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FOREWORD

The achievement of National goals for energy conservation and environmental protection
will rely on technology more advanced than we have at our disposal today. Combustion
at present accounts for 85% of the energy generated and used in the U.S. and is likely to
remain a dominant source of energy for the coming decades. Achieving energy
conservation while minimizing unwanted emissions from combustion processes could be
greatly accelerated if accurate and reliable means were at hand for quantitatively
predicting process performance. Given current and future fuel costs and climatic
impacts, a predictive, science-based approach to energy utilization is necessary.

The reports appearing in this volume present work in progress in basic research
contributing to the development of a predictive capability for combustion processes. The
work reported herein is supported by the Department of Energy's Office of Basic Energy
Sciences (BES) and in large measure by the chemical physics program. The long-term
objective of this effort is the provision of theories, data, and procedures to enable the
development of reliable computational models of combustion processes, systems, and
devices.

The development of reliable models for combustion requires the accurate knowledge of
chemistry, turbulent flow, and the interaction between the two at temperatures and
pressures characteristic of the combustion environment. In providing this knowledge, the
research supported by BES addresses a wide range of continuing scientific issues of long
standing.

» For even the simplest fuels, the chemistry of combustion consists of hundreds of
reactions. Key reaction mechanisms, the means for developing and testing these
mechanisms, and the means for determining which of the constituent reaction rates
are critical for accurate characterization are all required.

» For reactions known to be important, accurate rates over wide ranges of temperature,
pressure and composition are required. To assess the accuracy of measured reaction
rates or predict rates that would be too difficult to measure, theories of reaction rates
and means for calculating their values are needed. Of particular importance are
reactions involving open shell systems such as radicals and excited electronic states.

» To assess the accuracy of methods for predicting chemical reaction rates, the detailed,
state-specific dynamics of prototypical reactions must be characterized.

» Methods for observing key reaction species in combustion environments, for
interpreting these observations in terms of species concentrations, and for
determining which species control the net reactive flux are all required

» Energy flow and accounting must be accurately characterized and predicted.

» Methods for reducing the mathematical complexity inherent in hundreds of reactions,
without sacrificing accuracy and reliability are required. Methods for reducing the
computational complexity of computer models that attempt to address turbulence,
chemistry, and their interdependence and also needed.

Although the emphasis in this list is on the development of mathematical models for
simulating the gas phase reactions characteristic of combustion, such models, from the



chemical dynamics of a single molecule to the performance of a combustion device,
require validation by experiment. Hence, the DOE program represented by reports in this
volume supports the development and application of new experimental tools in chemical
dynamics, kinetics, and spectroscopy.

The success of this research effort will be measured by the quality of the research
performed, the profundity of the knowledge gained, as well as the degree to which it
contributes to goals of resource conservation and environmental stewardship. In fact,
without research of the highest quality, the application of the knowledge gained to
practical problems will not be possible.

The emphasis on modeling and simulation as a basis for defining the objectives of this
basic research program has a secondary but important benefit. Computational models of
physical processes provide the most efficient means for ensuring the usefulness and use
of basic theories and data. The importance of modeling and simulation remains well
recognized in the Department of Energy and is receiving support through the Scientific
Discovery through Advanced Computing (SciDAC) initiative; several work-in-progress
reports funded through SciDAC are included in this volume.

During the past year, this program has benefited greatly from the involvement of Dr.
Richard Hilderbrandt, program manager for Chemical Physics and for Computational and
Theoretical Chemistry, and Dr. Eric Rohlfing, team leader for the Fundamental
Interactions programs. Finally, the efforts of Sophia Kitts, Kellye Sliger and Rachel
Smith of the Oak Ridge Institute for Science Education and Diane Marceau of the
Division of Chemical Sciences, Geosciences, and Biosciences, Office of Basic Energy
Sciences in the arrangements for the meeting are also much appreciated.

Frank P. Tully, SC-22.1

Division of Chemical Sciences, Geosciences, and Biosciences
Office of Basic Energy Sciences

May 30, 2006
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COMBUSTION SIMULATION,
VERIFICATION, VALIDATION AND INNOVATION

Philip J. Smith, professor & chair, Chemical Engineering, The University of Utah

Abstract

Producing truly predictive simulations of real world processes has been identified by
many national panels as the key enabling technology for rapid analysis and deployment
of new technologies for addressing the tension between increasing global demand for
energy and the increasing concerns over global warming from green-house gases.
Producing combustion simulations with quantified uncertainty requires a balance in
tensions between the needs of engineering application and the wants of science
fundamentals, between quantum scales and equipment scales, between the reality of
the cyber infrastructure and the thirst for data, between computer science and physics,
and between many other tensions too. This presentation will argue for more widespread
development and adoption of formal methods of verification and validation in order to
resolve these tensions and to advance the ability of computational science to provide
real innovation tools to the combustion community.

Biographical Sketch

Professor Philip J. Smith is a professor of Chemical Engineering at the University of
Utah and is the current chair of the Department of Chemical Engineering. He is the
director of the Utah Heavy Oil Center (UHOC) and is a member of the directorate of the
Center for the Simulation of Accidental Fires and Explosions (CSAFE).He was one of
three founding partners of Reaction Engineering International (REI), a consulting firm
that uses combustion simulation software originally developed by Phil and his students
for problem solving and design of coal and gas combustion boilers, furnaces and
gasifiers.
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Progress report — March, 2006
Photoelectron Photoion Coincidence Studies: Heats of Formation of Ions,

Molecules, and Free Radicals
Tomas Baer (baer@unc.edu)
Department of Chemistry
University of North Carolina
Chapel Hill, NC 27599-3290
DOE Grant DE-FG02-97ER 14776

Program Scope

The threshold photoelectron photoion coincidence (TPEPICO) technique is utilized to
investigate the dissociation dynamics and thermochemistry of energy selected medium to large
organic molecular ions. The reactions include parallel and consecutive steps that are modeled
with the statistical theory in order to extract dissociation onsets for multiple dissociation paths.
These studies are carried out with the aid of molecular orbital calculations of both ions and the
transition states connecting the ion structure to their products. The results of these investigations
yield accurate heats of formation of ions, free radicals, and stable molecules. In addition, they
provide information about the potential energy surface that governs the dissociation process.
Isomerization reactions prior to dissociation are readily inferred from the TPEPICO data.

The PEPICO Experiment

The threshold photoelectron photoion coincidence (TPEPICO) experiment in Chapel Hill
is carried out with a laboratory H, discharge light source. Threshold electrons are collected by
velocity focusing them into a 1.5 mm hole on a mask located at the end of the 12 cm drift tube.
Some hot electrons pass through a 2x5 mm opening located next to the central 1.5 mm hole. In
this fashion, two TPEPICO spectra are simultaneously collected, one for threshold and one for
hot electrons. Hot electron free data are obtained by subtracting a fraction of the hot from the
threshold TPEPICO data. The ion TOF is either a linear version or a reflectron for studying H
loss processes. The electrons provide the start signal for measuring the ion time of flight
distribution. When ions dissociate in the microsecond time scale, their TOF distributions are
asymmetric. The dissociation rate constant can be extracted by modeling the asymmetric TOF
distribution. A high-resolution version of this experiment is currently being constructed in
collaboration with Thomas Gerber at the Swiss Light Source (SLS), a synchrotron that will have
a gas phase chemical dynamics beamline. Because of the high photon flux, we plan on
developing the first multi-start multi-stop coincidence scheme using a master clock as the time
base. When combined with coincidence ion detection, the results will permit the measurement of
ion dissociation limits to within 1 meV or 0.1 kJ/mol.

Recent Results
The Heats of Formation of vinyl bromide and vinyl radical
The threshold photoelectron photoion coincidence (TPEPICO) technique has been used to
measure accurate dissociative photoionization onsets of 1,1,2 tribromoethane and vinyl bromide.
The loss of one and two Br atoms from the former is sequential reaction:

1,1,2-CoH3Br; + hy > CH3Br,' +Br > CH3Br' +2 Br
whose dissociation onsets, modeled by simulating the breakdown diagram are shown in Figure 1.



an interesting feature in this breakdown diagram is the slope at the two cross over energies,
which is steep for the first Br loss and more
gentle for the second Br atom loss. The
slope for the first one is determined by the
thermal energy distribution of our room
temperature sample. However, the second
reaction is determined by the internal
energy distribution of C,H;Br,", which is a
product of the first dissociation, and thus
has a broader energy distribution because
the first Br atom carries off translational
energy. This internal energy distribution
can be calculated with microcanonical

— statistical theory:
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which assumes that the energy is partitioned statistically among all thermal and external degrees
of freedom during the dissociation event. The only input is the set of vibrational frequencies for
the product ion. We assume two translational degrees of freedom for the departing fragments.
Because the frequencies are known from calculations, the only adjustable parameter for fitting
the breakdown diagram is the onset energy for the second Br loss. The fact that it fits so well,
indicates that the statistical energy partitioning is near perfect, a conclusion that agrees with
results of a number of other sequential ionic reactions that we have investigated.

The loss of two Br atoms from 1,1,2-C,H;Br;" leads to C,H;Br' (vinyl bromide).
Because our laboratory photon source is limited to E<14 eV, there was insufficient energy to
break the final Br bond to form the vinyl ion. Instead we started from the vinyl bromide neutral
and measured the dissociative photoionization onset to produce CoH;" + Br, which yielded an
onset of 11.902 £+ .008 eV. This reaction had also been studied by Ng and co-workers in 2004
using PFI-PEPICO at the ALS,
who reported an onet of
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11.901+.0015 eV, an onset that
agrees very well with our own
measurement, although our error
bars were much higher. By
anchoring the energy to a
calculated (W1 theory) value for
the vinyl ion (AfH sk = 1116.1 +
3.0 kJ/mol), we were able to
determine the heats of formation
of a number of species including
vinyl bromide (53.5 = 4.3). The
energy diagram shown in Figure 2
summarizes the results. The

8.506 eV

C.H, + 3Br

dashed lines are not yet measured. However, if someone were to measure the IE of C,H;Br",
both neutral bond energies for the tri-bromoethane would be established.



Thermochemistry and Dissociative Photoionization of Si(CH3)4, BrSi(CH3);, ISi(CH3)s, and
Si>(CH3)s and their Ge analogues studied by TPEPICO spectroscopy
In a series of three submitted papers, we investigated the Silane and Germane thermochemistry.

One of the results is a very accurate A H ;. (Me,Si*) of 14.8 £ 2.0 kJ/mol, which yields a Si-Si
bond dissociation energy of 333.3 £ 5.8

kJ/mol, whose error limit is determined
by the di-silane heat of formation.
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Future Plans

We have begun to carry out temperature controlled TPEPICO experiments (-40 C to +60
C) in order to directly measure a molecule’s thermal energy distribution. The goal is to learn
about free and hindered rotors in long change hydrocarbons. Also, we have initiated the
measurement of k(E) curves for halobenzenes because the dissociation to C¢Hs™ + X is now well
established. We will obtain curves much as those in Figure 3 above, with which we can test
RRKM, VTST, and SACM models for rate constants.

Because PEPICO is not part of the Chemical Dynamics Beamline plans, we have begun
constructing a new TPEPICO experiment which includes velocity focusing with an imaging
detector for electrons at the Swiss Light Source (SLS). It will be possible to carry out these
experiments with a resolution of 1 meV (0.1 kJ/mol). A molecular beam free radical source will
permit us to obtain threshold photoelectron spectra with 1 meV resolution and thus to determine
IE’s to a very high precision. Among the molecules planned are a series of organometallic
complexes for which we will obtain neutral Metal-Ligand bond energies, as well as solvent
molecule binding energies.
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Program Scope

This program is directed toward achieving a more complete understanding of turbulence-
chemistry interactions in flames. In the Turbulent Combustion Laboratory (TCL) at the CRF,
simultaneous line imaging of spontaneous Raman scattering, Rayleigh scattering, and two-photon
laser-induced fluorescence (LIF) of CO is applied to obtain spatially and temporally resolved
measurements of temperature, the concentrations of all major species, and mixture fraction (), as
well as gradients in these quantities in hydrocarbon flames. The instantaneous three-dimensional
orientation of the turbulent reaction zone is also measured by imaging of OH LIF in two crossed
planes, which intersect along the laser axis for the multiscalar measurements. These combined data
characterize both the thermo-chemical state and the instantaneous flame structure, such that the
influence of turbulent mixing on flame chemistry may be quantified. Our experimental work is
closely coupled with international collaborative efforts to develop and validate predictive models for
turbulent combustion. This is accomplished through our visitor program and through an ongoing
series of workshops on Turbulent Nonpremixed Flames (TNF). Within the CRF we are collaborating
with Joe Oefelein to use highly-resolved large-eddy simulations (LES) of our experimental flames in
order to gain greater fundamental understanding of dynamic, multi-scale, flow-chemistry interactions.

Recent Progress

Recent work has focused on the structure of reacting flows at the smallest scales of
turbulence, the dissipation scales, and on the effects of spatial averaging and experimental noise on
measurements of scalar dissipation. We have achieved significant progress in this area over the past
year and have brought new clarity to both the fundamental understanding of reacting turbulence at the
dissipation scales and the experimental techniques used to investigate these issues. We have also
been developing a new detection system for multi-scalar line imaging (Raman/Rayleigh/CO-LIF) that
will yield significant improvements in spatial resolution, collection efficiency, and rejection of
interferences.

Scalar Dissipation and the Structure of Reacting Turbulence at the Smallest Scales

Scalar dissipation is a central concept in combustion theory and in several turbulent
combustion modeling approaches. Accurate measurements are needed. However, such measurements
are challenging because they require high precision and good spatial resolution. Because scalar

dissipation, y =2D,(V&eV¢E) or x, =2D,(0&/ ar)? for the radial contribution in a jet flame,

is determined from the square of the measured gradient in mixture fraction, & experimental noise in
the mixture fraction measurements always increases the apparent measured mean scalar dissipation
value. Dissipation occurs at the smallest scales of turbulence. Consequently, the measured
dissipation is significantly attenuated when the smallest turbulent scales are not



resolved by the experimental technique. Thus, spatial averaging and noise have opposite effects, and
it is necessary to quantify both in order to assess measurement accuracy. We have pursued this by
applying Fourier analysis and digital filter theory to line-imaging data from turbulent nonreacting jets
and jet flames and comparing results to well established theory for nonreacting turbulent flow.
Investigations have been carried out in collaboration with Guanghua Wang (Sandia postdoc), Noel
Clemens (UT Austin), and Dirk Geyer (Technical University of Darmstadt), as well as Jonathan
Frank and Sebastian Kaiser (Sandia).

Line imaging of Raman/Rayleigh/CO-LIF was used to investigate the energy and dissipation
spectra of turbulent fluctuations in temperature, mixture fraction, and their gradients in several
flames, including CH4/H,/N, jet flames at Reynolds numbers of 15,200 and 22,800 (DLR-A and
DLR-B) and piloted CHy/air jet flames at Reynolds numbers of 22,400 and 33,600 (Sandia flames D
and E). The high signal-to-noise ratio (SNR) of the one-dimensional (1-D) Rayleigh scattering
images enables determination of the turbulent cutoff wavenumber from 1-D thermal dissipation
spectra. The local length scale inferred from this cutoff is analogous to the Batchelor scale in
nonreacting flows. The measured thermal dissipation spectra in the turbulent flames were shown to
be similar to the model spectrum of Pope for turbulent kinetic energy dissipation in nonreacting flow.
Furthermore, for these flames with Lewis number near unity, the 1-D dissipation spectra for
temperature and mixture fraction were shown to follow nearly the same roll off in the high
wavenumber range, such that the cutoff length scale for thermal dissipation is equal to or slightly
smaller than the cutoff length scale for mixture fraction dissipation. This suggests that the cutoff
length scale determined from Rayleigh scattering measurements may be used to define the local
resolution requirements and optimal data processing procedures for accurate determination of the
mean mixture fraction dissipation based upon Raman scattering measurements. Additionally,
measurements from the piloted CH4/air flames were used to demonstrate that a surrogate cutoff scale
may be obtained from the dissipation spectrum of the inverse of the Rayleigh signal itself, even when
the Rayleigh scattering cross section varies through the flame.

The portion of the turbulent scalar spectra captured in these experiments is illustrated in
figure 1, which shows normalized 1-D energy and dissipation spectra, based upon Pope’s model
spectrum for turbulent kinetic energy. The Rayleigh measurements, which have higher SNR and
better spatial resolution than the Raman measurements (0.040 mm or 0.060 mm vs. 0.220 mm), have
a spatial dynamic range that includes the peak (in most cases) in the dissipation spectrum and extends
beyond the dissipation cutoff, such that the length scale corresponding to the cutoff may be
determined at each measurement location. The cutoff wavenumber at x* = 1 corresponds to 2% of
the peak value in the 1-D model dissipation spectrum, as indicated by the large arrow in figure 1.

The normalized 1-D dissipation spectra from the experiments are compared in figure 2 with
the 1-D model spectrum from Pope. Here, the wavenumbers of the measured spectra are normalized

by the cutoff wavenumber x, determined from the 2% level in the dissipation spectrum for the

inverse Rayleigh signal. The measured and modeled dissipation spectra follow nearly the same
exponential roll-off at the high wavenumber region. This indicates that turbulence structure at the
dissipation scales in jet flames, as represented by averaged spectra, is similar to that in nonreacting
turbulent flows. This is an important experimental observation that should be investigated in a wider
range of flames. It is clear that the dissipation spectra from the inverse Rayleigh signal may be used
in place of the thermal dissipation spectra, even though the Rayleigh cross section is not constant in
these piloted jet flames. It is also clear that the cutoff length scale obtained from the inverse Rayleigh
spectra may be used to determine local cutoff length scale for thermal dissipation. Furthermore, this
local surrogate length scale may be used to estimate the corresponding length scale for mixture
fraction dissipation and resolution requirements for accurate measurement of the mean mixture
fraction dissipation.
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Figure 1. Normalized 1-D energy and dissipation spectra for scalar fluctuations calculated from the model
spectrum for turbulent kinetic energy from Pope [Turbulent Flows] with Taylor Reynolds number, Re; =140.

The shaded region indicates the wavenumber interval resolved by the current 1-D line Rayleigh imaging
measurements, and the large arrow indicates the 2% dissipation cutoff location, xAs = x* = 1, where Az is
analogous to the Kolmogorov scale in the model spectrum.
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Figure 2. Comparison of the normalized 1-D dissipation spectra of mixture fraction, &, temperature, 7, and the
inverse of the Rayleigh signal, I at x/d=15, r/d=1.1 in Sandia flames D and E. The 1-D model spectrum is
based on the model spectrum for turbulent kinetic energy from Pope.

Direct measurement of the local scalar spectrum is also expected to be an effective approach
for determining local turbulence scales and experimental resolution requirements in complex flames,
such as bluff-body or swirl-stabilized flames, where simple scaling laws for estimation of turbulent
length scales are not expected to be accurate. The fact that the inverse of the Rayleigh signal may be
used directly in this analysis, without the need to know the local Rayleigh scattering cross section, is
a significant experimental finding. It suggests that turbulence length scales may be determined in
complex reacting flows using relatively simple laser diagnostics. Length scales determined from
experiments such as these will also be useful for the design of grids for large eddy simulation (LES)
or for the evaluation of the relative resolution of LES results.

Future Plans

The spectral analysis described above opens a way to remove noise in measurements of the
mixture fraction dissipation and also account for effects of spatial averaging when the measurement
resolution for Raman scattering is not sufficient to reach the dissipation cutoff. We will use this
approach to extract corrected scalar dissipation results from previous jet flame data, allowing
guantitative comparisons with model calculations and highly resolved LES (Oefelein). We will
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integrate our newly constructed transmission spectrometer for line-imaging of Raman scattering into
the multiscalar experiments in the Turbulent Combustion Lab and construct a second spectrometer for
direct measurement of fluorescence interference in Raman measurements. In collaboration with TU
Darmstadt, we will develop a hybrid Raman data analysis approach, combining features of our matrix
inversion technique with their spectral fitting technique. These diagnostic advances will allow
extension of experiments into flames of more complex fuels. The TNF8 Workshop will be held in
Heidelberg, Germany on 3-5 August 2006.
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Program Scope

This program, funded by the Department of Energy grant, is a theoretical and
computational one to develop and apply dynamical methods to chemical processes of
importance in gas-phase combustion. These include quantum and quasiclassical
calculations of bimolecular and unimolecular reactions using ab initio-based potentials
that govern these processes. Recent work has focused on developing new methods to fit
tens of thousands of ab intio energies to functional forms that are inherently invariant
with respect to any permutation of like nuclei. Dynamics on these potentials, which may
contain multiple minima and saddle points, can be done for long times and can reveal
new pathways and mechanisms of chemical reactions.

Recent Progress
The “roaming H-atom” in H,CO photodissociation

The photodissociation dynamics of formaldehyde has been of long-standing
interest, both experimentally' ™ and theoretically.”™ Previous theoretical work has
included high quality ab initio calculations of various stationary points of the potential.
Potential surfaces have been developed, which however, do not describe the H+HCO
radical channel. Classical dynamics have been done on these surfaces, and “direct-
classical dynamics” have aso been performed with the focus on the product distributions
of the CO and H, molecular products.

We recently completed a global potential surface for H,CO in the ground singlet
state, in collaboration with L. B. Harding.Pl This surface describes both the molecular
and H+HCO radical channels. We also completed a semi-global potential energy surface
for the triplet state, which leads to H+HCO products.” This surface is based on roughly
10 000 UCCSD(T)/aug-cc-pVTZ calculations. Quasiclassical trajectory calculations
were done on both potentials and very interesting and somewhat unexpected results were
found. The dynamics on the singlet potential energy surface have revealed an unusual
second channel to form the molecular products H,+CO. This channel can be described as
a “self-reaction” of the incipient H+HCO radical products or a “roaming H-atom”
channel. The key experimental signature of this channel, seen by Suits and co-workers,
is vibrationally hot H, and rotationally cold CO. A joint report of this work appeared in
2004" and a follow-up paper has been submitted."

Reaction dynamics on the triplet and singlet potential energy surfaces have
recently been reported in a joint experimental/theoretical work by Scott Kable’s group
and my group.”™ In this work the focus was on the H+HCO products and the internal
energy distribution of the HCO product in particular. The experiments found that at
photolysis energies below the barrier on the triplet surface the rotational distribution of



HCO is essentially statistical, whereas for energies above the barrier the rotational
distribution changes its character suddenly and is much colder. The dynamics
calculations agree with this finding, and by considering dynamics separately on the
singlet and triplet surface it was shown that at energies above the triplet barrier the
H+HCO products are dominated by the triplet surface. These conclusions are in
complete agreement with the proposed explanation of similar experimental results made
several years ago by Reisler and Wittig and co-workers.*

A global ab initio potential energy surface for H+CH,

Stimulated by recent experimental work of Zare and Schatz and co-workers'' and
pioneering experiments of Valentini and co-workers'* on hyperthermal scattering studies
of the reaction of H with CH,, we developed a global ab initio-based potential energy
surface for this reaction. The need for such a potential was made clear by Schatz and co-
workers, who in joint work with Zare, showed that the best available ab initio-based
potential was inadequate to describe the result of these experiments. Schatz and co-
workers did show that quasiclassical trajectory direct dynamics calculations based on
Density Functional Theory (B3LYP/6-31G**) calculations did give results in much better
agreement with experiment. These calculations do not yield a PES of course and so this
motivated us to develop one.

The global potential is based on the new fitting approach to roughly 22 000
CCSD(T)/aug-cc-pVTZ electronic energies.” This fit is quite precise and yields a barrier
of 14.8 kcal/mol. This barrier agrees with previous high quality calculations and has
been shown in work using semi-global potentials'>'* to give the thermal rate constant in
good agreement with experiment. Thus although we have not calculated the rate constant
with the new potential (but plan to do so in the near future) we are confident that we will
get good agreement as well with experiment. We have done some preliminary
quasiclassical trajectory calculations in the hyperthermal region™ and do get very good
agreement with the Zare group's results.

Future Plans

We plan to carry out extensive dynamics calculations with the new CH; potential,
including investigating the effect of exciting the asymmetric stretch on the reaction cross
section at collision energies between 1.52 and 2.0 eV. Zare and co-workers reported a
relative increase of the cross section by 3.0 1.5 over this energy range. We will also
calculate the thermal rate constant using and initial state-selected rate constants using
reduced dimensionalty quantum approaches that we used earlier' on this reaction but
with a highly approximate (Jordan-Gilbert) potential.

We also plan to begin studies of the reaction of the reaction of C(°P) with C,H,.
This reaction has been extensively studied experimentally by two molecular beam
groups.'®"” This reaction forms linear-C,H and cyclic-C,H products and according to one
experimental group, singlet C,."” The singlet C, can of course only be formed in a spin
changing process. Our plan is to develop global potential energy surfaces for the triplet
and singlet states and to study the reaction dynamics on both potentials. We are
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stimulated to do this work both by the experimental and previous theoretical work,
including ab initio calculations of stationary points'® and rate constant calculations based

on statistical'® or reduced dimensionality approaches.
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PROJECT SCOPE

Combustion processes are governed by chemical kinetics, energy transfer, transport, fluid
mechanics, and their complex interactions. Understanding the fundamental chemical
processes offers the possibility of optimizing combustion processes. The objective of our
research is to address fundamental issues of chemical reactivity and molecular transport
in combustion systems. Our long-term research objective is to contribute to the
development of reliable combustion models that can be used to understand and
characterize the formation and destruction of combustion-generated pollutants. We
emphasize studying chemistry at both the microscopic and macroscopic levels. To
contribute to the achievement of this goal, our current activities are concerned with three
tasks: Task 1) developing models for representing combustion chemistry at varying levels
of complexity to use with models for laminar and turbulent flow fields to describe
combustion processes; Task 2) developing tools to probe chemistry fluid interactions; and
Task 3) modeling and analyzing combustion in multi-dimensional flow fields.

RECENT PROGRESS

Task 1: Developing models for representing combustion chemistry at varying levels
of complexity to use with models for laminar and turbulent flow fields to describe
combustion processes (with Shaheen R. Tonse and Marcus Day) Our objective in
these studies [Tonse and Brown, 2003 and Tonse et al., 2006] is to develop reduced
mechanisms for hydrocarbon fuels that are accurate and efficient because a substantial
fraction of computing resources is frequently devoted to solving the chemical rate
equations (ODES) in reactive computational fluid dynamics (CFD) calculations. We
observe this fraction to be 93% for a 32 species CHy+Air mechanism, GRI-Mech 1.2
embedded in a low Mach number CFD code. The larger dimensionality of these systems
requires very large factorial designs, and this renders PRISM (in its previous form) not
appropriate. We recently created two approaches for mechanism reduction: an enhanced
form of PRISM and DYSSA (Dynamic Steady State Approximation) for reducing
chemical mechanisms dynamically. Our method of fast-slow time-scale separation and
the framework of hypercube-shaped Chemical Composition Space (CCS) partitions are
an essential part of each. PRISM and DYSSA apply their reduction techniques
repeatedly and uniquely to each hypercube encountered, and this results in an optimal
application of the techniques since species move from the slow category into the fast one
as their time scales change during a simulation. The fast/slow species time separation is
invariant in a hypercube, is different for each hypercube, and is accomplished
dynamically during the simulation.
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PRISM constructs polynomial equations in each hypercube, and replaces the ODE system
with simpler algebraic polynomials. Earlier versions of PRISM were applied to smaller
chemical mechanisms and used all chemical species as independent variables in the
polynomials. We enhanced PRISM by reducing the dimensionality of its polynomials
based on differences in species time scales. DYSSA is an enhancement of the steady-
state approximation. As a chemical mixture of the simulation enters different hypercubes,
DYSSA uses the fast-slow time-scale separation to determine the set of steady-state
species in those hypercubes. A reduced number of chemical kinetic ODEs, equal to the
number of non-steady-state species (plus one for temperature), is integrated rather than
the set of rate equations associated with the original mechanism. The fast species are
approximated accurately and simply in each hypercube.

DYSSA and PRISM are evaluated for simulations of a counter-rotating pair of vortices
interacting with a premixed CH4/Air laminar flame. We use the adaptive low Mach
number algorithm developed by Day and Bell [2000] and their Adaptive Mesh
Refinement (AMR) CFD code [Day, 2003]. We replaced their standard chemistry
module in the AMR CFD code by either PRISM or DYSSA. DYSSA is shown to be
sufficiently accurate for use in combustion simulations. DYSSA’s speedup appears to be
on the order of three or four for the most accurate simulations (relative error less than
1.0% for all species concentrations) and increases as accuracy requirements are
decreased. PRISM does not perform as well as DYSSA with respect to accuracy and
efficiency. We also determined the computational burden imposed by the dynamic
reduction is quite insignificant. We performed an ad hoc sensitivity study of dynamic
reduction to determine the factors that most contribute to its accuracy/efficiency and
found that the partitioning of CCS into hypercubes, and how this is accomplished for
individual species is very important. We also determined that the partitioning of
chemical composition space required by these two approaches affords an opportunity to
investigate the chemistry/fluid interactions of a flame interacting with counter-rotating
vortices of different strengths.

DYSSA is sufficiently accurate for use in combustion simulations. DYSSA’s cost of
setting up a surrogate to use in place of the full ODE solution in a hypercube is much
reduced relative to PRISM’s cost, hence DY SSA has a lower reuse threshold for
recovering costs. The modular structure of the code into a hypercube management
portion, a Fast/low separation method portion, and a portion used to solve the chemical
Kinetics rate equations suggests that improvements can be implemented in a
straightforward fashion.

The Fast/low method performs well at separating species, and provides a useful means of
applying dynamic chemical reduction on the fly when it is applied with the CCS
hypercube partitioning concept. The amount of reduction varies considerably over the
simulation. In contrast, static reduction, which attempts to maintain suitable accuracy, is
limited to a dimensional reduction that is valid over all CCS encountered in a simulation,
and it would use the part of CCS with the least reduction as being representative. The
static dimensional reduction must be anticipated in advance, and an unexpected access to
some other portion of CCS resulting from changes in simulation initial conditions,
boundary conditions, and model input would likely result in unanticipated inaccuracies.
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A key target for efficiency is creating a reduced mechanism that has a computational
burden equal to that of other processes in the reactive CFD simulation so that solving the
chemical rate equations is no longer rate limiting. PRISM does not have sufficient
accuracy and efficiency to be used in combustion modeling for larger mechanisms (30
species) of the sort treated here. PRISM works well for smaller mechanisms. If the
Fast/low approach were applied to Hy/Air combustion with the Gusset designs, we
envision that a factor of 15-20 gain in efficiency might be realized. PRISM might also be
useful as part of a hybrid method for that part of CCS where quadratic polynomials are
required as a surrogate for the ODE solution. Since DY SSA has both sufficient accuracy
and efficiency to be used for combustion modeling. We anticipate devising new
strategies for improving DYSSA'’s efficiency while maintaining accuracy at acceptable
levels for various combustion modeling applications. This will be achieved through
devising a more sophisticated species separation algorithm, and through algorithmic
improvements that result in larger hypercube sizes and greater reuse.

Task 2. A review of transport property formalisms and their underlying
parameterizations is being prepared (Brown). It is important to properly describe the
transport of species, momentum, and energy in flames. Transport coefficients required
for the quantification of these processes are diffusion, viscosity, and thermal conductivity
coefficients. Our recent sensitivity studies have demonstrated that transport property
importance varies according to the dependent variable considered and the flame type. As
an important step in improving the representation of transport in combustion modeling,
we are currently conducting a review of these transport properties. Major products of this
review are suggestions for improving transport property evaluations under combustion
conditions as well as improvements in their underlying parameterizations. The review
content is discussed in the proposed research section.

Task 3 Research conducted to examine chemistry fluid mechanical interactions
(Brown with Tonse and Day). We have examined vortex-flame interactions to
determine how vortex strength affects chemical pathways. The metric used is the number
of hypercubes that are constructed in CCS for a given simulation. The strain field and
curvature of the flame surface induced by the impinging vortex leads to a shift in the
chemical pathways of methane oxidation. The magnitude of these effects depends
strongly on the length and time scales of the perturbing velocity field; the chemistry is
not significantly affected if the vortex is weak or moves quickly through the flame zone.
Important chemical processes are removed from the dominant methane oxidation
pathways for moderate cases of vortex strength and velocity. This effect, observed
experimentally [Nguyen and Paul, 1996] and theoretically by Bell et al. [2000], is
reproduced in our current simulations. We observe that hypercube numbers increase with
velocity to a point, and then decreases. The study also shows that different chemical
pathways are emphasized as the velocity increases.

FUTURE PLANS

We will improve the efficiency of DYSSA, while maintaining suitable accuracy for
various combustion applications. This and other combustion modeling applications will
be undertaken with John Bell’s group. We will also extend the data set associated with
the potential parameters that support the evaluation of transport properties for species
important for H, and CH, combustion. Our goal is to improve transport properties
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important for supporting H, and CH4scombustion. We will work with Michael Frenklach
as part of PrIMe (hhtp://primekinetics.org), an international collaboration concerned with
developing reaction models for combustion, which includes kinetics, thermochemistry,
and transport. We will also collaborate with Michael Frenklach on the homogeneous
nucleation of carbon nanoparticles, and focus on collisions of aromatic-aliphatic linked
hydrocarbon compounds.
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I. Program Scope

Polyatomic radical intermediates play an important role in a wide range of combustion
processes. A portion of our DOE-supported work investigates competing product channels in
photodissociation processes used to generate radical intermediates important in combustion
and develops new methodology to investigate the unimolecular dissociation and isomerization
channels of the nascent radicals."” Our work for DOE in the past two years, described in
detail below, focuses on probing the radical intermediates of bimolecular reactions, including
the reactions of O atoms and CH radicals with unsaturated hydrocarbons, that proceed
through addition/insertion to form an energetically unstable radical intermediate along the
reaction coordinate en route to products. Our experiments generate a particular isomeric form
the key unstable radical intermediates along a bimolecular reaction coordinate and investigate
the branching between the ensuing product channels of the energized radical as a function of
its internal energy under collision-less conditions. The experiments allow us to probe the
elementary reaction from the radical intermediate to the competing product channels and
determine the energetic barriers in both the entrance and the product channels. The results
develop insight on product channel branching in such reactions and provide a key benchmark
for emerging electronic structure calculations on polyatomic reactions that proceed through
unstable radical intermediates.

II. Recent Progress

Our work this year completed several studies on bimolecular reactions that proceed
through an addition/insertion mechanism. Our velocity map imaging study* which resolved the
energetic barrier between the lowest energy radical intermediate and the CO + vinyl product
channel of the O + propargyl reaction followed earlier work in my group' and probed a key
portion of the potential surface calculated by Bowman and coworkers. The experiments and
analysis were largely complete at the last contractors meeting, so I simply give the reference to
our final paper in reference 4. I also give no further details on our collaborative experiments
with Steve Pratt, completed this past year, on the photodissociation of propargyl chloride at 193
nm and detailed in reference 5. The experiments described in Section A below outline our
investigation of the CH,O + CO — CH; + CO, reaction by accessing the CH,;OCO radical
intermediate. This study, done in collaboration with Dr. Jim Lin at Taiwan's National
Synchrotron Radiation Research Center (NSRRC) was initiated in the summer of 2004 and
finished this year. The results have important implications for the kinetic modeling of
oxygenated fuels. The experiments described in Section B below probe the product channels
resulting from the propargyl radical intermediate of the CH(X’IT) + C,H, reaction and the C(’P) +
C,H, reaction. The data evidence the competing H + C,;H, and H, + C;H product channels of the
reaction. Unlike most of the other systems we have investigated with this new methodology, the
experimental results are not well-predicted by current high-level electronic structure calculations

17



of the product channel energetics. Finally, Section C describes new experiments we have begun
on one of the key radical intermediates of the O + allyl reaction.

A. Investigating the CH,0 + CO = CH, + CO, Reaction by Accessing the
CH,0CO Radical Intermediate

The work we completed and published this past year® on product branching from the
methyl formate radical is key to the chemical kinetic modeling of the effects of oxygenated
hydrocarbons on soot emissions from diesel engines (C. K. Westbrook, W. J. Pitz, H. J.
Curran, J. Phys. Chem. A. in press (2006)). While the reaction OH + CO — H + CO,,
proceeding through the HOCO radical intermediate, has been extensively studied,
experimental work on the analogous CH,O + CO — CH,; + CO, reaction is relatively limited.
A CH,0OCO radical intermediate is indicated both in studies which collisionally stabilize the
reaction intermediate and in several theoretical studies of the minima and transition states
along the reaction coordinate. Our work, which began in 2004 and was published® this past
year, investigated the dynamics of this reaction by initiating the reaction from the CH,;OCO
radical intermediate. The internal energies of the ground state radicals produced in our
experiments allowed access to the low barrier CH;O + CO entrance channel of the
bimolecular reaction and the exothermic CH; + CO, product channel of the bimolecular
reaction, which was predicted to have a higher barrier in several early theoretical papers. An
RRKM estimate of the product branching averaged over our ground state radical's internal
energy distribution predicted a product branching of CH;0 + CO: CH; + C