06

0

5

5

10

10

15

15

20

20

25

25

Radial
Radial
position
position
[mm][mm]

30

30

35

0.15

0.1

0.02

0

35

0.05

0

0

0

5

5

10

10

15

15

20

20

25

25

Radial
Radial
position
position
[mm][mm]

30

30

35

0

0

0

5

5

10

10

15

15

20

20

25

Radial
Radial
position
position
[mm][mm]

30

30

35

0.15
0.1

0.01

0.05

0

0

0

5

5

10

10

15

15

20

20

25

Radial
Radial
position
position
[mm][mm]

25

30

30

35

0.15
0.1

0.01

0.05

0

0

0

5

5

10

10

15

15

20

20

25

Radial
Radial
position
position
[mm][mm]

25

30

30

35

0.1

0.01

0.05
0

0

0

0

5

5

10

10

15

15

20

20

25

Radial
Radial
position
position
[mm][mm]

25

30

30

35

35

5

10

h=10mm

1000
500
0.4

0.6

Equivalence ratio

CH4 mass fraction

Temperature [K]

1500

500
0

0.2

0.4

0.6

Equivalence ratio

0.8

1

CH4 mass fraction

1500

500
0

0.2

0.4

0.6

Equivalence ratio

0.8

1

CH4 mass fraction

1500

500
0.2

0.4

0.6

Equivalence ratio

0.8

1

0.8

0

5

10

0

0.2

0.4

0.6

Equivalence ratio

0.8

0

5

10

0.02

0.4

0.6

Equivalence ratio

0.8

0.02

0

0.2

0.4

0.6

Equivalence ratio

0.8

0.6

1

0.8

0

0

5

10

1

1

0.2
0.15
0.1
0.05
0

0.2

0.4

0.6

Equivalence ratio

0.8

1

h=70mm

0.2
0.15
0.1
0.05
0

0

0.2

0.4

0.6

Equivalence ratio

0.8

1

(a) temperature
(b) CH4 mass fraction
(c) O2 mass fraction
Fig. 4 Conditional scatters of scalar fields at various axial stations
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One-dimensional turbulence modeling of a counterflow flame
under intense turbulence and strain with comparison to DNS
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Abstract
The one-dimensional turbulence (ODT) model is applied to a reactant-to-product counterflow configuration
and results from the model prediction are compared with DNS data. The model employed herein solves
conservation equations for momentum, energy, and species on a one dimensional (1D) domain corresponding
to the line spanning the domain between nozzle orifice centers. The effects of turbulent mixing are modeled
via a stochastic process, while the Kolmogorov and reactive length and time scales are explicitly resolved and
a detailed chemical kinetic mechanism is used. Comparisons between model predictions and DNS data for
mean and root-mean-square (RMS) velocity, temperature, and major and minor species profiles are shown.
The ODT approach shows qualitatively and quantitatively reasonable agreement with the DNS data. The
present work can be seen as a proof of concept and is a step towards using the model as a predictive tool
and for undertaking parameter studies that would otherwise be unaffordable.
Keywords: counterflow, turbulent flame, one-dimensional-turbulence model, numerical simulations

1

Computational set up

We solve the set of variable density zero-Mach-number equations in one spatial dimension in a Lagrangian
framework on an adaptive grid. The numerical implementation and the ODT formulation used are outlined
in [3]. Here we only briefly introduce the features of the model that are especially relevant to the counterflow
configuration.
Dilatation model: In ODT, we are living on a 1D line between the two nozzles. There is compression
of the fluid occurring due to the two opposed jets, and there is expansion/contraction occurring due to
mixing and burning. The pressure remains constant and therefore we must make a decision about how much
dilatation to keep on our 1D line or inversely how much fluid to remove. The model we employ additionally
incorporates the idea that low density parcels, having less inertia, are more readily accelerated in the radial
direction (off line) than are high density parcels.
Advection model: An advection model needs to be introduced for the transport of the incoming fluid from
the nozzles towards the center of the domain. We take the ODT aligned velocity component, u, to be the
advecting velocity, and introduce a pressure source term in the momentum equation with a shape function
that linearly decreases the velocity from the nozzle inlets towards the stagnation point. The linear decrease
of the velocity towards the stagnation point is valid for laminar counterflow, but not for the turbulent case.
Our main goal is to have a mechanism that slows down the velocity as the stagnation point is reached.
Darrieus-Landau instability model: Buoyant forces may arise in a fluid in which there are density gradients
and a body force. In the case of the Rayleigh-Taylor instability, density gradients are due to temperature
gradients, and the body force acting is gravity. Similarly, in a reactive flow, planar flames are intrinsically
unstable due to acceleration of the variable-density fluid caused by thermal expansion across the burning
front. This instability is termed the Darrieus-Landau instability, and was first introduced in an ODT context
in [2]. Using the analogy to the Rayleigh-Taylor instability, the constant acceleration of the gravity is replaced
by the varying time rate of change of the advecting velocity. This acceleration term is then used to build a
potential energy which modifies the net likelihood of turbulence generation.
⋆
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2

Results

For validation, the DNS configuration described in [4] is used. A turbulent stream of premixed H2/air is
opposed against a laminar stream of hot products. Mean and RMS data for velocity, temperature, and major
and minor species are shown in Fig. 1. We see that although ODT is a reduced order model, it is able to
achieve a good quantitative comparison for both mean and RMS temperature and species results. The mean
velocity profile shows good agreement with DNS data near the stagnation point, x/L = 0.4. This however
becomes less correlated away from the stagnation point, due to our simplified advection model. Additionally,
scatter plots and mean and RMS plots conditioned on temperature for heat release rate and major and
minor species were compared. A qualitative agreement is in all cases achieved, with quantitative agreement
for RMS profiles and some mean profiles.

Fig. 1. Comparison of DNS to ODT results for Favre averaged mean and RMS velocity, temperature, and major and
minor species.

The reactant-to-product experimental setup in [1] has also been attempted, however here, our model
is not currently able to capture the level of re-ignition that the experiment shows, and therefore a good
comparison to conditional statistics is not achieved. We believe that in the experiment, advection from off
the center line has a major role in ignition on the line. In comparing the DNS to the experimental setup,
the experimental domain is larger, the reactant stream bulk inlet velocity is slower, and the product stream
temperature is below the adiabatic flame temperature of the reactant stream mixture, while for the DNS it
is above. These three factors indicate that for the experiment, effects off the center line could have a more
important influence on ignition characteristics on the center line than in the DNS configuration.
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Compositional structure of major species in turbulent
premixed and stratified flames
M. Mustafa Kamal*, Simone Hochgreb
University of Cambridge

Abstract
This study analyses the effects of stratification and swirl on the
probability distribution of species, as a function of progress of reaction
and equivalence ratio for a series of turbulent flames over a range of
local equivalence ratios from 0.375-1.125, extracted from a previously
generated database [1]. Scalar data were obtained from
Rayleigh/Raman/CO laser induced fluorescence line measurements at
103 μm spatial resolution for species CH 4, CO2, CO, H2, H2O and O2,
and about 60 μm resolution for temperature. Gradients can be obtained
normal to the flame based on cross-planar OH PLIF. In this poster, we
analyse the state space of composition vs. temperature, as a function of
local equivalence ratio and extent of reaction, for all cases. We find
that for all cases, state species profiles are almost perfectly represented
by laminar flame profiles as a function of temperature, with small
deviations possibly arising from differential diffusion as shown in Fig.
1. Higher turbulence affects CO profiles in particular, scattering the
concentrations away from the laminar profiles to slightly higher values
for temperatures below the point of peak CO, and to slightly lower
values beyond peak CO.
Probability density functions (pdfs) of the local surface density
function,
as a function of progress of reaction, , conditioned on the
local equivalence ratio shows a good agreement with the unstrained
laminar calculations for the zero swirl cases as shown in Fig. 2. Further
downstream, the agreement becomes poorer in all cases, with the mean
flame surface density function becoming smaller, indicating that the
thermal region of the flame is thicker than the corresponding laminar
flame at the same equivalence ratio, and that the increase in thickness
depends on the location in the flame, which is affected by the local
turbulence and equivalence ratio.
*Corresponding author: mmk44@cam.ac.uk
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Fig. 1(a): Pdfs (in number of measurements) of temperature, T, and species
mass fraction, , for premixed (SwB1) and highly stratified (SwB9). Black
lines show unstrained laminar flame calculations for the
= 0.75. (b):
Unstrained laminar premixed flame calculations of the three species for various
values of equivalence ratios.

Fig. 2: Pdfs (in number of measurements) of temperature based progress
variable, and surface density function, .
[1]

M. S. Sweeney, S. Hochgreb, M. J. Dunn, and R. S. Barlow, "The
structure of turbulent stratified and premixed methane/ air flames I:
Non-swirling flows," Combust. Flame, vol. 159, pp. 2896-2911, 2012.
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A Comparative DNS Study of Turbulent Lifted Hydrogen/Air Jet Flame near AutoIgnition Limit
Seung Ook Kim1, Jacqueline H. Chen2, and Chun Sang Yoo1, *
*

Corresponding author: csyoo@unist.ac.kr

1

School of Mechanical and Nuclear Engineering, Ulsan National Institute of Science and Technology, Ulsan 689798, Republic of Korea
2

Combustion Research Facility, Sandia National Laboratories, Livermore, CA94551-0969, USA

Introduction
The characteristics of turbulent non-premixed lifted jet flames under various coflow conditions have widely been
investigated due to their relevance to practical applications such as diesel engines, gas turbine combustors, and
commercial boilers. Moreover, the stabilization mechanisms of turbulent lifted jet flames are so complicated that it is
still challenging to develop a predictive model, which is able to describe correctly every situation in turbulent
combustion. In such modern combustion systems, fuel is usually injected into an environment of hot gases such that
turbulent flames may be stabilized through the recirculation of hot air and combustion products. Under such conditions,
this leads to a turbulent lifted flame, and the hot environment admits the possibility of auto-ignition as a mechanism
contributing to the stabilization of the flame base. In addition to auto-ignition, flame propagation and the role of large
eddies have been considered as possible mechanisms for stabilization of the lifted flame base1,2. In our previous 3-D
direct numerical simulation (DNS) study of turbulent lifted jet flames in autoignitive coflows, it was found that the
lifted flame base forms a cycle with the passage of large-scale jet structure and the stabilization is determined by the
competition between local axial velocity and auto-ignition that occurs in fuel-lean mixtures1,2. We have recently
performed three 3-D DNSs of a turbulent lifted hydrogen/air jet flames in heated coflows near auto-ignition limit to
examine the stabilization mechanisms and flame structure of turbulent lifted jet flames.
Problem configuration
The spatially-developing turbulent lifted jet flame simulation was performed in a 3-D slot-burner configuration.
Fuel issues from a central jet, which consists of 65% hydrogen and 35% nitrogen by volume at an inlet temperature
of Tj = 400K. The central jet is surrounded on either side by co-flowing heated air streams at three different Tc = 750
(Case L), 850 (Case M), and 950 K (Case H) and atmospheric pressure. The fuel jet and coflow velocities are
specified as Uj = 240 m/s and Uc = 2 m/s, and the fuel jet width, H, is 2 mm such that the jet Reynolds number, Rej (=
HUj/), is approximately 8,000. The computational domain is 15H  20H  3H in the streamwise, x, transverse, y,
and spanwise, z, directions with 2000  1600  400 grid points. A uniform grid spacing of 15 μm is used in the x- and
z-directions, while an algebraically stretched mesh is used in the y-direction.
The compressible Navier-Stokes, species continuity, and total energy equations were solved using the Sandia DNS
code, S3D, with a 4th-order Runge-Kutta method for time integration and an 8th-order central differencing scheme for
spatial discretization. A detailed hydrogen/air kinetic mechanism was adopted for DNSs3. Improved nonreflecting
inflow/outflow boundary conditions4 were used in the x- and y-directions and periodic boundary conditions were
applied in the homogeneous z-direction. Based on the fuel jet velocity and the streamwise domain length, a jet time,
j = Lx/Uj, is approximately 0.125 ms. To obtain a stationary lifted flame while saving computational cost, a simulation
with a grid resoution of 40 μm was first performed until the flame reached a steady state. The solution from that
simulation was then interpolated to 15 μm and used as an initial condition for the fully resolved simulation. The
solution was advanced at a constant time-step of 5 ns through 4.0j. The fine-mesh simulations were performed on the
Cray XT5/XK7 at Oak Ridge National Laboratories and each DNS required 2.5 million CPU-hours. Note that the
steady lift-off heights are approximately /
2.4, /
4.0, and /
5.3.
Results and Discussion
Figure 1 shows 3D volume rendering of OH and HO2 mass fractions, and 2D isocontour of Damköhler number,
∙
where is the scalar dissipation rate and is a chemical mode which is an
Da, for the three cases.
eigenvale of the Jacobian matrix of chemical source term in the governing equations. A chemical explosive mode
≫ 1 is likely to lead to
(CEM) is defined as the chemical mode of which is positive. In general, a mixture with
ignition, and as such, a long strip of mixture with large
upstream of the flamebase in Case H indicates that autoignition by high coflow temperature can be the main source of the flame stabiliztion for Case H. For Cases L and M,
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however, only a narrow tip of mixture with large
upstream of the flamebases exists, which indicates that flame
propagation rather than auto-ignition can be attributed to the stabilization of the lifted flame even for Case M with the
coflow temperature being close to auto-ignition limit. Note that usually,
has large value in the preheating zone of
a premixed flame such that the narrow regions with large
in Case L and M are the preheating zone and not the
radical-induced ignition5,6.

Figure 1. 3-D volume rendering of OH and HO2 mass fractions, and isocontours of
(log scale) for Cases L, M,
and H (from left to right). White lines denote the flamebase with
1.
The physicochemical characteristics of the flames are further investigated using the explosion index (EI) and
participation index (PI), which represent the contribution of a chemical species and a reaction to a CEM, respectively.
Especially, the EI’s and PI’s at ten different locations are listed in the table. It is of interest to note that temperature
and hydrogen are the most important species at right upstream of the flamebases for all cases regardless of the coflow
temperature, and R1 (H + O2 = O + OH) and R9 (H + O2 + M = HO2 + M) are the two major reaction steps, contributing
to the CEM.

Figure 2. EI-weighted color-mixing of temperature (red), H2 (blue), H (green), O (cyan), O2 (yellow) for Cases L,
M, and L from left to right, and EI and PI at selected points (see table) .
The Favre means and variances of temperature, heat release,
, and important species are evaluated at different
axial locations, all of which show the flame propagation or auto-ignition characteristics depending on the coflow
temperature.
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Evaluating the Shadow Position Mixing Model for Transported PDF
Modelling of Non-Premixed Flames
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The Shadow Position Mixing Model (SPMM) is a new mixing model proposed by Pope (2013) [1]. It
allows for locality of mixing without violating independence and linearity principles. The SPMM models
the mixing interactions between the notional particles as a relaxation of the composition to the mean
composition conditioned on a new variable, the shadow position ࢆ.
As an extension of previous work by some of the authors [2], in this poster SPMM is compared with
DNS modelling a temporally evolving, non-premixed jet flame burning syngas fuel, which features
significant extinction and reignition [3]. The performance of SPMM is assessed in comparison to three
other mixing models: interaction by exchange with the mean (IEM) [4], modified Curl’s [5], and
Euclidean minimum spanning trees [6].
Figure 1 shows results for the space-time dependence of mean temperature from the DNS, IEM,
EMST, and SPMM models for a particular choice of SPMM parameters. All three models show good
performance for the mean temperature. Figure 2 shows the conditional PDF of temperature for all four
models, and for different SPMM parameter choices. The parameter q, explained in the poster, controls
the level of locality provided by SPMM. Figure 2 demonstrates that the conditional PDF can be varied
between a PDF which closely resembles that obtained by IEM (large q – right side), in which mixing is
not local, to a PDF which resembles EMST, in which mixing is local (small q – left side). SPMM is
therefore a more flexible model than EMST or IEM.

Figure 1: Space‐time dependence of mean temperature for the
DNS, IEM, EMST and SPMM.
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Figure 2: Mixture‐fraction conditional PDF of temperature for the DNS, EMST, IEM, MC, and
SPMM with four different choices of parameters.
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Effect of thermal boundary conditions onto the flame stabilization of a
turbulent premixed stratified flame
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Stratification is found in many practical applications. Besides being just the unintended result of
incomplete mixing it can specifically be used to achieve certain stability and/or pollutant
requirements. In this regard, particularly lean premixed flames that face inhomogeneously mixed
reactants are of increasing importance. Within this work a Large Eddy Simulation (LES) study is
performed in order to investigate the influence of thermal boundary conditions onto the flame
stabilization.

Fig. 1: Left: Illustration of the grid used. Right: Snapshot of the enthalpy ( kJ/kg ) and isoline of the
CO2 source term ( 50 kg/m3/s ) for the case that includes heat losses within the pilot tube (left) and the
case which additionally accounts for the preheating within slot 1 (right).

The burner investigated here is the turbulent stratified piloted flame depicted in Fig. 1. A
comprehensive set of validation data for this annular flame burning in a premixed mode is
available from experiments in Darmstadt and Sandia national labs. The configuration has already
been subject of several numerical investigations carried out by different groups. The issue
investigated within this study arose from those simulations as well as experimental observations.
The thermal boundary conditions of the central tube in which the pilot flame is positioned
seemed to play a vital role in the stratified flame's leading edge position. As observed from flame
luminescence, a suppression of heat release was obvious and subsequently performed gas phase
temperature measurements revealed a drop by several hundred Kelvin here. Hence, a significant
amount of heat gets removed from the flame causing a lift-off whose height is still not quantified
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and surely not captured in the initial adiabatic simulations.
The purpose of this work is both to provide insight into the underlying physics as well as to
study the sensitivity of the simulation related to the heat transfer treatment. The study is
supplemented by preliminary wall temperature measurements using phosphor thermometry1 to
remove the large uncertainty revealed in the past for this configuration.
Three Simulations are compared. First, the initial adiabatic one, second an estimated wall
temperature at the inner wall of the pilot tube as used by various groups of the last TNF
workshop and third, the usage of the phosphor measurements at the inner and outer wall.
The results obtained from the three LES for the TSF-A-r flame are evaluated by means of an
illustration of the different flame stabilizations and comparisons with experimental data. A very
important finding is that not only the inclusion of enthalpy losses is important but also a more
thermodynamic consistent treatment only met in the third case. In this regard it became clear that
the heat removed at the pilot flame causes a preheating of the fresh reactants. As illustrated in
Fig. 1 it turned out that this effect initially thought to be negligible has a strong influence locally
onto the dynamics at the flame's leading edge. As visible here, the initial heat loss within the
pilot flame leading to the lift-off gets partially countered by the preheating which strengthens the
flame and therewith reduces the liftoff height.
Furthermore a global effect of the preheating is observed as illustrated in Fig. 2. The temperature
shows that the inclusion of heat losses leads to an accurate prediction at the centerline, but
furthermore, the preheating shifts the flame towards the adiabatic one at higher radii since they
have approximately the same amount of total energy. This combined effect has a favorable
influence onto the prediction of the velocity field: Only by accounting for both, the heat loss and
the preheating, the simulation is able to reproduce the measured shape indicating that it is caused
by those physics.

Fig. 2: Comparison of the LES with adiabatic conditions (blue), the case that includes heat losses
within the pilot tube (red) and the case which additionally accounts for the preheating within slot 1
(black) with experimental data (points). Left: axial velocity ( m/s ). Right: Temperature ( K ).

1

These measurements are still under review.
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Structure and stabilization of a hydrogen-rich transverse
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Results are presented from a joint experimental-numerical investigation of hydrogen-rich jets in a
vitiated crossflow (JICF) comprised of products of methane combustion. Simultaneous highspeed stereoscopic PIV and OH PLIF measurements were obtained and analyzed alongside threedimensional direct numerical simulations (DNS) of inert and reacting JICF with detailed H2/CO
chemistry. Significant effort was put forth to match important fluid mechanic and chemical
kinetic parameters, in order to enable mutually useful comparisons of the results. These
comparisons are useful for enabling understanding of the coupled role of flow, kinetics, and
hydrodynamic stability. The study aims to address key questions for the design of staged
combustors including the location and mechanism of flame stabilization, the heat release
distribution and the effects of heat release on the unsteady dynamics of the shear layer of the
reactive jet, the growth rate and the jet/crossflow mixing.
Two test conditions are considered, one where the JICF is inert and one where it is reacting. The
jet composition is 70% H2 and 30% He by volume. The mixture compositions of the jet and the
crossflow were selected to provide a jet-to-crossflow density ratio, S=0.37, below the critical
value for transition from convective to globally instability observed previously in non-reacting
JICF studies by Getsinger et al. [1]. The jet-to-crossflow momentum flux ratio, J, is 9 the jet
Reynolds number based on mean jet velocity is Rej=2420 and the crossflow Reynolds based on
mean velocity and channel height for the reacting and non-reacting conditions is Reo=9480.
Figure 1 compares the measured and computed Reynolds averaged velocity magnitude and OH
mass fraction fields on the spanwise midplane of the reacting JICF. The mean heat release rate
isolines, spanning 10% to 90% of the maximum value, are superimposed on the DNS results to
demarcate the reaction zone. The major flow and flame features including the jet trajectory and
flame brush extent are qualitatively similar between the reacting DNS and experiment. Both the
experiment and the simulation reveal that, contrary to most previous studies of reacting JICF
stabilized in low-to-moderate temperature air crossflow, the present conditions lead to an
autoigniting, burner-attached flame stabilized in the stagnation region just upstream of the
windward shear layer and in the low velocity region tucked behind the jet potential core.
Significant asymmetry is observed, however, between the reaction zones located on the
windward and leeward sides of the jet, due to the substantially different scalar dissipation rates.
The windward reaction zone is much thinner in the near field, while also exhibiting significantly
higher local and global heat release than the much broader reaction zone found on the leeward
side of the jet.
The unsteady dynamics of the windward shear layer, which largely control the important
jet/crossflow mixing processes in that region, are explored in order to elucidate the important
flow stability implications arising in hydrogen rich jets injected into vitiated crossflow. Vorticity
spectra extracted from the windward shear layer, shown in Figure 2, reveal that the reacting jet is
globally unstable and features two high frequency modes, including a fundamental mode whose
Strouhal number of ~0.7 agrees well with previous non-reacting JICF stability studies [1-2].
Chemical explosive mode analysis (CEMA) [3] shows that the entire windward shear layer and a
large region on the leeward side of the jet are highly explosive prior to ignition and are dominated
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by non-premixed flame structures after ignition. The predominantly mixing limited nature of the
flow after ignition is confirmed by computing the Takeno flame index [4], which shows that
~70% of the heat release occurs in non-premixed regions.

Figure 1: Reynolds-averaged velocity magnitude normalized by Uj (left) and normalized OH mass fraction
(right), top: experiment, bottom: DNS from the reacting JICF. Isolines of the mean heat release rate
between 10%-90% of the maximum value (white) are overlaid on the DNS. The normalized OH-PLIF
signal is plotted from the experiment.

Figure 2: Reynolds-averaged spanwise vorticity component normalized by tj = d/Uj from the reacting
DNS on which the probe locations are marked and frequency spectra from probes 1, 2 and 3, located on
the windward shear layer at y/d=1, 2 and 3, respectively.
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Dual-Resolution Raman Spectroscopy for Measurements in
DME-Air Flames
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Development and validation of numerical models for turbulent premixed and non-premixed flames requires detailed
experimental data. In the multi-scalar laser diagnostic laboratory at Sandia`s Combustion Research Facility (CRF)
we combine spontaneous Raman scattering (SRS) with Rayleigh scattering and two-photon laser induced
fluorescence (LIF) of CO to obtain instantaneous (400 ns) and simultaneous measurements of temperature and major
species concentration in hydrocarbon flames over a 6 mm line with 100 µm spatial resolution [1].
The applicability of the instrument has been limited to H2-air or CH4-air flames. In recent years the interest of the
scientific community shifted toward fuels more complex than H2 and CH4 and in particular toward biofuels. Biofuels
are renewable, can reduce greenhouse emissions and decrease the dependence on imported fuels. Dimethyl ether
(DME) was identified as a potential alternative diesel fuel thanks to low NOX and particulate emissions and good
autoignition properties. The low C2 and soot precursor formation makes DME a good candidate for Raman
measurements, thanks to lower interference levels compared to other hydrocarbons. This paper presents recent
development of the Sandia SRS/Rayleigh instrument that will enable measurements in DME-air flames.
In CH4-air flames, neglecting the combustion intermediates does not affect significantly the temperature, the
mixture fraction and the major species profiles as demonstrated by Barlow et al. in [2]. Unfortunately this
approximation is not valid in flames with DME as the fuel. Figure 1 shows laminar, opposed-flow calculations in
DME-air flame with a 1:2 fuel-air ratio, performed with Chemkin PRO using the mechanism proposed by Zhao [3].
Combustion intermediates account for up to 8% of the total composition and neglecting them would cause up to
40% errors in the measured temperature. Fuest et al. [4] circumvented the need of measuring the combustion
intermediates by estimating the relative hydrocarbons concentration based on laminar flame calculations. This
approach becomes less reliable as the flame probed departs from a laminar behavior, as for example near extinction.
Figure 2a) shows Raman spectra of the major DME-air combustion intermediates at 800 K. Severe overlap
between the spectral features can be observed. The Raman spectra were collected by probing jets of electrically
heated hydrocarbons using the Raman instrument of [1]. Spectral overlap of Raman features is very detrimental
when the matrix inversion (MI) approach [5] is chosen to acquire and process the Raman signal. In the MI approach,
the Raman signals are integrated over fixed spectral regions (Raman channels), reducing the readout noise and
allowing fast processing. Raman channels are chosen to collect most of the signal from a single species, and only
small contributions (crosstalk) from other species. In presence of large overlap between the Raman spectra the
crosstalks become large, and discerning between the contributions of the different species more challenging. The
issue is exacerbated by the “bowing effect”, an apparent shift toward the red of up to 10 pixels, commonly observed
between the optical center and the edge of the image. When the Raman spectral features are overlapped, the Raman
signal collected on each Raman channel becomes strongly dependent on the position along the probed line, further
complicating the calibration process, and increasing the sensitivity of the instrument to beam steering, and to errors
in the calibration.
Overlap between the Raman spectral features can be mitigated by increasing the dispersion of the grating, but
this would reduce the range of Raman shift that can be imaged on the camera. To extend the capabilities of Sandia`s
SRS/Rayleigh scattering system to measurements in DME-air flames we added a second complete detection system,
identical to the first, except for a higher dispersion holographic grating ( 4165 lines/mm ) replacing the 1200
lines/mm Holospec grating. The new, dual-resolution SRS-Rayleigh system acquires simultaneously the Raman
signal on two detection systems. The “low resolution” detection system images the Raman signal in the 760-4600
cm-1 Raman shift range with a 3 cm-1/pixel dispersion. This is the detection system used in previous SRS/Rayleigh
measurements at Sandia`s Combustion Research Facility, and it collects Raman signal from all the major species in
hydrocarbon-air flames. The “high resolution” detection system provides the Raman signal in the 2680-3280 cm-1
Raman shift range with a 0.43 cm-1/pixel dispersion. Hydrocarbons spectra at 800 K collected with the high
resolution system are shown in Figure 2b). Raman channels are identified by the vertical dotted line. The overlap
between the hydrocarbons spectra is reduced with respect to what obtained with the “low resolution” system (Fig.
2a), reducing the crosstalks, and the sensitivity to the bowing effect.
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Accurate Raman measurements require a calibration of the instrument. Cold gas measurements of air, H2, and
hydrocarbons, allow determining the Raman and the Rayleigh cross section of N2, O2, H2, CH4, C2H4, C2H6, and
DME at ambient temperature. Temperature dependence for N2, O2, H2 were obtained from theoretical spectra
computed with Ramses[6]. Raman measurements in a set of H2-air Hencken burner flames are used to calibrate the
H2O Raman cross section, and crosstalk of H2 and H2O on other channels. Similarly Raman measurements in a set
of premixed CH4-air flames from a flat-flame burner provide calibration for CO2, CO and their crosstalk terms.
Hydrocarbons Raman cross sections for temperatures up to 900 K were obtained from previous Raman
measurements with a high resolution spectrometer. For temperature higher than 900 K, measurements in a series of
vertical flames were used. The vertical flame burner, introduced in [1] provides a nearly vertical flame (orthogonal
to the laser direction) that is well approximated by unstrained laminar flame calculations. CH4-air, C2H4-air and
C2H6-air vertical flames with an equivalence ratio of Φ~0.7 were used to calibrate the temperature dependence of
the Raman signal in the CH4, C2H4 and C2H6 channels respectively and their crosstalk on all the other channels.
Laminar flame calculations were performed with Chemkin using GRI Mech 3.0 and multi-component transport with
the Soret effect included. DME and formaldehyde temperature dependence were calibrated by matching
measurements in a DME-air vertical flame to laminar calculations from Chemkin using the Zhao mechanism.
Details of the calibration procedure will be discussed in the poster.

a)

b)

Figure 1: Mole fractions of DME and its combustion
intermediates and temperature profiles computed in a
laminar DME-air flame

Figure 2: Experimental Raman spectra of DME
and its combustion intermediates at “low” a) and
“high” resolution
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Engineers have demonstrated the potential of split fuel injection for controlling combustion timing and reducing
emissions in compression ignition engines. This Direct Numerical Simulation (DNS)-based study addresses the
need for fundamental understanding and for computational design tools that can account for the turbulencechemistry interactions occurring in engines with complex split-injection schedules.
First, the entrainment transients and local scalar dissipation rate statistics in gaseous fuel jets are examined for
a selection of injection schedules. Two mixture fractions (Z1 and Z2) are defined, representing fuel from the first
and second fuel injection pulses. These mixture fractions are used in combination with an aging scalar variable
to characterise the rate of mixing between fluids injected at different times. The age, a, is defined by its
(

boundary conditions and transport equation [1], as

)

.

Figure 1 shows instantaneous iso-contours of Z1=0.1and Z2=0.1, each coloured by the value of the other
mixture fraction. For example, the cyan colour on the iso-contour of Z2 at 0.92 ms indicates that the second
pulse overlaps with the fuel from the first pulse. Therefore, the ignition or mixing characteristic of the second
pulse will be different from the first pulse due to the residue from the previous pulse, such as high temperature,
high turbulent intensity, and radicals. The conditions for the DNS are listed in Table 1.

Figure 1: Snapshots of iso-contours of two mixture fractions, 0.1, by the value of the other mixture fraction.
Rejet = 7,800.
Table1. List of conditions for the DNS
Ujet
Ucoflow
Jet diameter
Pulse duration
125 m/s 12.5 m/s
1 mm
0.25 ms
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Second, the effect that mixing between fluid injected at different times has on ignition and flame propagation is
examined in a homogeneous isotropic turbulence DNS. The simulation configuration is similar to Doran et al.
[2], but we consider up to three separate injection events. Each injection event is represented by instantaneously
superimposing fresh fuel on the current solution as shown in Fig. 2. The fuel stream is composed of 65% of H2
with 35% N2 by volume. Detailed hydrogen chemistry [3] is adopted for this numerical experiment in order to
provide a simple multi-step chemical model. The temperature of the fuel is 400K, and the temperature of the air
is 1050K, with a pressure of 1 bar. The domain size is 1.2cm x 1.2cm, with 360x360 grid points and a time step
of 4ns. Reynolds averaged (or large eddy) simulations of turbulent reacting flows require a closure for the
unconditionally (or filtered) reaction rate. In order to identify appropriate conditioning variables for the DoubleConditional Moment Closure, an a priori is performed in which the mean reaction source term is evaluated from
the DNS data by considering alternative conditioning variables: two mixture fractions (Z1, Z2) [4]; progress
variable – mixture fraction (c, Z); and a novel approach conditioning on mixture fraction and age (Z, a). This has
been achieved using several 'first-order' double-conditional moment closures:
〈˙
where

and

〉

〉 (

∬〈 ˙

are sample space variables for the conditioning variables,

)
and , and P is their joint-probability

density function. Figure 2 indicates that conditioning on sensible enthalpy and mixture fraction gives excellent
agreement with the unconditional average throughout the simulation while conditioning on mixture fraction(s)
and age gives unsatisfactory predictions (not shown). Further a posteriori comparison between the DNS and the
DCMC predictions indicate that the a priori comparison is misleading. The a posteriori comparison confirms
the observations of Doran [2] and Hasse [3] that conditioning on Z1 and Z2 is a useful approach for two
injections, but suggests that conditioning on mixture fraction and age is a promising approach for extending
Hasse and Doran’s methods to more than two injections.

Figure 2. Temperature contours at the time of the

Figure 3. Mean reaction rate for a 3-injection DNS

second injection, the solid lines are mixture fraction

(black) and the moment closure, conditioned on mixture

equal to 1.

fraction and progress variable (red).
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Prototype confined jet-in-hot-coflow burner
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Two key burners were highlighted at the TNF11 workshop for the study of flames in a hot and
depleted oxygen environment coflow: the vitiated coflow burner (VCB, “Cabra” burner, [1,2])
and the jet-in-hot-coflow (JHC) burner (both the Adelaide [3] and Delft [4] variants). These
all consist of a central fuel jet which issues into a coflow of products from a secondary burner.
These burners emulate the coupling of mixing and chemical kinetics in reacting recirculating
flows, but without the complex recirculation flow patterns of industrial burners, thus aim to
simplify modelling. Importantly, they also enable systematic parametric studies.
Both the VCB and JHC burners have been the focus of numerous computational studies, as
highlighted in previous TNF meetings. Each of the experimental campaigns, and subsequent
modelling, has tended to focus on only specific operating conditions. In general, JHC burners
have been used for the study of moderate or intense low oxygen dilution (MILD) combustion,
whilst the VCB predominately for lifted flames. In combination, a wide range of conditions
has been covered, but variations in the burner designs may contribute to the observed
differences. It is widely reported that many of the uncertainties in the models stem from
uncertainties in the boundary conditions of the experimental burners. The use of a secondary
burner for generating the coflow also contributes to uncertainties in the boundary conditions.
There has been major advancement of understanding of the stabilisation behaviour of these
flames. It is well-accepted that stabilisation occurs through a build-up of radicals ahead of the
reaction zone [5]. This is true for both the MILD and lifted flames. Despite many similarities,
the global behaviour of the flames is quite different. The higher oxygen level flames tend to
lift-off, whereas at lower oxygen levels (MILD combustion) the flames attach to the exit plane
of the jet. In the transition region there are reactions all the way to the exit plane, but the
flame also tends to appear lifted [6]. This phenomenon has been captured in DNS studies for
certain conditions [7,8]. A comprehensive “regime diagram” for these turbulent flames is yet
to be developed, but more importantly, the role of pressure on the flame behaviour remains
unclear. Of particular note, it has previously been shown at atmospheric pressure conditions
that flames in an intermediate oxygen concentration, between that of conventional and MILD
combustion conditions, are susceptible to combustion instabilities but it is unknown whether
this also holds at higher pressures.
These flames are typically characterised by low Damköhler numbers, such that mixing and
chemical reactions both become particularly important. Under pressurised conditions,
variations in both the turbulence and chemistry are expected to have a significant effect on the
flame. Under pressurised conditions the influence of the walls, both through confinement and
radiation, is also expected to have an impact on flame behaviour.
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Window

Main combustor

To address the need for experimental studies of these jet-in-hot-coflow
flames under pressurised conditions a confined version has been
developed, as shown in Figure 1. It features the same operating
principles as the previous VCB and JHC burners, in that it consists of a
central fuel jet and a secondary burner for generating the coflow. To
allow operation at higher pressure the design of the secondary burner
has been replaced with a non-premixed ring burner. The coflow stream
can be either laminar or turbulent and with or without swirl. The walls
of the combustor are not cooled, but may be operated with or without
thermal insulation to alter the heat losses. In this way the temperature
of walls can be used to control the radiant heating – which is expected
to play an important role in planned future liquid fuelled studies.

Secondary burner

To date the prototype burner has been built and is part-way through
commissioning. It is designed for 5 bar, but to remain within budget,
the manufactured prototype is not suitable for high pressure reacting
cases; however minor pressurisation (1 bar) has showed the suitability
of the concept. The burner is also designed such that it can be operated
without the confined main combustor (top section). In this
configuration it operates in a similar way to existing vitiated coflow
burners. Although this configuration is limited to atmospheric pressure,
it facilitates more detailed measurement of the boundary conditions by Figure 1:
allowing unimpeded optical access. When operated in an open-flame Prototype combustor
configuration, this burner also enables comparison with previous
vitiated coflow burner measurements. The design also features interchangeable jets to
compare different diameters and nozzle geometries.
The prototype combustor has the potential to systematically investigate numerous conditions
and resolve some of the limitations of previous systems. In addition to the role of confinement
and pressure, heat loss of the walls is one important parameter that can be controlled with this
burner. The ability to control the flow-field of the coflow will enable more experimental
variation of this parameter, and detailed measurements of the turbulent statistics across the
width of the coflow are planned. However, there are many challenges that are yet to be
addressed. The preliminary work has used an un-cooled central fuel pipe. While this reduces
the thermal boundary layer, the potential of cracking of the fuel may be problematic. The
uncooled jet will also be unsuitable for the injection of liquid sprays. Although the level of
insulation of the walls can be adjusted, maintaining a constant wall temperature along the
length of the flame will require careful consideration. Continued development is planned to
resolve the numerous challenges. The longer-term intention is to convert the prototype into a
reliable burner suitable for detailed experimental campaigns.
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Analysis of the impact of heat loss and hydrogen enrichment on the shape of
confined CH4/H2/Air swirling flames using LES and tabulated chemistry
R. Mercier1,2, T. F. Guiberti1,2, L. Zimmer1,2, D. Durox1,2, O. Gicquel1,2, N. Darabiha1,2,
T. Schuller1,2, B. Fiorina1,2
1

Ecole Centrale Paris, Grande Voie des Vignes, 92290 Châtenay-Malabry, France
2 CNRS, UPR 288, Laboratoire d’Energétique Moléculaire et Macroscopique,
Combustion (EM2C), Grande Voie des Vignes, 92290 Châtenay-Malabry, France
renaud.mercier@graduates.centraliens.net

The shape of confined turbulent premixed flames depends on fresh gases composition and flow
dynamics. In practical combustion chambers, intense heat exchange with the solid boundaries of
the combustion chamber may also impact the turbulent flame propagation and the overall flame
stabilization process. In such situations, flame shape transitions can actually be observed
without any change of the operating conditions of the burner. To gain further insight into this
phenomenon, a CH4/H2/Air burner has been designed at EM2C laboratory to study V to M shape
transitions of confined turbulent flames stabilized over a bluff-body swirl injector. Experimental
investigations are presented in another TNF12 contribution [1].
As the phenomena governing the flame topology and stabilization of such flames are unsteady,
Large Eddy Simulation (LES) is an attractive approach to correctly describe the flame dynamics.
The non-adiabatic Filtered Tabulated Chemistry for LES (F-TACLES) model is selected for that
purpose [2, 3, 4]. Since the EM2C burner exhibits large and slow outer recirculation zones, the
non-adiabatic F-TACLES model has been implemented in the low-Mach number LES code
YALES2 [5] to ensure computational efficiency.
Both the impact of hydrogen enrichment and heat losses modeling strategy are studied. For that
purpose, three different simulations are compared. Both the equivalence ratio and the thermal
power are kept constant to φ = 0.7 and P = 4kW, respectively. First, the fresh gases composition
is fixed to the case XH2fuel = 0.60 in the methane/hydrogen combustible mixture. In this case,
experiments indicate a well stabilized V shape flame [6]. The first LES, assuming a fully
adiabatic combustion chamber, predicts a M shape flame (Fig. 1 left) and completly mispredicts
the thermochemical conditions within the domain. The second one accounts for non-adiabaticity
by imposing the wall temperatures measured in the experiments in the LES computation. This
simulation predicts a V shape flame (Fig. 1 right) and shows a good agreement with the
experiments. In the last simulation, also accounting for heat losses, the hydrogen concentration
in the combustible is increased to XH2fuel = 0.86. For this case, a M shape flame is observed in the
experiments [6] and is correctly predicted by the non-adiabatic LES combustion model.
Heat losses are found to have a great impact on both flame shape and stabilization process even
when the reaction zone does not directly interact with the combustion chamber walls. The
non-adiabatic F-TACLES model correctly captures the impact of both non-adiabaticity and H2
enrichment on the turbulent flame shape.
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Adiabatic

Non-adiabatic

Figure 1 Progress variable reaction rate iso-surface colored by the flow velocity magnitude for the case
XH2fuel = 0.60 (observed as a V shape flame in the experiments). (left) Adiabatic F-TACLES computation.
(right) Non-adiabatic F-TACLES computation.
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Modeling of turbulent partially premixed dimethyl ether flames
D. Messig, S. Popp, F. Hunger, S. Hartl, C. Hasse
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Dimethyl ether (DME) is a promising candidate as a diesel replacement especially in the
context of bio-fuels. More complex fuels like DME require a deeper understanding of
turbulence-chemistry-interaction. Turbulent jet flames have become a paradigm for such
configurations and are also investigated here.
Recent studies of turbulent nonpremixed flames, e.g. by Gabet et al. [1], showed significant
differences in the flame structure when using DME as fuel instead of methane. The results
from laminar flame calculations and CH2O laser induced fluorescence (LIF) measurements
yielded significantly higher levels of formaldehyde. Especially, the conversion to CH2O due
to rapid DME pyrolysis in fuel rich regions leads to local shifts and an increased order of
magnitude for measured CH2O profiles. More recent investigations by Coriton et al. [2]
considered DME combustion in turbulent piloted partially premixed jet flames. The burner
setup is based on the well known Sandia flame D [3], in the following referred to as DME-D.
In addition to velocity measurements using particle image velocimetry (PIV) as well as
simultaneous OH LIF and CH2O LIF, large eddy simulation (LES) combined with conditional
moment closure (CMC) were performed in [2].
The current study numerically investigates the
DME-D flame applying the flamelet/progress
variable (FPV) approach in LES. The simulations
were performed in the framework of the open
source CFD software package OpenFOAM®. The
applied FPV approach requires pre-calculated
flamelet look up tables (FLUT) which determine
the flame structure in mixture fraction and
progress variable space. These FLUT’s,
parameterized by mixture fraction, mixture
fraction variance and progress variable, could be
either constructed by conventional nonpremixed
flamelets or premixed flamelets. Vreman et al. [4]
compared both approaches based on LES of the
Sandia flame D and F. The results showed good
agreements between premixed and nonpremixed
approaches as well as experimental data.
Interestingly, he found in these partially premixed
methane flames that premixed flamelet tables are
sometimes even more suitable then nonpremixed
tables.
The aim of the current investigations is a
comparison between premixed and nonpremixed
flamelet tables in context of partially premixed Fig. 1: Snapshot of temperature field from
DME flames. In particular, the formaldehyde
LES-FPV of DME-D flame
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formation with its significant difference to methane combustion is studied in more detail.
Preliminary studies showed different structures, regarding to species distribution, in premixed
and nonpremixed FLUT’s.
In Fig. 1 a snapshot of the instantaneous temperature distribution is shown for a conventional
nonpremixed FLUT. Furthermore instantaneous radial distributions of CH2O and OH mole
fractions at different axial locations are plotted in Fig. 2. The LES-FPV solutions show
similar structure for spatial species distribution regarding premixed and nonpremixed FLUT’s.
The main difference between both approaches is the significantly increased order of
magnitude of species mole fractions, if a premixed FLUT is used, especially for CH2O. At all
axial locations local overlapping of CH2O and OH profiles occurs. This behavior could also
be observed in premixed and nonpremixed flamelet solutions. Despite the similar LES-FPV
results using premixed or nonpremixed approaches for FLUT generation, the differences in
both flamelet tables needs further investigations, as the reaction of CH2O with OH is an
important consumption reaction of formaldehyde.

Fig. 2: Instantaneous radial distributions of CH2O and OH mole fractions at different axial positions
(x/D) using diffusion (DF) and premixed flamelets (PF)
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Introduction
A transported probability density function (PDF) approach,
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closed at the joint scalar level [1, 2], is used to model the Jet in
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premixed flames with a focus on the ignition behaviour and hence
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on the shear layer between the fuel jet and the hot coflow of comAir
3.2
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bustion products. The accuracy of the method is assessed against
experimental results [3] for first and second moments of species
Table 1: Operating conditions for the cases studied [3]
mass fractions and temperature for the cases shown in Table 1.
The burner of Dally et al. [3] was studied by Kim et al. [4] using a conditional moment closure (CMC) model, modelling the three
streams by a single mixture fraction. However, Christo and Dally [5] observed major discrepancies with species predictions as a
result of a single mixture fraction formulation. LES of the burner was considered by Ihme et al. [6] to assess scalar mixing. It was
concluded that the scalar boundary conditions have a great impact on the flow throughout the entire flame structure.
Computational Methods
A thorough representation of the chemistry is needed for the current cases and the use of transported PDF methods permits
its inclusion without additional modelling assumptions [1, 2, 7, 8]. The applied chemistry features a systematically reduced C/H/O
mechanism [8], which includes 142 reactions and 29 species (15 solved and 14 steady-state). Additionally, the H2 chemistry of
Gkagkas and Lindstedt [9] was included as well as the C/H/O/N mechanism of Lindstedt and co-workers [7]. The latter two include
full H2 O2 chemistry. Molecular mixing was closed using the modified Curl’s model. The flow field was closed at second moment
level using the Speziale-Sarkar-Gatski (SSG) pressure strain correlation [10]. A transport equation for the composition PDF is
coupled and solved using a Langrangian particle-based Monte Carlo method [11] with 100 stochastic particles per cell. Nominal
boundary conditions were assigned as step functions as per Table 1 for the base case. The sensitivity to boundary conditions was
explored by introducing changes to turbulence parameters in order to improve the agreement of the spread of the jet and decay rates.
The impact on predictions from variations in the coflow stream was assessed by varying coflow temperature and composition.
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Figure 1: Favre-averaged temperature mean (–) and RMS (--) at varying axial locations for flame (a) HM3 (9% O2 ), (b) HM3 (6%
O2 ), (c) HM3 (3% O2 ). Experimental data for measured means (◦) and RMS (+) from Dally et al. [3].
Results and Discussion
Radial profiles of temperature statistics for the three cases are shown in Fig. 1. Ignition is well represented for HM3 and HM2
at the expected radial (r/D ≈ 1.5) and axial (x ≈ 30 mm) positions. However, for the most diluted case (HM1), the point of ignition
is somewhat delayed compared to the measurements resulting in a maximum temperature under-prediction of 100 K.
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There is no flow field data for these flames and therefore the mixture fraction mean and RMS were used as a guide to predict
the correct spread of the jet. Radial profiles of the mixture fraction (omitted for brevity) show a good representation of the mixing
process. The rate of spread of the jet was further assessed by increasing the turbulence intensity from 5% to 10% with no significant
impact on the computed flame structure. Similarly, the coflow turbulence intensity was investigated using values of 1%, 2.5% and
5%. To analyse the mixing model, different values for the time-scale ratio constant Cφ of 1.5, 2.3 and 3 were explored. The
changes in Cφ are proportional to the mixing and for the present case the “standard” value of 2.3 appears adequate [1, 12]. The
limited influence of Cφ on the ignition behaviour is consistent with studies of similar geometries [2, 9, 12, 13]. Radial profiles for
mass fractions of selected species are shown in Fig. 2 (left) for case HM3. The first and second moments for the hydroxyl radical
and NO mass fraction are well predicted with ignition accurately reproduced. The above observations also apply for flame HM2,
with a good characterisation of ignition, though the results are not included here for brevity. For the case with highest dilution
(HM1), species mass fractions are shown in Fig. 2 (right) where the onset of ignition is apparent at x = 30 mm with the production
of OH. However, radical production is under-predicted and ignition is delayed. The more complete H2 chemistry of Gkagkas and
Lindstedt [9], including the H2 O2 species, was implemented with an improvement in ignition behaviour. The reduction of NO with
dilution observed in Fig. 2, captures the beneficial effects of EGR addition to combustion systems. The HM1 flame is very sensitive
to the coflow temperature and an increase by 50 K (not shown) results in a significant improvement.
Conclusions and Further Work
Comparisons with experimental data show that a closure at joint scalar level combined with comprehensive chemistry can
reproduce MILD combustion and successfully predict the onset of ignition, with somewhat increasing discrepancies for the highly
diluted case. The work also highlights possible improvements through variation of the hydrogen chemistry with the addition of the
H2 O2 species and corresponding reactions.
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In a large eddy simulation (LES) the typical thickness of premixed and stratified flames (0.1 - 0.5
mm) can not properly be resolved on a typical computational grid with cell sizes larger than 0.5
mm. To solve this difficulty, a wide range of different models has been developed in the past. The
poster will present a comparison of two widely applied approaches, on the one hand the artificial
thickened flame (ATF) approach [1, 2], which is combined with a premixed flamelet generated
manifold (FGM) [3, 4], and on the other hand the flame surface density (FSD) approach [5–7].
In the ATF model, the flame is spatially thickened in the flame normal direction. This is achieved
by reducing the source term and increasing the diffusive flux by the same constant factor in the
species transport equations. The thermophysical quantities are determined during the simulation
from a FGM table as a function of the mixture fraction and the reaction progress variable. This
table is constructed prior to the simulation from one-dimensional detailed chemistry freely propagating flame computations with Cantera [8]. These computations are performed using the GRI-3.0
mechanism and a Lewis number of unity assumption for all species. To avoid unphysical behavior in regions of pure mixing as well as excessive and unnecessary thickening of the pre-heat and
burnout zones, the thickening procedure is only applied inside the flame region. This region is detected with a flame sensor, which is based on the progress variable gradient of the one-dimensional
flames to make the thickening procedure independent of the mixture fraction [9].
In the FSD approach, a transport equation for the normalized reaction progress variable is solved.
The sum of the molecular diffusion and the reaction source term is computed from the product of
the laminar flame propagation speed and the flame surface density, where the latter represents the
unresolved wrinkling of the flame on the sub-filter level. The flame surface density is determined
from the model proposed by Fureby [10], which was used in the slightly modified version of Ma
et al. [7] to obtain the correct limiting behavior for a laminar flame. As the model was derived for
a Reynolds-averaged progress variable, an additional counter-gradient transport term is necessary
to correct for the difference between a Favre- and a Reynolds-averaged progress variable.
The chosen test case is the Darmstadt stratified flame series, where the case ’TSF-A-r’ is investigated [11, 12]. The poster will present comparisons of statistical quantities, an example for the
temperature is given in Fig. 1. Additional instantaneous representations of the flame will be presented. An example is given in Fig. 2, which shows a comparison of the equivalence ratio fields
and the temperature isosurfaces for 1850 K. This gives a good impression of the different flamewrinkling predicted by the investigated models. The FSD model seems to produce artifical flame
wrinkling and cusps, as also observed by Ma et al. [7].

TNF12 Workshop

444

31 July - 2 August 2014, Pleasanton, California

Tmean [K]

Trms [K]
z=45mm z=75mm

2000
1500
1000
500
2000
1500
1000
500
0

10

20
30
r / mm

40
FSD

50 0
ATF

EXP

10

20
30
r / mm

40

50

600
400
200
0
600
400
200
0

Figure 1: Comparison of radial mean and rms profiles obtained from the simulations with the measurements at different
downstream positions.

Figure 2: Instantaneous contour plot of equivalence ratio in a burner cross section for the ATF (left) and FSD (right)
model. The gray isosurface marks a temperature value of 1850 K.
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Current understanding of turbulent reacting flows can be improved by novel quantitative
comparisons of measured and computed images of mid-infrared radiation intensities. The
measured images are acquired using a calibrated high-speed mid-infrared camera and band-pass
filters [1-2]. The computed images are rendered using scalar values from large eddy simulations
(LES), a narrowband radiation model, the radiative transfer equation, and application of the midinfrared band-pass filter transmission curves [3]. These approaches enable quantitative timedependent measurements and computations of radiation from water vapor and carbon dioxide
over the entire flame length and beyond. In this work, methane and dimethyl ether (DME)
turbulent nonpremixed and partially premixed jet flames are considered, representing benchmark
flame configurations of the International Workshop on Measurement and Computation of
Turbulent Nonpremixed Flames (TNF Workshop). The fuel compositions (CH4/H2/N2,
DME/H2/N2, CH4/air, and DME/air) and Reynolds numbers (15,200 – 46,250) for the flames
were selected following guidelines of the TNF Workshop.
The images obtained from the experiments and computations for the radiation intensity
display qualitatively comparable features, including localized regions of high and low intensity
that are characteristic of turbulent flames (Fig. 1). The quantitative comparison of the measured
and computed temperature profiles and radiation intensities, particularly in the plume region
downstream of the stoichiometric flame length, indicate that including radiation heat loss effects
is important even for weakly radiating flames. The radiation intensity measurements acquired
with the mid-infrared camera agree with existing spectroscopy measurements demonstrating the
quantitative nature of the present imaging technique [4]. The peak mean radiation intensity is
approximately 15% larger for the DME nonpremixed flames and 30% larger for the DME
partially premixed flames in comparison to the corresponding methane flames (Fig. 2) [4]. The
trends are explained by a combination of higher temperatures and longer stoichiometric flame
lengths for the DME flames. The measured images provide new benchmark radiation data of
turbulent nonpremixed and partially premixed jet flames. The results demonstrate that
quantitative experimental and model-based imaging of mid-infrared radiation is useful for
assessing narrowband radiation and combustion models.
[1] B.A. Rankin, D.L. Blunck, V.R. Katta, S.D. Stouffer, J.P. Gore, Combustion and Flame, 159,
2012, pp. 2841-2843.
[2] B.A. Rankin, D.L. Blunck, J.P. Gore, Journal of Heat Transfer, 135, 2013, pp. 1-11
[3] A.S. Newale, B.A. Rankin, H.U. Lalit, R.J. McDermott, J.P. Gore, Proceedings of the
Combustion Institute, 2014, in press.
[4] B.A. Rankin, G. Magnotti, R.S. Barlow, J.P. Gore, Combustion and Flame, 2014, in press.
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Figure 1. Measured (left) and computed (right) time-dependent and time-averaged images of the
mid-infrared radiation (2.77 ± 0.12 µm) from a turbulent nonpremixed flame (DLR-A). The
computed images are based on LES results that include the effects of radiation and buoyancy.

Figure 2. Mean (left) and root mean square (right) of the radiation intensity from the CH4/H2/N2
and DME/H2/N2 turbulent nonpremixed flames for diametric paths.
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A hybrid flamelet and finite rate chemistry transported filtered density function (FDF) method has been
developed and used to simulate the Darmstadt turbulent opposed jet (TOJ) flame in a combined large eddy
simulation (LES)/Lagrangian Monte Carlo (LMC) framework. The LMC particles describe the chemical
composition whereas the LES is used to solve for the flow field.
The PsiPhi LES code [1] solves the filtered Navier-Stokes equations in low-Mach number formulation and
with an eddy-viscosity closure. The Lagrangian and Eulerian fields are consistent through coupling by a
density feedback from the particles to the Eulerian field and by the interpolation of the LES velocity onto
the particle positions by the parabolic edge reconstruction method (PERM) [2]. A formulation as reported in
previous studies [3] is used for the FDF transport while the Modified Curl’s mixing model provides closure
for the fluxes in composition space.
The proposed hybrid method efficiently combines flamelet and finite rate chemistry, using cost effective
flamelet solutions where possible, reverting to a direct chemistry solver only where needed. The switchover from flamelet to finite rate chemistry and vice versa is done by checking if the LMC particle is close
to the flamelet solution after the mixing step. The flamlelet model is then used only if the particle is close
to the flamelet solution for its given mixture fraction. Quantities used for checking the proximity to the
flamelet solution are temperature and product species mass fractions. This method reduces the need for the
finite rate chemistry solver to regions where a flamelet solution does not sufficiently describe the chemical
composition, as for example in regions of high strain.
To further reduce computational cost, Lagrangian flamelets are replaced by Eulerian flamelets away from
the reaction zone, reducing the number of Lagrangian particles dramatically. With this method, the evolution of the composition of a part of the flow field is solved using the LES Eulerian fields and the evolution
of the composition inside the flame zone is solved using the LMC particles. By applying this approach, the
whole TOJ burner was simulated while only around 14% of the computational domain is occupied by LMC
particles. Resulting load balancing issues are addressed in the poster.
The aim of the present work is to demonstrate the feasibility, effectiveness and efficiency of the hybrid approach and to evaluate possible numerical issues. In summary, no instabilities or other major numerical
issues have occurred. A significant speed-up compared to using a direct chemistry solver only is demonstrated. Additionally, a comprehensive analysis of the results will be provided in the poster with a comparison to Raman/Rayleigh data by Geyer et al. [4], showing the agreement between experiment and simulations
conducted.
Figure 1 shows instantaneous particle fields in a plane including the centerline and in the stagnation plane
for a simulation performed on a 0.5 mm grid, which results in a total number of 1.7 × 106 cells and a number
of 5 × 106 particles. The plots for temperature and CH4 and H2 O mass fractions visualize the flame contours. Whether particles are updated by finite rate or flamelet chemistry can be seen in the second column.
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In this simulation, finite rate chemistry has been used for particles with a temperature above 400 K and for
temperatures outside of a +/ − 1% range of the flamelet chemistry predicted temperature.
Figure 2 visualizes the statistical distribution of the type of chemistry update. Approximately 70% of the
particles with a mixture fraction of F > 0.7 dropped out of the flamelet solution and were hence updated
with finite rate chemistry. Contrary, the lean part of the flame was dominated by flamelet particles. This
behavior corresponds to what can be observed in Fig. 1.

Figure 1: Particle fields in a plane including the centerline (upper) and in the stagnation plane (lower) of
LES cell width on the 0.5 mm grid. Approximately 16 × 103 and 128 × 103 particles are shown per single
plot, respectively.
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Figure 2: Chemistry type conditioned on mixture fraction and CH4 mass fraction. 1: all particles updated
with finite rate chemistry, 0: all particles updated with flamelet chemistry.
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PDF modeling of biogas flames of the Delft jet-in-hot-coflow burner
including FGM tabulated chemical kinetics
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The composition of biogas is quite different from that of standard natural gas, resulting in different
combustion properties, e.g. a lower calorific value. It is not obvious that the conventional existing
combustion equipment can be used for the combustion of biogas. The flame shape and heat release levels
will be different and the flame stabilization may be an issue. Research is needed to gain knowledge for
the safe and clean combustion of biogas. In order to mimic the important characteristics of flameless
combustion without the complications of a real furnace, a
simplified laboratory scale configuration has been realized, the
Delft Jet-in-Hot-Coflow (DJHC) burner [1]. The DJHC burner has
been used to create a turbulent diffusion flame of a synthetic
biogas fuel (mixture of 30% CO2 and 70% Dutch Natural Gas) in a
coflowing oxidizer stream of high temperature with low oxygen
concentration. In these conditions the reaction rates are lower due
to oxygen dilution as compared to conventional diffusion flames.
The experimental database contains the results of high speed
chemiluminescence imaging, velocity statistics from LDA
measurements and temperature statistics from CARS
measurements.
Figure 1: Instantaneous images of
DNG with increasing CO2 dilution:
a) 0%, b) 10%, c) 20%, d) 30%.
By L.D. Arteaga Mendez.

To adequately handle the influence of turbulent fluctuations on mean
reaction rates is a modeling challenge. Transported probability density
function (PDF) methods are well-established for including the effects of
turbulence-chemistry interaction in the Reynolds Averaged Navier Stokes
(RANS) framework. To reduce computational time the evolution of the
composition of the mixture here is described using a small number of
independent variables based on the Flamelet Generated Manifold (FGM)
tabulated kinetics [2]. The corresponding dependent properties and the
source term for the reacting independent variables are tabulated. This
modeling approach can handle non-adiabatic problems with three different
inlet streams. The three streams are the biogas fuel, the hot coflow and the
surrounding air. The enthalpy deficit is added as another independent
variable to include effects of heat losses from the hot coflow to the inner Figure 2: Schematic of the
jet-in-hot-coflow burner.
cooling tube and to the outer wall (Fig. 2). The use of the 4D table, with two
mixture fractions, a progress variable and an enthalpy deficit, is applied here
for the simulation of the biogas case.
The FGM is based on unsteady laminar diffusion flamelets between the fuel (biogas) and the coflow
(mixture of combustion products and air). Since the coflow composition and temperature vary in space,
flamelets with different coflow compositions and temperatures are required. The mean temperature and
mean oxygen mole fraction have been measured along the radial direction of the
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coflow [1]. The full composition of the coflow is estimated by
invoking a chemical equilibrium assumption for the products of
the secondary (coflow) burner including heat loss. A second
mixture fraction Z2 is introduced which quantifies the mixing
between a coflow representative and the surrounding air and at
the same time can be used to describe the variation in the coflow
composition based on oxygen concentration (Fig. 3). The coflow
representative is defined to be the coflow at the radial position
with the minimum oxygen concentration. For every point in the
radial direction, we define:

Figure 3: Schematic of mixture
fraction space.

The coflow representative is given by Z2 = 0 and the cold ambient air
is given by Z2 = 1. For the three-stream mixing problem the coflow
enthalpy deficit is defined as:

where the adiabatic enthalpy in the case of two mixture fractions is

F refers to the fuel, A to the air and CR to the coflow representative.
The enthalpy deficit at the coflow inlet (Z1 = 1) is then calculated as:
Figures 4 and 5 show the radial profiles of the mean temperature and its
rms at several axial locations with the 3D-FGM table (without heat
losses) and 4D-FGM table (with heat losses). The dashed lines
denote simulation results and the circles experimental results. The
3D-FGM case shows an early ignition peak at the axial location x =
110 mm for the inner shear layer between fuel and coflow (r = 10
mm). Further downstream, at x = 140 mm, this peak becomes more
pronounced and temperature is consistently overpredicted at the
shear layer. Including the enthalpy deficit as another independent
variable, the inlet coflow temperature fluctuations at x = 3mm are
included, as seen in Fig. 5. An improvement in the agreement of the
simulation temperature results with the experiments is observed. The
full results of the current study have been accepted for publication
[3].
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Figure 5: Radial profiles of temperature rms at different axial
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Stratification of fuel-air mixtures is technically highly relevant in various combustion
processes. A possible path for the shift to renewable energies is the blending of carbon based
fossil fuels such as methane with hydrogen. Addition of hydrogen extends the lean
flammability limit and thus carries the potential for lower NOx formation. By the addition of
hydrogen laminar burning velocities increase significantly such that combustion systems
burning these blends have to be thoroughly adapted. This is obvious already from inspection of
Figure 1 showing the impact of H2 addition on time integrated chemiluminescence. To gather
deeper insight into the closely coupled chemical and physical processes ruling turbulent
combustion Raman/Rayleigh spectroscopy is applied to the axisymmetric burner described in
[1] in order to obtain data on temperature and main species concentrations. Previously
investigated turbulent stratified flame (TSF) cases are extended to fuels being blended with
hydrogen. In these preliminary studies shown here, the pilot of the stratified burner is still
operated on methane with an equivalence ratio of 0.9. In both annular slots the fuel is composed
of a methane/hydrogen mixture of up to 40 vol-% hydrogen. For the examples presented the
equivalence ratio of the fuel/air mixture is 0.9 in slot 1 and 0.6 in slot 2. Figure 1 shows time
averaged images of the chemiluminescence of the TSFA flame with different hydrogen blends.

Figure 1: Time averaged images of the flame
configuration TSFA. Fuel blended with 0 %,
10 %, 20 % H2 respectively; blue lines marking
levels of z = 100 mm and 200 mm above the pilot

Scalars of the TSFA flame case blended with
hydrogen were measured recently using
1D-Raman/Rayleigh scattering but not yet
published. These investigations are performed
with a custom made laser system (532 nm,
1.2 J/pulse, Quantel) which was designed with a
particular focus on its application as light source
for Raman/Rayleigh scattering. The pulse duration
is stretched to approximately 450 ns at full width
at half maximum. This laser allows for
measurements with an improved spatial resolution
and for an improved signal-to-noise ratio
compared to the previously used laser cluster. The
laser beam is focused into the probe volume using
a 750 mm lens. Thereby a minimum spatial beam
diameter of 120 µm at 1/e² can be achieved.

Scattered light from a 6 mm long section of the focused laser beam is collected by a custom
designed achromatic lens system (Linos). A dichroic long pass filter separates the Rayleigh
from Raman scattered light. The latter is dispersed by an imaging spectrometer equipped with a
specially developed fast mechanical shutter with short gating times of 14 µs full width at half
maximum to suppress background luminosity especially occurring in flames fuelled with
hydrogen blends. Due to intense flame luminosity and reflections of laser light an additional
polarizing filter is mounted inside the spectrometer to further suppress background radiation.
Finally, the scattered light is imaged by two low noise backside illuminated CCD cameras
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(Roper scientific) with high quantum efficiencies. Thus, a line of 6 mm length can be probed
with a projected resolution of 200×300×300 µm³. The negative impact of beam steering on
signal matching and spatial resolution was reduced by detection at the ‘same side’ of Raman
and Rayleigh signals. Instantaneous temperature and the main species concentrations (CO2, O2,
CO, N2, CH4, H2O, H2) are inferred using this technique. Thus, the full thermo-kinetic state is
probed. Quantities such as equivalence ratio and scalar correlations may be derived.
In the poster 1D-Raman/Rayleigh measurement of a set of calibration flames will be shown.
The used calibration flames are: a flat flame, as described in [2], as well as a newly developed
laminar jet burner, a quasi-premixed hydrogen burning Hencken burner and a tilted vertical
flame, where the premixed fuel (same methane/ hydrogen blends as for the turbulent flames)
stabilizes at a ceramic pipe.

Figure 2: Preliminary result: mean and RMS of mole fraction, temperature distribution and equivalence ratio of the
flame TSFA_20H2; recorded at 25 mm above the pilot

Preliminary measurements will be shown exemplary for flame configuration TSFA_20H2
where 20 vol-% of the fuel consist of hydrogen. The measurements are performed at seven axial
locations (5, 25, 50, 75, 100, 125, 150 mm). Probe volumes are scanned consecutively over the
radius whereat 450 events are recorded at each position. The recorded probe volumes spatially
overlap by 50 % to prevent any discontinuities in data evaluation at the boundary area of the
single images. Figure 2 exemplifies preliminary results of the mole fractions, temperature
distribution and equivalence ratio (calculated from mole fractions) in the flame TSFA_20H2.

[1]
[2]

F. Seffrin et al., Flow field studies of a new series of turbulent premixed stratified
flames, Combust. Flame 157 (2010) 384–396
M. Gregor et al., A quasi-adiabatic laminar flat flame burner for high temperature
calibration, Measurement Science and Technology 20 (6) p. 65402, (2009)
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Structure and Dynamics of the Turbomeca Premixed Swirl Flame Operating at
Elevated Pressure
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In recent years, the rapid development of sustained, high-speed planar and volumetric measurement techniques represents a major advance in the quantity and depth of information that can be
extracted from a turbulent reacting flow. Kilohertz interrogation frequencies provide time-resolved
measurements of large-scale flow structures and dynamic flame behavior. Simultaneous applications of high-speed scalar and velocity field measurements (e.g. OH-PLIF and PIV) have further
yielded a greater understanding of fundamental flow-flame interactions by tracking the temporal
evolution of transient phenomena such as local extinction, auto-ignition, turbulence-chemistry interactions. As a result, there has been significant interest in the extension of these capabilities
from canonical, laboratory-scale flames to those found in today’s advanced combustion systems.
High-bandwidth measurements of combustion processes are especially desirable in flames of high
thermal power density where local turbulence-chemistry interactions occur over a much broader
spectrum of spatial and temporal scales. Under such operation, unsteady local flow conditions can
have strong effects on flame behavior, particularly in the case of non-premixed flames where the
turbulent combustion regime is very difficult to define and the behavior of the flamelet structures
can have strong dependence on spatial location and time. Besides temporal resolution considerations, high repetition-rate measurement techniques offer a very practical advantage in that they
facilitate the rapid accumulation of statistically-significant datasets; a characteristic which can not
be understated when considering the massive cost of operating a high-pressure facility.
In this work, the High Pressure Optical Test (HIPOT) rig, at DLR-Stuttgart, was utilized to
extend the application of high repetition rate planar diagnostics to flames operating at elevated
pressure and thermal load. The Turbomeca (TM-burner) gas turbine model combustor has been
the subject of numerous previous studies, both experimental as well as numerical, for over a decade.
With a large database available, it was an ideal candidate for this study, where the principal objective was to study the effects of increased thermal load on the turbulent flame behavior. The burner
was operated under two flame conditions: one stable and one which exhibited self-excited thermoacoustic oscillations. Simultaneous measurements of scalar and three-components velocity fields
were acquired at a 3 kHz interrogation frequency using combined OH planar laser induced fluorescence (OH-PLIF), OH* chemiluminescence (OH-CL), and stereoscopic particle image velocimetry
(StPIV). As previously observed under atmospheric pressure conditions, the presence of a precessing vortex core was seen under the unstable flame conditions. This coherent flow structure is known
to have a strong influence on flame dynamics by inducing periodic fluctuations in the turbulencechemistry interactions within the central recirculation zone and near the flame root [1, 2]. The
poster will present a detailed analysis of the flame structure measured in both cases and elucidate
the physical mechanism of the combustion dynamics. Comparisons will be also be drawn between
the elevated pressure test data and the results from previous studies.
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t = 0 ms

t = 0.33 ms

t = 0.66 ms

t = 1.00 ms

t = 1.34 ms

Figure 1: 3 kHz sequence of raw OH-PLIF images with simultaneously measured velocity fields
overlaid.
t = 0 ms

t = 0.33 ms

t = 0.66 ms

t = 1.00 ms

t = 1.34 ms

Figure 2: 3 kHz sequence of raw OH* chemiluminescence images acquired simultaneously with
planar velocity and OH-PLIF measurements in figure 1.
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Experimental and Computational Analysis of
Turbulent Piloted DME/Air Jet Flames
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Over the past decades methane has been the benchmark fuel for the study of
turbulence-chemistry interaction in flames. Oxygenated fuels are considered to be the next
level of chemical complexity in such studies and particularly Dimethyl Ether (DME) is now
in the focus of the research community. We analyze initial experimental and computational
results of Flame D from a series of turbulent partially-premixed piloted DME/air jet flames
that are analogous to the well-studied CH4/air jet flames [1]. The numerical study involves a
combination of large eddy simulation (LES) and a conditional moment closure (CMC)
combustion model, which previously provided good predictions for the corresponding
CH4/air jet flames [2]. We assess the effects of LES grid resolution on the simulations by
comparing calculations with 1.2M and 10M cells, using 656 and 175 instantaneous samples,
respectively. The chemical kinetics are represented by the Zhao et al. mechanism [3],
including 55 species and 290 reactions. Simulations are compared to species and temperature
data measured by laser-induced fluorescence (LIF) [4] and Raman/Rayleigh scattering [5].
For CH2O and OH, measured LIF signals are compared with simulated LIF signals calculated
using species and temperature data from instantaneous samples of the LES calculations and a
simplified model for temperature-dependent LIF collisional quenching rates.
Figure 1 presents a comparison of the scalar statistics from LIF and LES-CMC of the OH and
CH2O signals along the radius at the axial location z/D=10. Note that the scalar signals
derived from LES-CMC have been normalized by the peak mean LIF signal at z/D=5 to
ensure comparability. It can be observed that the measured and predicted mean and RMS

Figure 1: Comparison of scalar statistics from experiments (LIF) and LES-CMC along the
radius at z/D=10. Normalized OH (left) and CH2O (right) signal.
profiles shapes of both OH and CH2O agree very well, with results of comparable quality
from the two LES grid resolutions. A more detailed comparison of the scalar statistics at
various downstream locations, along with a comparison of velocity statistics from LES-CMC
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and PIV is reported in [4]. Figure 2 compares radial profiles of the (adapted) mixture fraction
[6], temperature and the mole fractions of CO and the major hydrocarbons (DME in the
simulations) from Raman/Rayleigh measurements and LES-CMC at z/D=10. The comparison

Figure 2: Comparison of scalar statistics from experiments (Raman/Rayleigh) and
simulations along the radius at z/D=10. (Adapted) mixture fraction [6] (top left),
temperature (top right), mole fraction of hydrocarbons (bottom left) and CO (bottom right).
of the experimental (adapted) and simulated mixture fraction profiles shows a good
accordance, in line with the favorable predictions of the velocity fields documented in [4].
Some discrepancies remain near r/D≈1, which reduce with increasing grid resolution. The
predicted temperature profiles demonstrate that the flame position and heat release are
accurately captured, with a slightly wider temperature profile that directly follows from the
broadened mixture fraction profile. The first and second moment of the hydrocarbon mole
fraction is predicted well, illustrating that the Raman signal of DME+CxHy can be taken as a
good indicator for the DME mole fraction. The comparison of CO mole fraction statistics is
reasonable, showing that also intermediate species are captured well. Future analyses will
seek to explain the remaining differences between experiments and simulations and will
investigate the impact of alternative DME reaction mechanisms.
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An OpenFOAM based sparse-Lagrangian Multiple Mapping Conditioning simulation of a lifted flame
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Combustion modelling involves non-linear multi-scale interactions between turbulent fluctuations and
chemistry. These interactions are the subject of intensive research collaborations, with focus being directed
towards Probability Density Function (pdf) models [1] in a Large Eddy Simulation (LES) context. Pdf methods
have been shown to give successful statistical predictions of turbulent mixing and reaction. However high
computational cost related to the large number of Lagrangian particles involved in conventional pdf simulations
and the need for a robust code that can handle the breadth of modelling problems in engineering applications
prevent pdf methods from being widely adopted for engineering applications. To address these issues, a C++
implementation of the sparse-Lagrangian Multiple Mapping Conditioning (MMC) model [2] based on the
Computational Fluid Dynamics toolkit OpenFOAM has been developed. The solver –mmcFoam– has previously
been used [3] in a nonreacting bluff body jet to qualitatively evaluate turbulent mixing effects and is now
demonstrated in a sparse-Lagrangian MMC simulation of a lifted hydrogen flame [4].
A pdf for subgrid quantities in the context of LES is termed a filtered density function (fdf) [5]. An fdf under
sparse conditions can be performed resulting in a reduced computational cost but is more sensitive to the mixing
model due to the greater separation between particles. A high quality mixing model is required to ensure
localness in mixing. Unlike some conventional mixing models (which enforce localness in mixing through
particle number density) localness in MMC mixing is ensured by conditioning on one or more reference
variables [2]. In nonpremixed combustion the primary choice of this reference variable is the resolved mixture
fraction (f) from LES scheme, and we employ the MMC-Curl mixing model which selects mixing particle pairs
specifically. This methodology has been demonstrated against laboratory piloted jet nonpremixed flames [6] but
wider application was limited by the previous in-house code which could only account for relatively simple
flame configurations. OpenFOAM, on the other hand, supports complex unstructured meshes and benefits from
the features of C++ and object-oriented programming.
The pre-existing Lagrangian particle tracking scheme in OpenFOAM utilizes two base classes; the particle and
cloud classes. The particle class records the position of a particle within the domain, while the cloud class lists
particles and is capable of adding, deleting and tracking particles. For the sparse-Lagrangian MMC solver, Pope
particle and Pope cloud classes are derived from the corresponding base classes. The particle base class carries
only particle location while the Pope particle class inherits location and is assigned to carry values for velocity,
species mass fraction, standardized enthalpy, equivalent species and temperature, and mixture fraction (z). Pope
particles are moved by the governing Ito equations and are subject to mixing and chemical reaction. The mixing
and reacting Pope particle classes are further derived from the Pope particle class.
The Pope cloud class applies the tracking capabilities of the base cloud class to the Pope particles and controls
the particle number density to balance the stochastic error. The Pope cloud class contains the sub-class handling
mixing and boundary conditions. MMC-Curl’s mixing model is implemented in the mixing sub-class. In MMCCurl’s mixing, all particles in the whole domain are formed into pairs such that their separation in reference
space is minimized. Approximate minimization is performed by a divide-conquer method similar to the k-d tree
algorithm. These parameters which control the behaviour of the model are reported in [6]. Once selected, the
pair of mixing particles, p and q, mix linearly and discretely over a finite time step.
We perform simulations using the mmcFoam solver on the Cabra H2/N2 lifted flame [4]; the nozzle of the burner
has a diameter of 4.57 mm (d) and extends 70 mm above the perforated base plate. The jet fuel composition by
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volume is 25% H2 and 75% N2. The jet enters the domain at a temperature of 305 K and has a bulk velocity of
107 m/s. The vitiated coflow enters the domain through an annulus of 105 mm diameter. The coflow is
composed of combustion products from a premixed H 2 and air flame at a temperature of 1045 K and bulk
velocity of 3.5 m/s. The stoichiometric mixture fraction is 0.47. The domain is 30d x 30d x 55d and is composed
of 660,000 cells. We employ one Pope particle per 32 Eulerian cells (1L/32E). Reaction source terms are
evaluated for the 21000 particles based on the chemical kinetics scheme of Mueller [7] containing 9 species and
21 reactions.

(a)

(b)

(c)

Fig. 1: Axial centreline profiles (upper) and instantaneous particle distribution (lower) of (a) mixture fraction,
(b) temperature and (c) OH mass fraction.
The upper half of Fig.1shows steady-state profiles for mixture fraction, temperature and OH mass fraction along
the centreline. The lower figures are the instantaneous particle distributions at approximately 15 domain flow
throughs. We obtain a reasonable match between the experiment and simulation results and the instantaneous
distribution shows the flame lifted above the inlet plane. Additional simulations for varying degrees of
localization in mixture fraction space and varying coflow temperatures are planned to assess the sensitivity of
this flame to numerical and physical parameters.
Future work will capitalise on the features of object-oriented programming – inheritance, polymorphism and
encapsulation– which permit the reuse and extension of the existing code to different regimes such as premixed
flames or sprays.
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Abstract
Results are reported from a computational study of turbulent counterflow flames (TCFs). The TCF configuration
consists of two opposed nozzles emitting fuel, oxidant or a pre-mixture, depending on the case considered. A
turbulent flame then exists close to the mean stagnation plane. A series of experiments on TCFs, operating in both
non-premixed and premixed modes, have been performed at Yale University and at Sandia National Labs; and the
same flames are being studied computationally at Cornell University. The principal components of our
computational methodology are (a) a finite-difference code (NGA)1 to solve the LES transport equations (b) a PDF
code (HPDF)2 implementing a particle/mesh method for the PDF transport equations and; (c) a tabulation procedure
(ISAT)3 for combustion chemistry. In this computational approach, LES is used to represent flow and turbulence,
and the PDF method is used to represent turbulence-chemistry interactions. In LES simulations, the flame is
intentionally not fully resolved thereby underlining the importance of a good combustion model like the PDF
method.
The experimental configuration and its computational
counterpart are shown in Figure 1 for the non-reactive
and non-premixed cases. The experimental
configuration for the premixed case is slightly
different in that the bottom nozzle is replaced by a
pre-burner which burns pre-mixed fuel-air mixture to
generate hot combustion products stream. The
simulation parameters involved in the simulations are
listed in Table 1. A new treatment is developed for
the inflow velocity boundary conditions at the nozzle
exits to match the mean & r.m.s. velocities and the
turbulent length scales in the simulations to those in
the experiments. This capability is validated by
performing non-reactive counterflow simulations.
Note that the configuration shown in Figure 1 is Figure 1: Experimental configuration (left) and the
rotated 90o in the clockwise direction to present the computational domain (right) for the non-reactive and nonresults below. As shown in Figure 2 the statistics of premixed simulations.
the mean and the r.m.s. quantities on the jets
centerline obtained from the simulations match well with the experimental data presented in Pettit et al.4
Subsequently, reactive simulations of counterflow flames, with diluted CH 4 as fuel, are performed in both nonpremixed and premixed modes. Figure 3 shows the instantaneous contour plots of major quantities in the
computational domain for the premixed case. The study is conducted using high-fidelity simulations and
increasingly detailed modes of comparison with the experimental data.
In the poster, we will describe the experimental details, working of the coupled code, effects of critical experimental
and simulation parameters on the turbulent flame behavior; present validation of the simulation results by comparing
unconditional and conditional centerline statistics with the experimental data of Coriton et al.5 and analyze particle
data obtained from the HPDF code through scatter plots.
†Corresponding author. E-mail: rrt38@cornell.edu
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Figure 2: Comparison of the mean and the Figure 3: Instantaneous contour plots of (a) Temperature (b) CO2 (c) OH and (d)
r.m.s velocity profiles on the jets centerline N2 mass fractions in the premixed simulation.
from the current simulations (blue line) with
the experimental data (red dots) and the
simulation results from Pettit et al.4 (green
line) for the non-reactive case.

Table 1: Simulation Parameters
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A statistically transient jet flame has been developed recently in [1]. The flame is designed based
on the Sydney piloted jet flame L [2], and a rapid pulse is added to the fuel jet inflow to produce the
transient effect. The pulse in the fuel jet increases the shearing between the fuel jet and the pilot, which
yields an extinction region near the flame neck that separates the flame into the upper and lower flame
branches. Shortly after the pulse, the flame can recover successfully. The dynamics of the flame response
to the perturbation of flow and turbulence in this transient jet flame produces a new class of benchmark
flames for the study of turbulent combustion. Preliminary joint studies with high repetition PLIF-OH
imaging [3] and advanced LES/PDF modeling [4] have been reported in [1]. This abstract presents new
simulation results for the transient jet flame and compares them to the newly obtained experimental data
for the instantaneous velocity [3].
The preliminary simulations
results presented in [1] for flame L
deviate from the experimental data
significantly for some quantities.
Figures 1 and 2 show the radial
profiles of the mean axial velocity and
the mean temperature and CO mass
fraction. From the figures we can see
the discrepancy between the results in
[1] (red solid lines) and the
experimental data. Comprehensively
parametric studies for flame L
performed in [5] have produced an
appropriate set of parameters for the
simulation, and the updated results
with those parameters are shown in
the figures, with three different grids.
The agreement between the updated
Figure 1. Radial profiles of the mean axial velocity
numerical results and the experimental
data is much improved. The updated
flame L results provide a more
reliable initial condition for the
transient jet flame simulations.
Since the publication of [1],
new measurement of velocity has
been made for the transient flame [3].
The simulations with the new
measurement of the velocity pulse are
in progress. A preliminary simulation
with a very coarse grid (
) is performed, and the simulation
results are shown in Figure 3. In the
Figure 2. Radial profiles of mean temperature and CO
figure, one realization of the
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numerical simulation is shown along with the multiple realizations of the measured velocity time series
and the mean of the measurements. The simulation results capture the velocity pulse at the downstream
locations reasonably well. Detailed studies will be carried out with multiple trial simulations and with
different grid sizes.
To summarize, updated LES/PDF simulation results for flame L and the transient jet flames are
reported. The new simulation results for flame L are in excellent agreement with the available
experimental data, and provide reliable initial conditions for the study of the transient jet flame. The
initial simulation of the transient jet flame with the new initial condition demonstrates the model’s
capability to capture the qualitative trend of the velocity pulse. More studies on the flame response and
quantitative comparison between the simulation and the available experimental data will be performed in
our future work.

Figure 3. Instantaneous velocity data at different locations along the centerline (blue dots: scatter plot of
experimental realizations; black lines: average value of experimental realizations; red lines: one realization of
LES/PDF simulation)
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Dimethyl ether (DME) is considered as an alternative diesel fuel candidate. For the
validation of turbulent combustion with complex chemistry, a new series of piloted
turbulent DME/air flames was selected in the TNF11 as potential benchmark flames,
namely the DME flame A-G. We report a preliminary large-eddy simulation
(LES)/probability density function (PDF) modeling study for the DME flame D
(DME-D), which is a non-premixed piloted DME/air jet flame at a jet Reynolds number
Re = 29,400 [1]. The central diluted DME jet consists of 20% DME, 17% O2, and 63%
N2 by volume. The jet flows in at a bulk velocity Uj = 45.7 m/s at 292 K temperature and
0.993 atm pressure. The jet diameter is D = 7.2 mm. The pilot is a mixture of C2H2, H2,
O2, CO2, and N2 at around 1800 K. The pilot velocity is 2.46 m/s. The coflow is air at 0.9
m/s at 292 K and 0.993 atm. The burner geometry is the same as that in the Sandia Flame
series [2].
In this LES/PDF study, the filtered velocity field in the LES and PDF transport equations
are solved by the highly-scalable NGA/HPDF code. The LES and PDF solvers are
two-way coupled with solving an additional evolution equation for the specific volume
[3]. The transport properties used in the LES solver are obtained from TRANLIB, based
on the resolved density, temperature, and species mass fractions obtained from the PDF
solver. The interaction-by-exchange with the mean (IEM) mixing model with molecular
transport is applied. It is noted that it includes the effects of differential diffusion on
molecular transport in the PDF modeling. A 39-species skeletal DME mechanism [4] is
used, which is reduced from the 55-species detailed DME mechanism [5].
Contours of instantaneous mixture fraction and temperature on an x-r plane cut from
LES/PDF is shown in Fig. 1. The performance of LES/PDF is assessed through a
posteriori comparisons with the result from experimental measurements [1]. The
comparison shows overall good agreement of the mean and r.m.s. profiles of the mixture
fraction, the temperature, and mass fractions of major species. The incorporation of
differential diffusion is shown to be important to improve the prediction in LES/PDF
calculations of this flame. Compared with the experimental result [1], the effects of
differential diffusion are quantified through the mean profiles of the difference ξH - ξC of
mixture fractions based on elementary mass fraction conditioned on mixture fraction (see
Fig. 2).
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Fig. 1 Contours of mixture fraction (left) and temperature (right) on an x-r plane cut from
LES/PDF.

x/D = 10

x/D = 20

x/D = 40

Fig. 2 Mean profiles of the difference ξH - ξC of mixture fractions based on elementary
mass fraction conditioned on mixture fraction from experiment (circles) [1] and
LES/PDF (solid lines).
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1. Introduction

The modeling of molecular diffusion of chemical species is an important aspect of turbulent combustion
modeling. The role of molecular mixing models is especially pronounced in the framework of transported
probability density function (PDF) methods, since the chemical reaction source terms are in closed form
and the modeling effort is shifted to the molecular diffusion terms.
Mixing models play crucial roles in correctly capturing the effects of turbulence-chemistry interactions.
Enormous effort has been put into the development of molecular mixing models in the past few decades
[1], and the development of mixing models has also been an active topic of the TNF workshop. A new
mixing model named the “shadow position mixing model” (SPMM) has been proposed by Pope [2]
recently. SPMM has a form that is similar to that of the conventional interaction by exchange with the
mean (IEM) model, except that there is one additional conditioning variable, denoted as R*, in the
conditional mean term, where R* is the “shadow displacement”. With this additional conditioning
variable, SPMM also has connections with interaction by exchange with the conditional mean (IECM)
mixing model, and multiple mapping conditioning model (MMC). SPMM satisfies the most desirable
characteristics of mixing models, including localness, turbulent dispersion consistency, and linearity.
Although it is a promising model, SPMM is relatively new and is not straight-forward to implement,
especially in a 3D flow configuration. Thus, it is desirable to better understand and evaluate the model
performance using DNS, so that insights can be generated regarding implementation details and possible
model constant values.
2. Target flames and methods
A temporally-evolving di-methyl ether (DME) flame [3] is used to evaluate the performance of SPMM.
The jet width is denoted as H, which is 2.3 mm. The computational domain extends 10H in the streamwise direction (x), 16H in the transverse direction (y), and 8H in the span-wise direction (z), where H is
the width of the central fuel jet. The only nonhomogeneous direction for the evolving jet is the y direction.
The Reynolds number based on the jet properties is 13,050, and the Damköhler number is 0.08. The
extinction scalar dissipation rate is χq = 1950 s-1. The integral jet time scale tj, estimated based on the jet
velocity and the hydraulic diameter, is approximately 0.041 ms. The DME flame is chosen because of the
frequent occurrence of local extinction and re-ignition during the development of the flame, which is a
challenge for turbulent mixing models.
3. Methods
To evaluate SPMM performance, the conditional diffusion estimated based on the DNS results and that
based on the SPMM formulation are compared. For this purpose, the shadow displacement R* needs to be
quantified. R* is an artificial quantity, which cannot be measured directly from experiments, but can be
extracted from the DNS database according to its evolution equation. Flow turbulence statistics including
the turbulent diffusivity and integral time scale are extracted first because the evolution of R* depends on
both quantities. The 1D flow statistics obtained by averaging over the two homogeneous directions
exhibit noise which is amplified when used in the governing ODE equations for R*. Special care was

TNF12 Workshop

466

31 July - 2 August 2014, Pleasanton, California

taken to ensure the flow statistics provided to the ODE equations are smooth and well-behaved.
Eventually, two ODE equations for the mean (R) and the variance (S) of R* were solved by first-order
backward integration along fluid particle pathlines.
4. Preliminary results
Details of the flow statistics will be shown and validated first. Instantaneous contours of R on the central
x-y plane at different time steps are shown in Fig. 1. It has been found that R is negatively correlated with
the y direction local velocity fluctuation. The time-integrated R solution and the steady-state R solution
also have been compared. With R and S values obtained at each grid point, R* is estimated and the
conditional diffusion is extracted. Fifty bins are used in both the mass fractions and in R*, and seven
neighboring x-z planes in the vicinity of y are combined to increase the sample size. The contours of
conditional diffusion of CO are plotted in Fig. 2 as a function of YCO and R*. It is observed that results
from DNS and SPMM are qualitatively similar to each other. SPMM with a constant model parameter c
tends to over-predict the diffusion. By relating c to a normalized scalar variance, improvement in the
magnitude of the comparison can be achieved. The appropriate model constants for different species and
flame conditions will be further explored in this study.

(a) t = 6 tj

(b) t = 10 tj

(c) t = 14 tj

Figure 1 Contours of R on the central x-y plane at different times.

(a)

(b)

(c)

Figure 2 Conditional diffusion at y=21.9 mm and t = 14 tj: (a) extracted from DNS; (b) SPMM with constant model
constant; (c) SPMM with a variable model constant. Conditional mixture fraction is superimposed as black lines.
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1. Introduction

High-repetition rate tomographic particle image velocimetry (T-PIV) can provide 4-D information about a
flow field [1]. When combined with a flame diagnostic technique such as OH planar laser induced
fluorescence (OH-PLIF), T-PIV can provide information about the time history of flame-flow interactions.
The transport of derived velocity field information, such as strain-rate, can be studied by post-processing
the measured flow field, by tracking artificially-inserted Lagrangian particles [1].
The accuracy of strain-rate transport studied using artificial fluid particles and T-PIV, depends on the
resolution of the measured Eulerian velocity field and the time resolution. It also depends on the
numerical schemes that are used to track Lagrangian particles and interpolate particle locations. Due to
the limitations of experimental apparatus, it is difficult to validate this post-processing technique,
especially the adequacy of spatial and temporal resolutions, with experiments alone.
Direct numerical simulation (DNS) is another effective way of providing 4-D information about a flow
field. Recent progress in the DNS for reactive flows can handle relatively realistic chemistry at moderate
Reynolds numbers. A similar post-processing procedures (i.e. Lagrangian particle tracking) can be
applied to the flow field obtained from both T-PIV measurements and DNS simulations. This is one way
to validate the post-processing technique described above. Because the DNS are well resolved, they can
be used to understand the spatial and temporal resolution requirements for Lagrangian particle tracking.
The DNS can also assess whether the flow field measurements are sufficiently resolved to provide
converged Lagrangian particle statistics.
2. Target flames and methods
A temporally-evolving, non-premixed, di-methyl ether (DME) jet flame has recently been studied by
Bhagatwala et al. [2] using DNS. The Reynolds number was 13,050 based on the initial conditions and
the Damköhler number was 0.08. The stoichiometric mixture fraction was 0.375. A uniform Cartesian
grid was used, with spatial resolution of approximately 0.8 η (η is the Kolmogorov length scale), and
temporal resolution of 0.125 τη (τη is the Kolmogorov time scale).
As a preliminary step, experimental results obtained from a premixed DME flame [1] are compared with
results from DNS simulation. The burner geometry corresponds to the Sandia piloted jet-flame series. The
Reynolds number based on the jet parameter is 13,000.The spatial resolution for the measured flow field
is 5 η, and the time resolution is between 1 to 2 τη. Although the flames are different, the temporal DME
jet flame and the premixed DME flame have comparable flow conditions, with the DNS database
providing finer spatial and temporal resolution. Measurements from Sandia flame C will also be used, to
make comparison between two non-premixed flames at the same Reynolds number but different fuel
composition.
3. Preliminary results
A backward particle tracking method was used in postprocessing Lagrangian tracers in the experiment. A
cubic-spline interpolation scheme was used to find particle locations. For the DNS, a 4th-order RungeKutta forward particle tracking scheme was used with trilinear interpolation. Previous work has shown
that the interpolation scheme has a significant impact on the accuracy of particle tracking [3]. As such,
higher order schemes also will be implemented and used to evaluate the error in the Lagrangian statistics.
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The Lagrangian particle-tracking technique is used to study the evolution of strain-rate in this study. The
principal strain-rate is governed by Eq. (1) [1]:

𝐷𝑠𝑖
1
𝜕 2 𝑠𝑖
1
̃ + 𝑇̃
̃
= −𝑠𝑖2 + (𝜔
̃𝑘 𝜔
̃𝑘 − 𝜔
̃𝑖 2 ) + 𝜈
− Π
4𝑖 + 𝑇5𝑖
𝐷𝑡
4
𝜕𝑥𝑘 𝜕𝑥𝑘 𝜌 𝑖

(1)

𝐷𝑠𝑖
𝐷𝑡

is termed as Li in this work, and is calculated by a central differencing scheme in both the DNS and the
experimental post-processing procedure. The terms on the right hand side of Eq. (1) are referred to as T1i,
T2i, T3i, T4i, and T5i. The probability density functions of L1, L2, L3, T11, T12, T13, generated from the
Lagrangian tracer particles from the DNS database, at 10 tj, are shown in Fig.1. Compared with similar
statistics shown in [1], the probability density functions are qualitatively similar in terms of the shape of
the distribution. The relative magnitude of the three terms T11, T12 and T13 obtained from DNS and from
experiments is comparable.

(a) L1 = Ds1/dt

(b) L2 = Ds2/dt

(c) L3 = Ds3/dt

(d) T11 = -s12

(e) T12 = -s32

(f) T13 = -s32

Figure 1 Unconditional statistics of Li and T1i generated from the Lagrangian tracers in DNS.
The preliminary results show that the DNS data may be used to evaluate the Lagrangian particle tracking
experimental technique. In this work, the Lagrangian particle tracking procedure will be validated using
statistics calculated from the Eulerian DNS field first. Necessary improvement in numerical schemes will
be implemented during this process. Then, sensitivities of the statistics to the spatial and temporal
resolution will be explored by imposing different filters to the DNS solution. Finally, results from DNS
and experiments performed at comparable conditions (e.g. Sandia Flame C) will be used to assess the
accuracy of the experimental technique.
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We present further measurements on the Cambridge-Sandia turbulent stratified
burner: (a) imaging measurements of temperature via Rayleigh scattering and OH-LIF
measurements, and (b) high speed velocity measurements. The operating conditions
span premixed and stratified flames stabilized on a bluff body, with and without the
effect of swirl and stratification.
High speed PIV measurements vs LDA
High speed PIV measurements were compared to prior data using LDA, both as mean
quantities as well as dynamic quantities. The mean measurements agree very well
(Figure 1) – a perhaps surprising result, given that LDA should give Favre averaged
and PIV Reynolds averaged results. Figure 2 shows a comparison of HS PIV and
LDA power spectrum and autocorrelation function, which agree well. The PSD for
the HS PIV rolls off at 1.5 kHz, as the maximum rate of acquisition was 3 kHz.

Figure 1. Radial profiles of mean axial velocity for all non-reacting and reacting cases,
extracted at z = 30 mm from HSPIV and Pairwise LDA.
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Figure 2. Comparisons of LDA and HSPIV in terms of PSD (left) and ACF (right) for
case cSwB110 at r=9 mm.
Rayleigh and OH PLIF
The results of imaging give a very visual idea of what swirl is doing to the pre-flame,
withough significantly disturbing the actual flame. Comparing the left, right and
middle row, we see that the stratification does not change the flame behaviour
significantly, but the pre-flame zone is significantly disrupted by swirl and turbulence,
whilst the high temperature reaction zone as marked by OH remains relatively intact.
Swirl effects arise from enhanced turbulence as well as entrainment. The maximum
temperature gradients are enhanced by stratification and lowered by swirl and
turbulence. In all cases, temperature gradients are shown to be significantly lower
than corresponding unstrained laminar flames, whilst OH gradients are less affected,
which is consistent with previous line measurements of 3D gradients.
	
  

	
  
Figure 3. Single shot profiles of OH-PLIF (top row) and temperature (bottom row) for
SwB1 (first column), SwB3 (second column) and SwB9 (third column), FOV2.
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