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SUMMARY

Eighth International Workshop on Measurement and Computation of
Turbulent Nonpremixed Flames

3 -5 August 2006
Heidelberg, Germany

Robert S. Barlow, Andreas Dreizler, Andreas Kempf

INTRODUCTION

The series of workshops on Measurement and Computation of Turbulent Nonpremixed Flames
(TNF) is intended to facilitate collaboration and information exchange among experimental and
computational researchers in the field of turbulent combustion. The emphasis is on fundamental
issues of turbulence-chemistry interaction in nonpremixed and partially premixed flames, as
revealed by comparisons of measured and modeled results for selected flames. Several
participating research groups have strong interest in applying this same framework for detailed
measurement — model comparisons to the areas of premixed- and stratified combustion. There is
also growing interest in the use of detailed simulations to complement experimental benchmarks
for model testing and validation. Our goal in these combined efforts is to accelerate the
development of advanced combustion models that are soundly based in fundamental science,
rigorously tested against experiments, and capable of predicting the behavior of a wide range of
turbulent combustion situations.

TNF8 was attended by 80 researchers from 14 countries. Thirty-nine posters were contributed, with
abstracts included in the proceedings, and several additional posters were displayed to augment the
invited presentations. Discussion sessions addressed the topics listed below:

Comparison of measured and modeled results on bluff-body and swirl-stabilized flames
Recent modeling progress on other TNF target flames

Progress on measurement of scalar dissipation and small-scale turbulence structure
New experiments and high-speed diagnostics

Strategies to reduce simulation costs for chemistry and mixing

LES quality assessment

Issues for comparing LES and Experiments

What can be learned from DNS

Progress and challenges for validation of premixed combustion models
Perspectives from industry

Priorities and planning for future work and TNF9 (Montreal, 2008)

For each main topic a session leader (member of the organizing committee or invited speaker)
provided an overview, which included the work of others as well as their own, and outlined key
issues for discussion and further work. This format has proven effective in maintaining the focus
and continuity of the workshop series, while allowing for inclusion of relevant work by people
outside the core of active participants in this collaborative process.
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This summary briefly outlines highlights of presentations and discussions on these topics.
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 TNF8 Proceedings and also the
summaries from previous TNF Workshops because each workshop builds upon what has been done
before.

The complete TNF8 Proceedings are available for download in pdf format from the Internet at
www.ca.sandia.gov/TNF. The pdf file includes materials from the proceedings notebook that was
distributed to workshop participants in Heidelberg, as well as additional materials (such as
PowerPoint slides) contributed after the workshop.

Several papers relevant to TNF8 topics and target flames were presented at the 31 Combustion
Symposium. Most of these papers may be found in the sections on turbulent combustion within the
Proceedings of the Combustion Institute, Vol. 31. References to several recently published papers
are also given in the Proceedings. An effort will be made to continually update the bibliography
page on the TNF web site, so that these relevant papers may be easily identified.

This collaborative research process was initiated more than ten years ago, with preparations for the
1% workshop in Naples, 1996. Accordingly, perspectives on the evolution, current status, and
future directions of the TNF Workshop series are included at the end of this summary.
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AN IMPORTANT NOTE OF CAUTION

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 may be inappropriate to quote
or reference specific results from these proceedings without first checking with the individual
authors for permission and for their latest information on results and references.

HIGHLIGHTS OF PRESENTATIONS AND DISCUSSIONS

Comparisons on the Sydney Bluff-Body Flames and Swirl Flames
A comparison of model calculations and experimental measurements for several of the Sydney

Bluff-Body and Swirl cases was coordinated by Andreas Kempf. The full Proceedings include
summaries of the computational methods, comments by the contributing modelers, and graphical
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comparisons of results. These graphs include profiles of mean and fluctuation velocity, mixture
fraction, and temperature. Comparisons generated discussion in three parts: the originally
scheduled session on the first morning of the workshop; a separate committee discussion during the
first afternoon, the highlights of which were presented to the full audience on the second day; and
further discussion of these points by the full group.

Perspectives on the overall process were collected after the workshop and summarized by A.
Kempf for inclusion in the Proceedings. A few points are paraphrased here.

e At TNF8 the flow and mixing fields for the bluff body HM (hydrogen/methane) flames
were predicted with good accuracy. This progress triggered discussion on whether these
flames should be dropped from future workshop comparisons. However, there are strong
support from the modeling community to continue using the HM series of bluff body
flames as a vehicle for developing turbulence-chemistry interaction models, for improving
sub-models, and to examine effects of detailed chemistry in the context of extinction and
re-ignition.

e The flow and mixing fields for the swirl flames are not predicted well enough, at this stage,
to justify their use for combustion sub-model development, but further progress may be
expected at TNF9.

e There was a comment from one of the participants from the gas turbine industry that the
Sydney swirl flames had more complete stability maps than gas turbine combustors and
that a configuration more closely aligned with gas turbine combustors might actually be
easier to model.

o With LES evolving into a more common tool used by TNF contributors, it is becoming
more obvious that LES validation places additional demands upon experiments. A major
concern is that detailed information on inflow conditions is needed, including for example,
the complete stress tensor and information on length and time scales of turbulence.
Information on velocities upstream of the exit plane would allow more reproducible results
using calculations that start upstream.

e The broader topic of developing appropriate approaches for verification and experimental
validation of LES was also discussed, and these issues are addressed further in the sections
that follow.

e There was some concern expressed regarding possible effects of different fuels (CNG for
velocity experiments in Sydney vs. CH,4 for scalar experiments at Sandia) on flow fields in
cases with local extinction, but no specific course of action was agreed upon.

e It was suggested that future comparisons attempt to include previously reported model
results. This suggestion points to a broader problem that much of the information from
model calculations, even the most successful examples, is not preserved and available in a
convenient digital format. A consideration for the future is whether the TNF Workshop
community should be making a greater effort to preserve this information in order to
facilitate future comparisons, document progress over time, and avoid reinventing previous
results.

The Post-Workshop Information, included in the Proceedings at the end of the section on Sydney
flame comparisons, also summarizes opinions expressed regarding future directions and priorities
for this sort of collaborative comparison of measured and modeled results, and the reader is
encouraged to refer to the complete text.

TNF8 Workshop 5 Heidelberg, Germany, 3-5 August, 2006



Recent modeling progress on other TNF target flames

In order to maintain a reasonably narrow focus at the workshop itself, only the Sydney Bluff-Body
and Swirl flames were considered for a broad collaborative comparison of model calculations and
experiments. However, work continues on other TNF target flames. Accordingly, a session was
included to provide an overview of recent work on several flames, including the DLR simple jet
flames of CH./H./N,, the Sandia and Delft piloted flames, the Darmstadt opposed jet flames, and
the Berkeley and Sydney lifted jet flames in vitiated coflow. This session was coordinated by Dirk
Roekaerts, who invited Robert Gordon and Andreas Kronenburg to present material on lifted and
auto-igniting flames. The overview slides include references to more than 20 publications from
2005 and 2006 on modeling of these “other” flames using various methods. Many of these deal
with the DLR and Delft jet flames, which have not received much attention in the past, and this is a
welcome development that serves to improve understanding of combustion phenomena in the
progression of available target flames, as well as improve understanding of the effectiveness of
various models in addressing these phenomena.

Over time, the Sandia piloted flames have been most modeled and are perhaps best understood. At
this stage it is important to acknowledge the extensive parametric studies conducted by the Cornell
group to investigate the coupled effects of chemical mechanisms, mixing models, and the choice of
the time scale ratio, Cy, on predictions of localized extinction using RANS/PDF methods.
References to this work are included in the TNF8 Proceedings, and additional parametric
calculations were presented in a 31* Combustion Symposium paper (Cao and Pope, 2007). Other
notable developments are the application of CMC (Kronenburg and Kostas, 2005) and LES/FDF
(Raman and Pitch, 2007) to predict effects of local extinction in flame E.

Experimental work has continued at Sydney University on the vitiated coflow burner configuration
that was developed at UC Berkeley, and there has been corresponding computational work on these
lifted flames in high-temperature coflow. Key issues addressed are the sensitivity of lift-off height
to coflow temperature and to chemical mechanism and the presence of auto-ignition markers
upstream of the flame stabilization location. These flames are expected to receive even more
attention in the future, due to the importance of developing predictive models for the transition
between partially premixed propagation and auto-ignition in a variety of combustion regimes. The
presentation materials include information on these experiments, as well as related experiments on
auto-ignition (Markides and Mastorakos, 2005), and modeling based on RANS/PDF and
LES/CMC methods.

Progress on measurement of scalar dissipation and small-scale turbulence structure

The challenges associated with quantifying the effects of noise and spatial resolution on scalar
dissipation measurements were a major discussion topic at TNF7 (Chicago, 2004). While some
information on error sources has been included with previously published results on scalar
dissipation, it became clear that the accuracy of such measurements could not be evaluated without
knowing something about the scalar dissipation spectrum in flames and without knowing the local
Batchelor scale.

Significant progress has been made toward understanding the scalar structure of turbulent flames at
the smallest scales of turbulent fluctuations. An overview of developments in this area was
presented by Noel Clemens and Rob Barlow. Key points were: 1) The measured energy and
dissipation spectra of temperature fluctuations in jet flames are well represented by the model
spectrum of Pope (Turbulent Flows, 2000) for fluctuations in turbulent Kinetic energy. 2) High-
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resolution imaging of Rayleigh scattering may be used to determine the local equivalent of the
Batchelor scale in the jet flames considered and possibly in more complex flames. 3) The
dissipation cutoff scale for mixture fraction fluctuations is always equal to or slightly larger than
that for temperature fluctuations. 4) Effects of noise are easily identified through spectral analysis.
5) These developments bring us closer to quantifying the accuracy of scalar dissipation
measurements in flames. Additional information on this topic was presented at the 31%
Combustion Symposium (Wang and Barlow, 2007; Kaiser and Frank, 2007).

New experiments and high-speed diagnostics

High speed diagnostics have seen rapid developments in recent years, due to advances in high-
power diode-pumped solid-state lasers and improvements in CMOS detector technology. Andreas
Dreizler presented an overview of recent applications of high-speed two-dimensional imaging
diagnostics in turbulent flows and flames. The aim of this session was to provide examples and
begin a discussion on the type of new information that might be extracted from high-speed
diagnostics, with a focus on validation of numerical modeling.

Most of the studies outlined are based on sequences of chemiluminescence images obtained at rates
of 7-10 kHz. Such “movies” are qualitative in nature, although there is potential to extract
information that is spatially and temporally quantitative. However, they can be very informative
with regard to transient phenomena, such as ignition, extinction, or flash back, because the
transient events may be captured and slowed down to allow physical interpretation by the observer.

Combined imaging of chemiluninescence and Mie scatter offers the potential to obtain conditional
velocity statistics around transient or intermittent events, such as local extinction in a turbulent
opposed-flow flame. For example, the combination of OH chemiluminescence and velocimetry by
PIV/PTV, could be used to obtain velocity statistics conditioned on extinction. High-speed PIV
allows for mapping three-dimensional volumes. This can be achieved either by rapid scanning of
laser-light sheets or by employing Taylor’s hypothesis. In each case the repetition rate is much
faster than typical time-scales of the turbulent flow. Finally combined techniques, such as PIV and
PLIF imaging of combustion-produced radicals at high repetition rates, are currently evolving. In
these approaches quantitative scalar fields can be recorded in addition to the quantitative flow field
information. This type of information is expected to validate models for flame transients, such as
misfire vs. successful ignition or local vs. global flame extinction.

Strategies to reduce simulation costs for chemistry and mixing

In past TNF workshops there have been several sessions fully devoted to mixing models and
alternative methods for efficient representation of chemical Kinetics, particularly in the context of
RANS/PDF methods. J-Y Chen presented an overview of recent developments in these areas.

With regard to mixing models, comparisons of several mixing models from DNS studies (Mitarai et
al., 2005; Wandel and Klemenko, 2005, 2006) and from LES/PDF studies (Bizetti et al) were
summarized. One observation was that LES results are less sensitive to the mixing model than
RANS calculations. The expectation is that the localness requirement on the mixing model
becomes relaxed as LES resolution increases.

With regard to chemistry, there were contributions covering work at TU Darmstadt on various

applications of ILDM, from Cornell on recent developments and implementations of ISAT, from
Fluent on A priori tabulation and ISAT implementation, from the University of Zaragoza on
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artificial neural networks (ANN) for representing chemistry and on cost comparisons of ILDM and
ANN, and from UC Berkeley on experiences with reduced chemistry, ISAT, and ANN.

LES quality assessment

LES is a promising technique to accurately predict turbulent flows. However, many fundamental
problems are unsolved, and no single LES procedure has emerged as a standard. Within the
context of the TNF Workshop, validation of combustion LES against experimental results,
particularly in flames with strong effects of turbulence-chemistry interaction, cannot be carried
forward effectively until issues of code verification and LES quality assessment are addressed. An
overview of methods used to quantify the accuracy of LES calculations was presented by Markus
Klein, with attention to four points of view:

e The academic approach where one tries to minimize (a priori) numerical and modeling
errors using: high-order, non-dissipative, conservative schemes; elaborated models; and
high quality grids.

e The engineering approach where one tries to estimate (a posteriori) the modeling and
numerical errors arising from a nonperfect numerical scheme, sgs model, and a rather low
quality grid.

e The optimal strategy, where one tries to understand the interaction of modeling and
numerical errors and to derive optimal LES strategies, using a large data base of decaying
isotropic turbulence.

e Adaptive mesh refinement, where the computational grid is optimized in order to minimize
a measure of the energy contained within the subgrid.

Although the methods proposed for quantification of LES accuracy are still in their early
development, the examples presented show encouraging results. It is proposed to apply and refine
the presented measures using the HM1 case as a collaborative exercise before TNF9 (Montreal
2008). We can also expect to gain insights from other workshops on combustion LES and LES
quality assessment that are planned for 2007.

Issues for comparing LES and Experiments

So far, within the TNF Workshop series, we have compared LES and experiments in the same way
that we compare RANS and experiments, on the basis of time averaged statistics (mean and rms) of
velocity and selected scalars. Such comparisons can be informative but only scratch the surface of
potential ways in which LES and experiments may be synergistically used to promote the
development of predictive capabilities. The combustion community as a whole is only beginning
to deal with the complex issues associated with more detailed comparisons of LES and
experiments, and it is hope that our existing collaborative framework can serve to accelerate this
important process.

Andreas Kronenburg, Venkat Raman, and Chenning Tong coordinated a session to highlight some
of the complex issues associated with the coupling or comparison of LES and experiments. Their
conclusions slide begins with the statement that the session generated more questions than answers,
which is to be expected at this stage. It is broadly believed that we can do better that the current
practice of comparing time averaged profiles. For example, high speed movies can help to identify
coherent structures and large-scale dynamics, while measured and computed time series may be
used to quantitatively compare dominant frequencies. However, there is significant work to be
done to identify appropriate ways to validate LES through quantitative comparisons with
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experiments or to extract information from experiments that may be used in the development of
combustion LES models.

One of the central challenges is that experiments and LES yield different filtered realizations of
velocity and scalar fields, and careful consideration must be given to the influence of these
different filters on the comparative results. Experimental results may be influenced by spatial
averaging and noise, and the resolution of LES and experiments will not generally match. There
are few if any experiments that can yield the equivalent of DNS results in flames (fully-resolved,
three dimensional, and time evolving). However, fully resolved line and planar imaging
experiments offer some potential to be used in developing and validating subgrid models for
reacting scalar fields.

A few other discussion points were:

e Itis possible to use LES solutions to evaluate the effects of experimental errors (e.g., noise,
beam steering).

o Availability of complete, accurate, and repeatable boundary conditions is essential.

e Assumptions behind experimental procedure might affect comparisons and should be
considered carefully.

e There is potential to simplify experiments and reduce overall uncertainties by comparing
raw quantities, such as Rayleigh scattering signals or fluorescence signals.

e Comparisons should be conducted using flame series that include variation of a key
parameter that offers a sensitive test of model capabilities.

What can be learned from DNS

DNS capabilities have expanded significantly in recent years. This session was included to
promote discussion of what role DNS might play in the TNF process of model validation. Evatt
Hawkes presented an overview of recent DNS of nonpremixed combustion. Examples from
numerous contributors covered four general areas of activity:

DNS with simplified models (e.g., pure mixing, one-step chemistry, homogeneous, 2D)
Trends toward more advanced problems (3D, detailed chemistry, shear flows)

Trends to include more physics (e.g., radiation, soot, spray)

Attempts to simulate laboratory scale flames

Discussion of example DNS studies touched on the objectives and limitations, as well as specific
results. There was a general consensus the DNS is an increasingly useful tool in the process of
model development and validation. Furthermore, participants thought that the primary role should
be to use DNS as “numerical experiments” to investigate specific phenomena with simple
configurations under strictly controlled conditions. Several groups are using DNS with some
success to understand fundamentals, then develop and test models. This needs to be done with due
consideration of the parametric space to which DNS is limited. With terascale computing, a few
3D cases with detailed chemistry are being addressed, but this is not yet routine, and there are
significant challenges associated with handing, mining, and sharing the very large data sets.
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Progress and Challenges for Validation of Premixed Combustion Models

Johannes Janicka presented an overview on the status of validation efforts involving premixed and
partially premixed (or stratified) combustion. This included input from S. Cant, J. Chen, S. A.
Dreizler, A. Masri, and L. Vervisch. The presentation (in the Proceedings) addressed challenges,
current models, validation cases, and DNS as a modeling tool. One challenge that was addressed in
some detail was that of LES resolution relative to physical parameters of the burner and flame, and
this was discussed in terms of an LES regime diagram for premixed flames. Four modeling
approaches are outlined in the context of LES applications: subgrid Bray-Moss-Libby model,
artificially thickened flames, G-equation, and the linear eddy model (LEM). Partially premixed
(and stratified) flames were highlighted as having growing practical importance, and modeling
approaches for partially premixed flames were outlined, again in the context of LES. A key issue
here is that a major motivation for use of partially premixed or stratified flames in practical systems
is their potential to yield reduced emissions. However, these emissions (NO,, CO, UHC) can
depend upon post-flame kinetics, which are not addressed by kinematic models. General data
needs and specific experimental cases on premixed and stratified flames that are either in the
literature already or are in the process of being measured were discussed. However, there was not
a clear consensus pointing toward a single flame target or series at the time of the workshop,
because complete data from new configurations are not yet fully available.

Perspectives from industry

TNF8 included several participants from the gas turbine industry or from CFD software companies
who are closely involved with industry needs. These participants were invited to provide industry
perspectives on the TNF Workshop process. They gathered as a small group (listed in the
proceedings) on Friday afternoon, and a summary was presented by Jorge Ferreira during the
regular session on Saturday morning. The broad message was that the TNF process provides
access to good experimental data sets, good insights on the status of current models, and useful
information about advanced experimental methods. The TNF focus on “basics” was encouraged.
However, it was also suggested that any new flames should have relevance to “real life.” The
summary slides cover several important points of concern to industry regarding issues of accuracy,
speed, and reliability of models. The slides also list areas of interest with respect to future target
flame configurations.

Priorities and planning for future work and TNF9 (Montreal, 2008)

TNF9 is planned tentatively for July 31 — August 2. It will most likely be held in one of the hotels
booked for the 32™ Combustion Symposium, with a schedule similar to TNF8. There are a few
areas that are clear priorities for collaborative work in preparation for the next workshop:

e Conducting LES quality assessment, based on a selected TNF flame or flames. Andreas
Kempf and Joe Oefelein have volunteered to coordinate this effort.

e Extending LES validation work to include effects of strong turbulence-chemistry
interaction, such as local extinction. This will eliminate some combustion sgs models and
is likely to require significant computational resources. However, because the primary
focus of the TNF Workshop series has been on fundamental issues of turbulence-chemistry
interaction and because we already know a great deal about the modeling of these effects in
the RANS context, it is important to begin to systematically extent LES validation into
problems with strong effects of turbulence-chemistry interaction.
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o Developing a better understanding of how to appropriately compare LES and experiments
and how such comparisons might extend beyond what has been done in comparing RANS
and experiments. This will require close collaboration between experimental and
computational researchers.

e Acquiring and making available new data sets for premixed and stratified combustion that
are appropriate validation targets for models and address combustion phenomena relevant
to practical systems. Several experiments have been conducted recently on such flames or
are in progress. However, before any broad comparison of results can be carried out, there
must be a consensus among several modeling groups that a particular flame or flame series
iS an appropriate target.

e Exploring ways to make better use of internet tools to facilitate collaboration and exchange
information, including larger data sets, more types of data, results of model calculations
and detailed simulations. There is currently a significant level of interest, within some
funding agencies, related to developments in cyber infrastructure to support advancement
in combustion science.

This list suggests emphasis on LES, due in part to the fact that the state combustion LES validation
is not nearly as far along as for RANS, at least with regard to finite-rate chemistry effects in the
TNF target flames. It should also be emphasized that RANS and hybrid schemes are expected to
be widely used by industry for many years, and RANS methods will continue to play an important
role within the TNF Workshop process.

Thoughts on the status and future of the TNF Workshop series (R. Barlow)

The TNF Workshop series has been running since 1996, and over that time the character of the
workshops and the associated research collaborations has evolved. Early in the process, many of
the modeling groups were working on the same flames, such that the main focus of each workshop
during the first several years was on broad collaborative comparisons of results from a small
number of cases. The first five workshops were conducted as annual events, collaboration and
information exchange on the few target flames was active and ongoing, and several experiments
were conducted in direct response to consensus requests from modelers. Progress toward
understanding the capabilities of various RANS methods for combustion modeling was rapid, as
was the process of understanding the relative performance of specific submodels.

During most of the first 10 years of activity, the emphasis of the TNF Workshops was clearly on
fundamental issues of turbulence-chemistry interaction and the corresponding submodels.
Attention was given to other aspects of the modeling problem (e.g., turbulence modeling, chemical
mechanisms, and radiation effects) to the extent that these effects and submodels needed to be
sufficiently understood and controlled to allow for unambiguous comparisons of the modeled
effects of turbulence-chemistry interaction. Overall, the contributions of the TNF Workshop series
and its regular participants toward better understanding and improved modeling of turbulence-
chemistry interaction in nonpremixed and partially premixed flames has been substantial. This
success may be attributed to the philosophy of collaboration and progressive research that
underpins the TNF Workshop process. This philosophy is outlined in a 31% Combustion
Symposium invited paper (Barlow, 2007).
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With the passage of time and the addition of new target cases, the collaborative work has become
more diffuse. Modeling and experimental efforts have branched out again, so that the overall
process has become less tightly focused. Furthermore, with the growth in emphasis on LES within
the overall community as an emerging and promising approach for combustion modeling, there has
been a corresponding growth in emphasis on LES in the past few workshops. However, to some
extent, this has diverted our focus away from issues of turbulence-chemistry interaction.

In order for the TNF Workshop process to be as effective in the future as it has been in the past, we
should maintain a strong emphasis on fundamental issues of turbulence-chemistry interaction, as
we refocus our efforts to address the next level of challenges, both experimentally and
computationally. These challenges include:

e Expanding the array of validation-quality experiments to include a broader range of
combustion regimes: nonpremixed, partially-premixed, stratified, and premixed flames in
geometries that are appropriate for advanced models, have unambiguous boundary
condition, and address phenomena of practical interest.

e Increasing the completeness of comparisons by: ensuring that velocity and scalar fields are
obtained at well matched conditions (or simultaneously), going beyond comparisons of
mean and rms point statistics, making a broader array of experimental data types easily
accessible on the web, using web-based tools to reduce the effort required to submit and
compare results, and including more parametric studies of the sensitivity of results to
parameter changes.

e Paying more attention to issues of verification and quality assessment by developing some
forms of standardization and by establishing benchmark cases that are based on the
combination of detailed experiments and highly resolved (expensive) simulations.

e Doing a more complete job of archiving results of calculations and comparisons, so that it
will be easy to call up results of previous calculations, particularly the better ones, so that
the community can avoid reinventing wheels as we attempt to achieve predictive
computational tools as rapidly as possible.

It is anticipated that specifically directed funding will be necessary to accomplish some of these
goals because the level of complexity of the validation process has grown beyond that which can
be handled effectively using the manually intensive tools that served the TNF process through the
past decade. For example, the development of web based tools that specifically address the needs
of the TNF Workshop is unlikely to happen without specific funding and ongoing support.
Therefore, it will be important to educate funding agencies and contract monitors as to these
additional needs, which are typically viewed as unglamorous, and find ways to increase the
sophistication and thoroughness of the combustion model validation process without significantly
increasing the work load required of those who volunteer their time to support this effort.
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* Program Co-Chairs

PREFACE:

The TNF Workshop series facilitates collaboration and information exchange among experimental and
computational researchers in the field of turbulent nonpremixed and partially premixed combustion, with
current emphasis on fundamental issues of turbulence-chemistry interactions in gaseous, non-sooting
flames. The 1st TNF Workshop was held in Naples, Italy in July 1996. Its purpose was to select
experimental data sets for testing combustion models and establish guidelines for collaborative
comparisons of measured and calculated results on these target flames. Subsequent workshops were held
in Heppenheim, Germany (1997), Boulder, Colorado (1998), Darmstadt, Germany (1999), Delft, The
Netherlands (2000), Sapporo, Japan (2002), and Chicago, lllinois. Proceedings are available on the
internet at http://www.ca.sandia.gov/TNF.

Our overall objectives are to: 1) provide an effective framework for comparison of different combustion
modeling approaches, 2) establish a series of benchmark experiments and calculations that cover a
progression in geometric and chemical kinetic complexity, 3) identify and correct inconsistencies in the
experimental data sets and expand the experimental knowledge base for benchmark flames, and 4) gain a
better understanding of the capabilities and limitations of combustion models and experimental methods.
We emphasize that this is not a competition, but rather a means of identifying areas for potential
improvements in a variety of modeling approaches and experimental techniques. This collaborative
process benefits from contributions by participants having complementary areas of expertise, including
velocity measurements, scalar measurements, turbulence modeling, chemical Kkinetics, reduced
mechanisms, mixing models, radiation, and combustion theory. The process also benefits from rapid
communication over the internet. Data sets, computational submodels, and results of comparisons are
being made available on the web to allow convenient access by all interested researchers. In many cases
the results presented at this workshop represent work in progress. Accordingly, we strongly recommend
that you check with the originator before using or quoting information in these proceedings.

The TNF Workshop format is intended to promote open discussion of fundamental research issues that
are relevant to our overall objectives. All participants are encouraged to be active in these discussions,
during the scheduled technical sessions and in small groups at other times.
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Sydney/Sandia Bluff-Body and Swirl Flames TNF 8 - Comparisons by A.M. Kempf

Sydney/Sandia Bluff-Body and Swirl Flames

Comparison prepared by Andreas M Kempf, Imperial College London, UK, a.kempf@imperial.ac.uk

Introduction

The bluff-body and swirl burners were presented as a target case at previous TNF Workshops [1].
In TNF 4, comparisons were made for the bluff-body cases NRBB and HM1. In TNF 5, HM1e was
included, which was considered by many groups at TNF 6. In the subsequent TNF 7 workshop, the
focus was hence on the NRBB and HMcases, although contributions to HM2, HM3, and HM3e
were presented as well. For the swirl flow, contributions on the non-reactive cases N295054,
N16S159, and on the flames SMH1 and SMA2 were requested for the TNF 6 and TNF 7 work-
shops. At the TNF 8 workshop, the focus was expected to move to the more challenging swir
flames for the first time.

Bluff-Body Burner

The burner was investigated experimentally for different test-cases labeled HM1e, HM1, HM2,
HM3, and HM3e. A bluff-body burner is located in a coflowing air stream. A central pipe in the
bluff-body ejects fuel into the recirculation zone. The diameter of the bluff-body is 50 mm and the
central fuel jet diameter is 3.6 mm. The coflow and fuel jet velocity vary with the cases. In general,
cases labeled with higher numbers (e.g. HM3 opposed to HM1) feature larger flow rates. For the
cases labeled “e” (HM1e, HM3e), Laser Doppler Velocimetry data is available that has been meas-
ured at Sydney University Heat Laboratory. In these cases, the flow rates were slightly lower than
in the non-"e” cases and the fuel consisted of a mixture of Compressed Natural Gas and hydrogen.
In these cases, the wind tunnel dimensions were 130mm x 130mm, the free stream turbulence of
the air coflow was around 2%. For the cases HM1, HM2 and HM3, compositional data was meas-
ured at the Turbulent Diffusion Flame Laboratory at Sandia's Combustion Research Facilities. In
these cases, a methane-hydrogen mixture was considered, the wind tunnel dimensions were 305mm
x 305mm. Further information on the set-up and the experimental results are available from [2].

Swirl Burner Topviewon oo
The swirl-burner shown in Fig. 1 is w phawmnel | Tg36
an extension of the Bluff-Body :J*+V

Burner, which results from adding ! Axial

an annulus of 60mm inner diameter At LA a{

to the bluff-body. The annulus pro-
vides swirled air from tangentially
arranged inlets at the base of the
burner. This swirler adds two addi- Annular
tional fluid-dynamical parameters seeder
which must be considered, which
are the flow rate of the swirled air
and its swirl number. For a limited
number of fuel compositions, this
leads to a four-dimensional pa-
rameter space, of which wide parts
were covered in the experiments.
The resulting flame types are
sketched in [2,3].
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Contributions

The contributions to the previous TNF Workshops are available in the proceedings [1]. Many new
simulations by groups from Georgia Tech (USA), Loughborough University (UK), Imperial Col-
lege (UK), Rolls-Royce, and NUMECA are presented for validation against the experimental ve-
locity and compositional data. The cases presented at the TNF8 workshop are HMle, HMI,
N16S159, N29S054, SM1, SMA1, SMA2, SMH1 and SMH2. As before, the experimental data is
available on the internet [4] and the configurations are summarized in Table 2.

Table 1: Submissions for the TNF 8 workshop

El-Asrag | Dinesh, Ra- Odedra, Anker James | Navarro- Stein,
vakanti, Clara- Zhu Martinez,
Menon Malal- Malal- Kempf
Malal- munt Anand Kronen-
sekera sekera
sekera Wegner burg
Georgia Lough- Lough- Lough- NUMECA Rolls Imperial Imperial
Tech borough borough borough Royce
Label GT HE-SM LB RD-WM LBMR-WM | LBAO-WM NUMECA RR SJ IC SNM-AK | IC 0S-AMK
HM1e X X X
HM1 X X X X
N16S159 X
N29S054 X X X
SM1 X X X X
SMA1 X
SMA2 X
SMH1 X X X
SMH2 X X

Results

The results were plotted as provided by the individual groups. Contributors had an opportunity to
check the representation of their data, so that the plots should be correct. For the experiments, all
available data was presented. In many cases, measurements were taken for the entire diameter of
the flow, leading to two different branches in regions where asymmetries occurred. These asymme-
tries can be considered as further indication of the challenging character of these flames, although
the simulation data should be inherently symmetric.

Findings by Contributors

HM1e, Odedra, Malalasekera: The axial velocity predictions are remarkably good, the length and
shape of recirculation region is predicted accurately. The radial velocity and rms fluctuations of
radial and axial velocity agree well with experiments. Consistently good agreements are obtained
for all the axial locations.

HM1e, Ravakanti, Malalasekera: Accurate numerical treatment of Reynolds stresses, especially
UV shear stress, near the inner and outer walls of the extended bluff-body has been found to influ-
ence the flow profiles emerging out of the burner to a great deal thereby controlling the level of
accuracy of flow field predictions. Implementation of wall reflection correction terms for pressure
strain is recommended in the literature. However their implementation is not straight forward in the
present case due to the presence of multiple walls and the results obtained thus far with implemen-
tation of correction terms showed no significant improvement in flow predictions.
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HM1, Odedra, Malalasekera: The NO predictions show reasonably good agreement with experi-
ments. Mixture fraction, its rms, temperature, temperature rms and all other combustion products
are predicted very accurately. Good agreement for all the scalars for almost all locations validate
Laminar Flamelet Modelling approach for the selected flame and establishes the competence of
Reynolds Stress Model to simulate strongly recirculating flame.

HM|1, Ravikanti, Malalasekera: Radial overprediction in mixture fraction variance within the re-
circulation zone is found to decrease with o eps = 1.0, but it results in radial and centreline under-
prediction of mixture fraction thereby causing significant overprediction of temperature and OH
mass fraction. The accuracy of reactive scalars predictions seems to depend more on accuracy of
mixture fraction prediction and less on its variance.

N16S159, Ranga Dinesh, Malalasekera: LES successfully predicted mean velocities and r.m.s.
fluctuations. Additionally current simulation captured the large recirculation zone, which generated
as a result of the bluff body and higher swirl velocity. The varying magnitude and sharp changes in
the components in experimental measurements show that the turbulence anisotropy is very high in
this flow.

N29S054, El-Asrag, Menon: The time average and instantaneous re-
sults show the establishment of a recirculation zone (RZ) at the base of
the bluff body and a vortex break down bubble (VBB) downstream at
the centerline. The RZ is approximately half the width of the bluff
body diameter and extends in the form of a toroid to about 25 mm in
the axial direction. The VBB is 70 mm in length (in-between x = 50
mm and 70 mm approximately), with a maximum transverse width of
about 10 mm, and a maximum 13 mm width in the span-wise direction.
The results show good agreement with the measured velocity profiles.

N29S054, Ranga Dinesh, Malalasekera: LES successfully predicted
mean velocities and r.m.s. fluctuations. The LES predictions captured
two recirculation zones, one close to the burner above the bluff body
and another further downstream, which stagnates around the central
axis.

N29S054, Stein, Kempf: Very good qualitative and quantitative agree-
ment of all velocity components up to the shear stresses, downstream
recirculation is captured and the vortex breakdown bubble has ap-
proximately the shape of the measured one.

SM1, El-Asrag, Menon: The time average and instantaneous results
show the establishment of a recirculation zone (RZ) at the base of the
bluff body and a vortex break down bubble (VBB) downstream at the

Fig. 2: Light emitted from the
SMHI1 flame. Large Eddy . . .
Simulation — with ~ Volume- ~ centerline. The RZ extends in the form of a toroidal shape to about x =

Rendering of OH. 32 mm in the axial direction. The VBB is 20 mm in length (in-between

O. Stein. H.R. Ram, A. Kempfy — 79 mm and 96 mm approximately), with a maximum transverse

width of about 16 mm. The flame shows necking behavior around x =
50 mm. Two collar like structures are observed in-between the two recirculation zones. Good
agreement is observed for the major species and the velocity fields, considering that simplified one-
step kinetics is employed.

SM1, Stein, Kempf: In general, a good qualitative agreement with the experiments was achieved,
both downstream recirculation and jet precession were predicted. The mean velocities are well pre-
dicted, apart from the circumferential velocity at x/D=0.136, which increases close to the jet very
late in the simulation (sampling was started after 44 ms). At x/D=0.4 jet precession lowers the
mean value of the circumferential velocity in the vicinity of the jet, which doesn’t occur at
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x/D=0.136. The velocity fluctuations look reasonable, a high resolution is required to capture the
outer shear layers. Excessive turbulent fluid motion is predicted around the VB-bubble at x/D=1.2
and 1.4. Mixture fraction and temperature are reasonably predicted.

SMAZ2, El-Asrag, Menon: The time average and instantaneous results show the establishment of a
recirculation zone (RZ) at the base of the bluff body downstream at the centerline. The RZ ex-
tends axially up to x = 99.2 mm in the axial direction. The flame structure is captured reasonably
with an over prediction of the flame length. Good agreement is observed for the major species and
velocity field, with slight deviation of the mass fractions at the centerline.

SMH1, Odedra, Malalasekera: The axial and circumferential velocity predictions agree very well
with experiments close to the burner. Mixture fraction, its rms, temperature and other combustion
product show reasonable agreement except CO predictions, which shows severe overpredictions
for the downstream positions. The discrepancies noted could be the results of uncertainty involved
with the chemical mechanism and/or limitation of the Reynolds Stress Model to capture correct
level of turbulence in swirling flows.

SMH1, Ranga Dinesh, Malalasekera: LES successfully predicted mean velocities and r.m.s. fluc-
tuations for the flame SMHI1. The typical bluff body effected recirculation zone is well captured.
The experimental data observe downstream recirculation zone, which occurs the vortex breakdown.
However present simulation cannot observe this downstream vortex breakdown. Despite the slight
differences between predictions and measurements the overall predictions for the mixture fraction
and mixture fraction variance are quite good. When the radial profiles of the thermo-chemical sca-
lars are plotted, the level of agreement is reasonable good indicating that the combustion model
performs well in the current simulation. The capability of LES to predict downstream vortex
breakdown is remains questionable. According to the literature, the critical swirl number where
recirculation occur is approximately 0.6. It is difficult to believe that the fine grid resolution and
improve boundary conditions help to capture this downstream vortex breakdown. The only possi-
bility is to consider the longer transition time (several seconds). The improvement of the combus-
tion model is essential for the current swirling flames. The author is interested to see how flamelet/
progress variable approach will work with LES for the SMH1 flame.

SMH]1, Stein, Kempf: Mean velocities are well predicted upstream, while the central jet velocity
remains questionable. The axial velocity profiles show that further downstream neither vortex-
breakdown nor recirculation are captured, resulting in deviations of the circumferential velocity.
Velocity fluctuations are well computed, but the lack of vortex breakdown yields high fluctuations
at mean radii for x/D=1.2 and 1.6, instead of a stagnant VB-bubble with low fluctuations. Due to
the high sensitivity of this case, the current predictions of mixture fraction and hence temperature
are not satisfactory.

SMH2, Ranga Dinesh, Malalasekera: LES successfully predicted mean velocities and r.m.s. fluc-
tuations for the flame SMH2. The typical bluff body effected recirculation zone is well captured.
Despite the slight differences between predictions and measurements the overall predictions for the
mixture fraction and mixture fraction variance are quite good. When the radial profiles of the
thermo-chemical scalars are plotted, the level of agreement is reasonable good indicating that the
combustion model performs well in the current simulation.

SMH2, Stein, Kempf: Mean velocities are well predicted, only the circumferential velocity deviates
significantly at x/D=0.4. The stable jet does not precess as found experimentally, a phenomenon
which could lower the mean value here. The velocity fluctuations are captured reasonably well with
upstream deviations at small radii and downstream discrepancies at mean radii similar to the LES
of SMHI. Due to the high sensitivity of this case, the current predictions of mixture fraction and
hence temperature are not satisfactory.
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Table 2: The Sydney/Sandia bluff-body and swirl flames.

Fuel Us Uy Sq Type
vol. ratio m/s m/s 1 -> Fig. 3

NRBB - 20 61 0

HM1e CNG/Hz2 1:1 35 108 0

HM1 CHa4/H2 1:1 40 118 0

HM2 CHa4/H2 1:1 40 178 0

HM3 CHa/H2 1:1 40 214 0

HM3e CNG/Hz2 1:1 35 195 0

N16S159 - 16.26 66 1.59

N29S054 - 29.74 66 0.54

SMA1 CNG 38.2 32.7 0.5 H
SM2 CNG 38.2 88.4 0.5 X
SMA1 CNG/Air 1:2 32.9 66.3 0.66 H
SMA2 CNG/Air 1:2 16.3 66.3 1.59 C
SMAS3 CNG/Air 1:2 16.3 132.6 1.59 X
SMH1 CNG/Hz2 1:1 42.8 140.8 0.32 H
SMH2 CNG/H2 1:1 29.7 140.8 0.54 C
SMH3 CNG/Hz2 1:1 29.7 226 0.54 X
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Table 3a: Details of submitted simulations

Contribu- S. Menon \'I(V ':\{naar;g; :eI:er: M. Ravikanti A. Odedra
tors H. El-Asrag ) . W. Malalasekera W. Malalasekera
S.S. Ibrahim
Institution Georgia Tech Loughborough Loughborough Loughborough
University, USA University, UK University, UK University, UK
Label GT HE-SM LB RD-WM LB MR-WM LB AO-WM
N16S159
N29S054 N29S054 HM1e HM1e
Cases SM1 SM1 HM1 HM1
SMA2 SMH1 SMH1
SMH2
Approach LES/LEM LES / Flamelet RANS / Flamelet RANS / Flamelet
Subgrid-Energy equ- . Differential Reynolds
Models ation for Momentum Smago_rmsky Model Stress Model, Slow: Reynolds Stress Model,
. . Dynamic Procedure e . -
for Flow Localised Dynamic Pro- h R Rotta, Rapid: Naot et al. | linear pressure strain
Piomelli, Liu ) e
cedure Gradient diffusion
L|_near Eddy (LEM) _ Single steady flamelet Steady laminar flamelet Steady Flamelet
Models for | Single step mechanism GRI 2.11 Additional NO transport GRI2.11
Chemistry | CH4/Air, 5 species SM1: strain=300/s equation. GRI 2.11 P HM1: Eulerian Particle
9 LEM-cells / CFD-cell SMH1/2: strain=500/s q ’ ’ Flamelet Postprocess.
. Butterfly.: Cart.eswfm em- Cartesian grid Cartesian, 2D axi-sym.
Domain bedded in cylindrical ) ) . .
. . L: 250 mm L: 150 mm + 1000 mm Cartesian, 2D, axi-sym.
and Grid L: 210(240) mm | ]
W: 300 mm R: 177 mm
D: 310 mm
. 2.
Grid reso- | €arti210(240)x392-9 182 x 89 170 x 260
lution Cy:210(240)x109x153 -9 M 16.200 44.200
3.8M 9 (4.3M 9 SMA2) ’ ’
N16S159: 30ms+30ms
N29S054: 3ms+11ms N29S054: 30ms+30ms
Statistics SM1: 3ms+ 8ms SM1: 30ms+ 7ms
SMA2: 3ms+18ms SMHA1: 40ms+20ms
SMH2: 40ms+20ms
FV, 2nd order space )
. FV, 2nd order time and momentum, SHARP for FV’ hybnd. for f:onvec- 2nd order upwind
Numerics . . tion and diffusion
space mixture fraction, 3rd SIMPLE
o SIMPLE
order in time
Otke=0.82 0:=1.3
Model G 0.9  Gu=0.9 ok=1.0 0:=1.3
parame- meeTR T T | Ca=16 Cer=1.92
ters Ono=0.7 Coa=16 | ¢ 009
Ci=1.8 C2=0.6 e
N16S159: 380 h
N29S054: 3,500 h N29S054: 290 h 6h
Cost SM1: 40,000 h SM1: 310 h 20 h (16 h HM1: Eulerian
SMA2: 65,000 h SMH1: 500 h Flamelet Particle Mod.)
SMH2: 480 h
Inflow Mean velocities from
Conditions power law profiles 1 % turbulence intensity
. L Inlet extended upstream
Gaussian random num- | assuming isotropy
. (2D)
bers for fluctuations of | no shear stresses
correct level
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Table 3b: Details of submitted simulations

Contribu- J. Anker S. James S. Navarro-Martinez O. Stein
tors K. Claramunt J. Zhu A. Kronenbur A.M. Kempf
B. Wegner M.S. Anand ) 9 o P
Institution NUMECA Int. Rolls-Royce Imperial College Imperial College
Brussels, Belgium USA London, UK London, UK
Label NUMECA BW RR SJ IC SNM-AK IC OS-AMK
HM1 N2§;254
Cases HM1e SM1 HM1e
SMA1 SMH1
SMH2
Approach RANS / Flamelet LES / FDF LES/CMC LES / Flamelet
Models _ Smago!'msky Model Smago!'lnsky Model Smagorinsky Model
k-epsilon Dynamic Procedure Dynamic Procedure .
for Flow h R ; R Dynamic Procedure
Piomelli, Liu Piomelli, Liu
eddy diffusivity Transported filtered 48 species, 300 reac- | \jo0n. by Lindstedt,
Models for density function (FDF) tions .
. steady flamelet " multiple steady flame-
Chemistry 16 spec. 41 steps C1 equilib. model for sca- )
GRI 2.11 Lo lets for species
ISAT lar dissipation
axisymmetric I .
Domain W:75 mm . I . Cyll_ndrlcal grid
. . Hex grid Cylindrical grid L: 250mm
and Grid L: 300 mm
D: 440mm
. 128 x 120 ax. x rad. x circ. ax. x rad. x circ.
t?o”nd resolu- 15,360 136 x112?wx 102 200 x 100 x 48 500 x 95 x 64
’ 960,000 3,040,000
N29S054: 37ms+30 ms
HM1: 25ms ]
Statistics SM1: 50 ms 200 ms + 70 ms SMi: — 44ms+77ms
SMA1: 110 ms SMH1:  29ms+23ms
’ SMH2:  23ms+21ms
d
unstruct. hexahedral FV, 2nd order central 2nd order CDS in time 2n¢ or. CDS mometum
. - ~2nd or. TVD for scalars
Numerics flow: 2nd ord. Jamesons | velocities, 2nd order and space -
scalars: 2nd ord. upwind | Lagrangian particle TVD for scalars projection method
’ ’ ’ ~3rd order Runge Kutta
Sc=0.7
Model Ce1=1.6 HM1: C¢=10.0 Sc=0.4 SC=0.45
parameters Sc=0.7 SM1: C¢=5-0 Csas,var=0.1 A
SMA1: C¢=2.0
N29S054: 1,500h
SM1: 3,000h
Cost 768 h SMH1:  4,000h
SMH2: 4,000h
Inflow . Azimuthal modes cor- | Kempf, Klein, Lund
Conditions U from power-law - . .
. related in time superim- | Inflow-generator:
Coflow from bluff-body | Random fluctuations .
posed on mean profiles, | Stress-Tensor and vary-
measurements :
length-scales ing length scales
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Figure 3: Flame types observed in the swirl flames. Image from:
http://www.aeromech.usyd.edu.au/thermofluids/main_frame.htm
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Partially Premixed CH4 Swirl Flame
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Axial velocity fluctuation, U ¢ [m/s]
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CH4/H2 Swirl Flame
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S M H 1 Circumf. Velocity Fluct.
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CH4/H2 Swirl Flame

S M H 1 Mixture Fraction
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CH4/H> Swirl Flame S M H2 Axial Velocity
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CH4«/H2 Swirl Flame SM H2 Axial Velocity Fluctuation
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S M H2 Circumf. Velocity Fluct.
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Sydney/Sandia Bluff-Body and Swirl Flames TNF 8 - Comparisons by A.M. Kempf

Sydney/Sandia Bluff-Body and Swirl Flames:
Post-workshop information

Contributions from R. Barlow, H. El-Asrag, S. James, W. Malalasekera, B. Merci, S. Navarro-
Martinez, S.B. Pope, V. Raman, O. Stein, B. Wegner

Compiled by Andreas M Kempf, Imperial College London, UK, a.kempf@imperial.ac.uk

Introduction

During the workshop, the comparison of the Sydney-Flames created much discussion, and a com-
mittee was set up to discuss the issues. Findings were presented on the second day of the workshop,
leading to additional discussion. The present document provides information that became available
after the workshop and tries to wrap up the ideas of different contributors.

Post-workshop discussions and findings

At TNF-8, the flow and mixing in the bluff-body flames HM were for the first time predicted with
good accuracy. This progress triggered a discussion whether these flames should still be considered
in the comparisons. The main reason for ignoring these flames in future comparisons would mainly
be to release resources for the swirl flame prediction. However, there is strong support for the bluft-
body flames, in particular from the modeling community: Since the general features of this flow
can now be reasonably well predicted, the non-swirled flames finally provide a platform for devel-
oping turbulence-chemistry interaction models, for improving sub-models, and to examine the
effects of detailed chemistry encountered with extinction and re-ignition. In particular flame HM3
shows significant extinction and may be considered as a particularly worthy target for the TNF
community.

In contrast to the Sydney bluff-body flames, the relevance of swirl flames as such was never ques-
tioned. Participants from gas-turbine manufacturers even recommended to look into more relevant
cases with higher swirl numbers, eventually simplifying predictions further. Based on the predic-
tions presented, the hydrogen methane flames appear to be particularly sensitive and challenging,
whereas the partially premixed SMA flames seem to have a relatively high relevance for combuster
design. The Sydney swirl flames were not predicted well enough to justify their use for sub-model
development yet, but further progress can be expected at TNF-9.

With LES evolving into a tool commonly used by TNF contributors, the specific requirements of
this technique are now becoming obvious: To allow for comparisons on the high level of accuracy
that is expected from LES, the experimental data needs to be accurate and precise, and should pro-
vide additional statistics that could not be taken from classical closures. A major concern that was
mentioned is the availability of detailed inflow data, providing the complete stress tensor and typi-
cal length- or time-scales. Furthermore, velocity data upstream of the exit-plane would help predict
more reproducible results when the computational domain starts there. Furthermore, the effect of
the fuel on the flow-field was questioned, as the present velocity measurements were taken for
compressed natural gas as opposed to methane for the species measurements. Considering the sig-
nificant level of extinction observed in some of these flames, the detailed fuel composition may
well affect the flow and mixing.

Further discussion evolved around the question whether the numerical effort used for these simula-
tions should be regulated, e.g. by prescribing similar grid resolutions. This would finally allow to
compare the quality of different numerical and modeling techniques. Unfortunately, strictly im-
posing these limitations would render extreme approaches impossible, effectively inhibiting highly
resolved simulations (even DNS) as much as particularly efficient techniques. Hence, common
grids may be attractive where they do not inhibit progress.

TNF8 Workshop 85 Heidelberg, Germany, 3-5 August, 2006



Sydney/Sandia Bluff-Body and Swirl Flames TNF 8 - Comparisons by A.M. Kempf

An interesting (though predictable) discussion evolved from the different perspectives of contribu-
tors from combustor-manufacturers and combustion researchers: Where industry demanded appli-
cation specific research for the funding provided through tax-money, academia requested funding
for necessary fundamental research.

Further suggestions

It was suggested that future comparisons should attempt to include previous data-sets as well.
Without doing this, the TNF community is at risk of repeating previous mistakes and of ignoring
important contributions. The main problem with this approach is the sheer amount of available
data, the format it exists in, and methods for its presentation and interpretation.

A further important issue will be LES and sub-grid model verification. As LES provides additional
information not available from other methods, more appropriate approaches to LES validation and
verification are sought.

Appendix A: Additional information on submitted data:

This section provides explanations for improved predictions observed recently. These explanations
are direct answers to the question:

1) If you submitted (improved) data: What do you think has been important to improve your pre-
dictions of these flames?

Hossam El-Asrag: The grid resolution and the correct inflow conditions

Sunil James: The results submitted were the first performed. No further iterations were per-
formed to improve the match to data.

W. Malalasekera: It appears that it is essential to have correct inlet boundary conditions.
Mean profiles as well as fluctuations play a major role in the success of achieving decent
predictions. --Transitional time period after which LES statistics are taken is also important.
It is important to run adequate number flow passes before statistics are taken. - Other factors
like grid resolution, accuracy of discretisation practices, allowed maximum time step etc. all
play a major part. Cartesian and axis-symmetric arrangements can produce different re-
sults. We observe that a Cartesian grid is best suited in general. However the inlet conditions
have to be accurately handled as the burner geometry is cylindrical. 2d axis-symmetric ap-
proach appears to be not suitable for these flames. - Prediction of features like vortex break-
down and precession is still an issue. it is still not clear whether LES has been completely
successful in predicting these features in all cases. LES does capture important flow features
in general. Our other studies using RSM have revealed that Reynold’s Stress models fail to
predict swirl flow features at certain swirl numbers.

Bart Merci: We did not submit anything, but for the bluff body flames (RANS, transported
PDF) we see improvement of quality when we use RSM instead of (non-linear) k-epsilon type
models. We use c_eps_1 = 1.6. We also see improvement of joint velocity-scalar over joint
scalar PDF, but this requires more investigation (e.g. more chemistry and mixing model
comparison required here; we are working on this).

Salvador Navarro-Martinez: Choose a “correct” turbulent length-scale for the inflow turbu-
lent conditions as well as refining the mesh towards the outer shear-layer.

Oliver Stein: Accurate modeling of the geometry is critical for the simulations: A low reso-
lution for the annular rim leads to strong deviations of the mean axial velocity profile in the
outer shear layer, which was later avoided by using improved immersed boundaries. - A
slight improvement of the results was achieved by a more precise modeling of the inflow pro-
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files based on DNS/experimental pipe flow data. A high grid resolution (> 3M grid points)
seems to be required to capture the flow & mixing field accurately, downstream recirculation
in SMHI may be captured with further increased grid resolution. Also — for steady flamelet
models — a very accurate flamelet table (rho(f)-profile) is required, particularly in the vicin-
ity of the bluff-body.

Venkat Raman: I did not submit one - but based on the last TNF meeting, proper inlet
boundary conditions and a consistent way of generating mesh is critical

Bernhard Wegner: The most important factor was the modification of the C_eps_I constant
from its standard value of 1.44 to 1.6. Further, the results were found to be very sensitive to
the choice of the inlet boundary conditions and in particular on the turbulent length scale
(i.e. the value and distribution of epsilon).

Appendix B: Future direction

This section is a list of wishes, ideas and thoughts from different contributers. The information in
this section was submitted as answers to the following questions (not in original order):

2) What are the flames from the Sydney series you are most likely to predict and submit next?
Please provide a list of priorities. - Why do you think each of these flames is important?

El-Asrag thinks that flame SM1 is attractive for its compactness and its interesting physics
and flow features. James rates the flames SM1, SM2, SMA1, SMA2, SMA3 in order of de-
creasing interest, mainly due to his familiarity with these flames. Merci considers the bluff-
body series as attractive for the lower complexity of the flow, but still intends to investigate
the swirl-flames as well, based on a hybrid RANS/LES approach. Malalasekera observed
that SMH1 was still interesting as non of the LES captured vortex-breakdown, whereas SM 1
and SM2 were easier and cheaper to simulate. Generally, Malalsekera considers swirl flames
as ideal to evaluate combustion models. Navarro-Martinez plans to focus on HM2 (and San-
dia E) which feature more extinction than the low-strain cases HM1 (and Sandia D). Stein
provides general observations and considers SM1 to be the “simplest” flame with little ex-
tinction and relatively easy to capture flow features as jet precession and vortex breakdown.
In contrast, Stein argues that capturing vortex breakdown was particularly difficult for
SMHI1. Wegner (NUMECA) is interested in the complete SMA series, for its proximity to
realistic applications, such as gas turbines.

3) What can we realistically learn from comparing the flames and predictions?

El-Asrag argues that the numerical setup (grid resolution, inflow conditions and initialisa-
tion) need to be similar to allow for reasonable comparisons. James thinks that these com-
parisons distinguish the quality of models and numerical approaches, and show how pa-
rameters need to be varied. Merci thinks the focus should remain on sub-models, although
some general agreement of simulation and experiment is needed first before sub-models can
be improved. Navarro Martinez thinks that the comparisons are important to validate models
and to explain certain flame behavior. Raman argues that comparing a simple flame predic-
tion was not of much value, but that we could hope to capture physical trends through the
simulation of a series of flames. Stein expects current turbulence and combustion models to
predict major physical phenomena in semi-realistic geometries. And finally, Malalasekera
thinks it was interesting to learn how different groups applied LES to the swirl flames, in
terms of boundary conditions, discretisation and combustion models. Malalasekera as well
likes to see the effect of the widely varying computational resources applied, and argues that
this provided a good opportunity to see the effect of the effort spent on these simulations.
Malalasekera hence argues against the use of fixed grid-sizes for TNF flame comparisons.

4) For which plots do you want to see conditional (mixture fraction) plots?
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Merci would like conditional plots for the bluff-body series HM1-3, but cannot see a need
for the swirl flames, as the predictions are still generally too bad. El-Asrag, Raman and Weg-
ner basically agree on plots for temperature, CO, CO2, H20, OH, and NO. Navarro Martinez
would like to see these plots at all positions.

10) Wishlist 1: What additional data (prioritised) would you need for your simulation of these
flames -- and why?

El-Asrag would like to have mean and rms inflow profiles to remove ambiguities, and Ma-
lalasekera requests better boundary conditions in general, as does Merci, who would like to
see (conditional) scalar dissipation measurements as well. Navarro-Martinez agrees, asking
for more details of inflow boundary conditions, “the more details the better, especially some
measure/estimation of the turbulent scales”. Stein considers the missing axial velocity data in
the central jet (SMH1/SMH2) as crucial, and would like to have in-nozzle and in-annulus
measurements of the flow upstream to obtain better inflow-conditions, ideally together with
the turbulent lengthscales. Raman wants joint mixture-fraction/velocity shot data, joint
mixture-fraction, mixture-fraction gradient shot data. Wegner is primarily interested in in-
formation about partial premixing. Finally, James takes a very interesting position on inflow-
conditions:

“In gas turbine combustor simulations, mean velocities through the various ports are in most
cases not measured explicitly. These have to be estimated from pressure measurements and
geometry. Hence, the ability to predict reacting flows with minimal boundary condition in-
formation would be of high value to the gas turbine industry.”

11) Wishlist 2: Do you think there is another flame that should be included in future comparisons
and why?

Malalasekera is interested in a flame with NOx and radiation measurements, and Wegner
would like to see some generic gas turbine/aero engine combustor with industrial relevance.
During the workshop, Milosavljevic and Mongia have asked for flames with more immediate
relevance for the gas-turbine industry. Merci hopes for a multi-phase (spray) flames and ac-
knowledges the experimentalists involved in TNF:

“Are we getting ready for a multi-phase (spray) flame? Maybe not yet. But there is a frus-
trating lack of experimental data in this field, I think. And in all modesty, I think the best ex-
perimentalists are within the TNF community, so I have some hope that certain groups are
willing to take this challenge...”

Appendix C: Technical questions

5) If we consider scatter-plots, how can we make them comparable (How many points? At which
position(s)? Equal density in mixture fraction space?)

James and Wegner would prefer to compare actual PDFs or conditional PDFs, and Raman
would like to see higher order moments of the conditional PDF.

6) If we consider sactter plots, will you be able to create plots from gnuplot-templates to achieve
comparable styles?

Basically, everybody will be able to.
7) If we consider scatter plots, how can we make them independent of the probe-volume- / grid- /
filter- width?

El-Asrag recommends to fix at least the grid size, Navarro-Martinez suggests to filter the
experimental data (where possible), and Malalasekera proposes to recommend a minimum
filter-width. Raman argues that scatter plots are only meant to show trends anyway, whereas
most others suggest that rather (conditional) PDFs should be compared.

8) Which additional data (absent at TNF8) would you like to see presented?
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El-Asrag would like to see “the experimental error bar for all the calculations”, Malalasekera
asks for NOx comparisons, and James generally requests species comparisons for the swirl
flames as well. Raman asks for conditional variance, and Wegner would like more informa-
tion on flow and boundary conditions, as to eliminate uncertainties from the simulations.
Wegner as well recommends to revisit the experiments to look for coherent structures and

unsteady behaviour.

9) Can we compare high-speed movies and LES movies? How? (How about movies of Mixture

fraction, 100mm x 200mm (300x600)
El-Asrag worries whether the LES will be able to run long enough to create reasonable
movies, and James and Raman wonder about the value of such comparisons, although they
would provide physical intuition for the modelers. Malalasekera likes the idea and suggests
to do the comparison for local time-series, whereas Navarro-Martinez sees potential to com-
pare the evolution of large structures and learn about vortex-shedding frequencies. Wegner
suggests to just compare the movies qualitatively at first, ignoring quantitative comparability.
Stein likes the idea, and Kempf believes these movies are very important, since they are the
immediate reference for modelers doing LES, as statistics can only be compared after the
LES has finished.
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TNF8: session on recent modeling
progress on other target flames

1. Non-piloted jet flames, piloted jet flames, opposed jet flames

Presenter: Dirk Roekaerts, Delft University of Technology, The Netherlands

Also based on input from R.R. Cao and S.B. Pope;
V. Raman and H. Pitsch
E. Mastorakos
B. Merci
R.S. Barlow

2. Lifted flames in vitiated coflow

presenters: Andreas Kronenburg, Imperial College, London, UK
Robert Gordon, University Sydney, Australia

TNF8, Heidelberg, 3-5 August, 2006
Session on recent modeling progress on other target flames
Session coordinators: Dirk Roekaerts, Peter Lindstedt, Steve Pope
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Other target flames
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Non-piloted jet flames
Lifted flames in vitiated coflow Piloted jet flames
Sandia D,E,F
Delft 111, IV

Counterflow flames
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Paradigms
In non-premixed turbulent combustion

Paradigm Chemistry Mixing

Mixing controlled (1928) Fast for major species Mixture fraction

Laminar flamelet (’80s) Detailed Laminar counter-flow
Coupled to diffusion Mixture fraction

Scalar dissipation rate

PDF approach ('80s) Closed Micromixing models
Reduced mechanisms
Tabulated

Conditional moment closure Closure in terms of PDF integrals

(90 s) conditional moments

Multiple mapping Closure in terms of Mapping closure

conditioning conditional means

(2003)

To be used in the context of RANS and LES
T

After Bilger et al., Proc. Comb. Inst. 2005

Non-piloted jet flames (DLR flames)

¢ Seung Hyun Kim, Chan Ho Choi, Kang Y. Huh,
Second-order conditional moment closure modeling of a turbulent
CH4/H2/N2 jet diffusion flame, Proc. Comb. Inst. 30 (2005) 725-742

¢ R.P. Lindstedt and H.C. Ozarovsky,
Joint-scalar transported PDF modeling of nonpiloted turbulent diffusion
flames, Combustion and Flame, 143 (4) 471 (2005)

* A. Sadiki, A. Maltsev, B.Wegner, F. Flemming, A. Kempf, and J. Janicka,
Unsteady methods (URANS and LES) for simulation of combustion
systems,

Int. J. Thermal Sciences, 45 (2006) 760-773

* Fairweather M., Woolley R.M, Yunardi, Analysis of kinetic mechanism
performance in conditional moment closure modelling of turbulent non-
premixed flames,

Comb. Theory and Modelling, 10 (2006) 413-438

Lindstedt and Ozarovsky draw attention to need for better near field scalar dissipation rate
statistics and more completely characterized boundary conditions.
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Counter flow flames

Proc. Comb. Inst. 30 (2005) 681-189

Kim and Mastorakos show that:

-Reynolds stress and scalar flux closure needed
-Having an additional transport equation

for the scalar dissipation helps

-Cannot get the extinction velocity (see figure)

How to improve this ?

- Second order CMC ?

- LES ? (transient flamelet or CMC for subgrid)
- which chemical model ?

* D. Geyer, A. Kempf, A. Dreizler, J. Janicka,
Scalar dissipation rates in isothermal and reactive turbulent opposed-jets:
1-D-Raman/Rayleigh experiments supported by LES,

aip (M5}

-Results conditional and unconditional quantities OK

0 L
il 02

« L.S. Kim and E. Mastorakos, Simulations of turbulent non-premixed counterflow
flames with first-order conditional moment closure,
Flow, Turb. and Combust., 76 (2006) 133-162
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Piloted jet flames
Sandia Flame D, E, F

Sydney burner

+ Jet: 25% CH,, 75%air
e Pilot: ® =0.77

Flame Ujet Upilot
(m/s) (m/s)
D 49.6 11.4
E 74.4 17.1
F 99.2 22.8
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There is more in the experiments...

R.S. Barlow, J. H. Frank, A.N. Karpetis, and J.Y. Chen,
Piloted methane/air jet flames: Transport effects and aspects of scalar structure,
Combustion and Flame, 143 (4) 433 (2005)
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Puzzling trend in axial profile of mixture fraction

Large eddy simulation of Sandia Flame D

. M.R.H. Sheikhi, T. G. Drozda, P. Givi, F.A. Jaberi, S.B. Pope,
Large eddy simulation of a turbulent nonpremixed piloted jet flame (Sandia Flame D),
Proc. Comb. Inst. 30 (2005) 549-556 FDF

. A. Kempf, F. Flemming, J. Janicka, . o i . i
Investigation of lengthscales, scalar dissipation, and flame orientation in a piloted diffusion flame by LES,

. . . -565
Proc. Comb. Inst. 30 (2005) 557-56 Steady flamelet

. S. Navarro-Martinez, A. Kronenburg and F. di Mare,
Conditional Moment Closure for Large Eddy Simulations, CcMC
Flow, Turb. and Comb., 75 (2005) 245-274

. Radu Mustata, Luis Valino, Carmen Jimenez, W.P. Jones and S. Bondi,
A probability density function Eulerian Monte Carlo field method for large eddy simulations:
Application to a turbulent piloted methane/air diffusion flame (Sandia D), FDF
Combustion and Flame, 145 (2006) 88-104

. A. Sadiki, A. Maltsev, B.Wegner, F. Flemming, A. Kem?f, and J. Janicka,
Unsteady methods (URANS and LES) for simulation of combustion systems, Steady flamelet
Int. J. Thermal Sciences, 45 (2006) 760-773

+  Heinz Pitsch, ) ) Lagrangian flamelet
Large-Eddy Simulation of Turbulent Combustion, .
Ann. Rev. Fluid Mech. 38 (2006) 452-482 Eulerian flamelet

~

With FDF also Flame E

And several posters at this workshop...
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V. Raman and H. Pitsch
Symposium Paper
Important result: 15
changing mixing model
constant dynamically

is key to predictive accuracy,
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17-species reduced chemistry

Sandia Flames D, E, F

CMC

¢« A. Kronenburg and M. Kostka,
Modeling extinction and reignition in turbulent flames,
Combustion and Flame, 143 (4) 339 (2005)

PDF

« Renfeng Richard Cao and Stephen B. Pope,
The influence of chemical mechanisms on PDF calculations of nonpremixed piloted
jet flames,
Combustion and Flame, 143 (4) 450 (2005)
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What level of description of methane chemistry is needed for
The accurate representation of local extinction and re-ignition?
Comparison of:

¢ Detailed mechanisms:
* GRI 3.0 (53 species), GRI 2.11 (49 species)

¢ Augmented reduced mechanisms (Sung et al. 1998):
* ARM2 (19 species, inc. NO), ARM1 (16 species)

¢ Skeletal mechanisms:
* 16 species, C, only

« Smooke et al. (1986, 2004), “skeletal”

e 5-step reduced mechanism (Mallampalli et al. 1996):

Contributed by Renfeng Richard Cao and Stephen B. Pope, Cornell University

Joint PDF Calculations

< Joint PDF of velocity, turbulence frequency, composition:
« Simplified Langevin model
* EMST mixing model, C, = 1.5
« 7 different chemical mechanisms
» Radiation: optically thin

e Numerical solution:
e Particle/mesh method (HYB2D)
e Chemistry implemented by ISAT
e Accuracy:
* grid, particles, ISAT error tolerance
* 2% for major species, 5% for minor species

Note: the role of the choice of micromixing model is studied
in a symposium paper by R.R. Cao and S.B. Pope
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Axial Development of Burning Indices (based on
H20 and CO) for Flame D, E, F: GRI
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Burning Index against Jet Velocity (D,E,F)
For T and CO at z/D=15
GRI 2.11, Skeletal, Smooke and 5-step

PDF Calculations of Barlow & Frank Flames
Conclusions Cao and Pope (2005)

« Both GRI 3.0 and GRI 2.11 yield accurate calculations of major and minor
species (except for NO with GRI 3.0)

¢« The augmented reduced mechanisms (ARM1, ARM2) are slightly less accurate
« All other mechanisms are quite inaccurate (C, skeletal, 5-step)

¢« GRI 2.11 and ARM2 yield accurate calculations of NO
* GRI 3.0 overpredicts NO by ~2

« PDF calculations of turbulent flames using 50-species mechanisms are feasible

* The relative performance of the mechanisms is related to their behavior in
laminar flames

« Todraw reliable conclusions, it is necessary to calculate the range of flames
(D, E, F) and to examine sensitivities (e.g., to radiation, Te)
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Piloted jet flames
Delft I, IV

Fuel jet: Dutch natural gas
U=21.9m/s
Coflow air:
U = 4.4 m/s Flame Il
U = 8.0 m/s Flame IV
Pilot: C2H2, H2, air, ® =1.4,
power 1 % of power of
main flame

Axial development of burning index of H20 in
Sandia D,E,F and Delft IIl, IV
(each based on own flamelet of strain rate 100 /s)
BI(H,O
1,
N Delft Flames |11,
Exp. Nooren et al.
0.5
e e e 4P
1 L
o, Sandia Flames D, £, F
T osf Exp. Barlow and Frank
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Piloted jet flame Delft Flame Il

» 1k Soo Kim, Conditional moment closure for non-premixed combustion,
(part of ) PhD Thesis, University of Cambridge, 2004

e B. Merci, B. Naud and D. Roekaerts, Flow and mixing fields for
transported scalar PDF simulations of a piloted jet diffusion flame (‘Delft
Flame 111"), Flow, Turbulence and Combustion, 74: 239-272, 2005

* B. Merci, D. Roekaerts and B. Naud, Study of the performance of three
micro-mixing models in transported scalar PDF simulations of a piloted
jet diffusion flame ( ‘Delft Flame 11I'), Combustion and Flame, 144
(2006) 476-493

« Dirk Roekaerts, Bart Merci, and Bertrand Naud, Comparison of
transported scalar PDF and velocity-scalar PDF approaches to 'Delft flame
11", C.R. Mecanique, 2006, in press

Merci et al show that the pilot flame can be represented as a volumetric energy source in a
small pilot flame domain. In scalar PDF simulations, with IEM, CD and EMST mixing model,
and C1-chemistry an attached flame is predicted for EMST and also for CD, provided increase
of pilot flame power from 1 % to 1.5 % or increase of C, from 2 to 3.

Further work along similar lines as done for Sandia flames required

Dibble burner / Cabra burner / lifted flame in vitiated coflow

Models autoignition in recirculating exhaust as an axisymmetric, parabolic flow burner.

Lifted
Jet Flame

J 1 Vitiated Coflow |
| L {2200 flames)

H,/N, Flame

3 TR
University of Sydney Vitiated HolAir CHI’* Fuel i CH./AIr Flame

Coflow Burner Coflow  jor  wonow

T * Y

Controlling Parameters:
*Fuel Jet Velocity

*Coflow Velocity
*Coflow Temperature
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Lifted flames in vitiated coflow

H2/N2

« Renfeng Richard Cao, Stephen B. Pope and Assaad R. Masri
Turbulent lifted flames in a vitiated coflow investigated using joint PDF calculations
Combustion and Flame, 142 (4) 438 (2005)

* Myhrvold T, Ertesvag IS, Gran IR, R. Cabra, and J.-Y. Chen
A numerical investigation of a lifted H-2/N-2 turbulent jet flame in a vitiated coflow
Combustion Science and Technology (6): 1001-1030, 2006

¢ Robert L. Gordon, Assaad R. Masri, Stephen B. Pope, and Graham M. Goldin,
A numerical study of auto-ignition in turbulent lifted flames issuing into a vitiated co-flow,
Comb. Theory and Modeling, accepted

CH4

¢ R.Cabra, J.Y.Chen, R.W. Dibble, A.N. Karpetis and R.S. Barlow,
Lifted methane-air jet flames in a vitiated coflow,
Combustion and Flame, 143 (4) 507 (2005)

« Robert L. Gordon, Assaad R. Masri, Stephen B. Pope, and Graham M. Goldin,
Transport budgets in turbulent lifted flames of methane. Auto-ignition in a vitiated co-flow,
Combustion and Flame, submitted

Lifted flames in vitiated coflow
Discussion of the flame stabilization mechanism

Presentation by Andreas Kronenburg (1.C., London)

Presentation by Robert Gordon (U. Sydney)
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W The University of Sydney
$§ Australia

Developments in Modelling
Lifted Flames Issuing into a
Vitiated Coflow

Mr R. L. Gordon
Prof. A. R. Masri
Prof. S. B. Pope

Model Flame

SR
University of Sydney Vitiated
Coflow Burner

H,/N, Flame

T =1075K,L,=5D

coflow

Controlling Parameters:
*Fuel Jet Velocity

*Coflow Velocity CH,/Air Flame
Tcoflow =1450K, Lh =20D
*Coflow Temperature
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ersity of Sydney

= X o
University of Sydney Vitiated
Coflow Burner

T

coflow

Controlling Parameters:
*Fuel Jet Velocity

*Coflow Velocity
*Coflow Temperature

Model Flame

. .

H,/N, Flame
=1060K,L,=10D

CH,/Air Flame

T =1400K,L,=35D

coflow

iversity of Sydney

Rk N
University of Sydney Vitiated
Coflow Burner

T

coflow

Controlling Parameters:
*Fuel Jet Velocity

*Coflow Velocity
*Coflow Temperature

Model Flame

H,/N, Flame
=1045K, L, = 25D

CH,/Air Flame
T =1380K, L,=50D

coflow ~
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O Recent Work

Methane Flame
*Analysis of effects of chemical mechanisms

sInvestigation of autoignition markers

*Experimental investigation of one of the autoignition
markers

*Expansion of experimental database for methane and
hydrogen flames

g meuesvosi Chemical Mechanisms

Lift-off height versus Coflow Temperature ARM2 matches the
for various chemical mechanisms results of GRI2.11 well

70 —aA— Experimental  ©  GRI2.11 Accuracy of ARM2 versus GRI2.11 in
(@) |=—8&—DRM22 —e — ARM2 . - .
60 | —aA— Skeletal —o— 5-step predicting minor species
—X%— Smooke YT GRI2 ARI 2 FTeRIZ AR 2
550 o -
X 2
2 o OH
£ 40 R
2 b N il 8
20 ( < o lf
% 20 S e e e e
3 i, V 0\<>
GRI2.11
0 . . . . . E
1300 1350 1400 1450 1500 1550 1600 =
Coflow Temperature (K) H

o1 0 03 oa0 01 62
e e Mire Facson

Choice of chemical
mechanism can have a

significant effect on the [
modelling of this flame. Lo
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1-D Autoignition

5 CH,0 Species Transport Budget

0.0 =
—— Reaction
[\,\ — Convection
0.01 ’ —— Diffusion
-0.01
10.02

Position (m)

Noﬁrmalised Profiles of Minor Species

*Species transport budget through the mean flame base
*Build-up of ignition precursors prior to OH

2-DO

6]

osed Flow Premixed
H20 Species Transport Budget

25

~— Diffusion-X
= Diffusion-Y
—— Reaction

—— Convection

—+— Sum

o \/L\
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Normalised Profiles of Minor Species

o
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-0.008

1430K Coflow case
O Species Transport Budget

1
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Position (x/D) —+— Sum

OH Species Transport Budaet
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~— Diffusion-X
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—— Reaction
—— Sum
0.002 4
o
-0.002 g
-0.006 N
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Position (x/D)

Axial profiles of species transport budgets through mean flame base of
Turbulent Lifted Flame cases display autoignition-stabilised behaviour

CH20 Species Transport Budget

1355K Coflow case

0007
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& Mmoot |gnjtion Precursors

The build-up of key precursors such as CH,O and HO, well prior to OH
add further support to the conclusion of autoignition stabilisation

1430K Coflow case 1355K Coflow case

Normalised Profiles of Minor Species Normalised Profiles of Minor Species

mewmesivofviey  igcussion and Issues

Transition to/from Autoignition
H,/N, Flame
7 D Liftoff 45 D Liftoff

“($

OH-LIF

1. Do the flames studied
transition from
autoignition to partially
premixed propagation?

2

2. Are we using models with
sufficient physics to
capture such a transition?

3. What do the new
experimental data tell us
about flame structure —
impact for LES?

Hydrogen Flame Structure (OH-LIF)

TNF8 Workshop
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e CH  Flame Experimental Data g

Lifted Methane Flame in Hot Coflow Lifted Methane Flame
2-Scalar Imaging 3-Scalar Imaging in Cold Coflow

Data taken for 3 coflow temperatures, at
10 axial positions spanning 200 mm (45
Diameters)

& mwwaisms Model vs Expt — Scatter Plots

Scatter plots of Temperature and Mixture Fraction
2400 Experiment - ARMZ == Experiment - ARMZ

®D =70 .
/\ . O

Temperake (K

Temperare (k)

Temperakne (k)

Temperakre (k)
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Radial Pfofiles
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ON MEASUREMENT AND COMPUTATION OF TURBULENT NONPREMIXED FLAMES Heidelberg, Germany, 2006

Overview Recent MOdeIing Progress
o g on Other Target Flames

LES-CMC

Conclusions

Imperial College contributions

Andreas Kronenburg (S. Navarro-Martinez),
Peter Lindstedt (K. Gkagkas)

I ial Coll
AUTO-1aN1tI0N AME L
COMPARISONS FOR THE'SYDNEY/SANDIA SWIRL AND BLUFF-BODY FLAMES Heidelberg, Germany, 2006
Table of Contents
® Effects of chemistry on lift-off height
® RANS-PDF (Cabra burner)
® Effects of different chemistry schemes

RANS-PDF °
LES-CMC
Conclusions

Effect of reduced chemistry

® Flame stabilization mechanisms
® |ES-CMC
® Cabraburner

® Markides & Mastorakos (Proc. Comb. Inst.
2005)
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Title
Overview

LES-CMC

Conclusions

Title
Overview

LES-CMC
Conclusions

TNF8 Workshop

AuUto-lanition
RANS-PDF

« Lagrangian Monte-Carlo particle-
based Monte Carlo method

e Curl's mixing model, Cy=2.1

« Parabolic solver

* Second moment method for flow
field

19 reactions (Li et al., 2002)

» Reference mechanism, 9 species,

(4

~ U COMPARISONS FOR THE'SYDNEY/SANDIA SWIRL AND BLUFF-BODY FLAMES

Imperial College

London
Heidelberg, Germany, 2006
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COMPARISONS FOR THESYDNEY/SANDIA SWIRL AND BLUFF-BODY FLAMES

The “Cabra” Burner

Ve = 107 m/s
V., =35mls
T = 305K
Tar = 1045 K
Re = 23650
D=4.57 mm
Air
X(0,)=0.147

X(N,)=0.7532
X(H,0)=0.0989

Jet
X(N,)=0.75
X(H,)=0.25

Imperial College,

London
Heidelberg, Germany, 2006
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LES-CMC

The conditionally filtered transport equations:

Title
Overview

RANS-PDF

LES-CMC

Conclusions

TRANSPORT OF Q DIFFUSION [N CHEM.

SICALAR SPACE  SOURCE
FLAMELET
“classic”

With the conditionally filtered mean Q =Y, )

AUto-1anition Ame

COMPARISONS FOR THESYDNEY/SANDIA SWIRL AND BLUFF-BODY FLAMES

DIFFUSION Q +
TURBULENT
TRANSPORT Q

Modelling of turbulent diffusion term included to ensure upstream transport

Imperial College,

London
Heidelberg, Germany, 2006
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AUTO-1aNItion C
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Cabra burner: results
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Radial profiles of OH mass fraction at different downstream positions
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Conclusions
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FUEL CONDITIONS ALR CONDITIONS.
U fmis]  26-120 26
TIK] 750 9401020
Yn2 043 0.
Y2 a G217
Y N2 0.87 0.79
det digmerer{d) 225 mm

Length domain 500 mm

Title
Overview
RANS-PDF

Conclusions

TNF8 Workshop

Cabra

Markides

AUTO-10N
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) ) Al ]
COMPARISONS FOR THESYDNEY/SANDIA SWIRL AND BLUFF-BODY FLAMES

CDR balances

Imperial College,

London
Heidelberg, Germany, 2006
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Imperial College
A . - . . . . C " = London
|\ J 4 A
COMPARISONS FOR THE'SYDNEY/SANDIA SWIRL AND BLUFF-BODY FLAMES Heidelberg, Germany, 2006

Conclusion

*Cabra burner

*Stabilized by convective-reactive balance
i & *Exact lift-off height extremely sensitive to
Overview . . .
AN chemical kinetics
LES-CMC
*Markides & Mastorakos
*Stabilized by diffusive-reactive balance
*Premixed flame propagation
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Recent work on TNF flames other than the bluff body or swirl flames
DLR flames

R.P. Lindstedt and H.C. Ozarovsky
Joint-scalar transported PDF modeling of nonpiloted turbulent diffusion flames
Combustion and Flame, 143 (4) 471 (2005)

Sandia piloted jet flames

A. Kronenburg and M. Kostka
Modeling extinction and reignition in turbulent flames,
Combustion and Flame, 143 (4) 339 (2005)

R.S. Barlow, J. H. Frank, A.N. Karpetis, and J.Y. Chen
Piloted methane/air jet flames: Transport effects and aspects of scalar structure
Combustion and Flame, 143 (4) 433 (2005)

Renfeng Richard Cao and Stephen B. Pope

The influence of chemical mechanisms on PDF calculations of nonpremixed piloted jet
flames

Combustion and Flame, 143 (4) 450 (2005)

Radu Mustata, Luis Valino, Carmen Jimenez, W.P. Jones and S. Bondi,

A probability density function Eulerian Monte Carlo field method for large eddy simulations:
Application to a turbulent piloted methane/air diffusion flame (Sandia D)

Combustion and Flame, 145 (2006) 88-104

Pitsch and Raman
New LES of piloted flames ...

More recent results at Imperial College ?

Piloted jet flame Delft Flame 111

Ik Soo Kim, Conditional moment closure for non-premixed combustion, PhD Thesis,
University of Cambridge, 2004

B. Merci, B. Naud and D. Roekaerts
Flow and mixing fields for transported scalar PDF simulations of a piloted jet diffusion flame
(‘Delft Flame 1117), Flow, Turbulence and Combustion, 74: 239-272, 2005

B. Merci, D. Roekaerts and B. Naud

Study of the performance of three micro-mixing models in transported scalar PDF
simulations of a piloted jet diffusion flame ( ‘Delft Flame 111"), Combustion and Flame, 144
(2006) 476-493
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Lifted flames in vitiated coflow

H2/N2

Sungmo Kang, Hoojoong Kim, Jonghyuk Yu and Yongmo Kim,

Poster at TNF7

Any follow up ?

Renfeng Richard Cao, Stephen B. Pope and Assaad R. Masri

Turbulent lifted flames in a vitiated coflow investigated using joint PDF calculations
Combustion and Flame, 142 (4) 438 (2005)

More recent results at Cornell ?

Andreas Kronenburg
Poster abstract TNF8: LES/CMC results

Myhrvold T, Ertesvag IS, Gran IR, R. Cabra, and J.-Y. Chen

A numerical investigation of a lifted H2/N2 turbulent jet flame in a vitiated coflow
Combustion Science and Technology (6): 1001-1030, 2006

CH4

R. Cabra, J.Y. Chen, R.W. Dibble, A.N. Karpetis and R.S. Barlow

Lifted methane-air jet flames in a vitiated coflow
Combustion and Flame, 143 (4) 507 (2005)
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Progress on Scalar Dissipation and Small Scale Structure é?c‘&p

Rob Barlow Noel Clemens
Sandia National Laboratories University of Texas at Austin

TNF8 Workshop, 3-5 July 2006, Heidelberg, Germany

» Key areas of recent and experimental current work
» Effects of resolution and noise on dissipation measurements
» Rayleigh scattering: time series; 1D and 2D imaging
» Small-scale structure of turbulent reacting flows, dissipation spectra

» Relationships to nonreacting turbulent flow

» Contributions from:
* Guanghua Wang, Jonathan Frank, Sebastian Kaiser (Sandia)
* Guanghua Wang, Michael Tsurikov, Philip Varghese (UT Austin)

Comparison Plots: Radial profiles (TNF7 Proceedings) ?Rp

120
100 » Why such wide
| variation in
80 predictions?
w L
a 60 » How accurate are
IR L the measurements?
40
i » Only 1D (radial)
20 measurements are
E shown
0 =3
r/d

—e—Experiment 1D —o—Kron. - LES (rs) ==—Ilume - LES (lot)

=—Huh et al. - CMC R i = =Goldin

ANS —=—Chen - pdfm

—=—Kron. - LES (tot) —=—Chen - pdf-omsi
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Lots of Questions (Last Slide from TNF7 Presentation) é?c‘&p

> Questions on the experiment
¢ 1D measurements are shown, what more do we know from 2D, 3D results?
» Is spatial resolution adequate? What are the effects of spatial averaging?
* How important is noise in measurements of & (£”)2, g, (¥")? ?
» Can these effects be quantified and separated?
*  What more must be done before we can use measurements to “validate”
scalar dissipation models?

> Questions on the models
* Why such a wide variation among the RANS results for (£7)2 and g ?
* How far are we from fully resolved simulations of attached jet flames?
» Can we get the 3D/1D ratio and understand noise effects from LES?

» Questions for both
*  What level of measurement uncertainty is still useful for model validation?
*  What about thermal dissipation (easier to measure)

Single-Shot Rayleigh Line Image: Effect of Spatial Filtering ?Rp
100 - (b) -
o
:¥-'-'1OO - ’ Original
ol I I A k fk =1/2
200 RYCSCI PN
2300 -k =1120 1T E
© ] e ke =140 14 <
130
2%
H1E
] 0
3
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Effects of Spatial Averaging and Noise Bias on Dissipation 2.

CRE
-—14mm ——
> Positive noise bias |
produces an "apparent" 294K 2000 K

dissipation. Bin Size VTP

Xmeasured = Xactual T Xnoise
» Spatial averaging can :
attenuate the measured '

dissipation Ax=86pm

Ax=344pm

Jet axis

J.H. Frank, S.A. Kaiser

Problem: Coupled effects of resolution and noise effects %\,F
1'25 . "g —— Noise free _
10" ¢ - - - - Measured : low noise ]

AL BN e Measured : high noise
=08} : . . ]
4 - (I) Noise-dominant ]
A0BFE () Noise-Resolution correlated
204 _ (1) Resolution-dominant _
v [ ]
0.2E | I 3
S P
00 | 1 P [P CE T G ] L S SR O o L
0 5 10 +15 20 25

» Must know the local dissipation length scale

» Must account for contribution from noise
(Excellent work on noise correction by D. Geyer, J. Frank, S. Kaiser)
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Effect of Noise on Mean| Dissipation: Spectral View.

Dissipation

Noise in energy spectrum
manifested as noise-floor at
high wavenumbers

For isotropic turbulence we
have:
D(k) = 2vk?E(k)
= noise offset amplified
when oversampled

Filtering can solve the
problem but what cutoff
frequency should be used?

The Batchelor frequency is
not necessarily known in a
turbulent flame

Model Dissipation Spectrum

= \We can use an assumed form of the
dissipation spectrum to aid in

analysis of dissipation measurements issipation

= Use model kinetic energy spectrum
given in Pope (2000)

= Pope gives limiting dissipation range
wavenumbers:
10% ¢ 2> kn=0.1
Peak ¢ - kn = 0.26
90% ¢ - kn =0.73

= He interprets these wavenumbers in
terms of physical eddy-length-scale,
» Length-scale ¢m = 2n/(kn)

Dissipation Spectrum

/ Cu
)
AN

Dissipation

0 02 04 06 08

1
L f
63 24 6

/4

=>» Scales of order n contribute little to the mean dissipation

121
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Physical Scale vs. Resolution Requirements

= Use Pope’s model —ideal
dissipation ' - -central
spectrum to show )
resolution effect for
. . . £
variable filter width ’Q 0.4

~

s Perfect (spectrally [ 0.2
sharp) filters don’t '
show resolution 0.0
error until filter
width about 5,

= Box filter: averages over box width A,
= 2" Order central difference (sampled at twice kz=1/1g)

= All techniques attempting to measure same physical scale but
have different resolution requirements to do so

Fully Resolved 2D KE Dissipation in Nonreacting Jet

2-D kinetic energy dissipation

" ~ Re;=9,000 (Re,=130)
o ALK
Measured vs Model Dissipation Spectra
0.08 C

Experiments! data
F Model Spect
oosk Model Spectrum

=1 =1
o iy

nD,, (K, V(W)
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Eully' Resoelved Scalar Eield, Re;=9000

Conserved scalar field
= Regions of intense dissipation
concentrated into sheet-like structures

= Measured structure thicknesses range
from 2n to 10n with mean value about 4.5n

= Consistent with Buch & Dahm (1998)
measurements of “strain-limited diffusion scale
for mass” Ly=6m

= Sheets of length 30-50n Scalar dissipation

= Also consistent with KE dissipation
scales, DNS of isotropic turbulence
(Reutsch & Maxey, 1992; Jiménez et al.
(1993))

Dissipation Spectrum / Dissipation Scales

Both the KE and scalar Dissipation Spectrum
dissipation fields exhibit
similar structures

Sheet lengtt

Length of sheets
associated with low-
wavenumber end of
dissipation range

Dissipation

Thickness of sheets
associated with high-
wavenumber end 0 02 04 06 08

Peak dissipation (24n)
coincides with length of
most intense sheets

1
60 24
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Scale vs Resolution Requirement

= ) Is the characteristic thickness of dissipative
structures

= )z Ccan be thought of as the resolution requirement
needed to determine peak dissipation of scales of width
}\‘D

— A
= )g Is the scale required to ‘\ °
resolve physical scales of order g
}\‘D
= However, resolving these scales
accurately will not affect the
mean dissipation much

Thermal Dissipation by Rayleigh Thermometry

= Temperature can be measured with greater SNR than mixture
fraction

= Can we use fluctuating temperature measurements to infer
important length/time scale information in flames?

= Thermal dissipation may be a useful surrogate for mixture
fraction dissipation
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Experiment Description

= Two-point high-repetition rate laser Rayleigh system
= High average power (72 W) Nd:YAG laser at 532nm
e 10 kHz repetition rate
= Spatial resolution 300 pm, beam diameter, slit width, separation
= SNR — 65 for air at room temperature

s DLR_A flame
22.1% CH4, 33.2% H2 and 44.7% N2

Const effective Rayleigh
cross-section (+3%b)
Re, = 15,200

Two-Point-Redundant Technigue

3.01 3.02 3.03 3.04
t

e Compute cross-correlation of redundant signals

= Obtain significant improvement in signal-to-noise ratio
owing to noise-averaging

TNF8 Workshop 125 Heidelberg, Germany, 3-5 August, 2006
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PMT1 auto
' PMT2 auto
——Cross
-----PMT1 filtered auto
== PMT2 filtered auto

PMT1 auto

PMT2 auto
——Cross

PMT1 filtered auto
== PMT2 filtered auto

10 10? 10°
f (kHz2)

-—x/d = 60
--x/d = 65
—=x/d = 70
== x/d = 75
~—x/d = 80
—1D model

126

Procedure for Obtaining Corrected Spectra

= Use two-point redundant

technigue to reduce noise
= Enables resolution of

peak and initial roll-off:

of dissipation spectrum

= Apply low-pass filter that
continues roll-off

= Do not need to assume
value of Batchelor
frequency

Fit Measured Spectra to Pope’s Model

» Use two-point redundant

technigue to reduce noise
= Enables resolution of

peak and initial roll-off

of dissipation spectrum

= Vary fg until roll-off
matches model spectrum

= Apply low-pass filter that
continues roll-off

= Process gives estimate of
fg and shows data
collapse on model spectra
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Energy/Dissipation Spectra along Centerline

-—x/d =60
-=x/d =65

=== i Tl
-=—x/d = 80
_—Re} =55

[ Re =130 /

= Corrected energy/dissipation spectra collapse at all downstream

locations when scaled by Batchelor frequency (f*=f/f;)

= Good agreement with model spectra using Re,=55
= Indicates very small separation of scales for this Re=15,000

flame

1D and 2D Rayleigh Imaging

YV V VYV V

< time series

1.0
0.8 -—
0.6

Rel=50
0.2}
0.0

imaging

10° 10* 10°

Physical wavelength is 27z

102, 10" 10° 10

I
1

Model 1-D dissipation spectrum (Pope, 2000)

0.0

* — —_
K =rglg =1

Imaging experiments resolves the high-wavenumber range

k'y = 1 corresponds to 2% of peak dissipation value, Ag = 7/kg

TNF8 Workshop
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Dissipation cutoff length scale in nonreacting C,H, jets %ﬁp
x/d = 60 Rey 4,000 6,000 10,000 15,200
Estimated using scaling law m=s ) i [1111] 3 990 185 135

-3/4 -1/2
Ay =2.30Re;™" Sc e e s 10 8

Exp. Determined 2% cutoff mss ) ; [1im] 324 - 950 172 128
1A = Agl/Ap | 12% % 7% 5%
T T LA LA BN
[ Kphp=1 rigd > Cutoff length scale A
-1 ' -" ,!/)) H ’
107 : U determined as 2% of the
ot o /,",." ] peak in the measured 1-D
e 102 | /- Re, = 6,000 S dissipation spectra
o Re,=10000 § /" ]
4 ~--Re,=15200 N/ 1 > Agree well with the
107 ——1-Dmodel ||V, estimated Batchelor scale A,

el based on the nonreacting
10 10 107 . 10 10 scaling laws

Instantaneous Temperature Measurements in Jet Flame %\’F

N

#d = 20

x/d =10

Temperature
K1
2000

o [l

T T T
2 25 3
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Thermal Dissipation Structures in Jet Flame

» Two-dimensional measurements used to determine
radial and axial contributions to dissipation

VT = (aT"/or)? + (aT' [ox)?

x/d =20

xd=10

log(IvT'F)
lleg{Kimm)|
675

5ol

}.
Cre

Determination of the Local Dissipation Cutoff

TNF8 Workshop

10" ‘ —
i DLR-A, x/d=10

107

2

» Cutoff x;* = 1 corresponds to the 2% level in the model 1D dissipation spectrum

» Need to include dissipation peak (or close). Need sufficient SNR

» Design data processing schemes to kill noise, preserve dissipation spectrum

129
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Dissipation spectra in piloted CH,/air flames é?c‘&p

» Each spectrum normalized by its

peak value and the cutoff
110° determined from the T spectrum

410" > Rayleigh cross section is not

v constant
' 1102
—1-D model » Variations in Rayleigh cross
, : : : 10° section occur at larger length
10°  10% 10" 10° 10’ scales

K?\.B

» Surrogate dissipation length scale
Flame-D: Re, = 22,400

Flame-E: Re, = 33,600

» Applicable in more general flames
x/d =15, r/d=1.1

Experimentally determined local Batchelor scale, A5 (um) %:‘

Flame C D E
30 140 106 89

x/d 15 123 86 71
7.5 108 81 65

» Determined with probe centered near max var(§), data of Karpetis and Barlow
» Dissipation cutoff corresponds to 274,

> Required measurement resolution of ~345 (Nyquist, sharp spectral cutoff)
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dot: central diff

Corrected 1D results for piloted flame E (Preliminary) %?F
100'| T Ll T g i ) T R 5 . T T
L | flame E _
I =
80| ;X’ d=75 solid: high-order |
I |
|

PDF(z,)

0 02 0.450.6 08 1

Thermal vs Mixture Fraction Dissipation %?F
2000 1
> Single realization, T and & 1600 » 08
<1200 28"
> Double peak in thermal — {04
800 ;
dissipation around 5 0.2
400
0
» Expect higher spatial £ § ' e
. 1.0
frequencies in T spectrum E R 02 =
i - Bl 02 %
taken near T,,, locations § 0.6k =
204 i1 2
- 702 01 7
» Relatively small effect o=t
0.0 0
-3 3
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2
Summary and Issues Zrr

» Measured energy and dissipation spectra from jet flames follow Pope’s
model spectrum for kinetic energy dissipation in nonreacting flows

> High resolution Rayleigh imaging - local dissipation cutoff scale

» Use spectra to understand noise effect and filter characteristics of data
processing and differencing schemes.

» Much closer to 1D and 2D scalar dissipation results (w/ uncertainty)
» Can use Rayleigh to determine local scales in other flames.

» Thermal dissipation data are “DNS quality.” Can we use these data?
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TNF 8 — Summary of the Session on
Highlights of New Experiments and High-Speed Diagnostics
Coordinator: Andreas Dreizler, TU Darmstadt

The aim of the session is to review recent advances of high-speed imaging studies in combus-
tion applications. Based on the merits and limitations of each approach, a discussion is started
on the type of new information that might be extracted from high-speed diagnostics with a
focus on validation of numerical modelling.

The session contains contributions from N. Mastorakos, J. Hult et al., N. Clemens et al., T.
Sattelmayer et al., V. Sick et al., and A. Dreizler et al. Animations and movies are not in-
cluded to the slides. Partly the movies can be downloaded at http://www.ekt.tu-
darmstadt.de/home.php.

The focus here is only on two-dimensional applications. Progress in this field is obviously
linked to advances in high-power diode-pumped solid-state lasers and improvements in
CMOS detector technology. Point or multi-point techniques such as high-speed Rayleigh
thermometry or PITLIF are not included although these techniques can contribute to an im-
proved understanding of mixing and combustion processes.

Most of the studies presented are based on sequences of temporally high-resolved chemilumi-
nescence imaging. The information gained from these studies is qualitative in nature and al-
lows temporally tracking of transient phenomena. Predestined are inherently transient proc-
esses such as ignition, extinction of flash back. The slides show an example for each of the
processes mentioned.

For the example of an extinguishing turbulent opposed jet flame a combination of chemilumi-
nescence and Mie scattering from seeded particles excited at 10 kHz visualises nicely the im-
pact of vortical structures on the luminous flame. The qualitative information on flame extinc-
tion will be used in future to “condition on single events”. In this proposed approach, Mie
scattering will be used for velocimetry (PTV/PIV) but conditioned on extinction. This allows
for building up statistics on flow characteristics selected for extinction events. It is expected
that more details are accessible compared to statistics gained from experiments that average
exposures regardless in which state the flame currently was.

High-speed Mie scattering and high-speed PIV on its own evolves as a powerful tool. High-
speed particle scattering allows for mapping three-dimensional volumes. This can be achieved
either by rapid scanning of laser-light sheets or by employing Taylor’s hypothesis. In each
case the repetition rate is much faster than typical time-scales of the turbulent flow.

Finally combined techniques such as PIV and PLIF imaging of combustion-produced radicals
at high repetition rates are currently evolving. In these approaches quantitative scalar fields
can be recorded in addition to the quantitative flow field information. This type of information
is expected to validate quantitative models for flame transients such as misfire — successful
ignition or local — global flame extinction.

In summary, the field of high-speed diagnostics is rapidly evolving. It will supplement per-
ceptions from “10Hz-diagnostics” by inclusion of the time domain. Repetition rates are much
shorter than integral time scales of the turbulent flows. Main areas for applications are

e Correlations or gradients of scalars/velocity components accessible in time
¢ (Quasi-three dimensional probe volumes
e Tracking of individual transient processes, conditioned on “infrequent events”
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Highlights of New Experiments and
High-Speed Diagnostics

Contributions
Nondas Mastorakos
Johan Hult, Clemens Kaminski, Wolfgang Meier, Marcus Aldén
Noel Clemens et al.
Thomas Sattelmayer et al.
Volker Sick et al.
EKT Darmstadt (B. Bohm, C. Kittler, A. Nauert, A. Dreizler)

Coordinator
Andreas Dreizler

Introduction

+ Development of optical diagnostics supported
advances in numerical combustion

State-of-the-art
— Statistically uncorrelated measurands
— Point / multi-D / multi-scalar / joint scalar-velocity
* Work-in-progress
— Statistically correlated measurands
* High repetition rates (time-sequences)
— Others
* Multi-phase diagnostics — more than gas diagnostics
Aim of this session: multi-D high speed diagnostics
— Review on “Who is Doing What?*

— What can we extract from the new experiments for
comparison with modeling?
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Introduction

* Why high-speed diagnostics?

Time=-250400

pixel

200
pixel

— Prospects you might have never considered

High-speed Diagnostics: Fields of Applications

+ Temporal tracking of highly dynamic processes
— Ignition/Misfire
— Extinction
— Flash-back

— Effects where ensemble-averaged data are not accessible by “10Hz-
technology”

* Three-dimensional diagnostics
— Sweep mirror arrangement
— Assumption of Taylor’s hypothesis

+ Temporal correlations and temporal gradients (- Noel)
— Higher resolution in time than in space

— Qualitative data — better imagination of dynamic processes
— Extraction of quantitative data — validation
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Instrumentation at High Speeds

+ Lasers
— Mode-locked MHz lasers
— Cluster=multiple 10Hz-technology
— Multi-kHz multi-Watt technology

 Solid state, diode pumped, intra-cavity frequency-
converted (100W @ 527nm, 10kHz)

* Dye laser (10W tunable @ 565nm, 5kHz)
* Array detectors
— Multiple video or slow-scan technology
— CMOS technology (fast technological progress)
» 512x512 pixel @10kHz, 10 bit
* Multiple point detectors

* Qualitative
— Chemiluminescence (CL)
— Chemiluminescence and Mie scattering

—Tracks temporal evolution of transient phenomena in
space

* Potentially Quantitative
— High-speed velocimetry (HS-PIV)
— High-speed mixing (HS-PLIF)
— High-speed flame front tracking (HS-PLIF)
— 3D structures (HS-Mie)

— High-speed thermometry (HS-Rayleigh), HS-LIF
(PITLIF)....

— Inclusion of time history
— Different data for better understanding and validation
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Chemiluminescence at high repetition rates

Fast imaging of ignition events

S. F. Ahmed, R. Balachandran*, C.N. Markides and E. Mastorakos

Department of Engineering
University of Cambridge

* Now at University College London
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Camera:

+ Hamamatsu C9546-04MP46 intensifier up to 30 kHz.

» Visible Solutions Phantom v.4.2 10-bit CMOS.
Monochrome. Sensitivity: 4800 ISO/ASA.

* 512x512 up to 2.1kHz; 32x32 for 90 kHz
* With or without OH* filter (307nm)

+ We have not attempted yet intensifier & spark
(dangerous for the chip!)

EL8 Department of Engineering
@' University of Cambridge

Autoignition: Turbulent non-premixed flow
(30th Symp for H2: new data & fast images submitted to C&F)

—— Fuel
E—— _

C2H2 ignition, natural light (1/125s exp.)

-kl Department of Engineering
University of Cambridge
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Spark ignition: Counterflow flame (partially premixed)

(Ahmed et al., 31sY)

1.s|
4

|
05/

Single spark for 0.4ms

|

. - -
2ms 15 ms 30 ms i
AR 60ms 120ms -

successful

' —

ot J
R A N N AR A T}
R

Department of Engineering
» University of Cambridge

Spark ignition: Counterflow flame (partially premixed)

(Ahmed et al., 31sY)

@' University of Cambridge

Single spark for 0.4ms

|

. . wac

2ms 15 ms 30 ms |
A o 60ms 120ms ,

failure
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Spark ignition: Jet flame
(Ahmed & Mastorakos, C&F 2006)

0.4ms duration at centreline & 30 jet diameters

Relatively slow process

Turbulent lifted CH4 flame (with 30% air in fuel by vol.). Single spark of

Department of Engineering
University of Cambridge

Spark ignition: Jet flame
(Ahmed & Mastorakos, C&F 2006)

What can be extracted

* Flame kernel growth and upstream propagation

Axial position, zidj

« Ignition probability (influence of velocity, strain, mixture fraction,...)

iB
5 a J| U128 mis, zidjet0 |
‘E B =28 8 mis, zidje40

3.5 | U1 2.8 miszid j=30
o s
E 25 ;
E‘E 3 ‘;__-.-_—4-_,/‘
E 1
E I — —— "
]
2 o5

o - -
0 10 20 30 &0 50

Department of Engineering
University of Cambridge
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CL at 1 kHz &Mie-excitation at 10 kHz

« Addition of low-concentrated seed
* Mie scattering excited at 10kHz

CL at 1 kHz &Mie at 10 kHz

What can be extracted

* Local strain and vorticity at the particular time of
extinction

* Fluid dynamics conditioned on extinction
— Gather data “at the wings of a PDF”
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Chemiluminescence at high rep-rates

+ Example 2: flash back in premixed combustion
» Variable swirl (moveable block controlled by stepper motor)

Chemiluminescence at high rep-rates

* Intermediate status very close to flash back
» Variable geometrical swirl number S
+ S$=0.8
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Chemiluminescence at high rep-rates

» Slight increase of S - flash back
* Monitored through glass nozzle

o —
(il

= pr e R
y, 7 Start y _.\h oy

t=1ms

t=4ms

— Flash back velocity [3 - 10] m/s

Chemiluminescence at high rep-rates

+ After flash back
* Flame stabilizes at swirler assembly

— Visualize dynamics

— Extract propagation speeds
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2D-laser diagnostics at high repetition rates

Flame

* Turbulent non-premixed jet flame
* Reynolds number: 22800
* Fuel: 33% H,, 22% CH,, 45% N,

- Mixture optimized for Rayleigh thermometry
* Seeding: TiO, (d=1 um)

- For PIV measurements

*Turbulent Non-premixed Flame

workshop target flame
- Flame: DLR_B
- Scalar point measurements (DLR & Sandia)
- RANS and LES calculations
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Objectives

* Rapid sequential OH PLIF for unambiguous identification of
flame extinction / reignition events

* Simultaneous 3D PIV measurements to correlate flame
properties to local flow field

* Influence of strain / stretch / curvature on burning properties

* LES validation: subgrid scale model development, e.g. for
flamelet or CMC approaches

* WIP: Flame / acoustics interactions e.g. through periodic
forcing

Set-up: OH and PIV

Lund high speed imaging facility

High-speed
framing camera 4 * 4xNd:YAG lasers (1-100 kHz)
PIV laser . / « 8xICCDs
Q\Sheet optEe ‘l Dye cuvette Dye laser
Nd:YAG - 532 nm' \ (20) Nd:YAG laser

cluster

~ . Sheet optics

€\ Quartz plate
PIV cameras | 2xDye - 283 nm

/ Timi \ Nd:YAG - 532 nm
30ps dliming
OH PLIF
OH OH OH OH OH OH * OH radical marks flame front
| | "l | | | » Excitation: A22+<X2IT (1,0) Q,(8)
PIV
PLV t - Stereoscopic configuration
\ 10ps / = 3 velocity components

TNF8 Workshop 145 Heidelberg, Germany, 3-5 August, 2006
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L

z-velocity (m/s)

&

Height over burner: 4.5-8 diameters

J. Hult, U. Meier, W. Meier, A. Harvey, C.F. Kaminski, Proc. Combust. Inst. 30, 701-709 (2005).

WRSER

A

e

OH PLIF and PIV

max

OH intensity
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OH PLIF and PIV

Height over burner: 8-11.5 diameters
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WRSER

OH PLIF and PIV

H

Falie;
i

' Strain rate (s") 30000

Height over burner: 8-11.5 diameters

y () Main Findings

avd
BT

Ambiguities associated with out-of-plane motion were avoided
by stereoscopic PIV

Individual extinction events correlated to high local strain or
vorticity

In extinct areas fuel might escape by vortical structures

Without time sequences temporal tracking of extinction /
reignition would not have been possible

Impact of flow structures on extinction identified
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Mie scattering at high repetition rates

* Scope

— 3D tomography by multi-2D sheets

— Mie scattering from aerosol droplets seeded to one

flow = visualization of mixing layer

+ Setup
High speed
R
TOPVIEW .ﬂ- CMOS
camera
e \Opgnsed
mirrar et .
Intensifier
Argon lon Laser Bumer
tomographic
Is:nh:rlca' — —— PR planes
ﬂ |'| laser beam (rest position) Sy
T T alaad - ; |
sr.anf\; I |-| |-| | spherical . b
mirror 1 eylindrical lens system | lers dﬁ:,m
(rast position} ! n 1 4 laser P
I -ij: i sweep
'| + paths

hy

SIDE VIEW

glas plate

glas plate

Mie scattering at high repetition rates

* Reconstruction of 3D structures with time-resolution
of few kHz (faster than integral time-scales)

frame height [pixel]

frarne width [pixel]

45

sweep direction [mm]

TNF8 Workshop
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Mie scattering at high repetition rates

* Mixing layer in a lab fixed box
* 2 kHz resolution

(-

Eeigih [mm]
L2 @

-
L

e

area

o f

rl 2“"1517-\,_‘& ) ’F?'_'s/*‘:m T2 11 /—/\N
T e ey Lo . i
‘width [ ’ ength [men] ' W \JM )"\'-'V\.\/
— Temporal evolution of mixing layers - CARNES S S S S S
(PLIF: flame surface densities) Time [ms]

Cinematographic (kHz) Stereoscopic
PIV in a Turbulent Jet
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Experimental Setup

PIV Field
of view

CMOS cameras
(1024 1024 pixgls)
' PIV field of view,
32D downsteam of jet it

Blower for
co -flow

Time-resolved end-view movies
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Space-Time Volumes
e The data can be used to construct pseudo-volumes by

mapping the time axis to x;: x,;= -U,(x,,x5)At
e Resolution of grid: Ax; = 2n; AX,=AX; = 3n

Resulting Space-Time Volume Surface Velocity Vectors

7

) ] ] 7
/777777

3D Turbulent Structures

e Data enable investigation of fully-resolved 3D fine-scale turbulent
structure similar to what is done with DNS or holographic PIV (but
technique is much easier than HPIV)

Swirling strength Dissipation (&)

e Results show jet dominated by "worms" of intense vorticity and
sheet-like dissipation structures in agreement with DNS

e Future work: Apply to turbulent jet flames
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TECHNISCHE UNIVERSITAT MUNCHEN

test rig

T

. r
* modular swirl burner [N R
. N D §
* premixed N X | ind
H 3D H ~|glass cylinder

« without bluff-body NN
+ additional core flow NoR

18 stability map swirl generator LL—"-:E—U]I ! rhH

16 - _ e

14 8 Tblownﬁ U?‘: \ i |rH
F12 ’ 7 . ewirted
§10 2 . " ‘ J perforated ﬁo""
H [ ates
g8 +flashback limit !
86 « blow off limit plenum =]

A B B ] .
4 LI e« | Bl ="
lﬂashback s I
2 L unswirledicore flow
0
O 10 2 30 40 50 60 70 80 1T el +air

thermal power [kW]

TECHNISCHE UNIVERSITAT MUNCHEN

measurement techniques

laser induced fluorescence

« excitation of OH*
» at 283 nm wavelength
» 80pd @ 1kHz

particle image velocimetry

» dual cavity laser
» Mie-scattering with 527nm
*+ 10mJ @ 1kHz per pulse

=
flame front

simultaneous and time resolved detection of

& flow field

interaction

turbulence,

TNF8 Workshop
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TECHNISCHE UNIVERSITAT MUNCHEN ?H iy g

experimental results

detection of the flame front relative to the recirculation bubble:

t=t,

t=t, 3 ; ; t=t +6ms
H 4:1.:1‘m%5?0Te ﬂb' I'Eﬁﬁ::ll:i”ilr,uqﬂ:;:‘r‘ =,
_ _ L ':::::*.:'itgm i ﬁ;i;i{:i.‘-
i h 3 ¥ ML) Ii.“au‘i !Iuim:l L
I [f' mﬂ-ll-l ITTTEIN TN NITY
1 ]:i{ { li rr:, D4 0 0.4 0.4 [ 0.4
il l}[ il
i g
1 i ..
05 ctass cylirider E [E“ i { Uii;: [itlestindibltdsittmwnstream
| H U %
B
g 02 0 05 ' nce the bubble position

radial r/D [-]

TECHNISCHE UNIVERSITAT MUNCHEN mmw

conclusions

+ HS-systems required due to high dynamics
+ identification of the chemistry/turbulence interaction as crucial factor
+ stochastic upstream propagation of the flame before CIVB

+ existence of thresholds of induced force for flashback initializing

— Understanding mechanisms leading to flash back
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Multi-parameter high-speed imaging

,Jagugs.D. Smib, Claudia M, Falardo, Volker Sick; hitp:/w-personal.umich,edul~sick!

A. Tracer-based LIF imaging of a scalar

»  Fuel distributions (£ 17% in engines)
B. Luminosity imaging: OH", soot,....

* Flame growth, overly rich combustion zones, ....
C. Particle image velocimetry

* Velocities (up to £ 1%)

A, B, and C can all be combined!
—  Sub-millimeter spatial resolution
— Typical temporal resolution 83ms (12kHz)

32,750 BTDE ., .

. filter
Image intensifier ‘.

Dielectric beam splitter

MNd:YAG laser @ 355 nm
0.4 mJ pulse @ 12 kHz

Equivalence Ratio

C. M. Fajardo and V. Sick. “Flow field assessment in & fired spray-guided spark-ignition dinect-injection engine based on UV particle image velocimetry with sub crank angle
resofution,” Proc. Combust. Inst. 31 (2006},

LD Suélga;nd V. Sick. “Crank-Angle g of Biacetyl Laserinduced FI in an Optical Internal Combustion Engine,” Applied Physics B 81, 579-584
[t b
A 0. Smith and V. Sick, "Q. dynamic fuel di i in lated devices using induced imaging of biacetyl in iso-
octane,” Proc, Combust, Inst. 31 (2006},
TNF8 Workshop 156
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Misfires in spark-ignition direct-injection engines Cuciicac
F e ]
One of the eight fuel plumes targets the spark plug.
— Equivalence ratio could be off, turbulence could be too high, or both
— Note that spark duration is ~ 10-15 crank angle degrees = cycle-resolved image
sequences are required! Phase-averaglng can mask unfavorable conditions.

» Several single cycles; ~ from end of injection to

* 100-cycle average spark timing. Note that almost no droplets are left
at the time of the image acquisition (checked via
Mie scattering)

imaging In a Spark Igniton Direct-injection Engine," Applied Optics 44 (31), 6682:6691 (2005).
Engine," SAE Transactions Journal of Engines, 1575-1585

J. D. Smith and V. Sick, "High-Speed Fuel Tracer and OH Radical Cl
J. D. Smith and V. Sick, "Crank-Angle Resolved Imaging of Fuel Distribution, Ignition and C ion in a Dil park-Igniti

(2005).
. . vari igh. i i i jded Direct-Injected Spark-lgnition Engine.” SAF_Paper 2006:01:1264. (2006) R

Example: Spark-ignition direct-injection engine

B —

» High-speed PIV near spark plug in fired DI engine
+ Sub-millimeter spatial resolution to study the impact of the flow on
spark and early flame kernel growth
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Example: Spark-ignition direct-injection engine

j e —

» High-speed PIV near spark plug in fired DI engine

» Sub-millimeter spatial resolution to study the impact of the flow on
spark and early flame kernel growth

Simultaneous flow and scalar measurements

PIV and biacetyl PLIF excited at 355 nm provide simultaneous flow and concentration information
from within exactly the same area

Dielectric beam
splitter
18 mm

.

\

GG 420 Light sheet
. filter Air/biacetyl optics
_ Image Air/silicone oil
intensifier

droplets Nd:YAG laser @ 355 nm

0.4 mJ pulse @ 12 kHz

C. M. Fajardo, J. D. Smith and V. Sick, "Sustained simultaneous high-speed imaging of scalar and
velocity fields using a single laser," Applied Physics B, in print (2006)

Application to engines currently under way
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High-speed diagnostics in optical engines

B —

What can be extracted
* Understanding of engine misfire
+ Ensemble averaged data of limited value
* Not an instant of time is important but a process taking place over a few
CAD
« Temporal evolution of mixture fraction distribution at plug during spark of
individual events
+ Strain conditioned on local mixture fraction distribution
* More details next week

Conclusions

* High-speed diagnostics supplement existing “10 Hz-
technology”

+ Applied on TNF-target flames additional validation data
to be expected by inclusion of the time domain

* Three main areas of application
— Correlations or gradients accessible in time
— Quasi-three-dimensional probe volumes

— Tracking of individual transient processes, conditioning
on “infrequent events”

Disintegrating balloon

i ¥+ ¥ ¥ ¥ o ¥ ¢
st
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Chemistry and mixing: Strategies
to reduce cost of detailed models
e Chemistry & Mixing

* MMC model (University of Queensland)

* Comparison of PDF mixing models with LES ( Flame D)
(UCB and TU Darmstadt)

e Strategies

*|LDM (TU Darmstadt)

* |CE-PICE, ISAT, Parallel computing (Cornell)
* Accelerating Chemistry (Fluent)

* ANN (University of Zaragoza)

* Reduced Chemistry, ISAT, ANN (UCB)

Multiple Mapping
Conditioning (MMC) approach

A. Klimenko & A.Wandel
The University of Queensland
Australia
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Conditional variance

Conditional variance
Conditional mean <Y|Z>

(used in 1%t order CMC)

The MMC Model

Combustion case // <T> vs time
by S. Mitarai, J. J. Riley, and G. Koséaly (2005) (DNS, Curl, EMST, IEM)
MMC simulations by Wandel & Klimenko (2005, 2006)

0.65

<T> | CMC and MMC(A=0)

o M MC(A:COnSt*Tmacro/ Tdissip)
MMC(A=1/5)

< MMC(A=0.95)

M

Curl
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Combustion case // scatter plots T vs Z
by S. Mitarai, J. J. Riley, and G. Kosaly (2005) (DNS, Curl, EMST, IEM)
MMC simulations by Wandel & Klimenko (2005, 2006)

. i
0 02 D4 06 0B 1
z

Filtered PDF +LES — Flame D
(12step with ISAT) (see poster)

F. Bistti, J.-Y. Chen (UCB)
A. Kempf (Imperial College)
J. Janicka (TU Darmstadt)
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Comparison of Mixing Models
(T and CO scatter at x/D=15: Flame D)
(see poster)

2000
*LES+ flamelet model>
same flow field

.« PDF modeling is carried
N \-». out as post-processing
« v_ews *SlMmilar burning solutions
[ » Conditional fluctuations show

1000f J

200 greatest differences
Ef .
100 '—-'J,’ ""‘-.
-
.
02 04 08 08 1 0 07 0dTtETOE
Mixture Fraction, F, [-] Mixture Fraction, F, [-]

Fig. 3 — Conditional mean and RMS for temperature (left)
and CO mass fraction (right) at x’'D = 15.

Comparison of Mixing Models
(T and CO scatter at x/D=15: Flame D)

Temperature (K) CO Mass Fraction

experimental IEM . s xperimental

2000
1500
1000}

S00HF

02 B4 08 08 10 5.3 04 06 08
Mixture Fraction, F, [-] Mixture Fraction, F, [-]

02 04 08 08 1 K i

] ¥ 02 04 05 08
Mixture Fraction, F, [-] Mixture Fraction, F, [-]
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Main Observations

» Past RANS results showed strong sensitivity of
mixing model

» Expectation: As flow is better resolved by LES,
the requirement of mixing model can be relaxed
(l.e., Localness ...)

» Computational results:

-Surprisingly close agreement among 3 mixing
models using LES even with coarse grids

(250 x 35 x 32 cells :axial x radial x azimuthal)

- Coupled flow filed calculations for EMST and
IEM models show similar trends

Strategies to reduce cost of
detailed models

e Chemical Kinetics

* Detailed mechanisms (500-1000 species)—>
skeletal Mechanisms (~ 200 species: number of
species and stiffnessy)

* Reduced description- QSSA, ILDM, CSP, ICE-
PIC

» Computational Aspects- avoid computing kinetics
* Storage —based: look up tables, ISAT
* Fitted expressions: ANN

TNF8 Workshop 164 Heidelberg, Germany, 3-5 August, 2006



ILDM related activities at EKT TU -Darmstadt, Germany

Non-premixed flames:

Sandia Flame D:
ILDM with multivariate B—PDF approach (Ph.D Thesis, T.Landenfeld)
ILDM with Monte Carlo PDF Method (Ph.D Thesis, A.Hinz)

Related publications:
T. Landenfeld, A. Sadiki, J. Janicka. Flow, Turbulence and Combustion , 68:111-135, 2002.

A. Hinz, E. Hassel, J. Janicka. 1st Int. Symp. on Turbulence and Shear Flow Phenomena, pp. 333-
338, Santa Barbara, 1999.

TECFLAM combustion chamber (CH4-Air, swirl number=0.9)
ILDM with multivariate B—PDF approach (Ph.D Thesis, T.Landenfeld)
ILDM with Monte Carlo PDF Method (Ph.D Thesis, A.Hinz)

Related publications:

Repp, A. Sadiki, C. Schneider, A.Hinz, T. Landenfeld,J. Janicka. Int. J. of Heat and Mass Transfer,
45:1271-1285, 2002.

A. Hinz, T. Landenfeld, E. Hassel, J. Janicka. 4th Int. Symp. on Engineering Turbulence
Modelling and Measurements, pp. 831-840, Corsica, 1999.

ILDM related activities at EKT TU-Darmstadt, Germany

Partially premixed flames:

Flame F2, F3 (Y.C. Chen, N. Peters, G.A. Schneemann, N.Wruck., U.Renz, M.SMansour., in
Combustion and Flame, 107:pp.223-244,1996.)

1) ILDM and Conditional Progress Variable Approach (CPVA) based on G-equation model
2) ILDM and Conditional Progress Variable Approach (CPVA) based on BML-model

T T T o ®

CO[]

CO2[]

r/ ] £/D[-]
Fig.1: Flame F2. x/d=8.5 Example of minor species (CO) and main species (CO2) distribution by means
of different
ildm-based models.
ReIat'ecﬂ?)ugﬁ'te:atlrgﬁsg3 S
S. Repp, E. Khvissiouk, A. Sadiki, J. Janicka. Proceedings of ASME Turbo Expo 2002, GT-2002--30095,

Amsterdam, 2002.
A. Maltsev, A. Sadiki, J. Janicka. Prog. in Computational Fluid Dynamics, 2003.
E. Schneider, A. Sadiki, J. Janicka. Flow Turbulence Combustion, 75:191-216, 2005.
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ILDM related activities at EKT TU-Darmstadt, Germany

Partially premixed flames:
TECFLAM unconfined flame ( CH4-Air, A=1.2, swirl number=0.75, 30kW)

C. Schneider, A. Dreizler, J. Janicka, . Fluid dynamical analysis of atmospheric reacting and isothermal swirling flows.
Flow Turb. Combust., 74:103-127, 2005.

OHI-1 cozl-l
e 2 T T bk £ X L J—
0.004 padipa somi - . 0.09 [ idm —a— |
0.0035 (- ; iidm+g-eq. eeaee | 008 L lIdmsg-aq. ====ss- _|
0.003 |- | 0.07 | N
0.06 = |
0.0025 [~ _
0.002 0.05 = -
0,04 4
0.0015 | ] o] ]
0.001 - _ ey ]
0.0005 |- i e . ]
o = L i (V] L T n
0 002 004 006 008 01 0 002 0D4 006 008 0.1
R[m] R[m]

Radial profiles of minor(OH) and main (CO2) species at x=20mm. Simulation results by
means of different ildm-based models. The mean flame front position at x=20mm
locates at r=0.027m. Simulations with conditioned ildm show qualitatively correct
results. ILDM without conditioning show reaction products also in "unburnt” region.

GT Combustion chamber (lifted flame)-work in progress

B. Janus, A. Dreizler, J. Janicka. Proc. Comb. Inst., accepted, 31:, 2006.

E.Schneider, A.Maltsev, A.Sadiki, J.Janicka: Study on potential of BML-approach and G-equation concept based
models for the prediction of swirling partially premixed combustion systems:URANS computations. In preparation.

Experience with ILDM

+ Handable tables.
+ Reduced computational time.
+ Good results by simulation of non-premixed flames with ILDM

+ Good results by simulation of premixed/partiallypremixed flames with
CPVA

New tables for every fuel-oxidizer composition should be generated.

Dependence on the chemistry mechanism developer.

Regions without solution, which should be closed.
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Computationally Efficient Implementation of
Combustion Chemistry

Liuyan Lu, Zhuyin Ren, Stephen B. Pope
Mechanical & Aerospace Engineering
Steven R. Lantz
Cornell Theory Center
Cornell University

Introduction

Detailed mechanisms: ng species (H,: ~10; Methane: ~30; Heptane: ~200)
Objective: Enable the use of detailed mechanisms in calculations

Strategies: Dimension Reduction (DR) +Storage Retrieval (ISAT)

B Dimension Reduction: Represent system by fewer (n,) reduced
variable r instead of the full composition (n) ¢ (n, <<n,)

E ISAT: storage/retrieval algorithm for f(x)
e Tabulate f=r(t+A4t)...
» asa function of x={r(t), h(t), p(t), 4t}
 Retrieve approximation to f(x) with controlled error (g,,)

Note:

E CFD module only sees the reduce variables r. Mixing is performed on r.
All the work in CFD module scales with n, instead of n,.

E ISAT stores r. Only when needed, the ISAT adds new entries to the table
by invoking the expensive adding process. For long-run simulations,
retrieves are dominant and the cost in chemistry calculation scales as n,2.

TNF8 Workshop 167 Heidelberg, Germany, 3-5 August, 2006



Efficient Implementation of Combustion Chemistry in
PDF and FDF Computations

Current & Previous

B ISAT + detailed mechanism (e.g., GRI3.0, 53 species)
B ISAT + QSSA (e.g., ARM2, 19 species)

Current & Future

E ISAT --Parallel implementation
B ICE-PIC - general and more potent dimension reduction

Efficient Implementation of Combustion Chemistry in Parallel PDF Computations
Parallel ISAT (See Poster)

B PDF methods (and LES/FDF methods)
are implemented via particle methods

I For large-scale calculations, parallel
computations are inevitable

I The parallel computation efficiency of
combustion chemistry is greatly affected

by
--Uniformity of reaction intensity
among processors Fluent PDF calculation of Cabra
--Uniformity of particle numbers Hydrogen flame. Figure shows the
among processors mean temperature contour plOt

with the domain decomposition
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Parallel ISAT Implementation Strategy (See Poster)

Characterization of the Parallel Problem
E P processors: Distributed memory; Message passing (MPI)
E Domain decomposition: Solution domain/Particles
E Processor k: N, particles

Y

Parallel ISAT Implementation Strategy 2
E Each processor maintains its own ISAT table ¢ =
F Message passing of particles on processor k Bl

80|

Avemge time per part

--Pass N, ; particles to processor j & A

--Invoke ISAT on processor j by A

--Pass particles back to processor k 5 SRR TR
F Message passing:

—-External to ISAT Different ISAT comparison. A

_-Serial ISAT code speed-up factor of 5

) . (QT/URAN vs. PLP) is
implemented in software x2f_mpi observed for the Cabra flame

EDifferent strategies for specifying N,; in x2f_mpi
--Purely local processing (PLP): serial implementation
--Single round of message passing (URAN)
--Multiple rounds (PREF/URAN)

Work in progress: ISAT+ICE-PIC

ICE-PIC (Invariant Constrained-equilibrium Edge Pre-Image
Curve)

B A recently developed dimension reduction technique

B Demonstrated good accuracy

B Easy use in high-dimensional situation

ISAT+ICE-PIC
Input: --user specified n,
--user specified reduced variables
--detailed mechanism

Note: For large mechanisms (~1000 species), it is sensible to
use skeletal mechanisms (~100-200 species) instead of the
direct use of the large full mechanisms
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Application of Detailed Mechanism in CFD by DR+ISAT

,,,,,,,,,,,,,,,,,,,

CFD 1 ISAT
DNS/LES/PDF Table
reduced variables : {r(0), e} :
r(x, £) | ISAT module
reaction r{t] : '
fractional ™ Retrieve Add :
e e an
) r({.\!)T
Speciaes Species
Reconstruction Reduction DR module
&= Qr) v = P(p)
B @O ) fpaa
ODE Integrator
“F =S
> L fsm Mechanism module
Daetailed Chemical
Mechanism

Schematic of ISAT with dimens

ion reduction (via species

reduction and reconstruction) Used in the reaction fractional

step of a CFD computation.

G. Goldin

Fluent Inc.

s FLUENT
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(\E/ Accelerating chemistry
computations

» Apriori tabulation
— Standard method for fast (equilibrium) chemistry
* Widely adopted in industry
— Very difficult for slow chemistry where history
affects are important
* Fluent has Constructed PDF, Steady and
Unsteady Laminar Flamelet models

« Calculations over a range of mixing (scalar
dissipation) and heat transfer in a simple
geometry, and then the PDF tabulated

* A-priori tabulation of slow chemistry works OK

for near-adiabatic, parabolic flows, but very
o FLUENT limited beyond that

(‘&/*'Accelerating chemistry in
A Fluent

P * In-situ tabulation
— Fluent works closely with Steve Pope and
have implemented ISAT
» Laminar chemistry
« EDC
» Composition PDF Transport
— We believe that automated reduction plus
storage/retrieval is the way of the future
» Chemistry reduction either a priori or in-situ

o FLUENT
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(\'&j\ " ISAT performance

ARM19 (CARM reduction of GRI2.11)
/C * Transported PDF simulation of flame D
» ISAT speed-up (from empty table) of 38

% events | % CPU Average
time time
(ms)
Queries 100 100 0.3
Retrieves 97.9 14 0.044
Grows 0.5 24 15.3
Direct 1.6 60 11.5
N Integrations
o FLUENT

ANNs for chemistry representation

Norberto Fueyo, Javier Blasco

Fuid Mechanics Group
University of Zaragoza
Spain
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Summary

Principles

Achievements

Savings

Deficiencies, work needed

ANN storage principles

(1) Classification using SOM (Self- Organizing Map )
(2) Assignment to an MLP (Multi-Layer Perceptron)
(3) Prediction

Thermochemical
composition at t

Thermochemical
composition at t+At

Y (t+At)
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Achievements — systems fitted

» PaSR
— CH4-Air system of Mallampalli, Fletcher, Chen (1996)
— 9 species, 5 steps
— Single mixture fraction

» Excellent accuracy, similar to ISAT (at the time)

y_OH
0.0015 "

! 0.0011 . —
0.001 ! o 1 0.001 4
i 0.0009

0.0008
0.0007
0.0008
| 0.0005
P 0.0004

ona & ° ! 1 0.0003
ooois L ) i 0.0002

L L
00015 D001 -0.0005 0 00005 0001  0.00 0.0001
Target Incrament .

0.0005

Y OH

-0.0005

ANN-Predicted Incremeant

0 0.005 0.01 0.015 0.02 0.025 0.02 0.035
Time (=)

Achievements — systems fitted

» Methane chemical system — ILDM reduced
— Three “controlling variables’: f (0.01-0.1), CO2, H20
— 33 “‘main species’: H, H2, 02, OH, O, HO2, H202, CO,
CH4, CH3, 3CH2, 1CH2, CH, C, CH30H, CH30,
CH20H, CH20, CHO, CH302H, CH302, C2H6,
C2H5, C2H4, C2H3, C2H2, C2H, HCCO, CH2CO,
CH2CHO, CH3CHO, CH3CO, N2
* RMS errors
- CO2 5.4e-4 kg/kg
- H20  3.5e-4 kg/kg
— Temp 6 K
-Cp 22 JkgK
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Predictions, ANN vs ‘exact’

GOz mass racton

| / 0.06 |-
A .

0.1
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Achievements — systems fitted — Premixed flame

CO2 Mass Fraction

H20 Mass Fraction

0.1
0.09
0.08
0.07
0.06
0.05

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

ILDM o

COo2 T

!
0 0102030405086 07 0809

1 ! bereotrorn

D

0 . :
0 0102030405086 07 0809

1D

Temperature

Fuel-air mixture

CPU times

- ILDM: 112 h
(Parallel with 56 CPUs)
Equivalent to 6272 h sequential

— ANN-fitted ILDM: 40 h
— ANN speedup factor: 157 times
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Achievements — systems fitted — ILDM

Decane

ANN prediction

ILDM calculation

RMS %
Co2 6.11e-4 |0.24
H20 5e-4 |0.35
Temp 31.6 1.13
Molar mass | 6.4 e-5 | 0.22

o

prediction

=2

AN

Model fuel

0.09
0.06
0.03

003 006 0.09
ILDM calculation

RMS
CO2 2.8e-3
H20 4.2e-3
Temp 12.4
Molar mass | 7.1 e-5

Computational performance

® In-situ tabulated ILDM vs ANN-fitted ILDM (3 controlling scalars)

ANN ILDM
CPU time, ratios 1 47
RAM, ratios 1 15
RAM, Mb 5.5 79
= LUT vs ANN (5 controlling scalars)
= ANN LUT
CPU time, ratios 1 1
RAM, ratios 1 400
RAM, Mb 0.1 40
= [SAT vs ANN (10 scalars)
= ANN ISAT
CPU time 1 200
RAM, ratios 1 58
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Shortcomings, work needed, ...

Definitely not in situ

A priori error bounding difficult (statistical)
Continuity among SOM domains not guaranteed
Importance of traning set

— How to select one?

— Scalar bounds?

More real-flame calculations

Experiences with reduced
chemistry, ISAT, and ANN

F. Bisetti, Y.F. Tham, J. Chen, Y. Choi, J.-Y. Chen
(ucs)
Collaboration with
A. Kempf (Imperial College)
J. Janicka (TU Darmstadt)
S Aceves, D Flowers (LLNL)
A Babajimopoulos (University of Michigan)
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Skeletal Mechanisms and Reduced
chemistry with QSSA (see poster)

» Development of skeletal mechanisms for
Isooctane and n-heptane ~200 species

» Reduced chemistry (40 -80 spemes) with

QSSA i i
14 Constant Pressure Reactor o P=10 atm 14 Constan
B Equivalence ratio =0.3 22%1’?} Equivale
Skeletal 215 species Reduced 39 species

LES+ Scalar PDF Applications
CFD+ QSSA Reduced Chemistry +ISAT
Parametric study with 3 mixing models
12 step reduced chemistry (16 species)
Speed up factor ~ 7-8

[ ]
1r
® % |l stoichiometric last burning flame
— 08f
=
2
G 0.6H
£
%
[}
S 0.4
& 3
E 1.
not burning -

o

02 below

0 . . . .
0 010203 0.4 0.5 0.6 0.7 0.8 0.9 1 Mixture Fraction, F, [

Mixture Fraction, F, [-]

TNF8 Workshop 178 Heidelberg, Germany, 3-5 August, 2006



ANN Integration model with CFD-
KIVA3v

 Autoignition chemistry is too expensive due to
low temperature combustion chemistry
-> Livengood & Wu Model
-> Estimate of autoignition delay

t

o 1
1(t) =] o =1
* Once ignited—> combustion chemistry —>heat
release = simple model
Dryer and Westbrook (with modified rates)
CgH,g +8.50, - 8CO + 9H,0
CO +%0, » CO,

Integration model with KIVA3v

Trie Compute T & P
Pinlet as function of AN_N W/ T (CAD) Use T to compute I(tign)'
— CAD, optimized Semi-Empirical Integral
¢ Heat transfer * | T(CAD) | Weight Matrix Relation
EGR considered P(CAD)
Engine— parameters EGR(CAD)
@ (CAD)

Livengood and Wu Integral to model history effects

1t,)=[" Lat=1

ign (o) 7
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ANN for predictions of autoignition
delays

Methane: 52species, 323steps

Detailed Chemical Mechanism

Propane: 176 species, 999 steps
N-heptane: 41 species, 275 steps

Isooctane: 259 species, 621 steps

Compare and Improve
Goal of ANN

@ weight matri
S ——
%\ /00 training 2>
T ~ T
ini chem ANN
9,000 samples of Training

Produces Optimized
(TP, @ ECGR, Tm) ANN Weight Matrix

3-D Engine Code KIVA3V-
HCCI Autoignition (Isooctane)

100 Multi-zone ~5 days
+ Experimental Maa - 97% chemistry
& Multi-zone 3 - 3% onCFD

-+ Neural network

90

®
S

2 ANN ~ 4 hours
7" -10% on chemistry
S0 -90% CFD

* Speed up ~30

: ‘ ‘ ‘ | ‘ Speed up Chemistry only
-10 -5 0 5 10 15 20 ___290

crank angle, degrees
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Summary

* Mixing models

- Combination of CMC and Curls -> gives improved
predictions based on DNS

-LES with different mixing models shows similar results for
flame D

» Strategies

- Detailed mechanisms = skeletal mechanisms (100-200
species)

- Reduced description>ILDM, QSSA, ICE-PIC

- Further Acceleration by computational techniques:
* ISAT, ANN, combinations of ILDM and ANN

Challenges and issues

» Mixing Models — Scalar Dissipation, Conditional Variance
» Chemistry

* Size of detailed chemistry increases for large
hydrocarbon fuels=> O(1000) species

* Practical fuels consist of mixtures of many
different components - more species
—> Large detailed mechanisms
Validation:

(test regimes: psr, premixed, nonpremixed (opposed jet
flames)

Turbulent flames: PaSR, 1-D pdf, LEM
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LES Quality Assessment
M. Klein
Technical University of Darmstadt

Abstract

LES is a promising technique to accurately predict turbulent flows. However still many
fundamental problems are unsolved and no single LES procedures has emerged as a
standard. Consequently LES quality assessment becomes an important issue for
predicting complex flows. An overview of methods used to quantify the accuracy of LES
calculations is presented. Four different points of view are been discussed:

1. The academic approach where one tries to minimize (a priori) numerical as well

4.

as modelling errors using: high order, non dissipative, conservative schemes,
elaborated models, high quality grids, ...

The engineering approach where one tries to estimate (a posteriori) the
modelling and numerical errors arising from a non perfect numerical scheme, sgs
model and a rather low quality grid. To this end a hierarchy of methods, ranging
from single grid calculations to three simulation studies, has been proposed and
tested at several configurations.

The optimal strategy, where one tries to understand the interaction of modelling
and numerical errors, and to derive optimal LES strategies using a huge data
base of decaying isotropic turbulence.

Adaptive mesh refinement, where the computational grid is optimized in order to
minimize a measure of the energy contained within the subgrid. Two approaches
have been presented, one based on the sgs TKE and one based on the sgs
scalar variance.

Although the methods proposed for quantification of LES accuracy are still in their
infancy stage, the limited number of applications presented show encouraging results. It
is proposed to apply and refine the presented measures using the HM1 case during the
next TNF workshop.
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M. Klein

Technische Universitat
Darmstadt

(e G

)

[
Institute for Energy and
Powerplant Technology

O Adaptive mesh refinement
B Reacting flows
B Summary and conclusions
B Discussion
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TECHNISCHE
UNIVERSITAT
DARMSTADT

Motivation

BLES is a promising technique to accurately predict
(some) complex flow phenomena

BLES has been applied to increasingly complex flow
configurations

Motivation

A

Moveable Block

LES of a swirl flow

(M. Freitag, B. Wegner)
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Motivation

TECHNISCHE
UNIVERSITAT
DARMSTADT

LES of a GDI engine
(D. Goryntsev)

Motivation

TECHNISCHE
UNIVERSITAT
DARMSTADT

LES of the Cabra et al Experiment

Domingo, Vervisch, Veynante

SiTCom/co:5ia] %ks =

- Filtered Structure Function

- Skew symmetric like scheme
- 4th Order in space 2nd in time
- Fully Compressible

Turbulent flame base:
auto-ignition within the
turbulent flow structures

TNF8 Workshop

o DRSO 1131 000 nodes FV
¢=20D L=09D D =4.57mm
Colored by Auto-igniti
Colored by Mixture fraction o °“’Bu"r:i“n ME" on 0.3mm <A < 2.5mm
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Heidelberg, Germany, 3-5 August, 2006



Temperature along axis of symmetry

Domingo, Vervisch, Veynante
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A TECHNISCHE
UNIVERSITAT
DARMSTADT

Motivation

BLES is a promising technique to accurately predict
complex flow phenomena

BLES has been applied to increasingly complex flow
configurations

BUT

mStill there are fundamental questions unsolved
O Walls, transition, etc.

B No single LES procedure has emerged as a standard
O Implicit vs. Explicit filtering
0 sgs-model

[ suitable discretisation schemes

3 TECHNISCHE
UNIVERSITAT
DARMSTADT

Motivation

Errors in LES

ENumerical errors

BSGS modelling errors

MErrors due to boundary treatment
EWStatistical errors
u..
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:§ ' Spektral —— ] k:ff = kegf/kmaz
0
, k* = k/kmax

HEvaluation of grid refinement studies is therefore difficult

Bguality assessment is important
mand difficult !
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Different concepts of LES

mimplicit filtering approach  u,u; :u_iu_j+ (uu; _U_II)
B A/h=const —>convergence towards DNS
mA/h#const convergence towards Smagorinsky Fluid

BExplicit filtering approach u;u; =u_iu_j+(uiuj —U_II)
m A/h=const -convergence towards filtered DNS

Enum = ¢LES - ¢finegrid LES
Emod = ¢fine grid LES ¢fi|tered DNS

Eot = ¢LES - ¢fi|tered DNs — €num + Emod

3 TECHNISCHE
UNIVERSITAT
DARMSTADT

LES quality assessment

BThe academic approach

|8num | + |8mod | =0 (|8num | < |gmod |) no error control

EThe engineering approach

Ewm T Emog =0 Estimate ‘Enum + € od ‘

EThe optimal strategy
Minimize &, T Emod = O for given computational ressources

BAdaptive mesh refinement
Adapt the grid in order to minimize a measure of the energy
contained within the subgrid
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LES QA — academic approach

EMinimise numerical and modelling errors separately using:
BSophisticated models

BHigh quality meshes

BHigh order numerical non dissipative schemes (properly dealiased)
ESchemes preserving discrete conservation properties

EHigh order commutative filters close to spectral cutoff

BEXxplicit filtering

mHigh ratio F =A/h
Recommended value of r: second order scheme 4 ;
6-8th order scheme 2

ESpecial numerical and modelling requirements for combustion LES
see paper by Joe Oefelein and poster by Pieter Rauwoens and Bart
Merci.

LES QA — academic approach

2nd-order FD

4th-order FD
10_) | —— Pade

Exact SFS force

10 p
= - S
= i &
: - :
w 10'6 |
=8
10 7 |
10
10 7}
0 1
10 10
K
Fig. 4. Energy spectra of the finite differencing error in the nonlinear term in the dealiased divergence form, computed with second-

and fourth-order finite difference (FD) and sixth-order Padé schemes, compared to the SFS force term. Filter—grid ratio = 1; 32* grid.

Chow and Moin JCP 2003
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— 2nd—or‘der FD
~e— 4th-order FD
10—2 . —=— Pade
—+— Exact SFS force
107
=
=
2
SRS
107
107

10'

K

Fig. 5. Energy spectra of the finite differencing error in the nonlinear term in the dealiased divergence form, computed with second-
and fourth-order finite difference and sixth-order Padé schemes, compared to the SFS force term. Filter—grid ratio = 2; 32* grid.

Chow and Moin JCP 2003

— 2nd—m:dar FD
~o— dth-order FD
107 |~ Pade
—=— Exact SFS force
107}
)
2
Wyqg®
107°
107"

Fig. 6. Energy spectra of the finite differencing error in the nonlinear term in the dealiased divergence form, computed with second-
and fourth-order finite difference and sixth-order Padé schemes, compared to the SFS force term. Filter-grid ratio =4; 32° grid.

Chow and Moin JCP 2003
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LES QA - engineering approach

BA good LES should resolve 80% of the TKE (Pope)

BSeveral approaches exist for estimating the sgs-TKE
(e.g. Yoshizawa, Lilly):

K K

gs gs
I(total kgs + ksgs

2
Vi

kK —_‘t
¥ (cA)?

¢ =0.094 (0.086)

ksgS = —T; Wwith a suitable model

. . TECHNISCHE
P— UNIVERSITAT
LES QA - engineering approach
Single grid estimators for a plane jet simulation
#/D=5 o/D =15 ¢/D=5 ©/D =15

00 el T LT T 100 Tl Lo L P e, s, s T S, |

80 80 o 20 00000000 80 of

60 L e i p 1 ob——

40 4 40f E w0 4 wf 4

20 - 4 20F B 20 4 2k _

0 L L1 0 T 0 T S N B | 0 T T R B
-5 -1-050 05115 -3 -2 -1 0 1 2 3 151050 05 1 15 -3 2 -1 0 1 2 3
2/D 2/D

2/D /D

Resolved kinetic energy in % Arps =4 * Apns Resolved kinetic energy in % Azps = 4% Apng

z/D=5 z/D =15 z/D=5 z/D =15

0
-1 05 0 05 1 1.5 3 -2 -1 0 1 2 3
2/D 2/D
Resolved kinetic energy in % Arps =8 % Apns

0 0

51050 05 1 15 -3 2 -1 0 1 2 3
2/D /D

Resolved kinetic energy in % Azps = 8 x Apys

ScaleSim L.
A priori test il g A posteriori test

filtered DNS
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Hp=2 is assumed i.e. second order numerical scheme and second
order dissipation error

HLow Re corrections can be applied
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s, SRt

w/o k-sgs e
0 i . W k-sgs --e--
0 5 10 15 20

x/D
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LES QA - engineering approach
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Model equations:

H|ES solution:

_ n m
u—-u,=c,h"+c_ h

u-u,=ch"+ac h"

Uu—u, = Cn(ﬂh)n +Cm(ﬁh)m

u, —u, —c h"

-« "

(U —u,) = (U, ~u)1- ") (1~ ) —ch"
l_ﬁn n

c,h"

(Klein

&= +

c,h"

BExact solution:

L ES with modified model:
ECoarse grid LES:
B, Modelling“ error:

ENumerical error:

u
U
U,
Us

c, h"
c,h"

and Freitag)

LES QA - engineering approach

A TECHNISCHE
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In the following we assume:

mp=2, 0=0.25

En=2 due to the second order CDS

BTheoretical arguments suggest m=2/3 for low Re user rather m=4/3

TNF8 Workshop
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Systematic grid and model variation — channel flow
6 | — — | S —
o) . estimated _ estimated
2 from DNS — from DNS
o :
o .1 ]
E = .
> C 2 -
X
0 1 .."O-Ol-.ooocl_
S 0 I | 1=+
= 0 02 04 06 08 1 0 02 04 06 08 1
(@)
o z[é z[é
@®©
E Figure 4. Estimated error and error with respect to DNS for a channel flow. Velocity
(0p) (left) and turbulent kinetic energy (right).
. . TECHNISCHE
LES QA - engineering approach UNIVERSITAT

Smagorinsky model

Systematic grid and model variation — plane jet

T T T T
estimated estimated
from DNS from DNS
0.1 . — &
2 S 0.03 | .
2 =
R = 0.02
2
0.01
0

0 5 10 15 20

D D
Figure 5. Estimated error and error with respect to DNS for a pllzg.n{! jet. Velocity
(left) and turbulent kinetic energy (right).
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Figure 6. Estimated error and error with respect to DNS for a free swirl flow.
Velocity (left) and turbulent kinetic energy (right).
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LES QA - The optimal strategy

Counter-acting errors: LES-paradoxes

0.06; - -

0.05
0.04

amorin kinetic energy

96° PR _ _ _ .
B / 0.2 04 06 08 1
ecaying turbulence: discretization, modeling and total-error

323
@ better model may result in worse predictions
@ higher order discretization may result in worse predictions
@ optimal setting and refinement?
B d J. Geurts: Datab lysis of i ing errors in large-eddy simulation &}TU/E
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LES QA — The optimal strategy

Basic LES Discratization and subgrid closure Error-classification Database-analysis Concluding remarks
o800

Accuracy limitations and subgrid activity

Energy evolution:

JE
=0 - )

with dissipation rates:
. 1=,
£t = —TE();'U;' VEp = —eSEdej

Subgrid-activity parameter: decreaseslincreases with A

(e1)

s —_—

" 0+ (o)

@ provides convenient grouping of data: 0 < s < 1
@ s = 0 corresponding to DNS

@ s = 1to LES at infinite Reynolds number

@ s = 1/2: distinguish inertial and dissipation range

~
J. Geurts: D ysis of i ing errors in large-eddy simulation & TU}e
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LES QA - The optimal strategy
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Error-classification Database-analysis

ooe0

Basic LES Discratization and subgrid closure

Concluding remarks

Overview of total simulation errors

w0l

Wil
a

o

01

[F]

03

[

Re dependent

05

o8

Relative total error i¢ versus subgrid-activity s

a7

Resolution: (*): 323, (+): 482, (c): 643, (0): 96°

0%

error-reduction as A is decreased.
For s > s; = 1/2 modeling error dominant

J. Geurts: ing errors in large-eddy simulation

1alysis of i

Small s: strong variation with resolution and non-uniform

Ay TU/e

LES QA — The optimal strategy

TECHNISCHE
UNIVERSITAT
DARMSTADT

@ Fixed s = s; not optimal but along contour-line

J. Geurts: Datab lysis of interacting errors in large-eddy simulation

Basic LES Discretization and subgrid closure Error-classification Database-analysis
Error-landscape: optimal refinement
15 15 -

Optimal trajectory for Re, = 50 (a) and Re), = 100 (b)
Line with s = s; with s; = 0.4 (a) and s; = 0.8 in (b)

@ Under-resolution leads to very strong error-increase

Concluding remarks

&TU/e
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LES QA — Adaptive Mesh Refinement uversThT
R 5614 .
CONPIEXE DE RECHERCHE
IKTERPROFESTIONINEL B AERCTHERMCCHERE
A. Naudin, P. Domingo & L. Ve_
LES QA — Adaptive Mesh Refinement

B LES solver: A Virtual Burner Project (AVBP) from CERFACS:
O 3rd order TTGC.
O Navier-Stokes Characteristic Boundary Conditions (NSCBC by Poinsot & Lele).
O WALE SGS modeling (summary: Frohlich et al. J. Fluid. Mech 526 (2005)).
B TEST Case: TECFLAM premixed swirl burner:
O A. Nauert and A. Dreizler, Z. Phys. Chem. 219:635-648 (2005).
OO0 Wegner et al. Int. J. Heat and Fluid Flow, 25 528:536 (2004).
B LES MESH optimization:
O Minimize a measure of the energy contained within the subgrid.

O S.B. Pope “"Ten questions concerning the large-eddy simulation of turbulent flows,"
New Journal of Physics, 6 (2004) 35:

o i +~— TKE of residual motions
kr(,1)

M Tt = —
Y= Rt bl h)
Turbulent Kinetic Energy/
of resolved motions

- .
%EE CNRS - UNIVERSITE & INSA de Rouen g0 & L. Vervisch
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Step 1: First LES with a 600 000 cells mesh Step 2: Compute “M” field

¥ |

Step 3: Refinement surfaces based on Iso-M

e
ﬂ CNRS - UNIVERSITE & INSA de Rouen

Axial velocity Turbulent kinetic energy
T T T T T T T T
] 4} z=9% mm .
1 o Experiments o  MuloMiR @ o
] . lg @ WooT? oy, @ -]
seesssoat —First Mesh0.6 M 77 _————— bo, @]
] -_--_I/ | 1 | ] ‘3'%_
4 0 Adapted 0.6 M 9f T T T T T T f
1 o Refined 6 M &
5 ] _
T4 ]
™ — . T I Tl @  Esporimsental Data -
& o Tx:tmmm: [ 2=1mm —— 1 basic mesh (eells = 0.6M)
3 & v "Popes criterion” refined mesh (ocll=0.65) 24 e L @ v Pope's criecrion” refinca mesh (oclta.Sh)
“E oYX "Pipes duion® sefinsd mesh (oells = 630 gL L] - ¥3: "Pope's criterion” refined mesh (calis= 6 M )
S ] I R . ]
2 ﬁ booo R .y ]
B L | 1
1

rmm]

ﬂ CCNRS - UNIVERSITE & INSA de Rouen A3 NaUdIn‘ P. Domlngo & L. Vervisch
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LES QA - Adaptive Mesh Refinement
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LES of a bluff body stabilized non-premixed flame using RFRP
Combustion and Flame 2005

V. Raman and H. Pitsch

»In nonpremixed combustion the LES solution is extremely sensitive
to scalar resolution and the scalar field is much more sensitive to grid

quality than the velocity field*

LES QA — Adaptive Mesh Refinement

), TECHNISCHE
UNIVERSITAT
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Variance model

7" =C, N (VZ)?

Fractional variance

Refinement condition £ <0.2 <

n

An+1 213

TNF8 Workshop

205

Heidelberg, Germany, 3-5 August, 2006



A TECHNISCHE
UNIVERSITAT
DARMSTADT

LES QA - Adaptive Mesh Refinement

o

300 1200 2100
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Reactive Flow

Non premixed flames

B W.r.t to momentum transport, the velocity field of a reacting flow
might be easier to simulate than the isothermal case because the
Reynolds number is one order of magnitude smaller

B In nonpremixed combustion the LES solution is extremely sensitive
to scalar resolution and the scalar field is much more sensitive to
grid quality than the velocity field (Raman and Pitsch).

B The ratio of resolved to total scalar fluctuations might be a suitable
indicator to qualify diffusion flames.

B Note that numerical errors might be even more important for the
scalar transport than the momentum transport.
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Reactive Flow

Premixed flames

B For the G-equation approach and the ATF model one could define the
error w.r.t to a G-equation DNS respectively a (single step) Arrhenius
type chemistry DNS.

B The uncertainty could be estimated using a systematic grid and
model variation type approach

Bm
n m
c—-C,=C,,n" +C.q4(aB)

C_C3 = Cnum(ﬂh)n +Cm0d Bm

Here h and B independent

n
c-¢ =c,,h" +¢C

mod

TECHNISCHE
UNIVERSITAT
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Summary and Conclusions

ESingle grid estimators have shown bad results for a plane jet
configuration

HOne reason is that the numerical dissipation often has an
important contribution (as pointed out by Celik et al.)

BFurthermore the fact that the grid scale TKE can be higher than
the true TKE makes this approach questionable in general

EModel variation gives useful information on simulation errors
BGrid refinement might not be sufficient

EThe uncertainty can be estimated - error bars can be given

WSplitting of error contributions possible
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Summary and Conclusions

BAdaptive mesh refinement gives promissing results

ENumerical error seems not to be so important in that case

BError landscapes are a powerful tool to understand interaction of
modelling and numerical errors

EThey can guide the development of optimal LES strategies

3 TECHNISCHE
UNIVERSITAT
DARMSTADT

Summary and Conclusions

B LES quality assessment is still in its infancy stage especially
w.r.t to reacting flows

B Some first promissing results have been obtained, ...

B but much more experience is needed with different flows,
different numerical schemes, high Re flows, ...

BThe computational overhead for all methods is reasonable
BA|l approaches can be used with any CFD code

BUsing any of them is better than using none of them

L ist of references availabe
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Discussion

HIs there anything else that can be done ?
BHow can existing methods for isothermal flows
Ebe improved ?
Mextended to the reacting case ?
HAre the proposed approaches reliable ?

EShould we accept that the definition of quality / error depends on the
model ? Or should we try to come up with one measure ?

E\What are suitable test cases ?
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Comparing Experiments
and LES

dile

Contents

Objectives Andreas Kronenburg, Imperial College London
Key Questions Venkat Raman, U. Texas Austin

Interaction Chenning Tong, Clemson University
Errors

Conclusion Further contributions from

Noel Clemens, U. Texas Austin
Andreas Dreizler, TU Darmstadt
Jonathan Frank, Sandia
Andreas M. Kempf, Imperial College
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L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Table of Contents

Title

Contents
Obijectives
Key Questions
Interaction
Errors
Conclusion

Objectives of LES

Key Questions

Interaction between experiments and LES
Experimental errors
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L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Objectives of LES ?

® The ultimate goal is to perform computational
optimization of combustion devices

Title
Contents ® Short-term goals
Chietiiver

Key Questions ® Predictive combustion models for LES
Interaction

Ervors ® Standard simulation practices
Conclusion

® Scalable computational codes to use growing
computational power

® Robust verification/validation procedures

® These objectives require a synergistic use of
experiments

L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Key Questions

® So far,

® only comparison of LES and experimental
profiles have been carried out

Title

Contents ° i
Gbjectives Key questions

i ® |s the current practice of comparing time-

‘E"r‘fo’i"“"” averaged profiles the best we can do?

Conclusion °

Will experiments help develop LES models?

® Are assumptions in experimental procedures
sufficiently large to affect comparisons with
LES?

®  What experiments will best suit model
development/validation?
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L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Current Experiments

® Flow field

® Mean velocities, normal stresses, shear stresses
® Strain, dilatation
® Acceleration

- ® |ength and time scales

itie

co)tents ® Energy spectra...

sleces ® Scalar field

Key Questions .

Interaction ® Mean values, fluctuations

Errors ® Structural information from 2D and quasi 3D

Conclusion techniques

® Scalar gradients and derivatives
® Length scales
Nozzle and combustor-wall temperatures...

® Boundary and inflow conditions

® |nvestigation of “flame series” (=variation of Re, f,

isothermal/reacting, ...)

L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Is the current practice of comparing time-averaged
profiles sufficient?

Title

Contents
Objectives
Key Questions
Interaction

i

Temporaturs (K1
C
Tosperaturs (K]

R

Errors

. . 5 . . - . 8 . .6
Conclusion /D r

HM1: Radial temperature profiles at different downstream positions
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LES and Experiments

Comparing LES and Experiments

Kronenburg, Raman, Tong
Heidelberg, Germany, 2006

Is the current practice of comparing time-averaged
profiles sufficient?

Title

Contents 1 I I o 1
P 0 25 50 75 100

Objectives X (mm)

Key Questions
Interaction
Errors
Conclusion

x=30mm

L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Will experiments help develop LES models?
® YES (,but)
® Resolution requirements

Title ® LEScells down to 200 um

Contents

Objectives

Koy 6siians ® Experimental ‘filters’
Interaction ® | DV 0(100 um)
(E::r(::usion ° PIV 0(300 um)
® PLIF O(50x50 pm)
® Raman/Rayleigh O(200 um)

® Separate large and small scales
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L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

How can experiments help to develop LES?

® Comparing apples and oranges?
® |LES =solution of filtered NS-equations
- ® o gspatially filtered quantity
itie
Contents ® influenced by
Objectives
&2y Questions ® Numerical and modeling errors (implicit
Interaction LE S)
Errors
Conclusion ® Boundary conditions ...
[ J

Exp = spatially filtered quantity (is it not the
finite size of the probe volume)

® influenced by
® “the real small scale contribution”

® Experimental errors (= noise, ...)

L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Separation of large scales from small scales

M=
Title =
Contents o ®
Objectives 2 150 * g
ey Oueslions F o
Interaction
Errors * .
Conclusion % 0 2 2 2 50

Temperature RMS at the centreline Conditionally averaged temperature
as a function of downstream at x/D=7.5
position in Sandia flame E.
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L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Interaction of LES and Experiments

Title

Contents
Objectives
Key Questions
leracion . i
Ahors ® Model validation

Conclusion

® Model development

® Experimental error analysis

L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Model development

® Model development
® A priori validation

® extracting model parameters

Title

& s ® DNS-type usage with realistic flow

glicctives. configurations

Key Questions

e ® For example, why are swirl flames hard to

s simulate?

Conclusion

® could experiments help understand the
validity of LES assumptions?
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L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Example: Conditionally filtered
density function

® Mixture fraction FDF’s behaviors qualitatively
different from expectations based on KOC
Title theory (e.g., Wang and Tong 2002 & 2005). Two

Contents limiting forms:
Objectives

Key Questions
eacion

Emors b Gaussian, well mixed
Conclusion

b bimodal, nonpremixed

L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Conditional filtered density function
Sandia flame D, x/D=15,A=3mm, (£) =& =0.35

7
"
€3,

6_
Title - 0.1e-2
Contents - 0.2e-2
Objectives 5fs -=- 1.1e-2
Key Questions \ . —*— 2.4e-2
et ak \% el —— 52e-2

Errors
Conclusion
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L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Conditional filtered density function

Schematic of RDZ and flamelet

Title ' } L
Contents N CEas
Objectives

Key Questions ng-

leacion
Errors
Conclusion

E]
mm

L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Conditional temperature
dissipation rate

2000 -
Title msor
Contents 1500
Objectlvesl L T2sef =
Key Questions
el e
Errors el 3
Conclusion so0 -
250 1 L 1 1 s0f 1 | L |
0.25 0.5 075 1 0 0.25 [ 075 1
: Z
Small variance Large variance
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L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Model validation: methodology

® Simulation validation
® comparison of time-averaged spatial profiles

® conditional mean profiles conditioned on

Title mixture-fraction
Contents
Objectives ® Higher-order validation
Key Questions . . . .
laeacion ® Conditioning based on multiple variables
Errors
Conclusion ® Conditional variance and higher order
moments
[ J

All validation methods based on RANS-type
averaging

® | ES contains lot more information

® how can we use this to validate models?

L ES and EX . erl ments Kronenburg, Raman, Tong
Comparing LES and Experiments Heidelberg, Germany, 2006
Model validation: nature of
experiments
® Validation using a single experiment will not
demonstrate the accuracy of a combustion

Lifle model.
Contents
Obijectives [

Series of experiments

Key Questions
Interaction
Errors
Conclusion

® Similar to the Sandia flame series

® Designed to test validity of the underlying
assumptions
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L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Experimental Errors

Title
Contents
Objectives

® Resolution
. .
Key Questions Seedi ng
Interaction
Enors
Conclusion

® Bjas correction

L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

— _ 40

2 2

E £

2 2

g g 20

Qo Qo
Title Z 2 LES Favte

x i LES-Reyn.
Contents 2 <o LES-RhoF
Objectives &7 LES-RhoMF ——
Key Questions 0O 02 04 06 08 10 12 14 16 0O 02 04 06 08 10 12 14 16

q Normalised radial distance r/Ry, Normalised radial distance I/Ry,

Interaction
Lo
Conclusion Comparison of measurements with LES computations of

SM1 (A. Kempf)

ph =S wlgpg. with w(g) =g
or w(g)=1-¢
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Title

Contents
Objectives
Key Questions

Interaction
Enors
Conclusion

B ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Experimental Errors

. Exp. .
30 x/D=1.2 LES-Favre

LES-Reyn.
ES-RhoF
-RhoMF

Exp.
30 x/D=0.8 LES-Favre
LES-Reyn.

-1
0O 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16

Comparison of measurements with LES computations of
SM1 (A. Kempf)

Title
Contents
Obijectives

Key Questions
Interaction
Errors
Conclusion

TNF8 Workshop

L ES and Experiments

Comparing LES and Experiments Heidelberg, Germany, 2006

Conclusions
® More questions than answers
® |s the current practice of comparing time-
averaged profiles the best we can do?

[NO (e.g. high speed movies will help to identify
coherent structures)]

® Will experiments help develop LES models?
[YES]
® Are assumptions in experimental procedures
sufficiently large to affect comparisons with
LES?
[Maybe]

® What experiments will best suit model
development/validation?

[Flame series are essential to validate models]
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What can we learn from DNS?
TNFS8

presented by: with contributions from:

Evatt R. Hawkes R.S. Cant, N. Chakraborty, J.H. Chen,

R.O. Fox, M. Freitag, O. Gicquel, H.G. Im,
G. Kosaly, A. Klimenko, A. Kronenburg,
E. Mastorakos, Y. Mizobuchi, R. Sankaran,
N.S.A. Smith, S. Smith, J.C. Sutherland,

T. Takeno, C. Pantano, A. Papoutsakis,

H. Pitsch, J. Riley, P. Sripakagorn,

P. Vaishnavi, L. Vervisch, A. Wandel

Session Objective: What role, if
any, could/should DNS play in the
TNF process of model development
and validation?

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Outline

DNS pros and cons
Recent progress

Questions for discussion

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Pros of DNS

m  What is DNS?
— complete resolution (no s.g. model needed)
— but note: models for chemical kinetics, etc are needed

m  Excellent access to data
- 3D
— temporally resolved
— all simulated and derived quantities

— noise-free

— good resolution M~

. o j L o o
. ngf:i)'/1 ;?lzt;:!fvi conditions = M"‘ = L/

- o W,

— initial, boundary conditions known \? (\\\cr/f“

— ability to systematically vary parameters and \ =
phenomena A

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Limitations of DNS
TNF8

Computational effort oc Re?3 a
Reacting flows usually worse
TNF flames out of range for some time (>10 years?) L‘?

Limited
— accessible parametric range (eg, Re) —
quality of statistics

number of runs (parametric studies)

fidelity/complexity of physical/chemical models

complexity of configurations (usually, canonical)

m Unknown accuracy

(unless compared directly with experiment,
which is only feasible at low Re)

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Possible roles of DNS
in the model validation process of the TNF

TNF8

1. Gaining fundamental knowledge
— Discover the fundamentals of turbulence-chemistry interactions, then use
this knowledge to design a better model.

2. Providing a numerical benchmark

— Use DNS a numerical experiment, much like a physical experiment, and
use this to fine-tune and validate a model.

3. Helping to interpret experiments

— Exploit well-resolved, noise-free, 3D, temporal information and values of all
reacting species, to assist in interpretation of experimental results.

4. Providing a predictive simulation of experiment

— Attempt to perform DNS of an actual lab-scale experiment. We are not
there yet for TNF flames but lower Re experiments could be designed.

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Three questions for discussion
TNF8

1. What is the most effective (and feasible) role DNS could
play?

2. Computational resources are limited and compromises are
necessary...
B What are the best compromises?
B And what is the required data quality?

3. What is the best model for sharing data, especially large
data?

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Overview — what’s going on in nonpremixed DNS
TNF8
Simplified models DNS (e.g. pure mixing, one-step [ S -] decayi
chemistry, no heat release, homogeneous turbulence, 2D) | §777% ,ec,a,y:mg
— advantage of highly controlled conditions, “easy” to I m_”bu ence
understand results, accessible to many now o ﬂ‘"*” simple
— but how simple is too simple? /(= \ chemistry
®  Trends towards more advanced models
— until recently: 3D OR detailed chemistry temporal
— terascale: detailed chemistry and 3D H g() iet
— complicated configurations: jets, etc /CO jet
m  Trends towards more complete physics o o
- ) R
—_——e 07 SPray
— soot ;
. flame
— eg SciDAC TSTC
= Attempts to simulate lab-scale flames .
— lifted (Mizobuchi et al.) lifted H,
— premixed flames (Bell, Day et al.) jet flame
8th International Workshop on the Measurement and Computation of NonPremixed Flames

P. Sripakagorn (Chulalongkorn)

DNS of extinction & reignition using simple chemistry

J. Riley, G. Kosily (Washington), H. Pitsch (Stanford)

TNF8

m A simple but highly controlled model

— Mixing of fuel blobs in homogeneous
turbulence

— 1 step chemistry, no heat release

5123 grid = 130 million
Pseudo-spectral method

m  Objective: Understand, then model the effect
of turbulent mixing on extinction and reignition

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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DNS of extinction & reignition using simple chemistry
P. Sripakagorn (Chulalongkern)
J. Riley, G. Kosaly (Washington), H. Pitsch (Stanford)

TNF8

m  Track Lagrangian flame elements in time

Ky Flame surface
Extinguished hole | flame surface (red),

N extinguished hole (green),
/ | tracked flame element (black dot).

Flame element

m  Gather statistics at flame elements
— direction of heat flux
— are fuel and oxidiser aligned?
- etc ~<
m  Then, physically characterize different '
possibilities for reignition
— independent flamelet
— engulfment
— edge-flame propagation b
m  Having knowledge of these may influence ﬁ
choices about models VA

Edge Flame propégation

8th International Workshop on the Measurement and Computation of NonPremixed Flames

A Priori Validation of a Model for Extinction and
Re-ignition (S. T. Smith, R.O. Fox, Iowa State)

TNF8

m  Model: Multi-Environment Conditional-PDF
(closure of higher-order conditional moments)

m Data Required from DNS:
Correlated Scalars and Scalar-Dissipation

m Example Variable:

(VY- VY| Y,8)

Y, ¢

( - Reacting Scalars, - Mixture Fraction)

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Example MECPDF Validation

TNF8

m DNS Used*: Decaying isotropic turbulence in a periodic box with
mixture fraction and single reacting variable.

The dissipation is
evaluated at
predetermined
points in phase
space

. (doubly-conditioned

statistics.)

0.35)

0.3}

NS

e
Y 09

0.1}

0.0

1
—(ey 10}
v Caylo),
“ eyl

4

*Sripakagorn, Kosaly and Riley, Combust. and Flame 136 (2004), 351-363

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Example MECPDF Validation

TNF8

m DNS Used*: Decaying isotropic turbulence in a periodic box with
mixture fraction and single reacting variable.

T !

« [—DNs
“ = Quad.N.=2
* Quad. N =3

These statistics
are, in turn, used to
quantify error and
validate model
assumptions
(quadrature, in this
example.)

0.35)

0.3}

0.25)

Y 09

—(ey1C)
v (a0,

(e 10y

*Sripakagorn, Kosaly and Riley, Combust. and Flame 136 (2004), 351-363
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Validation of MMC using DNS of mixing

Wandel (Queensland), Smith (DSTO) & Klimenko (Queensland) TNES

m  Another simple, controlled experiment:
m  DNS of pure mixing in isotropic turbulence used to validate components of MMC

model
= Observe evolution of conditional mean and variance from initial condition Y=22
_ DNS ___MMC Curl

CMC <Y|Z> Y o
""" — Scatter points
(in all 3 plots) (mean of model result)  (model result)

8th International Workshop on the Measurement and Computation of NonPremixed Flames

DNS of of Localised Ignition in Inhomogeneous Mixtures
N. Chakraborty (Liverpool), E. Maskorakos, R.S. Cant (Cambridge)
TNF8

*Decaying turbulence
m  Objective: To understand effects of

L}

— turbulence :
— ignition source characteristics w
— mixture distribution :
on success of the localised ignition. o
w
Simple chemistry, with heat release

Decaying turbulence and slot jet
cases

7 million grid points
High-order finite difference

*Slot jet with spark source

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Using shear-layer simulations to validate models
A. Kronenburg, A. Papoutsakis (Imperial College)
TNF8
= Objective: to validate models T ; T ,
- CMC “ “
— sub-grid scale y - -
0 .}\ ........ Time : 4.242 t*
= Evolving Shear Layers R
— pseudo-spectral code, constant property
— CH4 - air flame (3 cases) :5
— 4-step reduced chemistry
- Re=6000 T 0.2 0.4 0.6 0.8 1
— 2563 - 5123 grid points - s
— Methane reaction rate conditioned on
35,000 processor hours / case mixture fraction. DNS and CMC solutions
— 0.1 terabytes of data/ case for the case with low extinction.
8th International Workshop on the Measurement and Computation of NonPremixed Flames

Big iron

TNF8

m Previous slides — generally can be done on workstations and
local clusters.

m Terascale computing is here, especially in Japan and the US
— and Petascale computing is around the corner! < 2 years.

m  What are we doing with it?

Cray X1E

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Simulation of a H,-Air Lifted Jet Flame
Y. Mizobuchi (JAXA), Tadao Takeno (Meijo)

TNF8
m  Objectives
— To understand structure and stabilization .
mechanism of a turbulent jet lifted flame mit

“ao
[mel/m*]

— To simulate real (laboratory) size flame

Re 14000 experiment (Cheng et al. 1992)
9-species, 17-reactions (Westbrook,1982)
multi-component transport + Soret effect

= 200 million grid
— published version: 23 million
m  Finite volume with 3™ order upwinding
— low-order near extrema I
291 CPUs (Fujitsu PRIMEPOWER)
~50,000 hours for 0.1msec simulation

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Structure of the lifted flame
TNF8

Y. Mizobuchi (JAXA), Tadao Takeno (Meijo)
F.l.=v YH2 -V Y()z.
F.I>0:premixed, F.I.<0:diffusive

."" -

\ The flame is NOT a single flame

[Analysis based on flame index (F.1.) J

but consists of three elements.

Iso-surface of
H2 consumption rate
at 10*mol/sec/m3

Diffusion flame islands

- Island-like form

- Combustion controlled by
molecular diffusion of O2

Turbulent rich premixed flame
) y - Complex structure which is largely
Rich premixed different from the laminar flamelet

Leading edge flame

Lean premixed I - Triple flame like structure at stable locations
- 3-D and unsteady with large time scale

- Stabilization mechanism

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Using the Mizobuchi et al lifted flame DNS database to investigate new
chemistry tabulation techniques

(O. Gicquel & L. Vervisch, E2MC - CNRS & CORIA - CNRS - France) TNES

ermp. (K] Conditional
1200 means

DNS
® GFPI
----- FGM/FPI

OH mass frachon

Jaxa H2/air Jet flame DNS

8th International Workshop on the Measurement and Computation of NonPremixed Flames

DNS of extinction in a plane-jet methane-air flame

C. Pantano, CalTech.
TNF8

= Objective:
— Understand the dynamics of extinction

m Near field of a spatially developing slot
jet
4-step reduced methane mechanism
Constant Lewis number transport

= Re = 3000

= 100 million grid points

m 256 processors (ASCI QSC)

= 340,000 hours Volume rendering of
= 6TBdata H atom mass fraction

(had to be done in collaboration
with a specialist)

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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DNS of extinction in a plane-jet methane-air flame

C. Pantano, CalTech.
TNF8
Stoichiometric surface coloured Extingui shed Buming
in burning regions only s r-

[ E;tract statistics of edge flame speeds
and scalar dissipation
— Had to develop a tool to do this.
= Negative at speeds at large y,
(opening extinction holes) T |
m Positive speeds at low y ' '
(closing holes) Ve

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Using Pantano plane-jet DNS to determine resolution
requirements of dissipative scales
A. Kronenburg, P. Vaishnavi (Imperial College) TNES

Dissipation length scale
. versus Reynolds number
m  Using Pantano’s DNS to develop ,

CMC closures, and to determine — Iasquanes N whh yintacapie 1.2
resolution requirements for '
dissipative scales

m  Re, "9 scaling for the dissipation
length scale based on spatial
filtering and extrapolation to zero-
filter width (Ouch!)

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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DNS of extinction and re-ignition in a CO/H, plane jet flame
E.R. Hawkes, R. Sankaran, J.C. Sutherland, J.H. Chen (Sandia)

m  Objective:
— Understand dynamics of extinction and reignition

— Provide a benchmark data-set for development and validation of models

(Plan to share data)

TNF8

= Computing
— INCITE award (NERSC at LBL)
— NLCF award (NLCF at ORNL)

m  Skeletal CO/H, chemistry
— (11 species., Li et al. 2005)
m  Mixture averaged transport

m  Parametric study in Re
— Re 2500, 4500, 9000
m  Damkdohler number fixed

High order finite difference Volume rendering of scalar dissipation
m 150 — 500 million grid by H. Yu, H. Akiba, K.-L. Ma (UCDavis)

— largest computations of combustion to date

m  Order of 1 mill. hrs/computation. Up to 4096 processors. Total ~35TB data

8th International Workshop on the Measurement and Computation of NonPremixed Flames

DNS of extinction and re-ignition
in a turbulent CO/H, plane jet flame
E.R. Hawkes, R. Sankaran, J.C. Sutherland, J.H. Chen (Sandia)

TNF8
Contours of heat release rate
Spanwise BC: Streamwise BC:
periodic periodic
— —

Reaction \ \ s‘

‘}“9‘ ifr 7, £

Mixing,

«Initial condition Reaction

m Jet develops temporally.
m Shear-driven turbulence interacts with the flame.

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Volume rendering of scalar dissipation
TNF8

7 =2DVZeVZ

m  Hardware accelerated
parallel volume rendering.

(worked with viz. specialists)

m  Scalar dissipation exists in
thin, highly intermittent
layers.

m |Initially fairly organized
structures aligned across
principal strain directions.

m Later, jet breaks down and a
more turbulent, isotropic
structure exists.

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Stoichiometric surface:
Burning and Extinguished Area

m  How does y correlate with *Case M, Re = 4500, t/t; = 30
extinction? “ SN ) ==
L T \ g Fe

m  Simplification:

—Stoichiometric surface

=Y ou= 0.0007 cut-off

(1/2 steady extinction
value)

—Black — “Extinguished”
('Yon< 0.0007 )

—Gold — “Burning”
(Yo 0.0007 )

m (Had to develop a parallel -é-/ -
surface extraction tool.) +View “top-down” in transverse direction

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Correlation with scalar dissipation
TNF8

*Seems to be correlation with x

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Correlation with scalar dissipation
TNF8

Later, correlation with ¢ not so strong

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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SciDAC TSTC Project — Work in Progress
ichigan), A. Trouvé (Maryland), C. Rutland (Wisconsin),
J.H. Chen (Sandia)

DNS of Turbulent Nonpremixed Flame Extinction with Water Spray TNF8

m A showcase simulation to demonstrate advanced physical submodels
— Optically thick gas and soot radiation
— Lagrangian spray model (103-10¢ droplets)
— Improved outflow characteristic boundary conditions
— Acoustic speed reduction

m 3D counterflow simulation
— Rectangular Cartesian coordinate
— Domain size ~ 10cm3, 10 million grid points, physical time ~ 20ms
— Re =100, Da ~ 3-4, strain rate ~ 100s™"

m  Science/Computational Issues ?\
”
u.‘

— Spray-flame interaction and flame suppression
— Dynamics of local quenching and reignition \‘
— Configuration allows direct experimental validation , j
— Large (> 10TBytes) and long (> 20ms) data ‘ ’J
— Post-processing: various conditional statistics j‘
(Z;, local quenching, etc.) E!
=)

2D DNS of turbulent
nonpremixed flames

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Laboratory Scale Premixed Flames
Marc Day, John Bell (CCSE, Berkeley Lab)

TNF8

Objectives:
V-flames (w/Robert Cheng, et al)

. Simulate length/times scales of laboratory flame
Flame Surface

measurements based on detailed chemistry/transport

w/o subgrid models. Red = Experimantal
Blue = Simulated

*  Augment measurements and help elucidate W >
propagation/extinction mechanisms

Simulation Strategy:

. Use low Mach number adaptive grid solution approach

. Simulate nozzle flow, flame separately. Treat nozzle Instantanecus  Averaged
as inflow boundary to low Mach Proc. Natl. Sci. 102(29) 10006-10011 (2005)

. 20 species, 84 reactions, mixture-averaged diffusion

. Compare flame surface statistics using experimental . .
PLIF, PIV Slot flames (w/Jim Driscoll, et al)

Discrepancy Sources:
Flamna Suriace Density, I (1/mem)

Eim. 00 Mathad  Gim_ 90 Mathad  Expariment - PLIF

3. Configuration: inlet turbulence, “lab | ‘,!l'

response” to the flame, stabilization | ] ” I ! I A I A LA
mechanisms Jouu TTEIT CTOET CEORT S uav

1. Model: assumptions, discretization errors

2. Data: kinetics, thermodynamics and transport
models/parameterizations

4.  Experiment: line-of-sight, plane projected Proc. Combust. Inst. In press (2006)

fields, signal modification (quenching, etc)

8th International Workshop on the Measurement and Computation of NonPremixed Flames

TNF8 Workshop 236 Heidelberg, Germany, 3-5 August, 2006




Challenges of Terascale Computation:
Mountains of Data

Data storage:
—Long term: where do we put 30TB?
—Short term: scratch ~ 1TB, but need ~ 10TB!

— Mizobuchi: need “Reliable huge storage system with
sufficient network speed”

m Data movement:
— Archive to scratch (~ 1 week to get 10TB)
—HPC facility to local analysis cluster (longer)
Kronenburg: “several 100 GB is do-able, TB problematic”
Data processing:
— Everything must be parallel, scalable. m Interpretation:
- Mizobuchi: “Big parallel post-processing
system is necessary”
- You need to write it! (eg Pantano, Hawkes)
—10 speed, memory are the bottlenecks.

Visualization:

—Physics are more complex

—Wider range of scales, manual
sifting is impossible.

—Often asymptotic concepts don’t

apply
~Parallel . (Mizobuchi: lifted flame was
— Multi-variate, multi-scale phenomena actually 3 flames).

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Summary

TNF8

m  DNS is being used with some success by several groups to
understand fundamentals, then develop and validate models.

m  Simple configurations/chemistry models very useful to isolate
and expose key phenomena and validate parts of models.

m Starting to see a wider variety of configurations.

m  With terascale computing, we can do 3D AND detailed
chemistry (but not yet routine!).

m  Challenges to exploit terascale data
— Data size
— Complexity of phenomena

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Questions for discussion...

TNF8

1.What is the most effective (and feasible) role DNS could play?
a) Providing a numerical benchmark?
b) Gaining fundamental knowledge?
c) Helping to interpret experiments?
d) Providing a predictive simulation?

Hawkes: a) treat it like a numerical experiment
...then in the order listed but
d) is not yet useful to TNF flames. But maybe lower Re.

C. Pantano:
—“for the foreseeable future, we won'’t be able to brute force the turbulence’

-“we will discover very quickly that poor boundary conditions will lead to
poor results” (see also: experiences in premixed community Day, Bell)

A. Klimenko:

-“numerical experiments under strictly controlled conditions ... are a very
useful tool ”

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Questions for discussion...

TNF8

2. Best compromises? Required data quality?

— Resolution/numerical method
What level of resolution/numerical method combination is required?
How should resolution quality be assessed?
Chen: “We must resolve the turbulence and flame structure”
Pantano: “We should not use upwinding”

— Physical models
Is there a minimum?

Hawkes: Some flexibility here. Simpler models have a place, and
much easier to comprehend the results.

Barlow: Is there arole for deliberately simplified chemical models,
allowing access to higher Re, purely for validating models?
— Quality of statistics
What level of statistical convergence is required?
Hawkes: means, rms must be converged. Then, as needed.

Kronenburg: “low sample size [problematic] for conditional and
doubly conditioned quantities”

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Questions for discussion...

TNF8
2. Best compromises? Required data quality?
— Parameter range
How close to TNF flames do we need to be to make DNS relevant?

Kronenburg: “Low to moderate Reynolds humbers do not seem to be
a major issue for specific model development”

How should this be assessed?
Hawkes: relevant phenomena, eg extinction-reignition.
— Parametric study
Pope: “The longer I'm in this business, the less value | put on ONE
experiment, simulation or model calculation.”
— Closest to experiment

Hawkes: this is not feasible for the current TNF flames and hence
should not be the main objective. However, could more amenable
flames be designed?

8th International Workshop on the Measurement and Computation of NonPremixed Flames

Questions for discussion...

TNF8

3. What is the best model for sharing data, especially large
data?
— Reduced data on the web?
RANS, LES means, conditional means, slices, chunks
What is the basic set of data to make available?
Visiting research projects?
Giving out whole data?

— What, if any, tools/procedures are needed to enable this?
Visualization
— Mizobuchi: Need better “visualization performance”
Data movement
— Kronenburg: “Databases generated elsewhere limit their

use
- Generic data-processing

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Summary of discussion
TNF8

m General consensus that DNS will be an increasingly
useful tool in the TNF process of model development
and validation.

m The primary role should be to use DNS as a
“‘numerical experiment”.

m This should be done with eyes open with respect to
the parametric space to which DNS is limited.

m Some issues still need more discussion:

— Data quality.
— Modes of sharing data, especially large data.

8th International Workshop on the Measurement and Computation of NonPremixed Flames
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Notes
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TECHNISCHE
UNIVERSITAT
DARMSTADT

Progress and Challenges for
Validation of Premixed Combustion
Models

J. Chen, S. Cant,
L. Vervisch, A. Masri, A. Dreizler,

J. Janicka
(S
Illli‘ I
[
Technische Universitat Institute for Energy and
Darmstadt Powerplant Technology

TNF8

UNIVERSITAT
DARMSTADT

Contents

Challenges of premixed flame modeling
Models for premixed and partially premixed combustion
Validation cases

DNS as a modeling tool

Summary and discussion

TNF8
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TECHNISCHE
UNIVERSITAT
DARMSTADT

The Premixed Flames Challenge

B Simulation of premixed flames 20
is extremely difficult due to
intensive turbulence-chemistry
interaction

15

O Turbulent flame-speed is a
strongly dependent on turbulent
fluctuation 57

O Two regimes (large/small
scale) can be observed 0
(Damkohler) v 5 "l 15 20

O Thin flame fronts s e
- 0.2mm preheating zone
- 0.02 mm reaction zone

O PDF

- 2 delta peak situation (at
0 and 1)

" " m
- b/ —

from Peters (2000)

UNIVERSITAT
DARMSTADT

The Premixed Flames Challenge (cont.)

B Flame thickness <(<) LES-filter size
O Numerical treatment of flame front
O Handle the density and velocity step (factor of approx. 8 in “cold
reactants situation”, approx. 3 in gas turbine combustion)

/

\

B Subgridscale flame wrinkling
[0 Regime 1: LES-filter size < Gibson length
- Flame wrinkling will be resolved
- No model for flame winkeling necessary
- Only valid in selected regimes (wrinkled and corrugated flamelets)
[0 Regime 2: LES-filter size > Gibson length
- Wrinkling be modeled

TNF8 Workshop 243 Heidelberg, Germany, 3-5 August, 2006



. . 7\ TECHNISCHE
LES-Regime Diagram Ll
- brolgt%rl reaction zones ,
i SEEE——. k5=
1(1183 - {g{(_\j‘i%,% %%;%’%2%%** thin reaEtion gones
=
10 + . —— ———=—-—=—=_ corrugated flamelets
s —
/s 01 RS E e ST e famelets
S < SR
Re; = 1- NS =50
0.1 1 000
10350 6%
1/l 00050 0.1 A/ly
B A is an additional variable
B A/l isintroduced as a third coordinate
B Position of a premixed flame in the ]
regime diagram is independent of A / I; (Dusing et al (2006))
TNF8
. . )\ TECHNISCHE
LES-Regime Diagram (cont.) -
10000 - B
1(1)00 = TR S —
00 F &= == P
10 SRSSacSsoss oesmises ==
1 F ; _ N 1 I___.__.__---A:,’G
1,;/5? 01 F SSSSSSSSS LT A=
O--

(Dusing et al (2006))

TNF8
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LES-Regime Diagram (cont.)

TECHNISCHE
UNIVERSITAT
DARMSTADT

10000 f =TT T_J | Kag=1
1000 i: ] : = — thin reaction zones
100 ) Ka=1
10 + {(— %%% 4_\::;!.;:-, corrugated flamelets
_ SSi See S Al
V/sig.4 | laminar “ﬁ%ﬂiﬁ;g‘iif’f’—‘"—’tz:f'z’ 5 F~A=1
flames \"\3& SSSoaoSSea =~ wrinkled flamelets
Re. =1 RS | N

(Dusing et al (2006))

TNF8

Models for Premixed Combustion

TECHNISCHE
UNIVERSITAT
DARMSTADT

Classical models

B Kinematic models
O Subgrid BML-(Bray-Moss-Libby)-model
O Thickened flame front model
O Level set approach (G-equation)

B Finite chemistry models

O Linear-Eddy-Model

Models for partially premixed combustion

TNF8
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TECHNISCHE
UNIVERSITAT
DARMSTADT

Subgrid-Bray-Moss-Libby-Model

B Introduction of single reaction progress variable c (Tullis & Cant
(2002), Cant (2004))

_ (T _Tu)

O oy D (im0 [PVET ) 0 () T
= —((pC)+—\pCU; )=—| —— |+—p I )+
T-1) a”f® ox, (pea;) 6x]( J ox, (paz)+a.

c

B LES sub-grid reaction rate
O Flame surface density (FSD) approach
O Extension of flamelet formalism to LES sub-grid modelling
O Transport equation or algebraic closure
O Further extension to partial premixing
B Turbulent transport modelling
O Scalar flux is (possibly) counter-gradient
O Extension of flamelet formalism to LES sub-grid modelling
O Use DNS databases and filter
B Results are broadly in line with RANS experience
O but terms depend on filter size
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Artificially Thickened Flames

B Artficially thickening of the flamefront AAA
overcomes the problem A > |5 (Colin et al f Y
(2000), Poinsot (2001), Priere et al (2004) A

I/

B Solve classical transport equation
for e.g. fuel, oxygen

; /2.
O Introduction of thickening by a factor 8§y~ (D o) / ; Ly~ D/Sl
B, s,remains unchanged _
[0 Goes to DNS when the thickening D* = BD . 6* = 5/[3
factor decreases ’

O Uses reduced chemical schemes " "
(one to four reactions) = 5 =95; 1";- = B[_f

O Subgrid scale wrinkling included :
with efficiency function

B Regarding numerical implementation
->BML with local explicit filtering

- Controversial discussion regarding theoretical
justification
- Good results, easy to implement
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G-Equation

B Kinematic relation (Pitsch et al (2002), Diising et al (2004))

dx;.- — - .
T = Uy + S Ng
B Definition of Iso-surface 2> G-equation
= —(uy + sy np) - VG
5 ( U+ SI ,c)
B Conditional filtering (Oberlack(2000),
Pitsch et al (2002) and introduction of Flame ,
filtered flame speed G =Go
oG . =
It =i (ug_.-' o o) ll‘,_'-) - VG

H Challenges

B Universal formulation of s; (dependence, history effects?)
B Reinitialisation of G-field
B Handle the density step within one cell

TNF8
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Linear Eddy Model (LEM)

B Within every cell of the LES-grid
a 1-d LEM-grid is embedded
(Menon & Kerstein(1992),
Sankaran & Menon, Stone & L
Menon (2003))

O A, gy of order Kolmogorov length

and flame thickness A /_ " ID-LEM Gitter
. o Filterwidth Ay gy
O Scaling law ~ (Re)34 3D-LES Gitter
. 0 ilterwidth
B Description of length scales L e’
O L> A: by LES

O A egm<L <A: by 1-d-LEM model
B Challenges

O Transfer of 1-D information between LES cells (splicing)

- Controversial discussion regarding validity of 1-D
representation

TNF8
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Partially Premixed Flames: Perspective

B Growing importance of partially premixed flames
O Aircraft engines
- Vision 2020 (NO,:— 80%, CO,:— 50%)
- Targets only be reached by partially premixed systems
O Internal combustion engines
- Ambitious reduction targets
- HCCI concept (premixed, partially premixed, non premixed)
O Finite chemistry effects are important (beyond kinematic models)
- Altitude relight
- Self ignition for HCCI engines
- NOx, CO, UHC in post-flame regime

- Challenges

- Develop models which cover the complete range from premixed via
partially premixed to non premixed

- Including finite chemistry effects

TECHNISCHE
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Partially Premixed Flames: Models

B The kinematic aspects of stratified and triple flames can be
modelled in the framework of premixed flames with mixture
fraction dependence of e.g.

O laminar flame speed in G-equation (Freitag & Janicka (2006))
O source terms in BML

B Conditional Progress Variable Approach (CPVA) ((Schneider et al
(2002))

B Use of kinematic model for flame front prediction

B Introduction of finite chemistry effects by equation,
conditioned on the flame front

B Nice for post-flame kinetics

B Flame modeling decomposition via Generalized Flame Index
(Domingo et al (2002))
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Partially Premixed Flames: Models (cont.

B LES-FDF-Models are promising candidates

[0 Two delta peak situation is less critical

- Ratio: flame thickness/ filter size and not flame thickness/ integral
length scale is important

- filter size ~ 1 mm, flame thickness ~.2 mm
- Mixing models less critical (Talk: J.Y.Chen)

O Modelling of molecular effects (?)

[0 Model structure
- Sufficient number of MC particles
- Local adaptivity
- Reduction strategy

B Double conditions LES-CMC is also a candidate

- Could be future topic of the TNF community

UNIVERSITAT
DARMSTADT

Validation Cases: Data Requirements

B Data needed for validation of classical models
O For both RANS- and LES-models
- Boundary condition
- Velocity data (moments, pdf)
- Flame front marker (e.g. OH-LIF, CH-LIF)
— Flame front statistics, curvature, winkeling
— Resolution issues
- Flame series (Remark Andreas et al))
O For LES-models
- Unsteady information (e.g. time series, length scales, spectra)
- Conditional data (e.g. flame speed before and behind flame front)
- High speed information (compare movies!) (Remark Steve)
B Data needed for partially premixed flames models

O Mayor and minor species, temperature (nice for Raman!)
- Conditioned on flame front
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Bluff Body Burner
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B Sjuneson et al (1991), Vernante et al (2000)

H/3|H/3|H/3

120 mm

%

310 mm

690 mm

Properties
- Pure premixed case
9

- However, flame holde

difficult to model
No pilot
Enclosed flame
No series

N2\ 2R\7

Reasonable simple geometry

r

Available data
- Mean velocity
-> Temperature

Piloted Premixed Flames

TECHNISCHE
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H Chen et al (1996)

Properties

9

fraction variation

Simple geometry

Pilot

Open flame
//

N2 2\

n
a

Premixed case with mixture

_/

o ©
o

Available data

- velocity (moments)
- Boundary conditions
9

(®@-6,/8,-8,)

minor species
Different cases

r [mm]

Temperature, major and

Inconsistence of same data
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R
CaHg+ Air i Bt P
CaHg+ Air 4
PR,
H=298mmy

—
< 7

L/
=

1306 mm

B
Y

528

—298

Velocity

TNF8

Broeckhoven & Freitag (2006)
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Burner

e

TECFLAM-Premixed-Burner

TECHNISCHE
UNIVERSITAT
DARMSTADT

: L

Jr—— .

Movable Block !
Air/Fuel

Air!Fuclt )

TNF8

TECFLAM-Premixed-Burner: G-equation

UNIVERSITAT
DARMSTADT

gt [M's]
13 e 1 e S B B e IS e

E, Im?rs]

L] W2 @M 40 %0 B0 0
« Imml

20 0 4 50 &0 0
¢ fmenl

Radial profiles of axial mean velocity (left) and kinetic energy (right)

T
Te-04 1

1006 ——-

Exp
(53)
42 Hz.
10
':“
LES M,
B
53 P
42Hz
10 100 1000

¥ (Reypo00) [Hz]

Properties Available data Power density spectrum of
- Premixed case with mixture - complete velocity and scaler 'f::;z:;a(lb(:lz%egaa;d

fraction variation measurements (moments, pdf)
- Swirling flow - Boundary conditions
- Reasonable simple geometry > Unsteady information (spacial
> No pilot correlation, spectra)
> Open flame - Different cases (30-150 KW)

- Flash back configurations
(work in progress) Freitag & Janicka (2006)
TNF8
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Stratified Premixed Burner

B Generic flame series of increasing Re-
Number
e ® Simple flow field
— i H Central pilot burning inside ceramic tube,

I stabilized by flame holder

B Two annular slots of different equivalence

ratios

H Cold flow characterized by HWA
, B Various combustion diagnostics follow for

i 2-3 different operation conditions

—f
z. g ._.€._
Ag—

©=06]109]09 W See Poster “EKT Stratified Burner”
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Stratified Premixed Burner

H From top to bottom
OPilot only
OPilot and first annular slot
OPilot and both annular slots Re=10000)
OPilot and both annular slots (Re=20000)
B Exposure times
OLeft column 4s (standard digital camera)

ORight column 70 ps (intensified CMOS)

Re Uy (g Re U (3 Re U @
[m/s] [m/s] [m/s]

7,000 7.2 0.9 10,000 7.8 0.9 10,000 7.8 0.6

7,000 7.2 0.9 20,000 15.6 0.9 20,000 15.6 0.6
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Lean-Premixed Low-Swirl Burner

B Combined effort between Lund, Berkeley
and TUD

B Concept based on R.K. Cheng’s design

B “Re-engineered” to provide
“standardized” version of the burner

H Eight vanes to create swirl, S=0.52

B Optical access through bottom part for
“vertical line-measurements” such as
Raman/Rayleigh

B Equivalence ratio of 0.62, Re varied from
20,000 (LSF-1) to 30,000 (LSF-3)

TNF8
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Lean-Premixed Low-Swirl Burner

B Comprehensive characterisation
O Flow field 3D PIV, LDV
O Planar diagnostics (OH PLIF,
PLIF/PIV, 2D Rayleigh)
O Precise 1D Raman/Rayleigh

scattering (vertical and horizontal

pointing)

Flow location T, rms, T, ms,  pxtre” ] imi
e B Preliminary results at TNF poster and
LSF-1 cl 0.50 0.36 0.35 0.35 0.012245
LSF-1 6 mm 0.46 0.48 0.35 0.46 0.009298 WIPPoster 1C29

fromcl
LSF-1 S | OFL | G ) G ) G0 | O B Scalar fluxes estimated from PIV/PLIF
LSF-3 cl 0.45 0.45 0.44 0.45 0.000965
LSF-3 6 mm 0.31 0.56 0.32 0.57 - 0.005526

from cl
LSF-3 12mm 027 0.90 0.33 0.85 -0.005310

from cl

TNF8
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DNS: Tool for Model Development and
Validadation

B Classical objectives
O 2D complex chemistry or 3D simple chemistry, box turbulence
O Flame-turbulence interaction
O Lewis number effects
O FSD pdf
O Wrinkling and curvature effects
O ...
H Current status
[0 Reasonable complex geometries
[0 Reasonable complex mechanism
0 50-100M grid points
- Toward “real” validation cases for low Re-Number flames

TNF8

A SGS PDF specialized in premixed turbulent combustion

Get the PDF from the Flame Surface Density inside the flame:
Domingo et al Combust Flame, 143(4), pp. 566-586 (2005).

A TECHNISCHE
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Inner PDF: (o " -
ﬁ(('-)k;j_-'y {) — '(( y Ly )g E(_QZ:! ) C*)H(l C*)
(IVeller) LGale)
—+ o0

t)o(c*) + B(x,t)o(1 — c¥)

Full PDF Bt vus auae 2
+———H(c")H(1 — ")

2k

TNTO
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Modeling

A-priori test of FSD-PDF from
V-Flame DNS:

73 TECHNISCHE
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PDF of reaction
progress variable

OH mass fraction

PO

L L ol-L L 1 L 1 " 1 " 1 L 1
[T aops 0 ] 0 0.2
Filtered DNS

Beta-PDF
FSD-PDF

TNF8

DNS of Lewis Number Effects on
Turbulent Premixed Flames

A TECHNISCHE
UNIVERSITAT
DARMSTADT

Problem Formulation and Boundary Conditions

» Three dimensional DNS with single step Arrhenius chemistry for a
statistically planar flame

* DNS is carried out in an ‘inflow-outflow’ configuration

* Turbulent inflow boundary is specified following a method previously

used by Lee etal . (1992), Zhang and Rutland (1995),Wille (1997)
and Hawkes and Cant (2001)

* Inlet boundary is acoustically reflecting

» Standard partially non-reflecting NSCBC outlet boundary condition

 Flame is initialised using a planar laminar flame solution

* Turbulent flow field is initialised using an isotropic homogeneous
incompressible flow field following Rogallo (1981)

TNF8
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Effects of non-unity Lewis Number:
Global Flame Behaviour

(@) (b) (O]
Instantaneous picture of ¢ = 0.8 isosurface. (a) Le = 0.8, (b) Le = 1.0, (c) Le =1.2

(@) (b)
Instantaneous picture of ¢ = 0.8 isosurface coloured by local non-dimensional temperature.

(a) Le=0.8, (b) Le = 1.2 -
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Spatially Developing Turbulent Bunsen Flame

B Lean premixed CH,-air flame with detailed chemistry
O 13 resolved species. 73 reactions
O ¢=0.7, T;,=800K, P=1atm
Stationary configuration suitable for model
development

Two simulations completed
O 52M and 88M grid points
Turbulent jet flow with mean shear
Targeted at the thin reaction zones regime
O w/S, =3 and5

Significant influence on flame structure due to
turbulence

Flame thickening is observed

Validation of flamelet generated manifold (FGM)
O Work in progress with L. Vervisch

Pramixad Fual+Air Pramixed Fual+Air
4 iz
Sankaran, Hawkes, Chen, Law (2006) ' ’
Instantaneous flame surface location
based on progress variable |so-ccT>r51Ft§3ur
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Gruber, Sankaran, Hawkes, Chen (2006)

Premixed H,-air flame with detailed chemistry

V-flame anchored at the center of a turbulent

channel - .
O Re=3200 —_— T _

Fully developed turbulence from a secondary  |nteraction of an anchored V-flame

simulation injected through the inflow boundary with turbulent channel wall.

Strong correlation of spatial and temporal wall s surf?lﬁi '{.‘1 %rlﬂzge. tia Lt

heat flux pattern with near-wall boundary layer
turbulence structures

Wall heat flux

Summary and Discussion

TECHNISCHE
UNIVERSITAT
DARMSTADT

Heterogeneous picture of combustion-LES models for the
simulation of premixed flames (BML, G-Equ., LEM, TF)
[0 Potentials and limitations are future topics
O Integration of kinetic effects open (exception LEM)
Stronger focus on finite chemistry effects for premixed flames
O Minor species, extinction, ignition, reignition
[0 To deal with extensive computation costs
- Stronger reduced mechanism (ILDM, FGM) ?
- Adaptivity regarding detailed chemistry required
LES-PDF and LES-CMC are good candidates for universal models
O Future TNF fields of research
Limited number of validation data for different configurations
available
O Bluff body, ORACLES, Chen-Flame
Work in progress of new validation cases
[0 TECFLAM premixed burner, stratified premixed burner, lean premixed low

swirl burner, Sydney-burner -

TNF8 Workshop
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LES of the Cabra et al Experiment
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B Domingo, Vervisch, Veynante (2006)

TEMP
.n» i

2078403

00.1 .

02t.0
002.0 .

028.0

00.0

H1 131 000 nodes FV

H|=20D L =09D D = 4.57mm
H0.3mm < A <2.5mm

ETabulated chemistry

Hinflow generator Klein et al (2003)

Temperature along axis of symmetry

T -

2500 -

“ ) W

]
Stremmu bse posithon | Injection diameter

TNF8

Subgrid-Bray-Moss-Libby-Model (cont.)

UNIVERSITAT
DARMSTADT

B Specific advantages

O exploits partial resolution of turbulent flame structure

O physics of reaction and transport considered explicitly and locally
O allows interaction with local turbulent flow field

O turbulent flame propagation speed is a result, not an input

B Challenges
O Ve and o, peak in the inner layer

A > l5> cincreases within few cells from 0
to 1 >numerically hard to handle

O Solution = Explicit filtering

/““‘\

TNF8
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Turbulent premixed flame propagating downwards
(using FSD balance equation model) (Hawkes & Cant (2001))

->white contours of temperature
—>black contours of vorticity

->colour scale of strain rate -
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Artificially Thickened Flames (cont.)
ORACLES-Burner

B Simulation and modelling conditions
O 2 order explicit solver, implicit filtering, incompressible formulation

O Smagorinsky model
O No. of control volumes 3.000.000 mill.

CqHg+ Air E
e* A V"L/} b 2
Callg® Al ,_____,../\—J\L...-f a
H =299mm, 1
528
Velocity
2,98

.NF8
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Artificially Thickened Flames (cont.) TECHNISCHE
DARMSTADT
ORACLES-Burner
200 (2 %% teaan ! I....‘;t:L 6.0 | x = BD
wo o e S i 4.0 ‘_'. e .
_gg - E?E - i 2.0 —___13——HJJ.1‘_‘U"i',q~AALLL
z&u hesdui i e i P53 o
10.0 _ __Lw-‘-‘_.— = 4.0
Y i . 2.0 [ A2¢41‘**‘1“i)“14"“g"
5.0 0.0 + + + + "
200 | % =40 4 6.0 | x=aD
10.0 | sus - 4.0 -
E 23 - g_h" 'g 2.0 [mlE s - v veeas
;'?; z-o:n * = 30 ‘}gg z-:}D
) 10.0 ‘}},""1‘1‘11sii“"‘t“ugthh 4.0
oo B == 20 I '_'.:A%hﬁ._.’{;.—-u.:'_'_'
-5.0 ' N + v ; 00
20.0 | %= =2D 6.0 [ x=2D s
10.0 T ey i 40 leaa, L
0.0 wﬂ”,”" "““‘11. 20|  Zecsares, . z::;;:L::“%__
-5.0 t 0.0 L ——tttannt
200 | ®x= 1D - B0 Fx=10
100 b g i S 4 4.0 ol
50 -25 o 25 50 0.0 '_I\U é'_\ ;) z_s '_:0
z [mm] z [mm]
Transversale profiles of axial mean velocity (left) and fluctuation (right)
Broeckhoven & Freitag (2006) s
. TECHNISCHE
UNIVERSITAT
Linear Eddy Model (LEM) UNIVERSITAD

Prediction of Gas-Turbine-Combustion (Menon (2004))

0058

S e

B Simulation and modelling conditions

O

ooo oo

Compressible solver, 4rd-order scheme,
implicit filtering

AL gw = A gs/12 (resolves flame thickness)
Dynamic One-Equation Model, constant
Schmidt number of 1.0

No.of CV: 1.6 mill.

One step-chemistry model (LES-LEM)
One step-chemistry model with extinction
(LES-LEM-EXT)

ol

— LESLEM
=—a LES-LEM-EXT
& EXPERIMENT

TNF8
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Industry Perspective

e Input from:

« Hukam Mongia (GE)

* Vladimir Milosavljevic (Siemens)
e Sunil James (Rolls-Royce)

» Pete Strakey (NETL)

» Michael Pfitzner (Uni. BEW Munich,
formerly RR)

 Graham Goldin (ANSYS, Fluent)
* Hendrik Forkel (ANSYYS)
o Jorge C. Ferreira (ANSYS)

© 2006 ANSYS, Inc. All rights reserved. 1 ANSYS, Inc. Proprietary

Industry Perspective

* There is strong interest in using CFD tools in
industry.

e Three main players driving technology:
— Academia & Basic Research
— Software vendors
— End Users

e Each group should focus on its strength.

* For industry end users CFD is a “tool” they must
deliver combustors with performance.

* TNF Group should focus on “basics”.
* TNF Group is delivering excellent results.

e However, new test flame should have relevance to
“real life”.

© 2006 ANSYS, Inc. All rights reserved. 2 ANSYS, Inc. Proprietary
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TNF Workshop output

* Provides access to very good and
complete data sets.

» Datais commonly used in industry for
code testing, validation, and
benchmarking, by CFD vendors and
industry end users.

* Good insight into status of present
models.

e Useful information about advanced
experimental methods.

* Good job!

© 2006 ANSYS, Inc. All rights reserved. 3 ANSYS, Inc. Proprietary

Acceptance for CFD

* Three relevant items:
— Accuracy
— Speed
— Reliability
— More (Ease of use, data management)

e How can TNF Workshop help?

© 2006 ANSYS, Inc. All rights reserved. 4 ANSYS, Inc. Proprietary
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Accuracy, 1

« What is an accurate model?

— Criteria are required to quantify the quality of a
model.

— Are general and standard quality procedures
(ERCOFTAC) applied when comparing
different calculations?

— Are basic tests performed, like fuel mass
conservation (for experiment and CFD)?

« What is a an acceptable accuracy?

— “The accuracy of CFD should be at least as
good as the accuracy of the experiments.”

— Are model uncertainties compared with the
given experimental error bounds?

© 2006 ANSYS, Inc. All rights reserved. 5] ANSYS, Inc. Proprietary

Accuracy, 2

 Model comparisons:

— Would be useful to see results on
standardised set-ups: same mesh, same
boundary conditions, etc. and then to
explain what has been changed to obtain
the “best” results.

— Are people using all the same boundary
conditions and mesh? (AIAA drag
workshop)

— Impact and sensitivity of boundary
conditions is important; in practice b.c. are
not exactly known.

© 2006 ANSYS, Inc. All rights reserved. 6 ANSYS, Inc. Proprietary
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e How much (CPU) time is needed for different
model?

* Improvements in chemistry tabulation and
reduction.

 LES is still not standard in industry: how
quickly will this change? > Need to improve
RANS and hybrid schemes.

* Report on CPU time would be useful.

© 2006 ANSYS, Inc. All rights reserved. 7 ANSYS, Inc. Proprietary

Realibility

* Results can improve, because of
— General model improvement
— Specific tuning
— Improved information on boundary cond.

— What is the sensitivity of model
parameters?

 Can models be applied to other test cases
without changes?

 How strong does the model react to fuel
composition, pressure, temperature changes?

© 2006 ANSYS, Inc. All rights reserved. 8 ANSYS, Inc. Proprietary
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Experiments, 1

* Experiments should be CFD-friendly.

« Well posed problem: e.g. no uncertainty
about boundary conditions etc.

* Models should asymptotically converge to
the same result: e.g. do models converge
to chemical equilibrium?

» Partially premixed combustion is of key
interest: flame propagation and diffusion
combustion.

© 2006 ANSYS, Inc. All rights reserved. 9 ANSYS, Inc. Proprietary

Experiments, 2

» Heat losses

o Swirl stabilized flows: variation of swirl
and higher swirl number. (Closer to real
combustors)

e Confined flames.

* One or two test cases with closer industry
relevance.

* GE, Siemens, Rolls-Royce: Would like to
suggest one or two experiments which are
close to industrial applications.

© 2006 ANSYS, Inc. All rights reserved. 10 ANSYS, Inc. Proprietary
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Notes
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TNF8 Workshop — Poster Abstract Titles and Authors
Heidelberg Marriott Hotel, Heidelberg, Germany, 3-5 August 2006

1. Application of Two-dimensional Unsteady Flamelets to Capture Local Extinction and
Re-ignition in Turbulent Nonpremixed Combustion
G. Amantini, A. Gomez, F.A. Williams

2. Near-Field Measurements in High Reynolds Number Turbulent Jet Flames
R.S. Barlow, A.N. Karpetis, R.P. Lindstedt, H.C. Ozarovsky

3. LES of Sandia/TUD Flame D with Eulerian Filtered PDF and Finite Rate Chemistry
F. Bisetti, J.-Y. Chen, A. Kempf, J. Janicka

4. Measurement and Simulation of Flame Structure and Propagation Velocities at an Extinction
Point
W. F. Carnell Jr., M. W. Renfro

5. Statistics of the Conditional Dissipation of a Passive Scalar from DNS and Experiments
N. Chakraborty, C.N. Markides, E. Mastorakos

6. A Hybrid RANS/PDF Approach for Modeling Hot and Diluted Flames
F.C. Christo, B.B. Dally, G.G. Szego

7. Highly Turbulent Counterflow Nonpremixed Flames
G. Coppola, A. Gomez

8. A New Web Archive for TNF Workshop Data
E. Dunbar, L.A. Rahn, M. Chen, R. Barlow

9. Lean Premixed Combustion in a Piloted Premixed Jet Burner
M.J. Dunn, A.R. Masri, R.W. Bilger

10. A Hybrid Finite-Volume/Particle Method for the PDF Equations of Turbulent Reactive Flows:
A Sensitivity Analysis and Optimization of Velocity Models
O. Eren, M. Muradoglu

11. Development of Experimental Flame Tomography Using LES
J. Floyd, A. Kempf

12. Laser Rayleigh Imaging of Dissipative Structures in Turbulent Non-Premixed Flames
J. H. Frank, S.A. Kaiser

13. Numerical Investigations of a Strongly Swirled Premixed Flame
M. Freitag, A. Dreizler, J. Janicka

14. EKT Stratified Burner: a Generic Premixed Jet Flame Serious for Model Validation
D. Geyer, M. Prifert, F. Seffrin, A. Dreizler

15. PDF Modeling of Hydrogen/Air Lifted Flame
K. Gkagkas, R.P. Lindstedt
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16. Simultaneous Imaging of Rayleigh Temperature, OH-LIF and CH,O-LIF at the Base of
Turbulent Lifted Methane Flames in a Vitiated Coflow
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Introduction

An open challenge in turbulent combustion modeling is the simulation of flames characterized by local
extinction/reignition. These conditions are often encountered near the fuel injector and in the flame anchoring region
where local conditions of large strain may cause the scalar dissipation rate to exceed the critical extinction value. As
a result, the flame is locally disrupted. It may eventually heal through the formation of an edge flame and the
reignition of the “hole.” Recent efforts have addressed the issue of local extinction/reignition in turbulent
combustion [e.g, 1, 2]. They typically rely on ad hoc modeling of the extinction/reignition process. The purpose of
this investigation is to demonstrate the feasibility of another variation on the flamelet theme: the use of a library of
two-dimensional unsteady flamelets. The need for this “upgrade” stems from the inability of a one-dimensional
flamelet to capture the inherently multidimensional re-ignition process. In an independent investigation of the
interaction of a counterflow laminar diffusion flame with a pair of counterpropagating vortices in an axisymmetric
configuration [3], we examined how the vortices strain the flame and cause local extinction, as evidenced by the
formation of a hole bound by an edge flame. They ultimately move outside of the computational domain, as the
flame heals itself. The process was studies experimentally by measuring CO LIF, OH LIF and a quantity
proportional to the forward rate of the reaction CO+OH---CO2+H. Quantitative agreement between model and
experiments was achieved, to the most minute morphological details. The validated model can now be used in the
flamelet modeling of turbulent nonpremixed combustion through a library of two—dimensional time dependent
flamelets. The ultimate goal is to capture extinction/reignition naturally. The approach is demonstrated on the
Sidney (bluff-body stabilized and swirled) flame SM1, as one of the target flames of the TNF8 Workshop.

Problem Formulation

We use FLUENT (version 6.2) to compute the velocity field (Fig. 1), the mixture fraction, the variance of the
mixture fraction, the turbulent kinetic energy and the turbulent energy dissipation. The hot-flow solution from
FLUENT is post-processed using a representative two-dimensional unsteady flamelet. The chosen flamelet is an
axisymmetric counterflow flamelet with the same composition as the inlet of the turbulent flame. The spatial domain
of the flamelet is chosen to be 2.5¢m both in the longitudinal and in the transverse direction. This flamelet moves
with the local mean velocity of the turbulent field and is strained by an unsteady perturbation representative of the
local turbulent velocity fluctuation leading eventually to local extinction (Fig. 2). The unsteady boundary
conditions for the flamelet computation are synthesized by perturbing the steady counterflow flamelet with a gaussian

velocity-distribution in the radial direction with a velocity amplitude of 0.85-4/K(t). The thickness of the gaussian

is chosen at /mm. The flamelet is linked to the turbulent flow by the following lagrangian time, t=1/ f g u(r,,y)dy,
where r,is the location where the turbulent dissipation rate is maximum (as opposed to the typical selection of
Z=Z,). The lagrangian time follows this isocontour from the nozzles (at time #=0) to the end of the flame brush.
The turbulence/flame interaction is accounted for using a presumed Probability Density Function (PDF) for the
mixture fraction. The shape of the assumed PDF is described by a -function, depending solely on the mean mixture

fraction, Z, and its variance, Z'>. Through the PDF, the mean temperature (Fig. 3) and mean species concentrations
are computed. Figures 4 and 5 show some limited comparison with experimental results. Further details will be
presented in the poster. Admittedly, the turbulence modeling of the present approach is rather primitive. Also, it is
not clear how extensive is extinction in this flame. The present work is merely intended as a feasibility
demonstration. In the future, we plan to implement the approach with a more sophisticated turbulence model and
contemplate applications to other flames exhibiting significant extinction.
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1. Motivation

Flame extinction and re-ignition are important phenomena influencing the stability of many turbulent flames. Much
has been learned from measurement and modelling of piloted CHy/air flames [1] within the framework of the TNF
Workshops. The importance of local extinction as a combustion modelling challenge warrants further investigation
of this type of flame and expansion of the parameters considered. Furthermore, previous work has indicated that a
clearer understanding of detailed flame structure in the near field is necessary to better predict stabilization and
downstream flow field characteristics. A study by Lindstedt and Ozarovsky [2] has shown that the treatment of the
near nozzle region presents uncertainties in the context of boundary conditions, especially with respect to flame
ignition and stabilization, and has also highlighted the importance of properly accounting for scalar dissipation rate
statistics in the near field. The present experimental collaboration was carried out with several objectives in mind.
The first was to investigate turbulent flames at relatively high Reynolds number. This was achieved by using CH4/H,
in partially premixed flames. The second objective was to include multiple steps in the degree of localized extinction,
whereas the piloted CH,/air flame series approaches global extinction in a few course steps. This gradual variation
was accomplished by progressively reducing the pilot flow, while keeping the jet flow constant at a high Reynolds
number. The resulting flames exhibit localized extinction in a region quite close to the jet exit (near x/d=4). These
data contribute toward the development and evaluation of computational models that capture the complex, coupled
phenomena of turbulent mixing and turbulence-chemistry interaction in the near field of jet flames. In particular,
these data may be used to test the sensitivity of numerical models with respect to the boundary conditions.

2. Experimental Methods

The experimental facility for multiscalar line measurements [3,4] combines systems for line imaging of spontaneous
Raman scattering, Rayleigh scattering and two-photon laser-induced fluorescence (LIF) of CO to obtain single shot
profiles of temperature and the mass fractions of all major species (CO,, O,, CO, N,, CH4, H,0O, and H,) with a
measurement spacing of 0.20 mm along a 6 mm section of the focused laser beam. The estimated optical resolution
was ~0.3 mm. Total energy in the test section for the Raman/Rayleigh measurements was 1.6 J/pulse at 532 nm. The
piloted burner geometry is the same used in previous experimental studies of partially premixed CH4/Air flames [1,3-
5]. With these flame conditions extinction/re-ignition occurred relatively close to the jet exit at about x/d=4 (jet exit
diameter d=7.2 mm). In order to characterize the near-field region of each flame, radial profiles were obtained at x/d
=1 and 2, based on 100 shots at each of four overlapping positions of the ~ 6 mm probe. Longer records of 2,000
shots (> 50,000 samples) were obtained in the extinction region of each flame (x/d=4) with the probe centered at =6
mm in the middle of the reacting shear layer. Procedures for calibration and data analysis have been described by
Barlow and Karpetis [3,4]. The current flames are characterized by lower levels of fluorescence interference but
higher levels of flame luminosity than the previously studied CHu/air flames. Single-shot corrections for the effect of
luminosity on the Raman species measurements are based on the luminous background signal from a portion of the
spectrum to the red side of the H, vibrational Raman band. However, these corrections are not exact, contributing to
the uncertainty in the measured mass fractions. Nevertheless, resulting uncertainties are small compared to mass
fraction variances in these locally extinguished flames.

3. Case Configurations

Experiments were performed on piloted partially premixed CH,/Hy/air flames having
equal volume fractions of methane and hydrogen. Three mixture compositions were
measured, as summarised in the table below. The mean bulk velocities of the fuel
jets were 156 m/s for ® =2.1, 157 m/s for ® =2.5, and 143 m/s for ® =3.2,
corresponding to exit jet Reynolds numbers of 67,000, 67,000 and 60,000,
respectively. The pilot flame (18 mm annulus) was supplied with premixed flow of
CHy/H, (1:1) and air at ® = 0.75. The pilot flow rate was varied to control the
degree of localised extinction. The ambient air coflow velocity was 0.9 m/s. The
mixture fraction is calculated from the measured mass fractions using the Bilger
formulation [6] modified as in the previous work on partially premixed flames [4] to
exclude the oxygen terms. This reduces the sensitivity to measurement noise and
interferences. Average values of mixture fraction obtained from the modified

1lpm  Pilotvariation
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expression and from the full Bilger expression are nearly ®=21] ®=25| ®=32
identical in the turbulent flames investigated here and lead to ; ’ ;
CH, (by vol. 13.1 % 14.8 % 17.4 %
stoichiometric values of Zy = 0.50 (® =2.1), Z;, = 0.43 (O = H 4({)yyv‘(;(l) )) 3.1 %(: 148 (%j 174 ‘VZ
2 . . . .

2.5) and Zy = 0.35 (O = 3.2), respectively. Air (by vol.) | 738% | 704% | 652 %

4. Results

Measured and modelled results for the ®=2.1 and ®=3.2 cases are compared in [7]. Measurements from the ®=2.5
case are included here and are representative of results in each of the three flame series. The progression in localized
extinction is illustrated below by scatter data for temperature and the mass fraction of CH4 plotted vs. mixture
fraction. The label in each frame gives the flow rate supplied to the pilot flame. It is clear from this progression that
the jet flame becomes very sensitive to the pilot flow rate as the blowout condition is approached. The corresponding
density-weighed conditional means at x/d=4 in the ®=2.5 flame are shown below (left).
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Introduction and focus

From a technological point of view, the ability to predict and eventually control extinction has a great practical value in
the design of complex combustion systems. The prospect of using Filtered PDF methods (FPDF) as a sub-grid turbulent
combustion model for LES is promising since LES arguably enforces a high degree of locality by resolving fine
structures [1]. Our current work in the area of LES/FPDF methods focuses on two main goals. On the one hand we have
developed a novel higher order Eulerian Monte Carlo approach [2], to remedy the overwhelming numerical diffusion of
first order treatment of convection terms. On the other hand we intended to test the sensitivity of the LES/FPDF
approach to mixing models. In this poster we shall present results from our finite rate chemistry simulation of the first
target flame (Flame D) of the Sandia/TUD piloted CH/Air turbulent jet flames series [3].

Numerical methodology

The flow field is solved with an LES code [4] developed at Technische Universitit Darmstadt using a presumed 3-PDF
and steady flamelet approach, i.e. not based on the instantaneous FPDF solution. The results obtained with this approach
were found to be in reasonably good agreement with the experimental data [4]. The calculations were performed with an
arguably coarse grid (10 diameters in the radial direction, 20 diameters downstream using 300,000 nodes) and they have
been intentionally decoupled from the flow field, thus using a flamelet-based flow field as a unique test bed for the
different mixing models. The computation is carried out with a newly developed almost second-order in the mixture
fraction Eulerian FPDF approach [2] and a previously validated 12-step reduced chemistry [5]. We repeated our
simulations using three mixing models including Interaction by Exchange with the Mean (IEM) model [6], Modified
Curl (MC) model [7] and Euclidean Minimum Spanning Tree (EMST) model [8]. Results at fifteen diameters
downstream of the exit plane are presented.

Results and conclusions

As shown in Figures 1-3, all mixing models produce similar results in terms of radial profiles of temperature averages
(see Fig. 1), temperature fluctuations (see Fig. 2) and CO mass fraction scatter data (see Fig. 3). Moreover, in contrast to
some previous RANS results, which showed unexpected extinction with either IEM or MC mixing model, the present
LES-FPDF predicts stable combustion with all of the three mixing models. We conclude that when PDF methods are
coupled with LES the sensitivity of the solution to the mixing model is less than when the coupling is with RANS.
Secondly, the results in Figures 1-3 all agree with the experimental data to a degree similar to that in simulations
presented at past TNF workshops. This indicates that the treatment of convection [2] is reasonable and good results can
be obtained even on a rather coarse grid. To quantify the level of extinction predicted by the simulations, we used a quite
articulate description in terms of a Conditional PDF (CPDF) of extinction. The results of this analysis are shown in
Figure 4. EMST model seems to be a preferred choice for accurate predictions of extinction likelihood near
stoichiometric and at lean compositions. IEM and MC mixing models seem to overpredict the occurrence of extinction.
We linked the superior performance of EMST to the model’s ability to enforce locality in mixing, thus preventing the
interaction of hot/cold parcels, which would promote extinction.

The present simulations seem to indicate that LES/FPDF approaches allow relaxing the requirements for mixing models,
as conceptually different models produce similar results. Additionally, the new almost second order approach allowed
obtaining results, which are in good agreement with the experiments, even on a rather coarse grid. Nevertheless, we
should note the following areas of improvement. (a) More work is needed to investigate the inner workings of the second
order method, which, as pointed out by some authors, allows achieving a quasi second order spatial discretization (using
a TVD limiting scheme) only for the mean of the mixture fraction field; (b) the target flame (Flame D) is known to
display little extinction, and our conclusions might have limited applicability. Future simulations will involve the
computation of flames with more evident non-equilibrium effects (Flames E, F). For those target flames, a full coupling
between flow solver and FPDF solution will be necessary, and we expect the choice of mixing model to have more
impact on the results, also via the implicit coupling; (c) A grid refinement study is deemed necessary to gain more
confidence in the simulation results.
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Rapid mixing of fuel and air in practical combustors is usually accompanied by complex
turbulent flows with locally large scalar dissipation rates and significant fluctuations in flowfield
gradients. In the reaction zone of these flames, the varying scalar dissipation rates alter time scales for
mixing in non-premixed systems. Local extinction occurs in the reaction zone when the scalar dissipation
rate exceeds a critical value that can be supported by the finite chemical reaction rates (Rolon et al.,
1995), and in laboratory scale turbulent flames vortex induced local flame extinction can create holes in
the reaction zone (Watson et al., 2000). These local extinction events occur more frequently as maximum
scalar gradients are increased, for example by increasing the Reynolds number of a jet flame (Schefer,
1997; Barlow and Frank, 1998), as apparent in the TNF Workshop C-F flames. Local extinction events
are important since they can lead to global flame extinction and since they will alter the rates of slow
pollutant formation and destruction reactions. For this reason, efforts to predict extinction in turbulent
flame models have been made using several approaches (Pitsch et al., 2003; Sripakagorn et al., 2004;
Pantano and Pullin, 2004). For dynamic simulations of a turbulent flame, as in LES, it is important to
correctly predict both when a flame sheet will be locally extinguished and how the resulting flame hole
will propagate in the flow. Measurements of the local conditions of a flame edge during extinction have
been attempted; however, experimental studies of local extinction have been complicated by the unsteady
nature of the extinction process. Some details have been elusive, including the quantitative scalar
dissipation rates required to generate and sustain and extinguishing flame edge.

A co-annular counterflow flame geometry has been used to experimentally generate a stable edge
flames representing a local extinction process. While this flame is laminar and steady, we propose that
the results of the local conditions of the flame edge are relevant to the conditions of a turbulent flame
undergoing dynamic extinction and that the quantitative values of scalar dissipation and flame
propagation speeds are more readily determined in the steady environment. In this geometry, the flame
edge is formed off the counterflow centerline due to a local increase in scalar dissipation rate. A low
velocity oxidizer versus fuel is utilized in the inner nozzles of this burner to stabilize a non-sooting
diffusion flame. The same oxidizer and fuel compositions are issued from the outer nozzle at a higher
velocity in order to cause a radial increase in strain and an off axis extinction point. Hot products from
the stable nonpremixed flame on the centerline flow through the edge at velocities of ~1-5 m/s, although
this can be increased by using less diluted fuels with high extinction scalar dissipation rates. In this
poster, recent experimental measurements at several flame edge conditions are shown using planar laser-
induced fluorescence of multiple species to assess reaction rates and using Raman scattering spectroscopy
to assess temperature gradients. The steady flames have also been numerically simulated to determine
relationships between scalar dissipation rate and flame edge velocities. This particular result should be
useful for improving models for how flames respond to high scalar dissipation in LES.

In the numerical simulations, the size of the counterflow burner and the gas flow rates are varied
to alter the flame strength and velocity at the flame edge, as shown in Fig. 1. The advection of products
through the edge is shown to extend the flame extinction to higher scalar dissipation rates than required
for centerline extinction, Fig. 2. For high velocities, the scalar dissipation rate required for flame
extinction can be related to the centerline extinction value by considering only the effect of energy
addition to the flame edge via advection. This result is consistent between two differing markers for local
extinction, the centerline extinction temperature (Tgxr) and peak reaction rate along the stoichiometric
contour. However, for lower edge flame velocities, the effects of increased thermal and species diffusion
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through the edge must also be included. Since the
advection at the edge is a product of both the local
velocity and temperature gradient, a single
correlation between the scalar dissipation rate and
the negative edge flame velocity does not exist.

Measurements of temperature gradients in
these flames were made using line imaging of
spectrally resolved laser Raman scattering through
the extinction process. A fit to the shape of the
nitrogen scattering spectrum was used to determine
temperature. The results compared favorably to the
gradients found in the numerical simulations and
validate the modeling of the flame extinction
process.

These conclusions are of significant
importance for implementation of flame hole models
in advanced CFD calculations such as LES. For
example, the statistical approach taken by Pantano
and Pullin (2004) in which the dynamics of the holes
are assumed to be controlled by edge-flame

velocities requires a functional dependence of the edge velocity on the scalar dissipation in order to close

the model.

In this case, the approximation put forth by Daou and Lifian (1998) is utilized; however

additional terms to account for the effects of transport at the flame edge as described in this work may be
required. While qualitative trends of flame recession speed (described through advective flux) and the
scalar dissipation required to cause hole formation and continued growth have been laid out, LES models
will require quantitative results in order to accurately capture flame hole progression in a turbulent

environment.
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Statistics of the conditional dissipation of a passive scalar from DNS and experiments

N. Chakraborty’, C.N. Markides and E. Mastorakos™"
'Department of Engineering, University of Liverpool, Brownlow Hill, Liverpool L69 3GH, UK
Department of Engineering, University of Cambridge, Trumpington Street, Cambridge CB2 1PZ, UK
* Corresponding author: em257@eng.cam.ac.uk

The conditional scalar dissipation of the mixture fraction & y = 2D(8§ / 6x,)2 , 1s a quantity of
fundamental importance for turbulent reacting flows [1]. The present work presents measurements of } in inert

mixing with highly resolved PLIF of acetone and results from various flows simulated with DNS, with the
particular aim to elucidate the conditional PDF of y and the magnitude of the conditional fluctuations of y, both
quantities relevant to various turbulent combustion models.

Two-dimensional measurements of y with Planar Laser-Induced Fluorescence (PLIF) were performed in
the mixing field formed by the continuous axisymmetric injection of a gaseous fluorescent tracer (acetone) into a
turbulent co-flow of air confined in an outer tube of 34mm diameter (Fig. 1). This configuration has already been
used for mixing [2] and autoignition experiments [3] (Fig. 1). Two injector nozzles were used, with 1.1 and 2.2mm
diameters. The turbulence in the co-flow was enhanced by a grid 63mm upstream of the nozzle, which resulted in
almost homogeneous isotropic turbulence. Spatial resolution at the Kolmogorov length scale (1x), which was
estimated from hot-wire velocity measurements, was achieved. Ref. [2] describes also the post processing method
to remove noise. Conservation checks showed that (y) was measured to within £20%. Here, the results from Ref.
[2] are used to obtain P(y|7) at various locations in the flow and for various conditions. Three-dimensional Direct
Numerical Simulations were performed with an initial error function profile of mixture fraction varying between
&0 and &1 under decaying isotropic turbulence with no mean flow. Simulations were carried out using a
compressible DNS code called SENGA where spatial derivatives were evaluated by 10™-order central difference
schemes [4]. In order to have adequate resolution the simulation parameters were so chosen that about 10 grid
points remained within the mixing layer thickness given by §. =1/ Max‘V g‘ at all stages of the simulation. The

initial turbulent intensity was varied while the integral length scale was kept constant to result in simulations with
different turbulent Reynolds numbers. Both the DNS and the experiment had similar turbulent Reynolds numbers.
The data from both experiment and DNS show that significant conditional fluctuations of y exist (Fig.
2a-b). The conditional PDF of y can be reasonably approximated by a log-normal distribution, with small
deviations from log-normality evident at high values of y (Fig. 2c-d), consistent with previous DNS and

)" Hxlm)-

Initially (i.e. very close to the source), F is very low. In the DNS, the initial condition has no scalar dissipation
fluctuations and so F is identically zero. However, F increases quickly and, after a few mm downstream from the
source in the experiment, and after about five Kolmogorov timescales in the DNS, it exceeds unity and seems to
asymptote gradually to a value around 1.25 in both the experiment and the DNS (Figs. 3a-c). There seems to be
little variation of this ratio with 77 and flow type. The experiment does not show a Reynolds number dependence
greater than the experimental uncertainty, although the DNS shows an increasing trend of F with Re,. The results

are applicable to second-order CMC modelling, which requires the prescription of < Z"Z”‘ 77>” ’, and to some

experimental data. The extent of the conditional fluctuations is measured by the ratio F(p) = < Yo d

stochastic flamelet models.
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A HYBRID RANS/PDF APPROACH FOR MODELLING HOT AND DILUTED FLAMES
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Introduction: In a previous study Christo and Dally [1] used Reynolds-Averaging Navier-Stokes
(RANS) approach to model the flow, compositions and temperature fields of a reacting fuel jet issuing
into a hot oxygen-diluted coflow. That study, which focused on modelling Jet in Hot Coflow (JHC)
flames, examined the effects of various combustion and turbulence models, chemical Kkinetics
mechanisms, thermal radiation and differential diffusion, on the accuracy of the predictions. Their
conclusion highlighted the importance of accounting for differential diffusion effects in the numerical
models. They also demonstrated the limitations of conserved scalar based models (e.g. the &/PDF and
flamelet) under MILD conditions and showed that the eddy-dissipation concept (EDC) performs better.
Overall the EDC model performs reasonably well for flames with 9% and 6% O, in the coflow. The
agreement with the measurements however was particularly poor for the 3% O, case. The largest
discrepancy was noted at axial location of 120mm, where the EDC predictions were unsatisfactory for the
3% and 6% cases. This was attributed to intermittent localised flame extinction, which the EDC model
does not resolve. In subsequent studies Christo et al. [2] explored the application of a hybrid RANS-PDF
(probability density function) approach for modelling MILD flames. They reported improvement in
predictions accuracy over their EDC results [1], particularly for the lower O, flames, in particular at
downstream locations. The EDC and PDF predictions, albeit comparable at axial locations of 30mm and
60mm, both were not fully satisfactory.

The objective of this work is to further investigate the performance of a hybrid RANS-PDF approach with
detailed chemistry. A performance matrix for the several models of a free-jet MILD flame is presented.
The effects of mixing and chemical kinetics on the accuracy of the model are also discussed.
Computational Model: The hybrid RANS-PDF approach, in the Fluent package, is used in this study.
The flow field is calculated using the modified k-¢ turbulence model [1], while the molecular mixing of
species and heat was modelled using the Euclidean Minimum Spanning Tree (EMST) model. To maintain
low statistical error in the Monte Carlo simulations, 40 particles per cell were initially used, but increased
gradually with iterations.. For the representation of the reaction rate term, a number of chemical kinetics
mechanisms were examined; a GRI2.11-based Augmented Reduced Mechanism (ARM) kinetics, GRI 3.0
and Smooke mechanisms. To reduce computational cost of time-integration of the chemical reactions the
ISAT (is-situ adaptive tabulation) model of Pope, is used.

Results and Discussion: Three cases where modelled in this study. Flames HM1, HM2 and HM3 have
the same Reynolds number, Re=10,000, with different Yo, in the Coflow. The effect of the empirical
mixing parameter Cy on the stabilisation of the various flames was examined. Table 1 shows flame
stability for three values of C, for all flames using two chemical kinetics mechanisms. It indicates that
flame stability is not uniquely dependent on the mixing but is also influenced by the chemical kinetics. For
example adjusting C,4 does not yield a stable flame for the 9% O, case with the ARM Kkinetics, but a stable
flame was established using the Smooke kinetics (Cy=5). Cao and co-workers [3] reported similar
requirement for adjusting C,; when using the joint PDF approach for modelling piloted turbulent jet
diffusion flame with ambient air coflow. Typically, Cy values of no higher than 3 are reported in the
literature but we found that for MILD flames a higher value is required. They also showed that for the
different mixing and kinetics models, there was always a value for Cy, that stabilizes the flame. This
however is not always the case for MILD flames as shown in Table 1.
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locations for the 3% O2 flames: Open symbols = experiment, dashed lines = EDC with the
GRI3.0 mechanism [1], and solid lines = PDF with the ARM Kkinetics.
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Introduction

The counterflow configuration has been extensively studied for the past three decades in laminar flames both under
steady and unsteady conditions. In spite of its recognized advantages under laminar conditions, it has not found
widespread use in the field of turbulent combustion because of the relatively low Reynolds numbers that have been
achieved to date in such a configuration. Typically, Taylor scale based turbulent Reynolds numbers of order 50 have
been reported in the literature [e.g., 1]. Here we attempt to address this limitation in two ways: first, by operating in
oxygen enriched environments, strain rates on the order of several thousands are achieved even in the case of
hydrocarbon nonpremixed flames, which enables the stabilization of flames at relatively large flow rates with
engineering Reynolds numbers (based on the nozzle diameter) on the order of 10*; second, by introducing a properly
designed and carefully positioned turbulence generator in each counterflowing stream, high turbulence intensities
are achieved, without compromising the uniformity of conditions near the flame centerline. As a result, highly
turbulent flames could be stabilized with reasonably well defined and well characterized conditions.

Experimental Setup

The counter-flow burner is realized by placing two exact copies of the same co-flowing jet nozzles one inner nozzle
diameter away from each other. Each jet assembly consists of 0.5in diameter inner nozzle (d;), 1.06in diameter outer
nozzle (d,). A large variety of turbulence generation systems is investigated and a plate with 6 lobed holes at its
center is chosen for the present investigation. Different from [1], the plate is positioned upstream of the contraction
terminating with the burner outlet, consistently with the design of [2]. An annular co-flow of nitrogen is used on
both sides, to quench partially the flame. Under the present conditions, the fuel (35% CHy in N;) and the oxidizer
(100% O,) mixture have average velocities of approximately 12 m/s, resulting in Reynolds numbers of about 104,
based on the inner nozzle diameter (d;), and a mean strain rate on the order of 2.5 10° s'. PIV is used to characterize
the flow field. By seeding the flow with olive oil droplets, it is also possible to define the 570K flame iso-contour,
where the droplets fully evaporate. Hot-wire anemometry is used to estimate the turbulent kinetic energy spectral
density and turbulent length scales of interest at the burner outlets under cold conditions. Four experimental
conditions are investigated for the same feed stream composition, ranging from the absence of turbulence generator
from either one or both nozzles, to the condition of most intense turbulence, with identical generators in both
streams. Experiments are conducted under both burning conditions and in cold flow.

Results

Figure 1 shows the velocity power spectrum as measured at the o
centerline of the nozzle exit section, in the free jet configuration. It is
apparent that the turbulence generation scheme succeeded in
generating a range of length scales, without any peculiarities
associated with the system compactness and the potential drawback
of “young turbulence”. Typical mean and turbulent quantities of
interest are reported in Table 1, listing the mean velocity (U), the rms
velocity (u’), the relative turbulence intensity (u’/U), the integral time
scale (T;), the Taylor time scale (T)), the integral length scale (L;), the
Taylor length scale ()), the integral scale based Re (Rey;), the Taylor
scale based Re (Re)), the Kolmogorov scale (1), respectively, as T
measured with the turbulence generator in place. The Rey; is about ‘ Ha

1000, with one order of magnitude increase by comparison with

conditions in the literature [1]. Taylor hypothesis is used to convert Figure I Hot-wire velocity power
time scales into length scales. spectrum
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Um/s]|u' [m/s]| u/U | Ti[ms] T, [ms] Li [mm] A[mm]

Rey; Re, M [um]

13 25 0.19 0.47 0.09 6.1 1.12

1060 196 32

Table 1. Mean and turbulent quantities at the centerline of the nozzle exit section for a free jet

configuration.

A non-premixed flame is stabilized under intense turbulent conditions
counterflow configuration. The flame shows significant corrugation that is caused
by its interaction with the turbulent scales, as shown in figure 2. Mean and RMS
axial velocity profile along the radius of the bottom nozzle, normalized by the
mean axial velocity at the centerline are measured by PIV and are reported in
figure 3. The comparison is between two conditions, with and without turbulence
generator, respectively. No significant changes are discerned in the mean flow,
which exhibits the characteristic overshoot in axial velocity near the edge of the
burner, as typical of the counterflow system. The presence of the turbulence
generator increases the turbulence intensity from less than 5% to about 40%. This
effect persists throughout the flow field, as shown in Fig. 4, where the evolution of
the turbulence fluctuations of the axial velocity along the centerline is reported.
Without turbulence generators, axial fluctuations are modest in both cold and hot
flow conditions. With the turbulence generators in place, there is a dramatic
increase in the axial velocity fluctuations throughout the flow field, consistently
with [3]. Large scale fluctuations of the stagnation plane and of the vortex
stretching induced by the straining flow field are responsible for this effect [3-4].
Heat release lowers the intensity of the fluctuations. This result may be the effect
of relaminarization. However, experimental artifacts cannot be ruled out. In fact,
blurring of the PIV image is observed, because of gradients of the index of

2 Instantaneous PIV

Figure
image of the turbulent flow
field.The flame is in the dark
area in the center that is bound
by 570 K isotherms where the

droplets  fully evaporate. The
field of view is about 15mm X

TNF8 Workshop

refraction, which induces errors in the velocity field. Also, the random motion of 15mm.

the flame, together with the stagnation plane, may bias the velocity field towards lower velocities. Notice also that
the RMS axial velocity values in Figs. 3 and 4 are significantly larger than the value reported in Table 1, which
suggests a strong coupling of the two counterflowing streams all the way to the mouths of the burner. As a result, the
turbulent Reynolds number estimates in Table 1 would underpredict the values in the counterflow configuration.
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along the radial coordinate

These results and other experiments under conditions of local extinction will be presented in detail in the
poster, to provide supportive evidence of the relatively untapped potential of the counterflow configuration in
turbulent combustion.
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A New Web Archive for TNF Workshop Data

Erwin Dunbar, Larry A. Rahn, Michael Chen, Robert Barlow
Sandia National Laboratories, Livermore, CA 94551-0969

Much current scientific data is understandable by humans but is not in an inter-operable format
that is easily searchable and translatable by computers. This discussion is about a prototype of a
new web based archive for publication of TNF Workshop data in an inter-operable format

available from an easy to access, automatically updated web page.

This new format features the ability not only to view and download the data in the current text
based, white-space delimited format, but also in a tabular web view and/or a graphical plot. The
web archive provides the option of browsing the data in a hierarchical folder structure, as well as
the ability to search and display the data based on key properties or metadata. Also, it is possible
to simultaneously provide public access to multiple folders of data that are curated by different
institutions. These features are accompanied by a new release of some TNF experimental data
(starting with piloted flames C, D, E, and F), and a broad invitation to share other data, including

computational results.

The new capabilities are built upon a data-sharing infrastructure developed by the Collaboratory
for Multi-scale Chemical Science (cmcs.org) and are designed to meet the specific requirements
for web-based publication of combustion data. The implementation involves updating current

TNF Workshop data using a java application designed to convert current text files into a
semantic, descriptive XML format which contain added metadata. When such a formatted XML

file is deposited into the
archive, its contained
metadata is automatically
read and stored separately
to enable rapid searches.
From the archive, the XML
file can then be viewed or
downloaded in a variety of
different forms, each
associated with a (XSLT)
translator offering a
different viewable or
downloadable format of the
data. For example, one
might translate the file into
a graphical scatterplot view
while another offers a
downloadable text file in
the newly defined format.
Also, using data base
(DASL) queries,
automatically updated web
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pages can be generated for easy data access. When the web page is accessed, the query specifies
which data files and what parts of the data files you wish to display on the page. In this way,
even recently deposited data that fit the criterion are found and displayed. Furthermore, even
though the data is hosted on the CMCS servers operated by Sandia’s Combustion Research
Facility, this web page can be accessed from the curating institution’s web sites.

The aforementioned Java application will enable the conversion of plain text data into the new
XML format for use on the web archive. This is accomplished by publishing the Java
application, source code, current XML schema, and example files in a TNF Data Management
Group accessible via the CMCS portal at www.cmcs.org. The text data must conform to a few
specific guidelines:
e The data must start with metatag headers describing the data (for example, following
“Title:” would be the title, “Abstract:” would be the abstract, etc...), with each header on
a different line.
e Following the metatag headers, on a new line, “DATA:” must be printed
e Numerical data must be columnar.
e Each column must have a header
A full description of the requirements for plain text data files, along with several sample data
files, will be made available in the TNF Data Management Group on CMCS.

The resulting XML is formatted to include pedigree information, organizational information, and
the data sets. The XML files contain descriptions of what the data is, who and where it came
from, how it was obtained, and what format it is in. This information is searchable and provides a
means of uniquely identifying a file.

To further facilitate the rapid transfer and processing of information online, a new format and
publishing medium that is both human and machine understandable must be implemented. This
new format allows for a semantic data type that can easily relate separate data files within the
same experiment (if desired). Further, the ability to easily search for a specific data file or group
of files helps reduce the tedium of browsing through file folders blindly for a needed data file.
By putting data in an XML format, the long term utility and support of the data is ensured (since
XML is a broadly accepted standard, files need only a web browser to be viewed, and new web
views can be easily implemented on old data). This format will allow for the expansion into
future, more complex forms of data. This publishing medium also encourages others to publish
their data, including modeling and computational data, due to the features this new web archive
provides.

This prototype has been demonstrated, and challenges TNF scientists to move on to production
data and to work on new agreements for data publication. The vision is for an archive where
experimental, computation, and modeling data all exist in a form that is easily searched and
displayed by a computer while still being understandable by a human.
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LEAN PREMIXED COMBUSTION IN A PILOTED PREMIXED JET BURNER

M.J. Dunn’, A.R. Masri, R.W. Bilger
*Corresponding author: matthew.dunn@aeromech.usyd.edu.au
School of Aerospace, Mechanical and Mechatronic Engineering, The University of Sydney, NSW 2006, Australia.

The experimental characterisation of a model Piloted Premixed Jet Burner (PPJB) designed to investigate finite-rate
chemistry effects in highly turbulent lean-premixed combustion is presented, complementing the results reported in
Dunn et. al [1]. The PPJB consists of a high velocity lean premixed Compressed Natural Gas air (CNG) central jet,
piloted by a low velocity stoichiometric CNG-air premixed pilot, surrounded by a large diameter lean premixed
hydrogen-air combusting coflow. The configuration of a lean central jet supported by a stoichiometric pilot is
similar to that of a lean-premixed gas turbine combustor, however without additional complications such as swirl,
recirculation and complex boundary conditions.

A significant feature of the PPJB is that under certain conditions the central jet combustion process undergoes a
hypothesised extinction re-ignition process. Based on time averaged chemiluminescence imaging being an estimate
of the chemical reaction rate, it is proposed intense turbulent mixing after the pilot influence drives an initial
extinction process reducing flame luminosity, with re-ignition occurring downstream where turbulent mixing has
decreased causing an increase in flame luminosity.

Four flames have been selected for further study, with equivalence ratios of 0.5 and central jet velocities of 50, 100,
150 and 200 m/s (see Table 1 for further details). Simultaneous 2D Rayleigh-OH PLIF imaging results show that in
the proposed extinction region, OH concentrations occur in increasingly reduced levels and isolated patchy
locations for the progression of increasing central jet velocities. The temperature across the flame front shows a
similar progression for increasing central jet velocity from a laminar like wrinkled contour for the PM1-50 flame
progressing to a significantly thickened flame front in flames PM1-150 and PM1-200. Laser Doppler Velocimetry
(LDV) data is also reported for the flow field turbulence statistics, with the most significant result being that the
pilot delays the occurrence of peak turbulence intensity downstream to the extinction region, compared with the
non-reacting case where the peak turbulence intensity occurs close to the central jet exit.

Figure 1 shows the temperature and Xpy field
structure, of significance is the distributed nature of
the temperature field and the patchy contours of the
Xon field indicated local extinction is beginning to XD
occur. The region of high RMS velocity (x/D=15-35
for flame PMI1-150) in Fig. 2a corresponds
approximately to the proposed area where extinction
(reduced luminosity) occurs as shown in Fig. 3c. It is
in the x/D=15-35 region that the X,y images for the
PM1-150 flame show that very low Xy values occur
indicating extinction has occurred.

Temperature (K)

Based on the initial experimental evidence, it is ’
proposed that the PPJB is a significant burner for the

investigation of strong finite-rate chemistry effects Y
with intense turbulence in premixed combustion for

future experimental and numerical benchmarking "o
investigations related to TNF workshops. The burner Figure 1: A simultancous Rayleigh-OH image
is capable of simulating premixed combustion centred at x/D=15 for flame PM1-150. Note the
regimes that are practically relevant to lean premixed central jet diameter, D is 4mm.
gas turbine combustors as well as investing regions

of the premixed regime diagram that have received

relatively little experimental investigation.

OH Mole Fraction X 1000
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Figure 2: PM1-150 LDV results of mean (U) and RMS (u”) velocities for (a) an axial centreline traverse both
reacting and non-reacting cases, (b) radial traverses at three axial stations, reacting case only.

A B C D
Figure 3: Time averaged flame luminosity for flames PM1-50 (A), PM1-100 (B), PM1-150 (C) and PM1-200 (D).

Table 1: Flame conditions for four selected flames, RMS velocities and integral length scales necessary for the
dimensionless parameters were taken from LDV results at x/D=15.

Flame Code ¢ U, (mis) Re q'is, 1oi0m Owmin Re,
PM1-50 05 50 12500 43.1 2.37 61.1 759
PM1-100 0.5 100 25000 278 1.76 245 3268
PM1-150 05 150 37500 361 1.62 304 3906
PM1-200 05 200 50000 465 177 360 5484
References:

[1]1M.J. Dunn, A.R. Masri, R.W. Bilger., “4 new Piloted Premixed Jet Burner to study strong finite-rate chemistry
effects”, Combust. Flame (Submitted June 2006)
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A Hybrid Finite-Volume/Particle Method for the PDF Equations of Turbulent
Reactive Flows: A Sensitivity Analysis and Optimization of Velocity Models

O. Eren and M. Muradoglu
Mechanical Engineering Department, Koc University, Turkey
oeren@ku.edu.tr; mmuradoglu@ku.edu.tr

The consistent hybrid solution method has been recently developed and shown to be superior to the best
alternative approach by as much as a factor of 50 or more, making the PDF methodology a feasible design
tool in practical applications [2]. In the present study, the hybrid solution method is improved significantly
by replacing the density-based finite-volume (FV) solver with a SIMPLE type pressure-based FV solver [3]
and the new solution algorithm is used to simulate the bluff-body stabilized turbulent non-reacting and
reacting flows studied experimentally by Dally et al. (1999). A bluff-body non-reacting flow simulation
has been performed by Jenny et al. (2001). However, it has been reported that as grid refined numerical
instabilities occurred. A reacting bluff-body flow simulation has been performed by Muradoglu et al. [1].
Note that all of those simulations have been performed using simplified Langevin model (SLM) as velocity
model. The velocity-turbulent frequency-compositions joint PDF model provides a complete closure for
turbulent reacting flows. Mass-weighted joint PDF is defined as the probability density function of the
simultaneous events U (x,t) = V, ®(x,t) = ¢ and w (x,t)=0 at one time and one point where U, ® and w
are velocity vector, the set of compositions and the turbulent frequency, respectively. In the PDF methods,
the transport equation for mass-weighted joint PDF is directly derived from the Navier-Stokes equations [4]
and the unclosed terms are modeled through construction of stochastic differential equations (SDEs). The
closure is usually guided by existent Reynolds stress models such that the joint PDF model is equivalent
to the corresponding Reynolds stress model at the second moment level. Although there exists advanced
velocity models, the simplified Langevin model (SLM) has been usually used in the PDF computations
due to its simplicity. In the present study, in addition to the SLM, we also consider two other popular
velocity models, namely Lagrangian Isotropization of Production Model (LIPM) and Lagrangian Speziale
Sarkar Gatski Model (LSSG) and evaluated their performances for the bluff-body flows. In figures 1 and 2
numerical simulations of bluff-body flows are presented. Due to simplicity a flamelet approach will be used
in the computations. In this paper, the focus is on the accurate calculations of mean and rms velocity field.
However, sensitivity of the computed results to the model constants for the mixture fraction and variance of
the mixture fraction will also be presented. Although mean fields in reacting bluff-body flow are found less
sensitive to model constants it has been found that mean fields are very sensitive in non-reacting bluff-body
flow. With the modification of LIPM and LSSG a significant improvement is achieved in prediction of mean
fields for non-reacting bluff-body flow.

References

1] M. Muradoglu, K.Liu, and S.B. Pope. Combust. Flame, 132:115-137, 2003.
2] M. Muradoglu, S.B. Pope P. Jenny, and D.A. Caughey. J. Comp. Phys., 154:342-371, 1999.
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Figure 1: The profiles of mean axial velocity (top plots) and the rms fluctuating velocity (bottom plots) of
non-reacting bluff-body flow at the axial locations 0.6D,, (left plots) and Dy (right plots) on a 96x96 grid.
Dotted line denotes SLM, dashed line denotes LIPM, dashed-dotted line denotes modified LIPM, solid line
denotes LSSG, dashed line with pluses denotes modified LSSG and symbols denote experimental data
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Figure 2: The profiles of mean axial velocity (left plot) and the rms fluctuating velocity (right plots) of
reacting bluff-body flow at D, on a 96x96 grid. Dotted line denotes SLM, dashed line denotes LIPM, dashed-
dotted line denotes modified LIPM, solid line denotes LSSG, dashed line with pluses denotes modified LSSG
and symbols denote experimental data
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Development Of Experimental Flame Tomography Using LES
J. Floyd, A. Kempf
Imperial College London
j-floyd@imperial .ac.uk

Computed Tomography (CT) is a technique that can
reconstruct planar (and even 3D) time-dependent data
from non-intrusive measurements through transpar-
ent media. The development of CT techniques tradi-
tionally requires the use of known mathematical ob-
jects (Phantoms, see fig. 1) that allow quantifiable
comparison of the object and its reconstruction. The
inherent separation of the Phantom from experimen-
tal error facilitates not only the CT reconstruction
but also the later investigation and quantification of Figure 1: LES generated Phantom, at 1012
these errors—mainly experimental noise, beam steer- pixels

ing, and limited depth of field. LES enhancestherole

of the Phantom further by providing realistic instantaneous data which contains structures and
phenomenological characteristics that are typicaly lost with averaging. The use of LES in a de-
velopment framework is advantageous as experiments can be virtually performed and investigated
at low cost. Torniainen et a. [1] have used LES for tomography development but focus on tech-
niques that use prior knowledge of the flow to reduce the amount of measurement. Dibble et a [2]
have also used LES Phantoms for investigation of a Genetic Algorithm (GA) based tomographic
reconstruction.

CT is essentialy an inversion problem, where a
discrete estimate of the 2D field isreconstructed
from measured projections and their associated
traces. The projection data is smply a series
of integral values (or ray sums) taken through
a particular plane of the domain at severa an-
gles(seefig. 2). Numerous CT algorithms exist,
and iterative Algebraic Reconstruction Tech-
nique (ART) based algorithms were selected as
they perform well even with limited data sets
(likely in combustion applications). Other algo-
rithms seek to improve reduced data set reconstructions through significant 'a priori’ knowledge,
for example using basis functions[1]. However, this knowledge cannot be guaranteed.

1
|
|
[
\
I
|
|
|
l

Figure 2: Lineintegralstaken through the Phan-
tom

ART was developed by Gordon et a. in 1970 [3] and is often referred to asthe ray-by-ray approach,
because it addresses each ray in turn (see fig. 3). A derivative of ART where the correction is
applied multiplicatively (MART) is aso investigated.

To simulate the experiment an LES of a methane-air jet in a turbulent co-flow is performed
(Re ~ 11000, experiment by Taylor and Hardalupas [5]) and planar methane mass fraction data
is extracted act as the Phantom. The mass fraction data from the cylindrical LES grid is linearly
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interpolated onto a 1012 Cartesian grid (see fig. 1). The virtual experiment is then completed by
taking a number of line integrals through the discrete Phantom.

For both agorithms the accuracy of Ray Sum X

the reconstruction and the speed of 1
convergence were investigated. Ac-
curacy was assessed based on the B
error between the restricted Phan-
tom and its reconstruction. All al- bhantom o Reconstructed
gorithms were capable of good re- Real data Image
constructions of the Phantom as is Figure 3: The Phantom ray sumis compared to the same ray
evident infig. 4. It was seen that the Sum (approximated to a line integral) through the current
ART algorithm generally produces estimate to generate the correction (see eq. ??)

lower error than MART. The MART algorithm returns smaller error than ART for very under de-
termined configurations e.g. where the number of rays was significantly less than the number of
pixels. Thisislikely aresult of the small amount of smoothing added to the MART algorithm—
necessary to improve numerical stability. To improve the convergence speed of the ART algorithm
an approach that uses MART then ART sequentialy is investigated, and found to produce recon-
structions of comparable accuracy an order of magnitude faster. Multi-grid techniques are also
currently being investigated for there ability to reduce convergence time.

Figure 4: 322 pixels. a) Down-sampled Phantom, b) ART reconstruction, ¢) MART reconstruction,
d) MART-ART reconstruction.

Future work will examine the effect of experimental errors. Work will also include the investiga-
tion of additional algorithms and the extension into 3D.

[1] E. D. Torniainen, A. K. Hinz, F. C. Gouldin, AIAA Journal, 36, (1998) 1270-1278

[2] Girard, J. W., Dibble, R. W., Chen, J. Y. (2002), www.netl.doe.gov/publications/ proceed-
ings/02/turbines/dibble.pdf

[3] R. Gordon, R. Bender, G. T. Herman, J. Theor. Biology, 29, (1970), 471-481

[4] G. T. Herman, Image reconstruction from projections. the fundamentals of computerized
tomography, Academic Press (1980)

[5] Personal communication with A.M.K.P Taylor, Y. Hardalupas, B. Gillet
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Laser Rayleigh Imaging of Dissipative Structures
in a Turbulent Non-premixed Jet Flame (DLR-A)

Jonathan H. Frank and Sebastian A. Kaiser

Combustion Research Facility, Sandia National Laboratories, Livermore, CA 94551 USA
jhfrank@sandia.gov, sakaise@sandia.gov

High-resolution 2-D laser Rayleigh imaging is
used to measure the detailed structure of the
thermal dissipation field in a turbulent
non-premixed CH4/H,/N; jet flame with a jet-exit
Reynolds number of 15,200 (flame DLR-A of the
TNF Workshop). Previous thermal dissipation
measurements in this flame include high-repetition
rate point measurements in the far field [1]. We
focus on the near field (x/d=5-20) of the jet flame
where the primary combustion reactions interact
with the turbulent flow, and scaling laws for the
relevant turbulent scales are unknown. This study
provides insight into the thermal dissipation field
and allows the evaluation of resolution
requirements for scalar dissipation imaging. Scalar
dissipation imaging presents a significant
challenge because it requires multiscalar
diagnostics with a range of signal-to-noise ratios
(SNR) (see [2] and references therein). Thermal
dissipation measurements are thus a useful
complement to studies of scalar dissipation.

Fig. 1 shows the experimental configuration for
high-resolution 2-D Rayleigh imaging. Rayleigh
scattering from two overlapping Nd:YAG laser
sheets is imaged onto an unintensified interline
CCD camera. The temperature is determined from
the inverse of the Rayleigh signal. Systematic

Pulsed
<— Nd:YAG
Lasers

Beam Profile Cameras —»

<— Cylindrical
Lens

Fig. 1: Experimental configuration for high-resolution
2-D Rayleigh imaging (combined laser energy 1.8 J at
532 nm)

TNF8 Workshop
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errors due to variations in Rayleigh cross-section
are approximately + 3%. Further details of the
experiment and an analysis of spatial
resolution are described in Ref. [3].

The high spatial resolution and SNR of the
Rayleigh images allows the detailed structure of the
dissipation field to be measured over a wide range
of length scales. The dissipation structures are
determined from measurements of the squared
gradient of the temperature fluctuations. Fig. 2
shows an example of the intricate thin layers of
high thermal dissipation that are characteristic of
the dissipation field. Similar layered structures
have been observed in scalar dissipation
measurements of non-reacting turbulent flows in
gas and liquid phases [4-6].

0.5 r/d=0 0.5

Fig. 2: Single-shot measurement of [VT'[ in a turbulent
jet flame at x/d=10 displayed on a logarithmic scale.

The measurement of |[VT'|*is quite sensitive to
noise in the temperature measurements. Adaptive
smoothing is used to suppress noise and minimize

the degradation of spatial resolution. This noise
reduction technique enables accurate
measurements of the dissipation layer widths, Ap,
from single-shot measurements. Probability

density functions (PDF) of Ap conditioned on
temperature are calculated from a series of 600
images. The sample joint PDF in Fig. 3a shows the
progression of layer thicknesses as a function of
temperature at x/d=10.
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Fig. 3: a) PDFs of |VT'[-layer thicknesses conditioned
on intervals of temperature (x/d=10). b) PDFs plotted as
a function of Ap*=(T/T)™".

Conditional PDFs of Ap are approximately
log-normal distributions. As shown in Fig. 3b,
these PDFs exhibit self-similarity when the layer
widths are scaled by (T/To)*”, where T, is a
reference temperature.

To address issues of spatial resolution
requirements, we consider measurements of the
dissipation spectra. An analysis of fully resolved

dissipation spectra is feasible by using an
interlacing technique to suppress noise. The
interlacing technique exploits the lack of

correlation between the noise in alternate rows of
pixels. On average, there is a noise cancellation
for temperature gradients that are determined from
neighboring rows of pixels. The dynamic range
of the power spectral density (PSD) with
interlacing spans three orders of magnitude and
without interlacing is limited to approximately 40.
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Fig. 4: Variation of power spectral density of thermal
dissipation with axial and radial position. Cutoff scale
indicated by 2% of the peak PSD.

Fig. 4 shows examples of power spectral densities at
three downstream locations. The power spectra are
used to determine the turbulent microscales by
measuring a cutoff wavelength, Ac, at 2% of the
peak PSD. This cutoff criterion is based on models
of 1-D power spectra for non-reacting turbulent
flows [7,8]. The Batchelor scale is estimated from
Ac, and the results are compared with Batchelor
scales estimated from scaling laws in non-reacting
flows using the local Reynolds number. At x/d=20,
the different approaches to determining the
Batchelor scale are comparable. Closer to the
nozzle, there is a discrepancy between the two
methods.

The measurement of length scales and
dissipation structures are important for developing
accurate combustion models and determining
necessary detector resolutions for experimental
studies of turbulent flames. High-resolution
thermal dissipation measurements may be useful
for evaluating subgrid scale models for LES.
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Numerical Investigations of a Strongly Swirled Premixed Flame

M. Freitag, A. Dreizler and J. Janicka
Institute for Energy and Powerplant Technology, TU Darmstadt, Germany
mfreitage@ekt.tu-darmstadt.de,

Large-Eddy Simulation (LES) is used to study an uncon ned premixed swirling ame. The well known
G-equation approach, in its Itered variant, describes the time-resolved behavior of the premixed ame
front. Experimental investigations of this strongly swirled burner have been carried out by Schneider et
al. [1] and Nauert et al. [2] and will be used as reference data within this contribution. Due to the high
swirl momentum the burner exhibits a distinct turbulent character, even though the corresponding Reynolds
number is rather moderate (Re=10.000). Using a methane-air mixture at an equivalence ratio of ® = 0.833
and setting the swirl number to S= 0.64, the burner runs in stable conditions.

As model for the premixed combustion the ltered G-equation (1) approach is used [3]. The equation
describes the interplay of burning velocity & and convective mass transport (, (-, indicates un-burnt).
Because of the fact that the burning velocity is only de ned on the ame front, also the G-equation is valid
only on the ame surface. The ltered ame front is represented by the Gy-iso-surface and separates the
domain into perfectly mixed un-burnt (fresh) and burnt gas.

A ;o\ 3/4
oG A : Ua
y:(au-nJrsT)|VG| with st =5 1—|—KL—|—C<?> (1)

In equation (1), K is the locally resolved curvature, L the Markstein length and the model constant C is
set to unity. Peters [3] and Pitsch [4] used the thermal diffusivity D instead of gL, for a turbulent burning
velocity valid in the regimes of the corrugated amelets and the thin reaction zones. From theoretical
arguments D ~ § It and L ~ 1tM can be derived, where M denotes the Markstein number. Hence equation
(1) and the de nition given in [3] are altered by the Markstein number, which is in the order of unity in
this contribution. Recently Pitsch [4] presented a more general formulation of the G-equation approach in
the context of LES, which is based on a Iter operating along the ame surface. If the ame propagation
term is ltered, this leads to an additional term. This term can be interpreted as the sub- Iter ame front
wrinkling which solely appears in regimes beyond the corrugated amelet. The laminar ame speed, used
in (1), depends only on the chemical state of the premixed gas. Therefore a dilution of the fresh gas with
surrounding air leads to a decrease of the burning velocity. A mixture fraction equation is transported,
which yields information about the local equivalence ratio. Using this information the local laminar burning
velocity can be calculated.

Numerically the level set is transported using a 3D variant of the extension velocity technique (EVT)
originally proposed by Adelsteinson et al. [5]. Numerical costs are reduced by solving the spatial initial
value problem VG- VFgy = 0 only in a broad band ( ~ 15 cells) around the G = Gy-surface. For spatial
discretization a third order weighted ENO-scheme is applied. The EVT ensures the |VG| = 1 condition
while propagating the level-set. To counteract for an accumulating numerical error which will violate the
VG| = 1 condition, a special variant of the reinitialization technique [6, 7] rebuilds the level set at a xed
time step interval. Second order upwind weighted interpolations are used to approximate () (see equation
1). The Gaussian curvature formula is discretised on a cylindrical mesh, using 2nd order central differences
for all derivatives. Due to the ltering of the equations the effect of the unresolved velocity uctuations
interacting with the ame front remains to be modeled. To predict the sgs-velocity uctuations, the eddy
viscosity approach is chosen, i.e. Smagorinsky ansatz U, = CA (S_J S_J) 1 2, with C = 0.1 as model constant.

The extension of the computational domain in axial (x) and radial (r) direction is 12D x 8D. Here, D
represents the bluff body diameter (30mm). The domain is resolved with 360x128x200 (x,¢,r) points at a
Reynolds number of Re=10.000. Beyond r = 4D the grid is slightly stretched. Axially 2D of the domain

TNF8 Workshop 296 Heidelberg, Germany, 3-5 August, 2006



are allocated to the annular nozzle. At X = —2D no experimental data of the mean velocity pro les is
available and the ratio of axial and tangential velocity was chosen to match the experimental swirl number
of S=0.64 [1]. The simulation was carried out in parallel on four IBM Power5 processors of the HHLR!.
In order to verify the modeling approach and the numerical procedure a comparison of mean velocities with
corresponding experimental data [1] is presented in Figure 1, exhibiting overall good agreement.
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Figure 1: Radial pro le of the mean axial velocity and the mean Figure 2: Instantaneous snapshot of
tangential velocity under stable conditions (® = 0.833) the ame front (i.e. G = Gy-level);

zoom in on the bluff body region.

Moreover, gure 2 represents a snapshot of the Itered G-eld. Under stable conditions the ame is
either attached to the edge of the central bluff-body, or it burns slightly lifted. The instantaneous snapshot
presented here, corresponds to an increased burning velocity. Once the magnitude of the burning velocity
becomes considerably large compared to the convective transport of the supplying fresh gas, the ame
detaches from the bluff body and travels into the nozzle. This is in well agreement with experimental
ndings, conducted at our in-house facilities.
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EKT Stratified Burner: a Generic Premixed Jet Flame Serious for
Model Validation

D. Geyer, M. Priifert, F. Seffrin & A. Dreizler*
*dreizler@ekt.tu-darmstadt.de

TU Darmstadt, FG Energie- und Kraftwerkstechnik
Petersenstrasse 30, D — 64287 Darmstadt, Germany

1. Introduction

The stratified lean premixed methane burner was developed to study the influence of mixing processes on reacting
flows in the scope of experiments for model validation. The concept conforms thereby to the circumstances of
technological applications, where flames are often turbulent and lean premixed but coinstantaneously stratified,

because a homogeneous mixing is rarely achieved in reality.

The intentionally simple burner design accounts for practical aspects in the process of numerical setup, i.e. a
simple flow field, and for the application of advanced laser diagnostics for scalar and velocity field measurements.

2. Design & Operational Conditions

The burner (see Figure 1) consists of three staged
concentric tubes with inner diameters of 16, 37, and
60 mm, respectively, resulting in almost constant
hydraulic diameters for the inner tube (a) and the two
annular slots (b, ¢). The minimal tube length of the slots is
about L = 500 mm according to 25 hydraulic diameters
(dy). In comparison, the initial layout with L =900 mm
according to dy = 45, ensuring a fully developed turbulent
inflow, showed no significant differences to the shorter
version. Thus, the shorter one was selected for future
studies in common laser diagnostics setups. The flame is
stabilized by a premixed pilot in the ceramic center tube.
The pilot flame (d) is positioned about 60 mm upstream
of the exit by a centered flame holder ring (e). A
perforated plate (f) enhances the turbulence of the
oncoming flow. Consequently, the reaction takes place
within the center tube and the exit flow is a virtually
uniform reacted gas. The two surrounding annular slots

VT
—i—

can be operated independently (flow rate and equivalence d

ratio @) of the pilot and Qf each .other: w Figure | —  Burner
Two flow configurations with different Re-numbers | e geometry (leff) and

(see Table 1) were investigated with regard to appropriate . flame luminosity for

flame stability criteria and flow field. In all configurations Re = 50,000 (right

the pilot and .slotl were operated with @ =0.9. Slot 2 T ¢ exposure time 2.5 s /

was fueled with a leaner mixture of ® =0.6. The bulk ' 70 ps)

velocities of the two annular slots were kept equal in i

order to minimize | 7,470 7 Investigated flow configurations.

shear effects and to

obtain a mixing layer pilot slot 1 slot 2

(2) significantly P Re Upyi (0] Re Upy (0] Re Upyk [}

determined by the [kW] [m/s] [m/s] [m/s]

difference in ® rather

than by different flow 50 7,000 7.2 0.9 10,000 7.8 0.9 10,000 7.8 0.6

velocities. 100 7,000 72 09 | 20000 156 09 | 20,000 156 0.6
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3. Selected Preliminary Results

a Flame Stability

The stable range of flow velocities in the pilot slightly depends on the position of the flame holder ring. For a
position 60 mm upstream from the pilot exit the pilot flame is stable up to about 8§ m/s. This flame holder location
provides for largely uniform post reaction zone conditions in radial direction at the nozzle exit.

b Flow Field

For the two cases with different L/dy (see Table 1, non reacting) the velocity field was characterized by hot wire
anemometry (HWA). The comparison of the axial velocity profiles between the two versions of the burner with L/dy
ratios of 45 and 25, respectively, showed virtually no differences (see Figure 2) beside some minor asymmetries in

the inner part of the profiles due to imperfections of the ceramic tube

of the pilot.

—=—L/d,=45
—e—L/d =25

velocity mean [m/s]
velocity rms [m/s]

—=—L/d,=45

radial position from center [mm]

Figure 2 — Radial profiles of axial velocity mean and rms for
different L/dy; at h = 1 mm for the flow configuration with Re

T T T T 1

T T
-20 -10 0

radial position from center [mm]

the two versions of the burner with
= 10,000 (non-reacting).

While the velocity field reflects the impact of the flame holder ring and the boundary layers at the tube walls for
small axial distances from the pilot exit (see Figure 3, h=1 mm) this influence vanishes for greater downstream

distances (h = 55/105 mm).

N h=1mm | —®m—mean h=55mm | h=105mm [
ey AN U
z " - X T f T / .\T e é
P ! o fov o

. + [ 1 ;f l‘; 2

PSS SN | L

radial position from center [mm]

with Re =20,000 (non-reacting).

Figure 3 — Comparison of mean and rms of the axial velocity at different axial distances h
downstream from the pilot exit for the short version with L/dg =25 and the flow configuration

4. Outlook

Both reacting and non reacting cases (flow configurations as in Table I and additional ones) will be examined in
order to provide a complete database for model validation by a variety of laser diagnostics applications.
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The ability of calculation methods to reproduce auto—ignition phenomena
in turbulent flow fields is of fundamental importance in the context of flame

stabilization and emerging technologies such as HCCI engines. The strong o Lifted

dependence of such flows in chemical kinetics means that an adequate rep- |/ ':f\\; Je‘.F'amﬁ \V
resentation of the chemistry is necessary, which dictates the use of detailed 1-\3; ) / ’A'CJJ
schemes. However, the computational power available renders the use of re- ‘//’A ‘\,\.
duced schemes imperative, especially during the simulation of flames that if‘\h )i

\ /

. . . [ o
incorporate a large number of chemical species. S

The auto—ignition behavior of hydrogen in a turbulent flow field has been i
studied through the combination of detailed or systematically reduced chem-
istry with a transported PDF approach closed at the joint—scalar level. The
study considers the Cabra Burner configuration [1], which consists of a central
hydrogen/nitrogen jet issuing into a vitiated coflow. The aim of the work is
to compare the behavior of different chemical mechanisms and explore the
accuracy that can be expected through the use of reduced chemical kinetic HlAr  yaljair  HolAir
mechanisms when simulating auto—ignition. Coflow ot  Coflow

The transported PDF approach of Lindstedt and co-workers [2, 4] is used
in the present work. The joint-scalar PDF may be written as the following Figure 1. General burner
random vector fy(da, f, H; ), where ¢; with i = 1, ..., are the species mass schematic
fractions of the gas phase and H is the enthalpy of the mixture. In the current hybrid approach the flow
field is closed at the second moment level, using the pressure strain correlation from Speziale et al. [3]. A
transport equation for the composition PDF is coupled and solved using a Lagrangian particle-based Monte
Carlo method [5]. Molecular mixing is closed using the modified Curl’s model.

Three different detailed mechanisms (Li, Williams and

¢ Viliated Coflow ),
I\ (2200 flames)

2 ‘ ‘ ‘ ‘ Cerru, the latter based on the CEC recommendation) that
L include low—temperature chemistry, capable of simulating the
sk / / | spontaneous ignition of hydrogen were compared. The mech-
) anisms consist of 19-22 reactions and the following 9 species:

§ | / Hgo7 02, HQ7 O7 OH7 H7 HOQ, HQOQ, and N2.
5%5 A 5 ! 7 The lift-off height of the flame, as a function of the coflow
- %o g e temperature, is shown in Fig. 2. All three mechanisms can
0.5- - 4 capture the sensitivity to the temperature changes adequately,
B however each mechanism requires a different temperature in
‘ ‘ ‘ ‘ ‘ — ‘wm' k"ﬁ‘mm order to achieve the same lift-off height. As the ignition point
052 0.94 1000(;?6[1(_1] 0.98 ! of the flame is of main interest, a study on the mechanisms

was performed, in order to discover which reactions were the
Figure 2: Ignition point as a function of co- SOUICe of the discrepancy. It was found that primary sensitiv-
flow temperature. Square is the base case from ity is to the low pressure rate of reaction

Cabra [1]; circles are measurements from Wu et

al [9]. Simulations are, from left to right: Cerru; H + OQ(+M) = HO2(+M)
Williams[8]; Cerru with kg from [10]; Li[6]; Cerru
with k§ from [L1]. A change to the rate of this reaction in the Cerru mechanism,
with the value from [11] yields the great difference shown in Fig. 2. Use of the Troe recommendation [10]
yields results in close agreement with the mechanism of Williams and co-workers.

The Li and Cerru mechanisms were reduced. Unless otherwise stated the results shown were obtained
with the mechanism of Li et al [6]. The dimensional reduction of the mechanism is achieved through

the steady state approximation based on reactive—diffusive operators L(Y%), as introduced by Peters [7]
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0.002

L(Yy) = P% + pu; Zﬁf % = Ry My,
where Y}, is the mass fraction of species 'K/, J ; is the diffusion flux
vector and wu; is the velocity vector. When a species is assumed
to be in steady state, then L(Y}) is equal to zero by definition.
This way, the reaction rates can be expressed through algebraic
expressions rather than by differential equations; thus reducing
the computational cost.

A 5 step global mechanism is obtained by setting H2O2 in
steady state condition. The ignition point moves slightly down-
Figure 3: Maximum OH concentration for stream, whereas the total length of the flame is shorter in compar-
detailed and reduced chemical mechanisms. ison to the detailed chemistry calculation. A 4 step global mecha-
nism is obtained by setting HO» in steady state condition. In this case, the ignition is delayed even more, and
the main flame region is shorter, as the fuel is consumed more rapidly in comparison to the detailed scheme.

Subsequent steady state approximation for the O radical

0.0015 -

£ 00011

You . [

0.0005 —

yields a 3 step global mechanism. In this case the ignition 0.001— T -
point moves upstream, at /D =~ 7.1. The maximum levels of 0.0008- _ D\'mm T 7
OH remain slightly lower than the detailed calculation during 00006~ - if{;’j T 7
the main flame region, whereas the extinction phase agrees 000041~ = 7
well with the full scheme calculation. The early prediction of — _ o002 T 1
the ignition point when using the reduced chemistry is obvi- "z o0 1 éa =
ous, but it can also be seen that the predictions further down- ” r o o
stream match the measurements very well. Application of 0.001" T ]
the steady state approximation on other species did not yield 0.0005; T[T |
satisfactory results. Therefore, the 3—step global mechanism | 11 \

with O, HO2, H2O2 and Ny set to steady state condition, was B 4 L o
the most simplified mechanism which was found to perform ¥D[] ¥D[]

acceptably. Fi 4: Radial profiles of F d OH
. . igure 4: -
The study has shown that the reduction of the chemical 8 | acial profies of Favre-averaged
- mass fraction with increased axial distance at ig-

schemes can perform sufficiently, even for the simulation of nition region. Circles are measurements, lines are
complicated flames, which include auto—ignition processes. It calculations.

is also shown that the auto—ignition of hydrogen is very sensitive to the co-flow temperature, and the rates
of specific reactions are crucial for the correct prediction of the ignition point.
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Simultaneous Imaging of Rayleigh Temperature, OH-LIF and CH,0O-
LIF at the Base of Turbulent Lifted Methane Flames in a Vitiated
Coflow

R.L. Gordon, A.R. Masri and R.W. Bilger

School of Aerospace, Mechanical and Mechatronic Engineering,

The University of Sydney, NSW 2006, Australia
robert.gordon@aeromech.usyd.edu.au

The stabilization of a lifted flame issuing in a vitiated co-flow has been studied both
experimentally and numerically [1, 2] with the objective of resolving whether the
dominant mechanism is due to auto-ignition or to premixed flame propagation. A key
parameter used in both studies is the lift-off height, Ly defined at the first location of
occurrence of heat release downstream of jet exit plane. Experimentally, Ly is either
observed visually or simply obtained from direct photographs of the flame. Numerically,
Ly is obtained from the profiles of temperature or reactive scalar such as the hydroxyl
radical OH.

This poster presents a more complex and representative measure of the lift-off heights
and hence the stabilization region of lifted flames. Measurements of temperature and the
OH and formaldehyde (CH,O) radicals are made at the base of lifted flames using joint
Rayleigh and laser induced fluorescence (LIF) imaging from OH and CH;O.
Temperature is deduced from Rayleigh imaging while the quenching correction for OH is
applied using correlations generated, as functions of temperature, from opposed flow
flame calculations. Temperature corrections for changes in the Boltzman fraction and
estimated quenching of CH,O are applied. Nitrogen has been replaced by helium to bring

the fuel Rayleigh cross-section in line

Nd:YAG PDL SHG | with that of the coflow gasses. The
_ 532 7566 4 2652 experimental setup is shown in Figure
Lited Flame “nm 1 where 350mJ of the 355nm third
CCDs harmonic output of a seeded
355 nm I beam SpectraPhysics Pro350 Nd:YAG Laser
filter profiles is used both for the Rayleigh scattering
BD cL SL s SL and to excite the A’A; € XA 4}, pQ
I\VJI —1—1 (J” =15, K” = 5) transition of CH,O.
Expanding The 283.2 nm UV beam at 28mJ/Pulse
ass | ooPes for the OH-LIF is generated from the
—1 Nd:YAG frequency doubling of a Syrah

e Pumped Dye Laser (PDL) usi
314n 415nm SL - Spherical Lens umped Dye Laser ( ) using
Filter Filter CL - Cylindrical Lens Rhodamine 6G in ethanol, pumped by
. 11 Image Intonafier the second harmonic of the Nd:YAG.

Figure 1: experimental setup
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Numerical (PDF-RANS) investigations of the species transport budgets at the
stabilization zone [3] indicate that the flame is stabilized though autoignition, although
experimentally the flame series appears to pass through a transition between stabilization
mechanisms. However, previous experimental investigations of this flame, examining
flame acoustics, liftoff height response, and joint imaging of temperature and OH, have
not been able to conclusively distinguish autoignition stabilization.

The calculations indicate that the upstream development of a radical pool may be a tool
for distinguishing flames stabilized through premixed flame propagation as opposed to
those stabilized by autoignition. It has also been shown that the pixel-by-pixel product of
the corrected intensities of OH and CH,O in premixed flames gives an approximation for
the relative concentration of HCO, a marker of reaction rate [4]. Numerically this
correspondence holds for both 1-dimensional autoignition in a plug flow reactor, and the
turbulent lifted flames in question, which suggests that this approach may be applicable
to these flames as well.

2-D imaging of formaldehyde as a key autoignition precursor relative to OH is used to
gain insight into the stabilization mechanism. The location and nature of this zone
relative to the images species and temperature may provide further information regarding
stabilization mechanisms. Further information is gleaned through examining the location
of peak reaction rate, as given by the product of the corrected intensity images of OH and
CH,O0.

Three flames will be investigated: the turbulent lifted flame in a hot vitiated coflow, a
premixed lifted flame in a hot vitiated coflow, and a lifted diffusion flame in a cold
coflow. In addition to information from instantaneous images, a database of profiles will
be developed for use in model verification, spanning 10 diameters either side of lift-off
for lift-off heights of 50 D, 35 D and 20 D.

[1]  A.R. Masri, R. Cao, S.B. Pope, G.M. Goldin, Combust. Theory Model. 8 (2004) 1-22.
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506.

[3] R.L. Gordon, A.R. Masri. S.B. Pope, G.M. Goldin, Combust. Theory Model. (accepted for publication
2006), copy available at http://www.aeromech.usyd.edu.au/thermofluids/.
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A Comparison of Numerical Markers of Liftoff Height
R.L. Gordon', A.R. Masri' and S.B. Pope®

'School of Aerospace, Mechanical and Mechatronic Engineering,
The University of Sydney, NSW 2006, Australia
2Sibley School of Mechanical and Aerospace Engineering

Cornell University, Ithaca, NY 14853, USA
robert.gordon@aeromech.usyd.edu.au

A key parameter in the study of turbulent lifted flames is the lift-off height, L. This
poster presents an investigation into the numerical definition of lift-off height in lifted
flames in a vitiated coflow. Experimentally, Ly may be easily obtained from direct
photographs of the flame, capturing visible light chemiluminescence. This light is emitted
from excited OH, CH, C, and CO, . Numerically the lift-off height has been determined
from a variety of definitions, such as a set mass fraction of OH or other radicals,
gradients of these radicals, or temperature profiles. As a marker of the flame base Cabra
et al [1] have used the midpoint of the most upstream locations where the mean mole
fractions of C,H, and C,Hs exceed 2 ppm and 100 ppm respectively while Gordon et al.
[2, 3] have adopted the steepest axial gradient of mean OH mass fraction. These different
markers result in different lift-off heights and the objective of this poster is to quantify
these differences.

The data examined are from calculations employing a composition probability density
function (PDF) approach coupled to the commercial CFD package, FLUENT. The In-
Situ-Adaptive Tabulation (ISAT) method [4] is used to implement detailed chemical
kinetics (ARM2 mechanism with 19 species and 15 reactions [5]). The lift-off height for
this series of flames is found to be most sensitive to the parameter of the temperature of
the coflow. As seen in Figure 1, the choice of lift-off height marker can have up to a 15
fuel tube diameter (D) effect on the reported lift-off height, and can also affect the
gradient of the lift-off height response curves. The markers examined include: (1) the
midpoint of the most upstream locations where the mean mole fractions of C;H, and

C,H4 exceed 2 ppm and 100

“T e = et | ppm respectively [1]; (2) the

N, Te Sloepest OH Gradint steepest gradiel.lt of mean

50 - a \\ * o oneCatowon OH mass fraction along a

_ < S line passing through the

2; . mean flame base [2, 3]; (3)

240 an OH mass fraction of 600

g ppm [6]; (4) peak CH,O

T L mass fraction (along the

same line as used in (1)); (5)

X the most upstream location

20 ‘ where the mean OH mass
1300 1325 1350 1375 1400 1425 1450

fraction exceeds a threshold
of twice the wvalue of the

coflow OH mass fraction.
Figure 1: Difference in computed lift-off heights using various markers

Coflow Temperature (K)
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These are compared to results from two cases calculated with the GRI2.11 mechanism
(49 species [7]), specifically examining the location of peak HCO concentration, taken to
be a proxy for peak reaction rate and heat release.

Experimentally other difficulties arise when determining the marker for lift-off height. To
date, experimental species profile data only exist for one methane flame (T¢opow = 1355K)
and one hydrogen flame (T¢onow = 1045K) for the burner modeled here. As parameters
such as coflow temperature are altered, the peak magnitudes of many of the scalars
change, making the use of a fixed concentration values problematic. Secondly, as the
numerical domains are finite, flames with higher liftoff heights may sit partially outside
of the domain, while still capturing the liftoff location within the domain. This provides
difficulties for methods relying on percentages of peak values. Thirdly, not all species are
included in all chemical mechanisms, making comparison between calculations with
different mechanisms challenging.

It is evident that the ‘best’ marker of lift-off heights would be based on a species that is
present in most of the mechanisms currently used, and is accessible to experimental
measurement. It would not rely on knowledge of the absolute peak (location or
magnitude) of a species. Lastly, it would match the lift-off height response gradient of
experimental data using the same marker, and that of the conventionally accepted marker
of visible mean flame base in a darkened room (these data sets exist for both the methane
and hydrogen series of this flame). The hydroxyl radical, OH may well be selected as
such ‘best’ marker because it satisfies both the numerical and experimental conditions
mentioned above.

[1] R. Cabra, J.Y. Chen, R.W. Dibble, A.N. Karpetis, R.S. Barlow, Combust. Flame 143 (4) (2005) 491-
506.
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1. Introduction

This poster describes a first step in the development of a detailed validation database for a turbulent,
premixed flame. The low swirl design developed by Cheng and co-workers has been chosen for this pro-
gram because it has many of the necessary attributes for model validation, including a simplified interior
geometry, it operates well into the thin reaction zone of the regime diagram, and flame stabilization based
entirely upon the flow field and not upon hardware or pilot flames. Initial experiments have demonstrated
that a stable and symmetric flame can be achieved and that various regions of the flame offer opportuni-
ties to study two dimensional turbulent flames in the core, while the outer edge offers the opportunity to
investigate stratified lean premixed flames with local extinction. A number of laser diagnostics were
applied to this flame to measure velocity, flame structure, reaction progress, scalar fluxes, and tempera-
ture.

2. Low Swirl Burner and Operational Conditions

The low-swirl burner used here is different from the original design
[1] in that eight vanes are used to impart swirl in the flow rather than
four tangential vanes. In addition, this burner has a nozzle with a long
bezel at the outside so that the inner flow does not change area before
exiting into the surroundings. This design also avoids generating any
recirculation at the nozzle exit.

In this flow, turbulent premixed methane/air flames are hy-
drodynamically stabilized in a region where the mean flow has slowed
considerably. An ensemble average of stereo PIV images confirms that
this slowed, nearly two-dimensional zone is indeed established at the
center line, approximately 61 mm (for the flow conditions used here)
downstream of the nozzle exit.

Two operational points were selected for study (see Table). The
flames were classified to lie within the thin reaction zone of the revised
regime diagram. To find this designation, the laminar flame speed s
and the corresponding laminar flame thickness If were based on data
taken from a flamelet library. The integral length scale was deduced
from integration of auto-correlation functions measured by LDV time-

series.

For flows such as this one, the swirl number S'is [ Flow designa- Ueit Reexit P [kW] D
expected to land in the range of 0.5 [2], but to ac- | tor [m/s]
curately calculate the value of S based upon ge- | LSF-1 6.2 20,000 26 0.62
ometry is difficult because it depends upon the | [ SF-3 93 30,000 40 0.62

pressure drop across the various flow channels (the
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holes and the swirler channels in this case). Here, stereo PIV data taken for flow LSF-1 at a position 2
mm above the nozzle were used to calculate a swirl number of S = 0.54.

3. Diagnostics and Preliminary Result

A variety of different diagnostics were applied to measure flow and scalar field properties (LDV, PIV,
OH PLIF, combined PIV/OH PLIF, 2D Rayleigh thermometry, 1D Raman/Rayleigh). Currently the data
are processed and only exemplary results of the flow field and scalar fluxes are presented. First publica-
tions of the data are in progress [3].

Exit profiles

Radial profiles of mean and fluctuations of velocity
components at the exit of the nozzle are presented in Fig-
ure 1. One can observe relatively symmetric mean profiles,
no swirl at the center, and the rms values reach a minimum
at the centerline.

Flow and scalar field

Figure 2 contains an ensemble averaged image of stereo
PIV and an ensemble average of OH PLIF for flow LSF-3.
One can see that the flow slows linearly with height, _
reaching a very slow zone in the core at x = 61 mm, and et
that no mean tangential component (e.g. swirl) exists in the
core. The swirling flow at the outer edge is symmetric and

[ms”]

mean velocities
b L o » @

s
T

axial
= === radial
------- tangential

[ms™)

rms velocities

reproducible, offering additional opportunities for inves-
tigation of a sheared, stratified premixed flame. Stereo
PIV taken in horizontal planes demonstrates that the
eight vanes actually impose a small but observable struc-
ture in the swirling flow, but this does not propagate to
the center and it decays with height. The average OH
flow field is quite regular although it varies considerably
from shot to shot as demonstrated by the single-shot
image.
Scalar Fluxes

Conditional velocities normal to the flame front were extracted using combined OH PLIF and PIV im-
ages at three different radial positions. Velocity vectors immediately adjacent to the flame front (within
about 1 mm) are considered resulting into strip-conditioned velocities. Also, local flame front angle was
determined. The influence of flame front angle on the conditional velocities was investigated by process-
ing data with low (flame angle <45) and steep flame angles (>45) respectively. No conclusive differences
in the conditional data were observed for these two flame angle intervals.

For flame LSF-1 and for all three radial positions considered, #, exceeds u#, by more than 30%, which

1]
r [mm]

is clearly above the uncertainties related to thermophoretic transport. Based on the framework of the
BML model, counter-gradient diffusion associated with thermal expansion and acceleration of fluid pass-
ing the flame front dominates in this flow. For increased Re (LSF-3) and within the limit of uncertainty

u, ~u, . Although the domain of gradient diffusion is not yet reached fully by LSF-3, the transition from

counter-gradient to gradient diffusion is clearly observable as V'/ s, is increased.
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Extinction-Reignition and Scalar Dissipation in Terascale Direct Numerical
Simulations of Turbulent Nonpremixed CO/H, Plane-Jet Flames

Evatt R. Hawkes', Ramanan Sankaran, James C. Sutherland, and Jacqueline H. Chen
Combustion Research Facility
Sandia National Laboratories
Livermore, CA

Direct numerical simulation (DNS) is a high-fidelity approach that completely resolves
al continuum scales of a reacting flow problem, and is used increasingly as a vauable
tool for scientific discovery and model development in combustion. Recent large
alocations of supercomputing time through the 2005 INCITE and Leadership Computing
Facility awards have provided a unique opportunity to perform direct numerical
simulations of three-dimensional turbulent temporally-evolving plane CO/H, jet flames
with skeletal chemistry at cold jet Reynolds numbers of up to 9,000 and with up to 500
million grid points [1]. The simulations feature strong finite-rate chemistry effects
including extinction and reignition, and will be used to understand fundamental aspects
of turbulence-chemistry interactions and to provide a numerical benchmark for the
advancement of combustion models.

We will present an analysis of the extinction and reignition phenomena observed in the
DNS. Extinction will be characterized using a metric based on the area of the
stoichiometric surface conditional on the value of areacting scalar defined at this surface.
Comparison of the mass fraction of the OH radical with fields of heat release indicate this
species is a good marker of extinction. Figure 1 shows a rendering of the stoichiometric
mixture fraction isosurface, colored on the left by the scalar dissipation, and on the right
by the value of the OH mass fraction. The figure corresponds a time in the simulation
when the first extinction regions are forming. The correlation between scalar dissipation
and extinction at this early simulation time is obvious. At later times, during the
reignition event, the two become de-correlated.

Figure 1. Stoichiometric mixture fraction iso-surface. Left: colored by scalar dissipation (white values are
highest). Right: colored by You (gold: Yoy>0.007 representing burning regions, black: Y oy<0.007
representing extinguished regions).

! erhawke@sandia.gov
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At the workshop, we will present the balance equation for the conditional surface area.
We will show that it is similar to that of the unconditional surface area, only containing
an additional term representing edge-flame propagation. Joint statistics of edge-flame
speed and scalar dissipation will be used to understand the mode of extinction and
reignition in the context of the conditional surface area.

While DNS of TNF flames is not yet feasible, DNS data may be useful in helping to
understand experimental results. Most physical measurements of scalar dissipation are
performed in one or two dimensions. To aid in interpretation of these measurements, we
will compare statistics of scalar dissipation obtained from the 1D and 2D scalar gradients
with the full 3D expression. Figure 2 shows the probability density function of scalar
dissipation extracted from a 1D (transverse), 2D (transverse-streamwise) and full 3D
gradients, and the corresponding log-normal distributions for reference in the 2D and 3D
cases. Consistent with experimental observations [2], we observe that the most-likely and
mean scalar dissipation decreases with decreasing dimensionality. Decreasing
dimensionality also increases the negative skewness, with long tails appearing on the low
scalar dissipation side.
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Accurate physical measurements of mixture-fraction are difficult due to low Raman
cross-sections while Rayleigh scattering experiments are less troublesome. We will
compare the statistics relating to scalar dissipation including the dissipation length scales
based on mixture-fraction with those obtained from a ssimulated Rayleigh signal to help
understand the extent to which the statistics from the Rayleigh signal can be used to infer
the mixture-fraction based statistics.

Finally, we would like to encourage discussion about the use of these data, and DNS data
in general, to help develop and validate RANS and LES models of turbulent combustion.
What data need to be made available and what is the best approach to data sharing?

[1] Hawkes, E.R., Sankaran, R., Sutherland, J.C., Chen, JH., Scaar Mixing in Direct
Numerical Simulations of Temporally-Evolving Plane Jet Flames with Skeletal CO/H,
Kinetics, Proc. Combust. Inst. 31, to appear.

[2] Dahm, W.J.A., Buch. K.A., (1989), Phys. Fluids A 1(7): 1290-1292.
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Numerical Modeling for Turbulent Lifted Premixed Swirling Flames

Sungmo Kangl*, Yongmo Kim', Jae-Hwa Chung2 and Dal-Hong Ahn?

'Hanyang University, Korea; > Korea Power Research Institute, Korea
ymkim@hanyang.ac.kr

The level-set based flamelet model has been applied to numerically analyze the
structure and combustion processes of the lifted turbulent swirling premixed flames[1]
in the low-swirl burner (LSB). In these turbulent swirling premixed flames, the
tangentially-injected air jets induce the turbulent swirling flow which plays the crucial
role of stabilizing the lifted turbulent flames.

Fig. 1 shows the predicted mean fields of velocity vectors, scalar G, and temperature
for §=1.32 with L=90 mm at z=0. The results show the fundamental aspects of the lifted
turbulent premixed flame as visualized in the experiment. The centerline profiles of
mean axial velocity and Reynolds-mean progress variable are compared to experimental
data in Fig. 2. The agreement is quite favorable and provides evidence that the level-set
approach employed here has the ability to reasonably predict the turbulent flame speed
and the flame brush thickness even in case of a lean-premixed flame of p=0.63. In terms
of the mean axial velocity along the centerline, the 2-D model underestimates before the
flame front and overestimates far downstream of the flame front. However a good
agreement with both measurements and 3-D results can be observed compared to that of
the stoichiometric-premixed flame discussed in the previous section.

Fig. 3 shows the predicted contours of CH mass fraction for three swirl numbers of
1.14, 1.32, 1.51 with L=90 and 150 mm, respectively. Similar to measurements, the
predicted liftoff height is defined as the position of half the maximum CH level along
the centerline. As displayed in Fig. 9, the flame liftoff height is decreased with
increasing the swirl number. Around the flame stabilization region, the elevated swirl
strength leads to a decrease of axial velocity due to the enhanced flow divergence effect
and an increase of the turbulent flame speed corresponding to the increased turbulence
intensity. Consequently, at the axial location much closer to the burner exit, the
decreased axial velocity is balanced with the increased turbulent flame speed. Thus,
these two effects mainly control the flame liftoff height of the swirling premixed flames
in LSB.

Fig. 4 shows the comparison of predicted and measured flame liftoff heights for
different swirl numbers and nozzle lengths. It can be clearly seen that the flame liftoff
height is increased with increasing the nozzle length. This is directly tied with the decay
of turbulence intensity along downstream of the nozzle. Since the reduced turbulence
intensity results in the decreased turbulent flame speed, the flame with the much longer
nozzle length is stabilized at further downstream region where the fluid particle velocity
is balanced with the turbulent burning velocity. Compared to the experimental data, the
present approach slightly overestimates the flame liftoff heights for various swirl
numbers and nozzle lengths. This discrepancy is mainly attributed to the shortcomings
of the turbulence k-¢ model which might overestimate the decay of turbulence intensity
for these swirling flames.

[1] S. Tachibana, L. Zimmer, and K. Suzuki, "Flame front detection and dynamics
using PIV in a turbulent premixed flame," [2th International Symposium on
Applications of Laser Techniques to Fluid Mechanics, Lisbon, Portugal, 2004.
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Fig. 1 Mean flamefield calculated at the centerplane of z=0 for $=1.32 with L=90 mm. (a) Velocity
vectors, (b) scalar G, (c) temperature.
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Fig. 2 Calculated and measured profiles of the mean axial velocity and Reynolds-mean progress
variable along the centerline for S=1.32 with L=90 mm.
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Fig. 3 Distributions of CH mass fraction calculated for different swirl numbers and nozzle lengths at
z=0. (a)-(c) S=1.14, 1.32, 1.51 with L=90 mm, (d)-(f) S=1.14, 1.32, 1.51 with L=150 mm.
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Fig. 4 Calculated and measured flame liftoff heights for different swirl numbers and nozzle lengths.
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Fully-coupled CMC Modeling for Three-dimensional Turbulent Nonpremixed
Syngas Flame with a Cooling Wall

Gunhong Kim, Jeongwon Lee, Sungmo Kang and Yongmo Kim"
School of Mechanical Engineering, Hanyang University, Seoul 133-791, Korea
E-mail: ymkim@hanyang.ac.kr

The fully coupled conditional moment closure (CMC) approach together with an
unstructured-grid finite volume method and the parallel procedure has been developed
to realistically simulate the structure of complex, turbulent nonpremixed syngas-air
flame[1], where flame structures could be considerably influenced by turbulence,
transport history, and heat transfer. As shown in Fig.1, the geometrically complex syngas
combustor is precisely modeled by this three-dimensional unstructured grid arrangement with
127,498 cells.

Figure 2 shows the overall flame pattern including velocity vectors, contours of mean
mixture fraction, the normalized enthalpy loss variable, and temperature at the plane of
symmetry. The predicted contours of the mean mixture fraction displayed in Fig. 2a
indicate that the fuel-air mixing process in the recirculation zone is relatively slow.
Compared to the lower near-wall zone, the upper near-wall zone has a much higher
temperature gradient due to the buoyancy effect. Figure 3 shows the predicted
conditional means of OH and NO mole fraction, temperature, and probability density
function at the fuel-rich centerline position and stoichiometric radial position for three
axial locations. At the upstream near-stoichiometric shear-layer region (x=0.065 m,
r=0.043 m), numerical results clearly indicate that the conditionally averaged
temperatures at the stoichiometric radial position are considerably lower than the
equilibrium level. The conditionally averaged temperature distribution at the upstream
near-stoichiometric shear-layer region is influenced mainly by the non-equilibrium
effect as well as partly by convective heat loss. On the other hand, in the upstream
centerline recirculating fuel-rich region (x=0.065 m, r=0.0 m), the variances in mixture
fraction are considerably lower and the normalized enthalpy loss variables are around
unity. Consequently, at this upstream centerline recirculating fuel-rich region, the
conditionally averaged temperature is slightly lower than the equilibrium temperature.
The conditionally averaged NO mole fraction changes rapidly along the downstream
region. At the upstream centerline location (x=0.065 m) near the flame holder, the
conditional profiles of the NO mole fraction have a remarkably high peak value and a
high gradient especially near the stoichiometric mixture fraction. This upstream
centerline zone within the recirculating flame zone has a relatively long residence time
and a relatively low scalar dissipation rate. Therefore, compared to the upstream
stoichiometric location, the peak level of the conditionally averaged temperature is
much higher and the conditionally averaged NO peak level is quite high. At the
upstream centerline fuel-rich location, the high gradient of NO profiles in the mixture
fraction space results from the relatively low scalar dissipation rate. Numerical results
obtained in this study clearly reveal the nonequilibrium and non-adiabatic effects on the
precise structure and NOx emission of this confined three-dimensional turbulent
nonpremixed syngas flame with a cooling wall.
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These numerical results suggest that the present fully coupled CMC formulation
together with the parallel processing procedure have successfully demonstrated
capability to realistically predict the detailed structure and overall combustion
characteristics of this three-dimensional non-adiabatic turbulent nonpremixed flame.

[1] Louis J J J, Kok J B W and Klein S A 2001 Modeling and Measurements of a 16-kW
Turbulent Nonadiabatic Syngas Diffusion Flame in a Cooled Cylindrical Combustion Chamber
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Dynamic Behavior of Turbulent Non-premixed Flames
with Acoustically Oscillating Coaxial Air

Munki Kim, Jeong Jae Han, Sangwook Yun and Youngbin Yoon*
School of Mechanical and Aerospace Engineering

Seoul National University, Seoul, Korea
* Corresponding Author: ybyoon@snu.ac.kr

Coaxial air flames, having the configuration of a central fuel jet and a concentric coaxial air jet, have
been frequently used in many practical combustion systems because of their simple and safe
configuration. Acoustic forcing, as used in the present study, has been applied to jet flows and flames in
many manners. Mostly, acoustic pulsing from a loud speaker was used to well organize large-scale
vortical structures, which was closely related to physical phenomena such as vortex formation, mixing
enhancement, vortex/flame interaction [1]. Meyer et al. [2] have investigated vortex formation and
mixing in the near field of a driven axisymmetric jet using simultaneous planar laser-induced
fluorescence (PLIF) of nitric oxide (NO) and acetone. Local flame extinction has been investigated in
turbulent methane jet diffusion flames interfered by the internal jet-fluid and external annulus-fluid
vortices [3].

Acoustic excitation was also used to surpass combustion instability and reduce pollutant emissions
in many practical combustors. Chao et al. [4], for example, found that lifting and acoustic forcing at
frequencies higher than the natural frequencies could reduce NOx emissions in partially premixed flames.

This present paper extensively describes the changes of dynamic behavior in the near field of coaxial
air flames interacted with the coaxial-jet-side vortices, compared to the results of the nonreacting case.
We also investigate how acoustic forcing affects mixing enhancement and further NOx emissions from
NOx and velocity field measurements, quantitatively.

The experimental apparatus consists of a flow supply section, a combustor and an exhaust gas duct.
The cross section of the combustor test-section is a 20-cm square chamber of an 80 cm in length. Nozzle
geometry was composed of a fuel nozzle and a coaxial nozzle. Hydrogen was issued through the 3-mm-
diameter fuel nozzle, dg, located at the center of the combustor. The 15-mm-diameter coaxial nozzle, dj
was concentric to the fuel nozzle. Coflowing air was provided to keep the equivalence ratio constant (¢; =
0.5). The flow conditions were chosen by combining fuel jet velocity, Ug, of 175, 245, 314 m/s and
coaxial air velocity, U,, of 5, 10, 20 m/s. A speaker driver, attached to the bottom of the coaxial-jet tube
and driven by an amplifier with a maximum output of 150 W, was used to excite the coaxial air jet
acoustically. NOx measurements were performed using non-sampling type NOx analyzer with Zirconia-
ceramic sensor. The sensor was directly inserted into the exhaust flow at 2-m downstream from the fuel
nozzle. Particle image velocimetry (PIV) and PLIF were used for the measurements of the velocity field
and the concentration field.

The resonance frequency of 514 Hz was selected to force the coaxial air jet acoustically, because the
resonance frequency is effective to amplify the forcing amplitude and reduce NOx emissions. Figure 1a
describes the variations of normalized flame length, L¢/df, as a function of coaxial air to fuel velocity
ratio, Up/Uy, in coaxial air flames with and without acoustic excitation. When the forcing frequency of
514 Hz is excited to coaxial air jet with acoustic power of 1.125 W, the flame length is getting even
shorter and additionally 15 % reduction of the flame length is obtained, compared to that of coaxial air
flames without acoustic excitation. As shown in Figure 1b, EINOx data have a similar tendency to the
normalized flame length data. As coaxial air to fuel velocity ratio increases, EINOx decreases rapidly and
an acoustic excitation reduces EINOx even more. Further decrease in flame length and EINOx by
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acoustic excitation is closely related to mixing enhancement in the near field where streamwise vortex
plays an important role.

A brief schematic of vortex structure is described in Fig. 2 to understand the mechanism of vortex
interaction with mixing layer and flame surface studied in this work. In this study, strong streamwise
vortices formed in the outer coaxial air jet boundary play important roles, largely classified into three
roles. First, ambient coflowing air is entrained into the inner coaxial air jet. This entrained air is well-
mixed with coaxial air during vortex roll-up, resulting in higher mixing rate. Second, flame surface is
stretched by large vortex structure. In left half image of Fig. 2, a relatively dark region between fuel and
coaxial air jet represents the region where reaction occurs and then, this dark region appears to move
outside as a vortex rolls up downstream. That is, the flame front is stretched by the outer vortex. Finally,
products formed in the upstream reaction zone are entrained into coaxial air jet as vortex rolls up
downstream. As a result, combustion products could be mixed with a fresh air.

From the velocity field, it is found that acoustic excitation causes velocity fluctuations of coaxial air
jet as well as fuel jet but the maximum value of centerline fuel velocity fluctuation occurs at the different
phases of $=180° for nonreacting case and ¢=0° for reacting case. Further details of experimental results
will be presented in our poster.
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Introduction

An Eulerian Monte-Carlo PDF (MC-PDF) method coupled with LES shall be used to calculate combustion
regions with complex geometries. The first part of the poster intends to demonstrate the applicability of the
hybrid MC-PDF method in complex geometries. For this purpose simulations of isothermal mixing devices
are presented. The second part discusses a new adaptive method for the Eulerian MC-PDF method, which
is designed to provide effective simulations in complex geometry combustion configurations. As first step
simulations of the target flames D and F are presented, [1]. The reactions are captured by a simple flamelet
approach.

Modeling Strategy

In the presented work the modeling strategy is based on a hybrid LES-PDF method. Therefore the evolution of
the filtered composition PDF is described by an Eulerian Monto-Carlo solver which was coupled with existing
finite-volume LES codes providing the filtered velocity information. In the framework of LES modeling the
subgrid scale stress tensor is closed by the Smagorinsky model whereas the model coefficient is obtained by
the dynamic procedure proposed by Germano. Within the PDF transport equation a closure for the micro- and
mesomixing terms had to be applied, Pope [3]. Here, mesomixing in physical space due to scalar-conditioned
velocity fluctuations is modelled with a linear eddy-diffusivity approach using a constant turbulent Schmidt-
number. The SGS-micromixing is carried out either by an interaction-by-exchange-with-the-mean (IEM) or
modified-Curl’s (MCURL) mixing model using a mixing time model proposed by Sheikhi et al. [4].

Monte Carlo Simulations of Complex Mixing Devices

On the way to simulate turbulent combustion within gas turbine combustors the described modeling approach
was applied to a complex flow solver. To account for todays computer architectures the integrated Monte-
Carlo solver was parallelized by means of domain decomposition using the MPI message passing library. The
validation of the hybrid method was carried out simulating two different complex mixing devices. Firstly, we
chose a generic jet-in-crossflow at a moderate Reynolds number (Re=20500) to demonstrate the numerical
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Figure 1: Instantaneous temperature field obtained from the cell-averaged Monte-Carlo solution including the
monitoring points MP1 and MP3 (left). Evolution of the pdfs of the normalized temperature at the two mon-
itoring points (middle). Results of the hybrid LES-MC approach for the time averaged normalized velocities
and the time averaged normalized temperature compared to the hybrid RANS-MC results of Scheurlen et al [2]
and experiments (right).
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coherency of the used deterministic and stochastic solvers (not shown here). Secondly, the method was applied
to the multi-jets in crossflow with a higher Reynolds number (Re=38500), Scheurlen et al. [4]. Therefore
extensive studies of the SGS-mixing were carried out using a numerical grid of approximately 10° control
volumes with 200 particles per cell (ppc), figure 1. It could been shown that the applied method is appropriate
to capture the macromixing as well as the micromixing quantitatively and qualitatively. The Monte-Carlo
solution of the filtered scalar is statistically converging to the finite-volume solution. The evolution of the
SGS normalized temperature PDFs were investigated, too. Thereby MC-PDFs were compared to beta-PDFs
constructed with the mean value and variance information of the stochastic MC particles. It turned out that
the assumed shape PDF's have a strong smoothing character. Very complex multi-modal shapes or sharp peaks
could not be reconstructed.

Monte Carlo Simulations using Adaptive M ethods. Case of Target FlamesD and F

The adaptive method aims on an effective usage of the implemented MC-PDF method. In order to increase
the accuracy, a current adaptive redistribution of the existing total amount of particles is made. The new
distributions of the particles are calculated by an arbitrary function. Here, two different approaches for the
distribution function are developed. The first function is based on two assumptions: 1. well-mixed fields can
be described by only one stochastic particle, 2. the standard error is linear with the variance of the scalar.
Since in a DNS calculation the fields within the cells are well-mixed, every cell can be described by one
stochastic particle. The comparison of the current cell size of our LES grid and the estimated DNS cell size
gives an indication of the maximum amount of particles in every cell. The estimation of the DNS cell size is
made by an investigation of the turbulent Reynolds number built with the LES cell size, the velocity fluctuations
and the turbulent viscosity. The second assumption shows, that the standard error is linearly dependent on the
variance of the transported scalar. This leads to the first distribution function, which is built up as a product of
the estimated maximum number of particles in each cell and the unmixedness, which is in fact, the normalized
variance. The second distribution function is the Gaussian normal distribution with the stoichiometric mixture
fraction as mean value and the unmixedness as variance.

The adaptation takes place every 20th time step. At first, the new number of particles for each cell is calculated
according to the distribution function. Dependent on the relation between the previous and the newly calculated
amount of particles per cell different procedures are possible, Permana and Chen [5]. 1. previous and new
number of particles are the same: all values of the particle ensemble are copied, 2. previous amount of particles
in a cell is larger than the new one: the values of the new particles are randomly chosen out of the existing
ensemble, 3. previous number of particles is lower than the new one: the values of the existing particles are
copied as often as the integer of the ratio, new to previous amount. The values of the remaining particles are
again chosen randomly from the previous ensemble. Figure 2 shows some results for the flame D setup. The
results for flame F will be provided on the poster.
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Figure 2: Instantaneous distribution of particles obtained with the Reynolds number and unmixedness based
approach (left). Comparison of radial mixture fraction profiles of two simulations and experiments, [1]. The
corresponding particle density is plotted as well (right).
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Comparison of submodels for conditional scalar dissipation and conditional

velocity in some typical flame configurations

Y. Lee, S. Sreedhara and Kang Y. Huh
POSTECH, Korea
huh@postech.ac.kr

Abstract

In literature there have been a few different submodels or modeling strategies suggested for conditional
scalar dissipation and conditional velocity for closure of first-order CMC. The conditional scalar
dissipation rate has been modeled by amplitude mapping closure (AMC) [1], Girimaji’s model based on
time evolving beta pdf [2] and double integration of the pdf transport equation [3]. If possible, the last has
been considered as the most realistic approach with appropriate models for conditional velocity and pdf
representations [3]. The conditional velocity has been modeled by assuming conditional independence,
linear scaling in terms of unconditional flux [4] and gradient diffusion in terms of local pdf [5]. It was
shown that the last one guarantees conservation of unconditional turbulent fluxes of higher order central
moments [6]. The conditional submodels should be consistent with each other and also with local pdf to
satisfy the conservation principle and the boundary conditions at the maximum and minimum n values. In
a homogeneous problem there are no spatial transport terms with a one-to-one relationship between
temporally evolving conditional scalar dissipation and pdf.

In this study we considered two inhomogeneous test flames, piloted jet flame (Sandia Flame D, E and F)
[7] and bluffbody flame (HM1, HM2 and HM3) [ 7], for comparison of the conditional submodels listed
in the above. The AMC and Girimaji’s models show similar results, while the pdf integration method
results in an asymmetric conditional scalar dissipation profile in Figs. 1 and 2. The differences tend to
decrease as mixing proceeds with a lower scalar dissipation rate at further downstream locations. Note
that reasonable agreement is achieved with measured scalar dissipation rates at downstream locations for
Sandia Flame D (Fig. 1). Radially averaged pdf had to be employed since any probability close to zero
near the axis or on the air side involves excessive uncertainty in the final expression of the pdf integration
method. Similar trends are observed in bluffbody flames (Fig. 2) as in jet flames with a lower peak value
obtained by the pdf integration method. Note that the stoichiometric scalar dissipation rates by the pdf
integration method are significantly lower near the nozzle to result in a lower peak OH concentration in
both flames. No noticeable difference is observed for the given two test flames between predictions with

the conditional velocities modeled by linear scaling and gradient diffusion assumption.
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Fig. 2. Comparison of scalar dissipation rate models for bluffbody flame HMI, a) at
x/d=1.13, b) at x/d=1.95. ¢) Comparison of OH mass fractions predicted by different
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COMPUTATIONALLY EFFICIENT IMPLEMENTATION OF COMBUSTION
CHEMISTRY IN PARALLEL PDF CALCULATIONS
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The in situ adaptive tabulation (ISAT) algorithm [1], a storage/retrieval approach, is currently widely used with
success in the numerical simulations of reactive flows to decrease the computational burden imposed by
detailed chemistry. In this work, the ISAT algorithm is extended to the multi-processor environment and
different parallel strategies are developed in an effort to minimize the wall clock time spent in the combustion
chemistry calculation.

We consider a distributed memory system using MPI to perform message passing. The computational domain is
decomposed into subdomains and each processor performs the computation for one subdomain. When ISAT is
used in conjunction with CFD to implement combustion chemistry, a reaction fractional step is used to separate
chemical reactions from other processes such as transport. In this fractional step, ISAT determines the
compositions after a computational time step due to chemical reactions. In the context of PDF methods [2],
where the system within the solution domain is represented by a large number of computational particles, the
task for ISAT is to determine the particle composition after a time step due to reactions.

In the above parallel calculations, the calculation of combustion chemistry by the original ISAT algorithm [1] is
serial in the sense that each processor has it own ISAT table, and during the reaction fractional step each
processor performs its own combustion chemistry calculation without message passing and load redistribution.
Due to the non-uniform intensity of flame activities or non-uniform distribution of computational particles
among the subdomains, there is usually significant load imbalance in the calculations of combustion chemistry
as observed in [3, 4]. Hence even though ISAT substantially speeds up the combustion chemistry calculation
for each processor, the overall load imbalance in the combustion chemistry calculation among the processors
severely affects the computational efficiency, and provides further opportunities to develop improved
algorithms.

In this work, we develop different parallel ISAT strategies trying to minimize the time spent in combustion
chemistry calculations. The approach taken is to develop different distribution strategies for the particles,
instead of directly parallelizing the ISAT algorithm. In the simulation of turbulent reactive flow, each processor
still maintains its own ISAT table. During the reaction step, particles on one processor may be passed to one or
more other processors to invoke ISAT there (i.e., to perform message passing before and after ISAT, not within
ISAT).

Three different distribution strategies (implemented in the software x2f mpi) are developed: purely local
processing (PLP), uniformly random distribution (URAN) and preferential distribution (PREF). For PLP, there
is no message passing for the combustion chemistry calculation, and particles on one processor are locally
processed by the local ISAT table. For URAN, the particles in the computational domain are randomly
distributed uniformly among all of the processors, so the load should be exactly balanced even though it
involves a large amount of message passing. For PREF, the particles are distributed and processed in multiple
stages. In each stage, the unsolved particles are passed to those processors that they have not visited before.

The performance of the different strategies is demonstrated by using multiple partially stirred reactors (PaSR) in
different computational regimes. In a case of drastically unbalanced numbers of particles, as shown in Figure 1,
through the use of URAN a speed-up (relative to PLP) of 7 is observed on 8 processors. In a case in which each
processor has a statistically identical PaSR, PLP and URAN have almost perfect load balancing; nevertheless,
PREEF achieves a speed-up of 4 relative to PLP as shown in Figure 2.
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[2] Pope, S.B., Prog. Energy Combust. Sci., 11:119-192, 1985.
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Proceedings of CTR Summer Program 2004, Center For Turbulence Research, 283-294, 2004.

[4] Lu L., Ren Z., Lantz S.R., Raman V., Pope S.B., and Pitsch H., Investigation of strategies for the parallel
implementation of ISAT in LES/FDF/ISAT computations, 4™ Joint Meeting of the U.S. Sections of the
Combustion Institute, Drexel University, Philadelphia, PA, March 20-23, 2005.
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IMAGING OF DILUTED TURBULENT ETHYLENE FLAMES STABILISED ON A

JET IN HOT COFLOW (JHC) BURNER

P. R. Medwell, P. A. M. Kalt, B. B. Dally

School of Mechanical Engineering, The University of Adelaide, Australia
paul.medwell@adelaide.edu.au , pkalt@mecheng.adelaide.edu.au , bassam.dally@adelaide.edu.au

Heat and exhaust gas recirculation is an innovative approach to create a distributed reaction zone, reduce pollutant
emissions and increase the net radiation flux, and with it thermal efficiency. It is now well established that a mixture
of reactants diluted with combustion products, at a temperature above auto-ignition, can achieve the desired outcome
of reduced pollutant emissions and enhanced thermal efficiency. The descriptive title for the resultant reaction under

these conditions is Moderate and Intense Low oxygen Dilution (MILD) combustion.

This work reports on measurements in turbulent nonpremixed ethylene (C,H,) jet
flames with various diluents issuing into a hot and highly diluted coflow. The jet in
hot coflow (JHC) burner shown in Figure 1 consists of a central insulated fuel jet
within an annular coflow of hot exhaust products from a porous bed burner
mounted upstream of the jet exit plane. The JHC burner emulates MILD
combustion under controlled conditions.

Comparisons are made for four fuel jet compositions; ethylene (undiluted),
ethylene/hydrogen (1:1), ethylene/air (1:3), ethylene/nitrogen (1:3). Jet Reynolds
number is maintained constant for each of the flames. Measurements are taken at
two coflow oxygen levels (3% and 9% O,) at two downstream locations (for the
3% O, case only). The burner used in this work facilitates the additional study of
the effects of the entrainment of surrounding air on the flame structure at

Fuel jet (@4.6mm)

N
™ Co-flow (Z82mm)
Perforated plate

Porous bed

Secondary
burner inlets (x4)

Fuel inlet

Figure 1: JHC Burner
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Figure 2: Experimental Layout

The present fundamental study is part of a concerted effort to
examine the detailed structure of the reaction zone in the MILD
combustion regime using laser diagnostic techniques. The spatial
distribution of the hydroxyl radical (OH) and formaldehyde
(H,CO) as well as temperature are imaged instantaneously and
simultaneously using planar techniques. The OH radical is used
as a marker of the flame front. Formaldehyde has been shown to
be an important intermediate species predominant at low
temperatures typical to those found in MILD combustion. Three
independent laser and camera systems are used. The spatial
distribution of OH and H,CO are imaged using Laser Induced
Fluorescence (LIF) at 283nm and 341nm respectively, and
temperature imaging is obtained from Rayleigh scatter (532nm).

The oxygen level of the coflow leads to significant differences in the observed structure
of the flame. Under the influence of a low O, coflow (<100mm downstream of jet exit),
the ethylene flames are seen to be free of soot. Further downstream, for the 9% O,
coflow, soot is evident in the flame brush, where surrounding air begins to have an
influence. Photographs of the C,H,/Air flames are shown in Figure 3. Due to the lack of
luminosity of the 3% flames, the exposure time is ten times longer than the 9% O, flame.
Table 1 presents the fuel compositions used and the lift-off heights of the flames. The lift-
off heights are determined from photographs of the flames. It is interesting to note that
the flames with the lower O, level attach to the jet, whereas most of the higher O, flames

are lifted. For the 3% O, case, only a very faint outline of the jet may be seen to extend to
the jet, which is difficult to see in Figure 3. The OH imaging suggests that there is in fact
a reaction taking place in this low luminosity region — a feature of MILD combustion. At
the 9% O, coflow, the flames visually appear to be lifted, but the OH images may tend to
suggest otherwise. A very weak OH surface is observed in such lifted flames.

TNF8 Workshop

(@)3% 0, (b)9% O,
Figure 3:  Photographs
of C;Hy/Air flames. Jet
exit at bottom of image.
Image height 300mm.
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Fuel Volumetric Coflow Figure 4 presents four image triplets of OH, H,CO and
Composition ratio 39% 0, 9% 0, temperature (from top to botFom). It should be noteq that
the edges of the H,CO images have been slightly

CH, — Attached | 26mm overcorrected due to the low laser energy in this area —
C2H4/H_2 L1 Attached | Aftached | 4 4o processing may alleviate this issue. The colour
CoHy / Air 13 Attached 33mm scaling of the OH has been chosen to overemphasise the
Colls /Ny 1:3 Attached 34mm low signal, resulting in much of the OH to appear

Table 1: Apparent lift-off height for Re;.=10,000 saturated. The OH images are yet to be quantified, but may
be considered pseudo-quantitative as analysis has shown a similar quenching environment exists throughout the
region of interest, and is constant between different coflow O, levels. The strong OH surface in Figure 4a indicates
an instance of reaction across the entire sheet height. Figure 4b is at the base of the lifted flame, where strong OH is
seen at the top of the image and a weak tail is seen towards the bottom. There is no evidence of intense OH in
Figure 4c, but a very weak OH surface is seenin (a) 9% O, (b) 9% O, () 9% O
this image triplet. The peak OH in this image is [l S W T B T
approximately 5% of the maximum levels in
Figures 4a & 4b, but still at identifiable levels.
The presence of the H,CO in conjunction with
the OH in the images tends to suggest that there
is in fact a reaction taking place below the lift-
off height. For comparison purposes, an image
of the “attached” 3% O, flames (same fuel
composition) is shown in Figure 4d. In this
image it is noted that the OH levels of the
attached 3% flames are similar to those in the
“lifted” 9% O, case — further casting doubt on whether the 9% flames are in fact lifted at all.

Figure 4: Selected C,H /Air images

Previous imaging of OH and H,CO in lifted flames has not revealed the presence of HyCO or the weak OH surface
below the lift-off height (Joedicke 2005). The preceding work was not conducted in a heated and diluted coflow
however. The higher temperatures in the current work may lead to this different observation of the OH and H,CO
images. It is also noted that analysis of the instantaneous images shown in Figure 4, as well as the images for the
other flame compositions, shows no evidence of triple flames.

Further to the suggestion that a reaction takes place upstream of the lift-off 4

height in the heated and diluted coflow, it has also been observed that the lift- N
off height characteristics goes against the usual trend of increased lift-off with % \
increased jet velocity. Figure 5 shows the apparent lift-off height versus jet
Reynolds number (where the jet Reynolds number is increased by increasing jet

Lift—off height (mm)
N
o

velocity). The lift-off heights presented were determined based on visual 10} |--Undiluted

appearance of photographs. The reversal in the trend of lift-off height has not -e-ﬁli;rogen

been reported in previous work with a similar high temperature coflow. In fact, 5000 10000 15000 20000
in a vitiated coflow the lift-off height has been reported to conform to Rt

Figure 5: Apparent lift-off
height for 9% O; flames

conventional lift-off height expressions (Cabra et al. 2002). It is worth noting
that the O, level in the present work is lower than that of Cabra et al.

The nature of the lifted flames in the very low oxygen and high temperatures conditions clearly has many differences

to conventional lifted flames. Further analysis is required to understand the observed phenomenological differences
between lifted flames with and without coflow preheating and oxygen dilution.
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Experimental Data Base from Premixed Swirl Flames in a Gas Turbine Model Combustor
W. Meier, P. Weigand, X.R. Duan, M. Aigner
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The German Aerospace Center (DLR) has established a gas turbine model combustor for
technically premixed CHa/air flames. The flame is operated at atmospheric pressure in an optically
accessible combustion chamber. A schematic of the test rig is shown in Fig.1. Dry air at ambient
conditions was fed via a plenum through a radial type swirler to the burner nozzle with a conical
bluff body. The fuel was injected through small holes in each of the swirler slots with a rather high
momentum in order to achieve good premixing. A square combustion chamber (85 x 85 mm?,
h=114 mm) with large quartz windows at all four sides gave nearly unobstructed access to the
complete flame zone and thus allowed the use of optical and especially laser based measurement
techniques. The exit of the combustion chamber is a conical steel plate that merges into the exhaust
pipe (d=40 mm, 1=50 mm). The nozzle design used for this investigation is close to technical
applications and has been provided by Turbomeca S.A. in the context of the EU project
PRECCINSTA.

The flame investigated was a premixed CHa/air flame at P=25 kW and an equivalence ratio of
$=0.70. This flame exhibits reproducibly very strong self excited oscillations at about 290 Hz. For
comparison, a fuel enriched silent flame at 30 kW and ¢=0.83 has also been investigated. In order
to maintain the principle flow characteristics, the air mass flow was kept constant for both flames so
that the total mass flow was changed by less than 1%. Both flames appeared as a light blue cone
typical for swirled flames. The oscillating flame comprised a larger volume and was continuously
moving around the average position. Both flames were visibly rotational symmetric despite the
square combustion chamber. The swirl number calculated from the velocity profile measured at
h=1.5 mm was about 0.6 and the Reynolds number for the cold inflow at the nozzle exit was
Re=~35000.

The pressure fluctuations in the plenum and in the combustion chamber were measured by
microphone probes. The measurement techniques applied were Laser Doppler Velocimetry for the
simultaneous measurement of the 3D flow velocities, OH chemiluminescence for the flame zone
and heat release, and laser Raman scattering for the joint probability density functions of the major
species concentrations, temperature and mixture fraction. All measurements were performed with
phase-resolution with respect to the pressure oscillation using the signal from the plenum as trigger
basis without any additional filtering.
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The results revealed that premixing of fuel and air was not perfect and that the fuel concentration
varied during an oscillation cycle. Effects of finite-rate chemistry were clearly visible in the
scatterplots up to h=40 mm, burnout was completed at h=60 mm. The poster will discuss the phase-
resolved results of the oscillating flame revealing in detail its cyclic behavior and the correlation of
the measured quantities which all showed large periodic variations.

The main goals of the investigations were to gain a deeper understanding of the phenomenon of
thermo-acoustic instabilities and the establishment of a comprehensive data base for the validation
of numerical combustion models. This oscillating premixed swirl flame is a step closer to real gas
turbine combustion but still with well defined boundary conditions and certainly a challenge for
modern simulation codes. The experimental data sets are available on request.

Microphone

Air

Fig.1: Schematic drawing of the gas turbine model combustor. Gaseous fuel (here CHy) is
injected into the swirler passages.
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Comparison of scalar PDF and velocity-scalar PDF modeling of flame HM1
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Introduction

In transported PDF methods based on stochastic Lagrangian modeling [1], a transport equation for the
mass density function (MDF) is modeled and solved using a particle stochastic method. Three main
modeling ingredients are required: turbulence model, chemistry model and mixing model.

Next to those three modeling ingredients, the choice of the PDF description itself has direct consequences
on the modeling of the scalar flux (and higher order velocity-scalar correlation). When the joint scalar
MDF is considered, the use of a gradient diffusion assumption to close the conditional fluctuating
velocity term in the MDF transport equation leads to a simple algebraic model for the scalar flux. When
velocity is included in the PDF description, the transport equation for the joint velocity-scalar MDF is
modeled and solved using a particle method. In this case, the combination of the model for particle
velocity evolution and the mixing model implies a differential scalar flux model: a modeled transport
equation for the scalar flux (and for higher order velocity-scalar correlation).

In the poster, we compare results of both scalar PDF and velocity-scalar PDF calculations, using hybrid
Finite-Volume / particle methods implemented in the same in-house computer program ‘PDFD’ [2] with
the same turbulence, chemistry and mixing models. The flame considered is the Sydney bluff-body
stabilized flame HM1 [3].

Modeling

In the context of RANS, turbulence is modeled using a second-moment closure. As in [2], the chosen
Reynolds stress turbulence model corresponds to the Langevin model used for particle velocity evolution
in the joint velocity-scalar transported PDF approach. For the treatment of chemical reaction, the intrinsic
low-dimensional manifold (ILDM) method [4] is used to reduce the number of degrees of freedom
compared to detailed reaction mechanisms. Three control variables describe the chemistry: mixture
fraction, and CO, and H,O mass fractions. As mixing model, the modified Curl coalescence dispersion
(CD) model [5] is used. No effect of radiative heat loss is included.

Results

Good results are obtained for mean velocity and Reynolds stresses, similar to the results of [2]. The very
small differences between scalar PDF and velocity-scalar PDF results (due to some differences in mean
density) are negligible.

Significant differences between scalar PDF and velocity-scalar PDF results are observed for mean scalars
and scalar variances. Figure 1 shows that best results are obtained with velocity-scalar PDF for mixture
fraction. This higher quality of results obtained with a differential scalar flux model compared to a
gradient diffusion assumption is to be expected, especially in a flow with a strong recirculation zone.

Results in composition space give more direct information on how effects of mixing and reaction
combine. The scatter plots shown in Figure 2 show the strong impact of the choice of PDF method on the
predicted joint PDF of mixture fraction and CO, at the radial cross section at x=13mm. For the
considered CD mixing model, at the lean side, the scalar PDF shows remarkably more particles at fully
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burnt conditions than the velocity-scalar PDF, with the latter being in better qualitative agreement with
the experiment.
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Figure 1. Radial profiles of mean mixture fraction [top] and mixture fraction fluctuation (rms) [bottom]. Black
symbols: measurements in flame HM1. Solid line: scalar PDF results. Dashed line: velocity-scalar PDF results.
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Figure 2. Scatter plots of CO, mass fraction. First measurement section (x=13mm). Black: 23mm<r<25mm. Brown:
r<23mm. Left: experimental data (in percent). Middle: scalar PDF. Right: velocity-scalar PDF.
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Abstract

Lifted flames pose a challenge for numerical modelling. The stabilization mechanism is a very sensitive
balance between chemical reactions and the jet momentum. LES has not been widely used for lifted
flame computations despite its advantages, mainly due to the use of relatively simple combustion sub-
models that are based on fast chemistry assumptions. Partial premixing and local extinction are common
at the flame base and modelling approaches based on fast chemistry may not hold in these regions and
results may thus be misleading. More advanced combustion models like CMC or Probability Density
Function (PDF) can account for the finite rate chemistry effects at the flame base and this poster presents
and LES-CMC application to a turbulent lifted flame of Hydrogen/Nitrogen issuing into a vitiated co-
flow (Cabra flame) [1]. This configuration represents both a problem of auto-ignition, due to the hot co-
flow, and flame stabilization. Experimentally the flame was observed to stabilize at around 10 jet
diameters downstream of the jet exit.

The calculations were performed using the LES-CMC approach as described in Navarro-Martinez et al.
[2]. A cylindrical grid of 160 x 80 x 48 cells is used for the LES of the flow and mixing fields. The
dynamic model of Piomelli and Liu [3] is chosen to model the sub-grid stresses. A constant turbulent
Schmidt number is employed for the sub-grid diffusivity of mixture fraction. The conditional moments
are assumed to vary in axial direction only, and the domain is discretized with 80 CMC cells in axial
direction and 50 bins in scalar space. The sub-grid model for scalar dissipation is based on the kinetic
sub-grid energy and a presumed shape B-PDF is used to approximate the filtered density function in
mixture fraction space. A detailed, 9 species, 19 reactions kinetic mechanism of H, combustion [4] is
employed.

Generally, the lift-off height, the mixing and the axial and radial temperature and species profiles can be
well predicted. The lift-off height was found to be very sensitive to temperature inflow conditions, which
indicates that the flame is controlled by chemistry rather than mixing. The flame exhibits the temporal
and spatial evolution of species mass fractions typical for auto-ignition. First, the radical pool is formed,
and relatively high concentrations of HO, can be found. In a second step, OH is formed, ignition takes
place and the temperature quickly increases. HO, is depleted and transformed back into OH. Predicted
OH mean mass fractions agree very well with experimental data (see Figs 2-3) and predictions of rms are
good to satisfactory. The lift-off height is underpredicted by only one downstream diameter. The
overprediction of OH downstream auto-ignition (Fig 3) as well as an under-prediction of temperature
fluctuations can be associated with a low grid resolution in this region and therefore with the resolution
of the scalar gradients.
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Figure 1: Instantaneous contours of mixture fraction, OH mass fractions and temperature.
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ABSTRACT

In the last years a variety of models were developed in order to simulate non-premixed turbulent
combustion. As mentioned in [1], there are models that assume the chemical reactions as infinitely
fast and more advanced ones that assume a finite rate chemistry. Among this last category one of the
most popular is the flamelet approach [2]. The classical flamelet model has a perfect coupling between
the chemistry and the molecular transport but it’s only valid in a limited combustion regime where the
reaction zones are thin compared to the turbulent flow scales. Many attempts have been made in
order to extend the applicability of the flamelet model and incorporate curvature and unsteady effects.
Ferreira [3], for instance, propose a concept which aims to capture the unsteady local extinction and
re-ignition of highly turbulent jet flames by introducing a reaction progress and a time variable in the
numerical approach.

In this study a new transient laminar flamelet model is presented. The new model aims to simulate
correctly the local unsteady effects that can be found in non-premixed or partially premixed methane
combustion. The flow is simulated using Favre averaged conservation equations and a common «-¢

. model. The chemical combustion process is modeled with the help of transient flamelet libraries, which
contain the local transient distributions of the temperature and the species mass fraction involved in
the reacting flow. Three parameters link the mentioned libraries to the flow field: the mixture fraction,
the scalar dissipation rate and the flame age. The mixture fraction (a passive scalar) is used to
describe the mixing phenomenon of a turbulent flame, which is determinant for describing diffusion
combustion. The scalar dissipation rate accounts for the impact of the turbulence on the combustion.
Finally the flame age is used in this approach to take account of the development of the chemical
process after local ignition has occurred. The flame age variable, which allows the new model to
capture the unsteady effects of a flame, is computed in the turbulent flow with the help of a transport
equation, where the source term reflects the influence of strain to flame development and considers
effects of extinction.

The mentioned transport equation is developed from the transport equation that describes the
integrated residence time of fluid particles, which travel through the computational domain along their

stream lines:
ﬂ+v-(§-r)—v- HglZll=s.
ot Sc Y2 i

t

In transient flows the source term S., corresponds to the local residence time (diameter of the
computational cell multiplied by the inverse of the velocity) divided by the transient timestep that track
the process of the real time during the simulation. In steady state simulations instead, the integrated
residence time is found by setting the source term equal to one; in other words by setting the material
derivative of the variable to one. To compute the flame age, which represents the local age of the
local flame structure after ignition, the following equation for the source term is proposed:

3
Sc'omh = Sre.v |1 _{LJ : [1 - R]

ext

where y and y.,, correspond to the scalar dissipation rate and its extinction value and R correspond to
a variable that indicate the progress of the combustion processes. In brief the source term S,

TNF8 Workshop 330 Heidelberg, Germany, 3-5 August, 2006



mitigates the growth of the flame age 7 in regions of the flow where the scalar dissipation rate exceeds
its extinction limit or where the combustion processes are complete and all the fuel or oxygen is
consumed.
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Figure 1: Transient Flamelet Development. Figure 2: Axial distribution of CO, in Flame F.

Piloted turbulent methane-air flames, which have been experimentally studied by Barlow and Frank
[4], are chosen for the validation of this new theoretical model. The flames in question (Flame D, E
and F) have high enough jet velocities in order to produce local extinction phenomenon and therefore
are a good testing bench to validate theoretical models for nonpremixed combustion with unsteady
effects.

The strong points of the new approach are shown in the two pictures above. In Figure 1 one transient
distribution of a laminar flamelet used in this method to predict turbulent non premixed combustion can
be observed. The unsteady carbon dioxide distribution showed here is computed with a stoichiometric
scalar dissipation rate equal 1.0 1/s and the reduced chemical mechanism of Smooke [5]. Figure 2,
instead, shows the axial distribution of the same chemical compound along the axial direction of
piloted jet flame F. One can immediately observe that the flamelet model that consider the transient
development of the local flame structure (solid line) capture better the behavior of the flame described
by the experimental data. Especially in the rich part of the flame, where the flow velocities are high,
the flame age variable allows to follow correctly the development of the chemical processes. On the
other hand, the same model that considers only the steady state flamelet solutions during the
calculation of the turbulent flame (dashed line) always over predicts the progress of the combustion.
The new flame age model is able to represent better the area of the flow where the physical
timescales become small and approach the chemical ones (low Damkdhler number).
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ABSTRACT

To perform accurate LES-calculations of low-Mach number flows with variable density, an efficient, robust and
accurate algorithm is needed. An elegant algorithm isfound in the pressure-correction technique. With this formalism,
the low-Mach number equations are solved in a segregated way and the coupling between the equations is apparent
only in the correction step for the pressure. Indeed: the pressure is split in a thermodynamic part p, and a second
order kinematic pressure po. Only the latter is found in the momentum equation. Its value is calculated by solving an
elliptic equation, following from a constraint on the velocity field.

This segregated solution method is well elaborated in incompressible constant-density flows (e.g. [1]), and has
many variants with respect to implicit or explicit treatment of terms. Since time-accuracy has to be retained in LES
calculations, thetime step needsto be small, and benefit is gained from explicit discretizations. Therefore only explicit
predictor steps are considered here.

In combustion simulations, density varies in time and space. As a result, different constraining equations for the
velocity can be formulated and several aternatives for the pressure-correction formalism are possible. Apparently,
some of them become unstable when density ratios get too high. Several authors [2, 4] reported instability problems
when the density ratio exceeds a factor in the order of 4. In many combustion applications, the Mach number
indeed remains low, so that the segregated procedure still holds. Moreover, high density ratios regularly appear (e.g.
for methane-air combustion, density ratios in the order of 10 near the flamefront are normal). Some have tried to
circumvent the stability problem by applying (unphysical) rescaling of the time derivative of the density [3], but then
time-accuracy is lost. Others use a pressure-correction solely based on the energy equation [5], but then mass is no
longer conserved. Furthermore the latter approach is not suitable for combustion simulations which make use of the
mixture fraction as a conserved varigble.

The origin of the instabilities at high density ratios is studied for four different pressure-correction formalisms.
The way the new density field is calculated and the constraining equation for the velocity are the major differences.
We found that the instabilities arise when the density is purely convected. Therefore it is instructive to evaluate the
suitability of the different methods for combustion problems on the test case of a density jump. This one-dimensional
test case consists of a step in density, with step height (p1 — po), which is convected by a constant velocity U. The
equations considered are the low-Mach number Euler equations:

dp | Opu;
Opu;  Opuju, _ Op2 )
ot 8% 8Ij ’
or oT
N + “z‘afmi = 0, ©)

Four pressure-correction methods are considered. Their properties are listed in the table:
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The major requirement for the algorithm is to be stable. From the study, it follows that only algorithm 4 ren-
ders stable results, at least for density ratios up to 20, and is applicable in combustion simulations, making use of the
mixture fraction approach. Furthermore mass is conserved with this scheme. It has to be noted that an extra cost is
involved in this case, since the dlliptic equation for the pressure, that follows from the constraint on the velocity, does
not have constant coefficients, and therefore needs recalculation at each timestep. Scheme 3 does not suffer from this
shortcoming, but, although stable in the test case of a density jump, does not guarantee stability in a more general
case.

; — density/20
;— velocity - velocity

!'— density/20

o 15 20 25 30 E3 40 45 50 10 15 20 25 30 E3 40 5 50

Figure 1. Convection of a density jump with factor 20 in a straight channel after one time step with scheme 1 (left)
and scheme 4 (right).
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In numerical calculations of reactive flows, it is essential to employ detailed kinetic mechanisms to reliably
predict the thermo-chemical quantities, especially for the pollutants such as NO,. However combustion
processes of hydrocarbon fuels involve a large number (n,) of chemical species and a wide range of chemical
time scales, which makes the direct use of detail mechanisms in calculations computationally expensive.

Currently, dimension reduction techniques combined with the in sifu adaptive tabulation (ISAT) algorithm [1] is
one of the successful techniques, which effectively reduces the computational burden imposed by the use of
detailed mechanisms. As depicted in Fig. 1, in this approach, the chemical reaction process is separated from
other processes into a reaction fractional step by a splitting scheme. The CFD code---be it DNS, LES or PDF---
employs a smaller number (n,, n,<<n;) of reduced variables r to represent the full composition. All the transport
processes are performed based on the reduced variables r. Hence all the work scales with n, instead of ng. The
ISAT algorithm, a storage/retrieval technique, tabulates the reduced variable information. Only when needed,
the ISAT adds new entries to the table by invoking the dimension reduction procedure together with the detailed
rn;echanisms. For long-run simulations, retrieves are dominant and the cost in chemistry calculation scales as
n’.

As described in ref. [2], the accuracy of dimension reduction is crucial to the above approach. The only place in
this approach where a non-reducible approximation is made is in the species reconstruction, i.e., in the
dimension reduction procedure. In this work, we propose the use of ISAT combined with the ICE-PIC method
[3], a recently developed dimension reduction method, in the calculations of combustion processes.

The ICE-PIC method is based on three major ingredients: the constrained equilibrium manifold [4], the
trajectory-generated manifold [5], and the pre-image curve method [2]. The low-dimensional manifolds
employed in the ICE-PIC method are invariant constrained-equilibrium edge manifolds --- invariant, trajectory-
generated manifolds from well-defined constrained equilibrium edges. In addition, the ICE-PIC method
provides a local species reconstruction technique which locally determines compositions on the low-
dimensional invariant manifold given the reduced composition. Hence it is easy to apply in high-dimensional
cases. Compared to other local methods such as QSSA, RCCE and ILDM, the ICE-PIC method has the
advantages of being based on an invariant manifold which is guaranteed to exist and to be continuous. The ICE-
PIC is computationally more expensive, but this is not a primary concern when it is used in conjunction with
ISAT. Like most of the existing methods, the ICE-PIC method is developed for spatially homogeneous systems
(absent of transport processes such as convection and diffusion). When applying ICE-PIC to inhomogeneous
reactive flows, the “close-parallel” approximation proposed in [6] could be used to incorporate the transport-
chemistry coupling in the reduced description.

The accuracy of the ICE-PIC method has been extensively demonstrated in refs. [1, 2]. For illustration, in Figs.
2 and 3, the accuracies in species reconstruction of different dimension reduction methods are compared. The
test cases are the steady isobaric, adiabatic one-dimensional pre-mixed laminar flames of pure stoichiometric
hydrogen/air and methane/air, respectively, with an unburnt temperature of 300K and pressure 1 atm. As may
be seen from Figs. 2 and 3, with the same degree of reduction, the ICE-PIC yields the smallest maximum error
among all the dimension reduction methods that succeed over the entire temperature range.

The implementation of the ISAT/ICE-PIC approach is in progress. In the current vision, the user needs to
specify the number of reduced variables n, and the reduced variables.
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Figure 1: Schematic of in situ adaptive tabulation in combination with dimension reduction (via species
reduction and reconstruction) used in the reaction fractional step of a CFD computation. Above the upper
dashed line, all compositions have the reduced representation r; whereas below the lower dashed line all
compositions have the full representation @. The operations of species reduction and reconstruction transform
between these representations
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Figure 2: a) Normalized errors in reconstructed compositions for Hy/air premixed flame. The QSSA has 7
major species: H, O,, HO, H, OH, O and N,. The ICE-PIC, RCCE, and ILDM have 4 represented species: H,
0,, H,O and H (together with 3 elements). b) Normalized errors in reconstructed compositions for CH,/air
premixed flame. The QSSA (ARMI) has 16 major species. The ICE-PIC, RCCE, and ILDM have 12
represented species (together with 4 elements). The normalized species reconstruction error is defined as g,= 2
|ZM-2")/(|2M+|z"]), where z™ denoted the reconstructed species specific moles using one of the dimension
reduction methods and z" is species specific mole from the flame calculation with detailed mechanisms.
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Turbulent reactive closures that relate the statistics of the chemical species to those of a conserved
scalar such as mixture fraction have been moderately successful in modeling turbulence-chemistry
interactions. Laminar flamelet modeling [1], for example, attempts to capture the coupling between
turbulence and chemistry by constructing sub-models for the probability-density-function (PDF) of
mixture fraction and scalar dissipation rate. The flamelet equations are solved in mixture-fraction
coordinates in advance as a pre-processing operation to build the so-called flamelet libraries. Simulations
that solve the transport equation for mixture fraction can then use these libraries to estimate temperature
and species concentrations. In this way, the number of equations to be solved can be dramatically reduced
and stiffness associated with the chemical mechanism is handled in the preprocessing phase.

A current difficulty with the flamelet approach is that it cannot predict local extinction and re-ignition
behavior reliably. The primary reason is that the dependence of the scalar dissipation rate, x, on mixture
fraction, F, is not modeled correctly [2]. An alternative that can potentially circumvent this difficulty is
the Linear Eddy Model (LEM) of Kerstein [3]. This model solves a one-dimensional reaction-diffusion
equation that resolves processes over all the length scales of turbulence and chemistry. Molecular
diffusion and reactive source terms are computed explicitly. Advection is modeled by a stochastic
mapping procedure that satisfies the three-dimensional inertial range scaling laws. This model also has
the potential for improved predictions of pollutant formation.

In the current study, we propose a new tabulation approach based on LEM. We show preliminary
results that use LEM to build a turbulent library of the thermo-chemical state evolved by reaction,
diffusion and advection at the smallest scales. Unlike past implementations, thermo-chemical state
libraries are constructed in a manner directly analogous to the conventional flamelet-library approach. A
unique difference, however, is that LEM simulates instantaneous realizations of the flow as a function of
both the resolved and the unresolved strain-rate imposed by turbulent eddies. Hence, ensemble averaged
solutions of the LEM field can be directly parameterized and tabulated based on filtered values of F, y and
the turbulent Reynold’s number, Re;. This eliminates the need to introduce additional models to link
filtered quantities with instantaneous quantities.

Other benefits of the LEM approach are 1) that the laminar flamelet assumption can be relaxed since
the effect of unresolved turbulent eddies and the mean strain rate are included, 2) unsteady effects can be
captured in a straight-forward manner since the unsteady reaction-diffusion equations are solved directly,
and 3) non-unity Lewis number and differential diffusion effects can be captured easily. Here we show
results from a preliminary investigation focused on how well LEM represents simple jet flames of
CH4/H,/N, [4-6]. Results are compared against measurements at x/D = 5. The LEM simulations were
performed using a reduced 12-step, 16 species methane-air mechanism. Temperature dependent
viscosities and thermal conductivities were used and differential diffusion was modeled using variable
Lewis number for each species.

Model parameters needed for LEM are the integral length scale, L, and Re.. Experimentally measured
values of these quantities were used for this purpose. Two sets of simulations were performed for Re =
235 and 360. Figure 1 compares the scatter plot of F (based on Bilger’s definition) obtained using LEM
with the experimental data. The LEM implementation shows the correct trend as the Rey is increased. The
drop in the peak temperature suggests that some degree of local extinction is being captured. This was
further investigated by examining the scatter plots of OH mass fraction, as shown in Figure 2. The
presence of very low mass fraction of OH (~ 0.001) near the stoichiometric mixture fraction clearly
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indicates local reduction in reaction rates due to the turbulent eddies. Studies are still required to
understand the mechanism behind this partial extinction.

To assess the model's ability to capture differential diffusion effects, plots of the elemental carbon
mixture fraction, &, and elemental hydrogen mixture fraction, &y, are shown in Figure 3. Both cases show
significant differential diffusion. The case with higher Re. shows a slightly smaller effect compared to
lower Re;. This trend is similar to that seen in the experiments, where differential diffusion effects were
found to be higher in the near field of the jet (low turbulence) compared to the downstream location
(higher turbulence). These results suggest that the tabulated LEM approach has the potential to capture
important physics that other models miss. Further studies are required to assess the models performance

under higher mean strain rates and higher Rey.

- ReL =235
ReL = 360

2000

0 T T R —
0 02 0.4 0.6 0.8
F

0.008

0.006

{ =
 0.004
b

0.002

0.4 06 08
F

Fig. 1: Scatter plot of Temperature versus mixture Fig. 2: Scatter plot of OH mass fraction versus

fraction, F.
1

mixture fraction, F.

- ReL =235
ReL = 360

i 05

Fig. 3: Scatter plot of elemental carbon mixture fraction versus elemental hydrogen mixture fraction.
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OH-PLIF Measurements of High-Pressure, Hydrogen Augmented Premixed Flames in the
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Introduction

Measurements of Planar Laser Induced Fluorescence (PLIF) of the hydroxyl radical in lean, premixed natural gas
flames, augmented with hydrogen are presented. The experiments were conducted in the SimVal combustor at the
National Energy Technology Laboratory (NETL) at operating pressures from 1 to 8 atmospheres. The images
elucidate the effects of pressure and hydrogen addition on the flames. The data, which was collected in a combustor
with well controlled boundary conditions, is also intended to be used for validating Computational Fluid Dynamics
(CFD) models under conditions directly relevant to land-based gas turbine engines.

Experimental Approach

The SimVal combustor is a high-pressure, optically accessible combustor utilizing swirl stabilization and is
representative of industrial gas turbine can-style combustors. The combustor was designed as a testbed for
generating data for validating CFD models such as combusting Large Eddy Simulation (LES). For the data reported
here, the fuel and air were well mixed upstream of the swirl plate using a choke plate which insured acoustically
quiet operation of the combustor. The combustor produces the classical “tulip” shaped flame with central and
corner recirculation zones characteristic of common swirl stabilized combustors. A detailed description of the
combustor and test facility can be found elsewhere.! The test conditions presented here encompassed pressures
ranging from 1 to 8 atmospheres, preheat temperatures of 520 to 600 K, hydrogen concentration in the fuel of 0 to
60%, and equivalence ratios of 0.5 to 0.6.

The OH PLIF system consisted of a Quanta-Ray DCR-2A Nd:YAG laser, PDL-1 dye laser and doubling crystal to
produce 10 nsec laser pulses with about 6 mJ] of output at the QI(8) line of the (1,0) band of the

OH A*3 — XI1 electronic transition at 283.92 nm. A combination of fused silica cylindrical and spherical lenses
was used to form a laser sheet approximately 125 mm high, which was directed through the center of the combustor.
A Princeton Instruments intensified camera with a 45 mm f1.8 fused silica lens with both long-pass and band-pass
filters was used to image the fluorescence signal around 310 nm. The non-uniform intensity distribution of the laser
sheet was determined prior to the experiment by imaging the fluorescence from a well-mixed, acetone doped
nitrogen flow passing through the combustor under cold-flow conditions. The OH fluorescence images were
corrected for the laser sheet intensity variation by normalizing the images against the acetone image.

Results and Discussion

Figure 1 shows a series of three instantaneous images of OH fluorescence intensity at pressures of 1 atm (top row)
and 8 atm for a fuel comprised of 40% natural gas and 60% hydrogen. All of the images have been corrected for the
variation in laser sheet intensity distribution in the vertical direction and the location of the centerbody and annulus
is annotated on the bottom of the figures. The flame front can be described as the region of sharp increase in
fluorescence intensity (ie. OH concentration) as the unburnt reactants mix with the recirculating combustion
products. Inside the flame, where the fuel molecules are being oxidized, the OH radical concentrations can reach
levels an order of magnitude larger than the equilibrium concentrations. The trailing edge of the flame is illustrated
by the region where the OH concentration relaxes back down to the equilibrium concentration which can be seen in
the images as the “continuous blue” regions in the central and corner recirculation zones. The background noise,
which was determined by tuning the dye laser away from the OH absorption line was found to be much lower than
the signals shown in the images. Note that the intensity range in Fig. 1 is scaled differently for the 8 atm data to
enhance the visibility of the images. The average fluorescence intensity was found to be roughly inversely
proportional to pressure, even though the absolute OH concentration increases roughly linearly with pressure. This
is mainly due to collisional deactivation of the excited OH molecules.

" Peter.strakey@netl.doe.gov
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Thinning of the flame front is evident in Fig. 1 as pressure is increased from 1 to 8 atm, which is consistent with
combustion theory and previous premixed flame studies.” Attenuation of the laser sheet (from left to right), while
negligible at 1 atm, becomes severe at 8 atm due to the increase in absolute OH concentration. While correction of
the images for laser sheet attenuation is not possible for the instantaneous images, some correction can be made for
the average images, assuming that the images are bilaterally symmetric. This is the focus of current efforts.

The effect of hydrogen addition to the fuel can be seen in Figure 2, which is composed of the average of 200 images
for the two cases of 0% hydrogen in the fuel (left image) and 60% hydrogen in the fuel, both at $=0.6 and a pressure
of 2 atm. The addition of hydrogen results in a thinner, more compact flamefront with significantly more
combustion occurring very near the dump plane. The estimated laminar flame-speed for the 60% hydrogen fuel is
estimated to be about 50% higher than the pure natural gas fuel. Also note that with the addition of hydrogen, the
flame is anchoring further out into the annulus away from the centerbody, which also seems to imply that
combustion might be occurring further upstream into the premixing nozzle. This is also a result of the faster
reaction kinetics and flame-speed of hydrogen and implies an increased potential for flashback with hydrogen based
fuels.
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15000
10000

5000

P=8 atm
5000
3750
2500
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0

Figure 1: Three instantaneous snapshots of OH fluorescence for 40% natural gas and 60% hydrogen flame.
Pressure of 1 atm (top row) and 8 atm (bottom row), preheat temperature of 520-580K, nozzle bulk velocity
of 40 m/s and ¢ of 0.60.

P=2 atm, H2=0% P=2 atm, H2=60%

10000

Figure 2: Average OH fluorescence intensity at a pressure of 2 atm. Natural gas based fuel with 0%
hydrogen (left image) and 60% hydrogen (right image). Preheat temperature approximately 530K, nozzle
velocity of 40 m/s and ¢ of 0.60.
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Novel measurements for testing and validating subgrid-scale
combustion models

Chenning Tong, Danhong Wang, Robert S. Barlow, and Adonis N. Karpetis

Turbulent mixing and turbulence-chemistry play a crucial role in turbulent combustion.
Flame structure and extinction/reignition characteristics depend heavily on the mixing
field. Advanced knowledge of mixing and turbulence-chemistry interaction is essential to
testing models and validating numerical simulations.

Traditionally, model development and validation relied on “global” statistics, such as
mean and variance profiles. However, simulations have suggested that comparisons using
these profiles might not adequately characterize the model performance. Higher level
comparisons using conditional statistics may be needed.

To this end, large eddy simulation lends itself to more detailed model tests. In LES the
effects of subgrid-scale mixing of multiple scalars are modeled using the scalar filtered
density function (FDF). Statistics related to the FDF provide much more detailed
information about SGS mixing, which can be used to develop and validate models. In
addition, LES results contain detailed information that can be used to obtain conditional
statistics for comparison with experimental measurements.

A key task for combustion LES is modeling SGS mixing. Our recent studies have shown
that the SGS mixing can have qualitatively different behavior than those predicted using
the traditional understanding based on the Kolmogorov-Obukhov-Corrsin turbulence
theory. Specifically, the SGS mixing of mixture fraction has two regimes. In the first
regime, the SGS scalar largely follows the turbulence cascade picture and has near
Gaussian distributions (Fig. 1). In the second, the SGS scalar contains ramp-cliff
structures, which do not follow the cascade picture (Fig. 1b). The SGS distributions are
bimodal. In a flame the SGS mixing will fluctuate between the two regimes. A major
significance of the two regimes is that they are conducive to the distributed reaction
zones (DRZ) and the laminar flamelets, respectively. Figure 2 shows the temperature
dissipation conditioned on the mixture fraction and temperature. For small SGS variance
(Fig 2a) the SGS flame is close to equilibrium and the temperature dissipation increases
when the mixture fraction moves away from the stoichiometric value, consistent with the
mixture fraction FDF in (Fig 1a) and the DRZ regime. For large SGS variance (Fig 2b)
the temperature dissipation has a maximum on the rich side of the stoichiometric value,
consistent with the laminar flamelet model.

The fluctuations of the SGS mixing between the two regimes in a flame will cause the
combustion regimes to fluctuate between DRZ and laminar flamelets. Current mixing
models, such as the IEM model and Curl’s model are not able to produce the observed
FDF and therefore the correct combustion regimes, although the conditional means of the
major species may be quite well predicted in flames without significant extinction. This
suggests that model predictions of the conditional statistics in simple flames may be
indicative of their performance in more challenging flames. Therefore, the mixture
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fraction FDF and the related higher-order statistics and the physics of the SGS mixture
fraction are of great importance to modeling SGS mixing and for testing SGS mixing

models.
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Figure 1. Left: Conditional mixture fraction FDF at x/D=15 in Sandia flame D; Right:
Typical instantaneous SGS scalar profiles for large SGS variance the profiles contain
large scalar value jumps over scales of the order of the Corrsin scale.
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Figure 2. Conditional samples of temperature dissipation. Left: small SGS variance;
Right: large SGS variance. These results are consistent with distributed reaction zones
and laminar flamelets, respectively.
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DNS analysis of scalar dissipation length-scales and their scaling properties

Pankaj Vaishnavi, Andreas Kronenburg*
Department of Mechanical Engineering
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*Corresponding Author: a.kronenburg@imperial.ac.uk

Introduction

L2
Scalar dissipation rate (given by x = QD‘VZ , where Z is a conserved scalar like the mixture-fraction and D is

the coefficient of molecular diffusivity) is an important quantity in the theory of turbulent non-premixed or partially
premixed combustion [3], since it quantifies the rate of scalar mixing in a flow field. The key role played by this fun-
damental turbulence property in modelling such combustion phenomena has motivated a large interest in its accurate
characterisation.

Experimental scalar dissipation rate measurement entails the difficult task of obtaining the spatial derivatives of the
mixture fraction on a single-shot basis, while maintaining good precision and good spatial resolution [1, 6]. As most
of the contributions to the statistics for scalar dissipation rate come from the finest mixing scales of turbulence [3, 5, 6],
the problem of reliable measurement of this quantity is further complicated by the trade-off between higher resolution,
corresponding to smaller experimental probe-width and greater signal-to-noise ratio.

Thus, the present work utilises the ’error-free’ mixture fraction and fluid mechanical data from the DNS of a complex
gas-phase reacting turbulent planar jet by Pantano [4] to study the fine-scale scalar mixing. The aim is to quantify the
resolution requirements for measuring the 3-D scalar dissipation rate field in terms of easily measurable properties of
the flow like the outer-scale Reynolds number. The problem has been tackled without any recourse to the assumption
of self-similarity using spectral and spatial-filtering analyses.

Spectral Analysis

Analogous to the Kolmogorov’s eddy-cascade theory for homogeneous turbulence, analysis of the 1-D cross-stream
scalar energy or dissipation spectra for fluctuations of the conserved scalar, Z, enables the estimation of the
conventional (average) Batchelor length scales associated with scalar dissipation [2, 6]. Fig. 1 shows that the average
Batchelor scales follow an expected Re{g/ 4 scaling with the outer scale Reynolds number, Res. A deviation from
this trend can be seen only at the far upstream locations and can be represented by a variation of the proportionality
parameter A. This deviation can be associated with the severe cross-stream inhomogeneities in this region of the
developing jet flow. However, A is determined to be of the order of unity for the spectrally computed Batchelor length
scales at all other locations.

Spatial-filtering Analysis

Furthermore, the present numerical study complements the experimental work by Barlow and Karpetis [1] to esti-
mate the resolution requirements for y-measurement. Similar to the experimental study, spatial filters of varying
filter-widths, wy, are applied to the instantaneous, cross-stream Z profiles obtained from the DNS. The filtered x
peak-values or X f, pear are subsequently computed. As observed in Fig. 2, X f, pear values decrease exponentially with
increasing wy. This functional dependence is then used to extrapolate to zero filter-width (i.e. wy — 0), yielding es-
timates of the hypothetical 'fully resolved’ values or xg, peak- Resolution of these filtered X 7, peqr values is then quan-
tified as a fraction (3y) of the 'fully-resolved’ reference limit. Finally, the minimum length-scales resolved by the grid

that are required to recover a sufficiently high value of 3y, i.e. length-scales corresponding to max (5 s < |Bf \wf: A) ,

yield the spatial-scales representative of the local dissipation events.

In Fig. 3, we have set 3y = 0.75. The measured dissipation length scales show a more stringent scaling with the
inverse of the outer-scale Reynolds number. Based on spatial filtering the dissipation length scales with Res ™",
compared to the usual Kolmogorov or Batchelor (Res /%) scaling. This apparently confirms that the length scales
associated with instantaneous dissipative events scale with the local, minimum Batchelor length scale estimate (or
Nmin) Of Sreenivasan [S]. Sreenivasan [S] gives the estimate for the minimum length scale as Lo 75 < min =
(n B)Refl/ 4 % Re™L. This scaling can be attributed to the small-scale intermittency of the process of dissipation of
scalar fluctuations and confirms the adequacy [5] of resolution of the DNS and hence of the scalar dissipation rate.
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Figure 1: Comparison of the downstream evolution (along
the jet centreline) of the averaged scalar dissipation rates:
calculated from cross-stream spatial-gradients ({x),) and
recovered from 1-D dissipation spectra ((x)s). Also
shown is the downstream variation of A corresponding to
the spectrally-recovered dissipation length-scales.
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value, and the verticals quantify the corresponding length-
scales, in terms of filter-width. A indicates the local grid-
discretisation employed in the DNS.
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NUMERICAL SIMULATION OF SCALAR TRANSPORT
IN TURBULENT NON-PREMIXED FLAMES

S. van der Hoeven*, B.J. Boersma, H.J.J. Jonker, D.J.E.M. Roekaerts
Delft University of Technology, The Netherlands
s.vanderhoeven@wbmt.tudelft.nl

We report on work in progress about the development of a compressible flow solver for Large Eddy Simulation
(LES) of turbulent non-premixed combustion. Modeling of scalar transport is an essential part in the simulation of
non-premixed turbulent combustion. The chemistry in a turbulent non-premixed flame is directly related to the
mixing process of fuel and oxidizer, described by the mixture fraction. Modern simulation methods, such as LES
have a subgrid-scale (SGS) model for the description of the mixing behaviour. The SGS model must be capable to
account for the effects that occur on length scales that are too small to be resolved explicitly by the numerical
method.

In general, SGS models have a dissipative character and, in its most simple form, they only alter the viscosity of the
flow locally, i.e. eddy viscosity models. Most numerical models also introduce a certain amount of dissipation. The
amount of numerical dissipation strongly depends on the type of scheme that is used. Symmetric central
differencing schemes will, in general if the cell Peclet number is large, produce values outside the allowed range.
Hence, in an actual LES the total dissipation is always a combination of dissipation resulting from the SGS model
and the numerical scheme. This makes the validation of SGS models a complicated process. Therefore, numerical
dissipation should be minimized.

Many low-dissipative methods have been developed in the past, i.e. high order finite differences, compact finite
differences and orthogonal polynomials. See for instance Lele (1992), Chu et. al. (1998). A disadvantage of these
schemes is that they generally are not very stable. Recently, we have developed, Boersma (2005), a staggered
variant of the compact finite difference scheme proposed by Lele (1992). This new scheme is stable because it has
certain symmetry properties. See Verstappen, ef. al. (2003). A drawback of the method is that it is not strictly
monotonic. In this poster a presentation will be given about the possibility of this scheme for scalar transport in
turbulent non-premixed combustion simulations, in which Sandia Flame-D [5] will serve as a test-case.

Navier-Stokes Characteristic Boundary Conditions (NSCBC) (Poinsot et. al., 1992), have been chosen for the
treatment of the boundaries. This method is based on general theory of characteristic analysis for hyperbolic
systems. In the paper of Poinsot the method is presented for the total non-chemical energy equation,

OpE

—=-V | u(pE+p)-t-u+q|+o,,

for which characteristic analysis leads to the following equation at, for instance, the x-boundaries:
3 O(pE+p)v O(pE+p)w
ap_El:_Zulz(dlx - d2X _p(ud3x _Vd4x _WdSX)_ (p p) - (p p)
ot o y-1 oy 0z
The di terms contain derivatives normal to the boundary and can be written in terms of primitive variables giving
so-called characteristic waves. It can easily be shown that the terms d;y, dsy, dsx and ds, follow from the kinetic
energy contribution, which is for a flame small compared to the internal energy. Another assumption in the original
NSCBC formulation is that the specific heat ratio y is constant, making the NSCBC method only valid for non-
reacting flows or reacting flows in which the variation of y can be neglected. This problem has been solved by
extending the NSCBC method for multi-component mixtures (Baum ez. al. 1994, Okong’o et. al., 2002). Many
LES codes use tabulated flamelet methods to solve the chemistry of combustion problems. Hence, when y is known
from a tabulation method we can use this information to handle reacting flows at the boundaries without use of
complicated methods. We found for our code that solving the pressure equation of the form,

op/(v-1)
ot

rather than the total non-chemical energy equation given above, gives much more stable results for reacting flow
simulations.

+V-[t-u—q]+o,.

=—(y—1)7l [ypV-u+u-Vp]+(y—1)72pu'Vy+1::Vu—V'q+d)T,
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The equation at the boundary then becomes:

8p/(y_1) :-(y—l)_l |:d2x +yp[@+@j+v@+w@}+w+r:Vu—V-q+(bT,
ot oy 0Oz oy 0z (y—l)

which has no kinetic energy contributions. The reasons for the stability problems when using the total non-chemical
energy equation are not completely clear and will be investigated, but the absence of kinetic energy in the pressure
equation at the boundary suggests that the code has problems with treatment of the characteristics that describe the
kinetic energy transport.
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Figure 1: Instantaneous Favre-filtered mixture fraction field of Sandia Flame-D
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Dissipation Length Scales in Turbulent Nonpremixed Jet Flames

Guanghua Wang and Robert S. Barlow
Combustion research Facility
Sandia National Laboratories, Livermore, CA, 94551

The accurate measurement of scalar gradients is important in a wide range of turbulent flow applications,
including those that involve mixing, combustion, and heat transfer [1, 2]. Due to the importance of scalar
gradients and scalar dissipation in combustion, a great deal of recent work has been directed toward their
measurement in turbulent flames using various experimental techniques [3-7]. Most of the reported mixture
fraction measurements have not fully quantified the finite resolution and experimental noise effects on the
measured scalar dissipation rate in reacting flow measurements. In the present study, procedures are
developed to determine the local dissipation length scale and accurately measure the mean mixture fraction
dissipation rate in turbulent jet flames, while accounting for the effects of both experimental noise and
spatial resolution.

One of the key issues of the present work is to determine the cutoff wavenumber in the measured
dissipation spectrum at each flow location. This was done by considering the model spectrum given by
Pope [8], which shows that the cutoff (k" = 1) corresponds to a power level of about 2% of the peak in the
1D dissipation spectrum, as indicated by the arrow in Fig. 1. For experimental data that does not include
the dissipation peak, the highest value in the measured 1D dissipation spectrum is taken as the reference and
2% of this value is used to identify the experimental cutoff kg. This will give a conservative estimate,
yielding a cutoff wavenumber that will always be greater than or equal to the correct value [9]. The local
dissipation scale Ag is then derived from Ag = 1/kp, which is analogous to the Batchelor scale Ag.

To validate the proposed technique, mixture fraction dissipation was measured, using line-imaged Rayleigh
scattering, in nonreacting turbulent C,H,/air jet flows at jet exit Reynolds numbers of 4,000, 6,000, 10,000
and 15,200. These images were acquired with 40 um binned-pixel spacing and optical resolution of about
50 um. Table 1 shows the experimentally determined dissipation cutoff length scales and compares these
with values from a scaling law for nonreacting turbulent jets, Ag = 2.38Res”*Sc™’>. The experimentally
determined length scales are in good agreement with this well-established scaling law, giving confidence in
the present approach. Figure 2 compares the modeled and measured 1D normalized dissipation spectra with
Kk* =x/Ag and D *(x;) = Di(x;)/max[D;(x;)]. It is seen that the current resolved 1D dissipation spectra
extend only over part of the dissipation range and follow an exponential roll-off, which is similar to that of
the model spectrum. In each case the 2% cutoff is reached before experimental noise becomes important
due to the high signal-to-noise ratio (SNR). Results from the nonreacting experiments also show that the
physical limiting length scale for the mean dissipation rate is about 6Ag, corresponding to resolution under
idea conditions of 3Ag (Nyquist). The experimental resolution required to resolve this scale depends on the
particular experimental system and numerical schemes [10] and may be significantly smaller than 3Az.

This same approach was then applied to simultaneous line-imaged Raman/Rayleigh/CO-LIF data
previously obtained [5] in piloted CHy4/air jet flames at Reynolds numbers of 22,400 and 33,600 (Sandia
flames D and E). Figure 3 shows the normalized 1D dissipation spectra of the fluctuating mixture fraction,
temperature, and the inverse Rayleigh signal. The Rayleigh images were acquired with pixel spacing of
60 um, as compared to 200 pum spacing for the processed mixture fraction and temperature data. The high
SNR and high spatial resolution of the Rayleigh scattering images enables determination of the turbulent
cutoff wavenumber in 1D thermal dissipation spectra from these turbulent jet flames. The measurement
location is at x/d=15, r/d= 1.1 (near the mean reaction zone). Each spectrum is normalized by its
maximum value in the y-axis and by the dissipation cutoff length scale obtained from inverted Rayleigh
signal in the x-axis. The 1D fluctuating mixture fraction dissipation spectra show a much higher noise floor
than those of temperature and inverted Rayleigh signal. With the peak of the 1D dissipation spectra
resolved, the mixture fraction spectrum does not have sufficiently high SNR to reach the 2% cutoff
wavenumber. However, the 1D dissipation spectra of the fluctuating mixture fraction, temperature, and
inverted Rayleigh signal all follow nearly the same shape, e.g. exponential roll-off, in the high-wavenumber
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part of the noise-free region. This roll-off is also similar to the model spectrum of Pope, as shown in Fig. 3.
Therefore, the dissipation spectra and dissipation length scale (surrogate dissipation length scale)
determined from the inverse Rayleigh signal may be used to approximate the thermal and mixture fraction
dissipation spectra and length scales, even though the Rayleigh cross section is not constant in these piloted

jet flames.

The measured thermal dissipation length scale is smaller or equal to the mixture fraction

dissipation length scale and can safely serve as an estimate of the required resolution for mixture fraction
dissipation measurements using the simultaneous Raman/Rayleigh/CO-LIF technique [5]. This opens the
possibility of using Rayleigh scattering measurements to determine local length scales and resolution
requirements in complex flame geometries where turbulence scaling laws may be of limited utility.
Information on local dissipation length scales determined in this way may also be useful in the design of
grids for LES or the evaluation of the relative resolution of LES and DNS results.
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Fig. 1. Normalized 1D energy and dissipation spectra
calculated from the model spectrum of Pope [8] with
Taylor Reynolds number Re; = 140. The shaded region
illustrates the wavenumber interval resolved by the current
1D line imaging measurements, and the large arrow
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D and E. The 1-D model spectrum is from Pope [8] with
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Table 1  Estimated Batchelor scale (Ag) and
experimentally determined cutoff scale (Ag) in
nonreacting C,H, jets.

Rey 4,000 6,000 10,000 15,200

A (um) 370 270 185 135

Ag (um) 324 250 172 128
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Effects of Differential Diffusion in
Turbulent Nonpremixed CH,/H,/N, Jet Flames

Guanghua Wang and Robert S. Barlow
Combustion Research Facility
Sandia National Laboratories, Livermore, CA, 94551

Differential diffusion effects can be important in the near field of laboratory-scale jet flames, particularly
when the Reynolds number is relatively low and H; is mixed with heavier species in the fuel stream [1].
Differential diffusion in the DLR simple jet flames of CH4/H,/N, has been previously studied both
experimentally [2,3] and computationally [4]. Theoretical considerations suggest that differential
diffusion is always present in turbulent flows and is mainly important at small length scales [S]. Due to
the inherent low signal level at small length scale and the ambiguity of the Batchelor scale in reacting
flows, this model has not been verified in reacting flows.

Here we present results from simultaneous line-imaging of Raman/Rayleigh/CO-LIF in the DLR-A
(Re =15,200) and DLR-B (Re =22,800) jet flames at streamwise locations of x/d =1, 5, and 20. We
compare both the elemental mass fractions and their 1D dissipation spectra. These new data reveal very
strong differential diffusion effects close to the jet exit (x/d=1) and demonstrate that differences in
species diffusion coefficients are reflected in the dissipation spectra of various species mass fraction and
of elemental H and C mixture fractions. Differential diffusion clearly affects the roll-off of these
dissipation spectra even at downstream locations (e.g., x/d = 20) where the mean mass fractions of major
species show relatively minor influence of differential diffusion..

The mixture fraction &pie. Was calculated using the Bilger’s formulation [6]. The elemental mixture
fractions &, are calculate as &, = (Y, - Y.,) / (Y., - Y.2), where e denotes element H or C, Y’s are elemental
mass fractions, subscripts 1 and 2 refer to the main jet and coflow air stream, respectively. Figure 1
shows calculated elemental mixture fraction &; and &¢ at three streamwise locations, x/d = 1, 5, and 20
for both flames. Result from laminar opposed-flow flame with strain parameter a = 50 ' is also included
for comparison. It can be seen that the differential diffusion effect is highest at the jet exit (x/d = 1) of
DLR-A. The average difference between the two elemental mixture fractions decreases with increasing
downstream distance in each flame, and it is smaller in DLR-B than in DLR-A at a given location, due to
the increase in Reynolds number. These 1-D measurements are similar to point measurements from
previous experiments [3]. The significant differential diffusion effect near the jet exit highlights the
potential importance of molecular transport on near-field flame structure and stability. These issues
should be considered when comparing measured and modeled results for this type of flame. Some of the
problems that have been experienced in modeling of the near-field behavior of laboratory-scale jet flames
may be related to the fact that differential diffusion is neglected in most models. It will also be important
to gain a better understanding of the extent to which differential diffusion influences the very near-field
scalar structure of turbulent flames at flow conditions more directly relevant to combustion applications.

Figure 2 compares 1D dissipation spectra of &giger, &y and &e at x/d =20 in both flames. The 1D
dissipation results [7] indicated that the dissipation cutoff length scale is fully resolved at this downstream
location. However, the high-wavenumber portion of each dissipation spectrum is influenced by
experimental noise. Figure 2 clearly illustrates different behaviors of &giger, &y and &¢ in the roll-off
region of the 1D dissipation spectra before noise becomes important. The roll-off of the 1D dissipation
spectra of & is always earlier than that of &, and &g, lies in between. This suggests that the dissipation
length scale for & is larger than that of & and &gie.r. These results confirm experimentally that the high
wavenumber region (dissipation range) is affected by differential diffusion. They also imply that
differential diffusion in turbulent flames is primarily a small scale phenomenon since results in Fig. 1
based upon the elemental mixture fractions showed negligible effect at x/d = 20.
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Fig. 1 Elemental mixture fractions &y and &- in DLR-A (Re,; = 15,200) and DLR-B (Re,; = 22,800) flames

at streamwise locations x/d = 1, 5 and 20. Red line is an opposed-flow laminar flame calculation with
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Fig. 2 1D dissipation spectra of &piger, &y and & for DLR-A (Re,; = 15,200) and DLR-B (Re; = 22,800)
flames at x/d =20. The 6-mm probe was centered at 7/d=0 (jet centerline) or at 7/d=1.4 (maximum scalar
variance) as labeled in each frame.
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