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Foreword

This abstract booklet provides a record of the thirtieth U.S. Department of Energy
contractors’ meeting focused on gas-phase chemical physics. 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 objective of this meeting is to provide a fruitful environment in which researchers
with common interests will present and exchange information about their activities, will build
collaborations among research groups with mutually reinforcing strengths, will identify needs
of the research community, and will uncover opportunities for future research directions. The
agenda consists of an invited keynote talk, oral presentations by program Pls and for the first
time invited poster presentations from junior level researchers in an effort to increase the
awareness of the Gas Phase Chemical Physics program. Approximately one third of the PIs in
the program speak each year in rotation. With ample time for discussion and interactions, we
emphasize that this is an informal meeting for exchange of information and building of
collaborations; it is not a review of researchers’ achievements or a forum to define the future
direction of the program.

We appreciate the privilege of serving in the management of this research program. In
carrying out these tasks, we learn from the achievements and share the excitement of the
research of the many sponsored scientists and students whose work is summarized in the
abstracts published on the following pages.

We thank all of the researchers whose dedication and innovation have advanced DOE
BES research and made this meeting possible and productive. We hope that this conference will
help you will build on your successes and we look forward to our assembly next year for our
31 annual meeting.

We thank Diane Marceau of the Chemical Sciences, Geosciences and Biosciences
Division, and Margaret Lyday and Connie Lansdon of the Oak Ridge Institute for Science and
Education for their important contributions to the technical and logistical features of this
meeting.

Michael Casassa
Larry A. Rahn
Wade Sisk
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Combustion chemistry diagnostics
Katharina Kohse-Hoinghaus
Chemistry Department, Bielefeld University, Germany

The need for clean energy drives many recent studies in combustion research and applications.
Use of alternative fuels with different chemical functions, restrictions on harmful emissions,
and introduction of novel combustion strategies stimulate an increasing demand for informa-
tion on combustion chemistry. Details of the reaction networks, of important pathways, of
sensitivities to specific conditions are crucial for the formation of certain intermediates and of
undesired products.

The presentation is planned to stimulate discussion by providing selected recent results in five
areas where diagnostics can be used to obtain insight into the combustion chemistry.

Some specific features in the combustion of oxygenate fuels and hydrocarbon/oxygenate
blends will be highlighted. Still far from assembling a complete picture, important contri-
butions have been made by many groups in the US and overseas to establish a basis for
predictive modeling of the combustion of esters, ethers, alcohols and their blends with
conventional hydrocarbon fuels. A more general approach for estimating structure-product
relations from chemically complex fuel molecules would be desirable.

Diagnostic tools that have been used in the context of oxygenate fuels, including espe-
cially mass spectrometric techniques, have also been applied to study the chemistry of
fuel-bound nitrogen when burning model alternative fuel compounds with, for example,
amine functions. Such nitrogen-containing compounds may originate from pyrolysis of
plant matter, such as wood bark, or from other biological waste. The combustion chemis-
try of such fuel components must be considered as largely unstudied.

When analyzing the intermediate and product species pool in combustion processes, espe-
cially in situations where the available information is incomplete, mass spectrometry — al-
though intrusive — is indispensable, and mechanisms are validated by such techniques.
Following earlier investigations of molecular beam sampling with probes, accurate laser
measurements today offer the potential to revisit such perturbation effects. Some recent
results will be highlighted to discuss useful strategies.

Sensing and controlling the combustion status under practical conditions will potentially
have to rely on optical information. Laser tools offer a broad wavelength range and many
options for the detection of radicals, and alternative fuels may warrant tolook at different
species than would be measured when addressing conventional hydrocarbon flames. Also,
chemiluminescence is widely advocated as an intrinsic combustion sensor, and some as-
pects will be presented of using this information quantitatively.

Finally, combustion regimes are becoming attractive where high efficiency and low emis-
sion might be beneficially combined. As one of these approaches, low-temperature com-
bustion will be addressed using both a novel burner and a homogeneous or catalytic flow
reactor, and issues for analysis of the combustion chemistry under such conditions will be
discussed.






Two- and three-state conical intersections in molecular systems

Spiridoula Matsika
Department of Chemistry
Temple University
Philadelphia, PA 19122
smatsika@temple. edu

Conical intersections between two and three states of the same symmetry have been
found to play a key role in nonadiabatic processes. Two-state conical intersections have
been known for a while and their importance is now widely recognized. Three-state conical
intersections, actual degeneracies between three electronic states that are not imposed by
symmetry, are less known, but they have been shown in recent years to be present in many
polyatomic molecules. These features may exist when there are at least five degrees of
freedom present in the molecule. Their importance and effect on nonadiabatic dynamics
are not well understood.

The importance of conical intersections is being investigated in a variety of photoiniti-
ated processes. Large scale ab initio multireference configuration interaction methods are
being used to locate and characterize conical intersections and examine how they influence
the excited state properties of molecular systems. We will present studies on biologically
relevant systems, and particularly the nucleobases and their analogs, where we have found
many seams of two- or three-state conical intersections that can complicate the potential
energy surfaces and dynamics of these systems.!™ It is shown that the accessibility of
conical intersections is a key factor in determining their fluorescence properties. Implicit
effects of three-state conical intersections are investigated by calculating nonadiabatic cou-
pling terms, and it is demonstrated how the phase of the nonadiabatic coupling terms can
be a diagnostic for the presence and location of additional seams.*

The topography of the conical intersection region that couples the electronically excited
and ground state potential energy surfaces can affect the product distributions of photoini-
tiated reactions. We will demonstrate this in collisional quenching of electronically excited
OH A%X* by Ny or Hy. The rotational excitation of the OH X?II products and branching
fraction are found to be dynamical signatures of nonadiabatic passage through the conical
intersection region.’

1. “Radiationless Decay of Excited States of Uracil through Conical Intersections”, S. Matsika, J. Phys.
Chem. A, 108, 7584-7590, (2004)

2. “Three-State Conical Intersections in Nucleic Acid Bases”, S. Matsika, J. Phys. Chem. A, 109,
7538 - 7545, (2005)

3. “Radiationless Decay Mechanism of Cytosine: An Ab Initio Study with Comparisons to the Fluo-
rescent Analogue 5-Methyl-2-Pyrimidinone”, K. A. Kistler and S. Matsika, J. Phys. Chem. A, 111,
2650-2661, (2007)

4. “Three-State Conical Intersections in Cytosine and Pyrimidinone Bases”, K. A. Kistler and S.
Matsika, J. Chem. Phys., 128, 215102, (2008)

5. “State-resolved distribution of OH XZ2II; products arising from electronic quenching of OH A?%+
by No”, L. P. Dempsey, T. D. Sechler, C. Murray, M. Lester, and S. Matsika J. Chem. Phys., 130,
104307, (2009)






The Ignition of Jet Fuel Relevant Hydrocarbons at Engine Conditions

Matthew A. Oehlschlaeger
Rensselaer Polytechnic Institute, Troy, NY
oehlsm@rpi.edu

Overview

This AFOSR sponsored project is aimed at understanding the oxidation and ignition kinetics for
jet fuels through shock tube studies. Our group has recently constructed a heated shock tube
facility capable of elevated pressure homogenous gas-phase kinetic measurements of the ignition
and oxidation characteristics of low vapor pressure hydrocarbon compounds such as those found
in current (gasoline, diesel, and jet fuels) and future transportation fuels (Fischer-Tropsch fuels,
biofuels, oil sands fuels, and others). Shock tube measurements of the ignition delay times of
individual hydrocarbons found in and representative of those found in jet fuels at conditions of
relevance to aero-propulsion devices are in progress. To date, a large range of compounds have
been studies from the various classes of hydrocarbons found in high concentrations in jet fuels
(n-alkanes, iso-alkanes, cyclo-alkanes, and aromatics). These measurements provide: 1) kinetic
targets for the development and assessment of oxidation mechanisms for many compounds for
which targets are sparse or do not exist in the literature, 2) an assessment of the influence of
organic structure on reactivity, and 3) data needed for the development of surrogate mixtures for
jet fuels and their detailed kinetic mechanisms.

Recent Progress

New Shock Tube: A new shock tube has been designed and constructed for the investigation of
fuel chemistry at elevated pressures (reflected shock pressures up to 200 atm). The stainless steel
shock tube has a 5.7 cm inner diameter, a 4.1 m long driven section, and a 2.6 m long driver. The
shock tube, mixing vessel, and filling manifold can be heated with an electronically controlled
electrical resistance heating system to temperatures up to 180 °C. Measurements of temperature
on the inner wall of the shock tube indicate that the temperature is uniform within £2 °C, the
thermocouple measurement uncertainty. This facility allows the investigation of low vapor
pressure fuels, for which limited Kinetic targets are available, at pressures and mixture
compositions (fuel and air mixtures) relevant to aero-propulsion and internal combustion
engines. The shock tube has been fully characterized and uncertainties in post-shock temperature
and pressure are estimated at 1-1.5%. Ignition measurements were made for iso-octane mixtures
at a wide range of conditions for comparison to previous well established literature data from the
groups at Aachen, Fieweger et al. (1997) [1], and Stanford, Davidson et al. (2005) [2], for
validation of the shock tube and measurement techniques.

Ignition of jet fuel relevant compounds: Ignition delay time studies have been carried out for a
large number of individual hydrocarbon compounds in reflected shock experiments for
conditions that range from 750-1500 K, 7-60 atm, and ® = 0.25-1.5 in air. The focus of our work
thus far has been on ignition measurements for individual hydrocarbon compounds from a
variety of organic classifications that are found in relatively high concentrations in jet fuels or
are representative of compounds found in jet fuels. Some of the compounds investigated have
been the subject of previous shock tube and/or rapid compression machine ignition studies.
However, for many of the compounds these ignition studies represent the first measurements or



the first measurements at conditions relevant to aero-
propulsion and internal combustion engines.
Measurements have been completed for the following:
C7-Cy4 n-alkanes, iso-octane (2,2,4-trimethylpentane, a
reference fuel for octane number), iso-cetane
(2,2,4,4,6,8,8- heptamethylnonane, a reference fuel for
cetane  number),  cyclopentane, cyclohexane,
methylcyclohexane, ethylcyclohexane, decalin,
toluene, the three xylene isomers, ethylbenzene, and a-
methylnaphthalene. Ignition delay times for these
compounds have been made using simultaneous
pressure and electronically excited OH emission
measurements near the shock tube end wall; see Fig. 1
for an example ignition time measurement.

N-Alkanes: As an example of our work on
hydrocarbon ignition, a brief description of the major
kinetic conclusions from of our work on n-alkanes is
given. Figure 2 shows a comparison of ignition time
measurements made near 12 atm for stoichiometric n-
alkane/air mixtures. The graph includes data for n-
heptane, n-decane, n-dodecane, and n-tetradecane
ignition measurements obtained in our heated shock
tube facility and results from other shock tube and
rapid compression machine studies for these
compounds. This comparison and comparisons made
at other conditions (pressures and equivalence ratio)
show experimentally, for the first time, that the
reactivity of n-alkane/air mixtures for C; and larger n-
alkanes vary little with n-alkane chain length, for
mixtures with approximately common carbon content
at elevated pressure conditions. The similarity in
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Fig. 1. Example ignition time measurement.
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Fig. 2. Measured ignition times for ® = 1.0 n-
alkane/air mixtures at 40 atm.

reactivity for n-alkanes observed experimentally is in good agreement with the recent predictions
of LLNL (Westbrook et al., 2009 [3]) and Milano (Ranzi et al., 2005 [4]) kinetic modeling
studies but is in disagreement with the kinetic modeling of the Nancy group (Biet et al., 2008
[5]). Hence, this data has cleared up, to some degree, disagreement within the kinetic modeling
community as to influence of n-alkane length on reactivity. The similarity in reactivity for long
n-alkanes can be explained by examining the primary reaction pathways and intermediates,

which obviously vary significantly with temperature.

For shock tube experiments at temperatures below 1400 K the n-alkanes are primarily consumed
via H-atom abstraction by small radicals (O, H, OH, HO,, CHjs, and others) to produce alkyl
radicals; at T > 1400 K n-alkane thermal decomposition competes. At higher temperatures (T >
900-1000 K) these alkyl radicals primarily decompose, which can be proceeded by isomerization
(H-atom transfer), to produce olefins, most of which are ethylene and propene for all n-alkanes
regardless of chain length. Therefore, at higher temperatures the intermediate olefin pool for all



n-alkanes is very similar, provided that the mixtures are of common carbon content, and
therefore the ignition times are very similar.

At moderate to lower temperatures the explanation for the similarity in reactivity is different. At
lower temperatures (T < 900-1000 K) alkyl radicals can add directly to O, to form alkylperoxy
radicals (RO2) which can dissociate back to alkyl and O, or isomerize to form hydroperoxy alkyl
radicals (QOOH). The QOOH can add an additional O, to form hydroperoxy peroxy
(OOQOOH) which can quickly isomerize to a ketohydroperoxide and an OH radical. The
ketohydroperoxide can decompose to form a second OH radical and another radical. In total, this
reaction sequence produces three radicals from the original alkyl radical and thus chain low-
temperature radical branching. At moderate temperatures (700-1000 K) this low-temperature
branching reaction pathway competes with the dissociation of QOOH to form different products:
olefins and HO,, cyclic ethers and OH, and B-scission products and alkyl radicals. This moderate
temperature pathway results in no radical branching and thus lower reactivity is observed in the
moderate-temperature  negative-temperature-coefficient (NTC) regime than at lower
temperatures where QOOH + O is faster than QOOH decomposition.

The similarity of the measured ignition times in all the experimental studies shown in Fig. 2 for
temperatures less than 1000 K implies that the moderate- and low- temperature reaction
pathways, described above, and rate coefficients are not strongly influenced by n-alkane chain
length for C; and larger n-alkanes. In particular, reactions involving internal isomerization (RO,
— QOOH and OOQOOH — OH + ketohydroperoxide), the rates of which are dependent on the
length of R for smaller molecules, must not be strongly dependent on length, for C; and larger
alkyls. This conclusion is consistent with the premise that reactions proceeding through cyclic
transition states typically proceed through 5-8 member rings and in the case of larger alkanes the
addition of chain length does not add probable isomerization pathways.

Future Work

Future work will expand our ignition time measurements to multi-component hydrocarbon
mixtures to provide insight into the influence of fuel-fuel interactions on reactivity. We will also
begin evaluating surrogate mixtures and distillate jet fuels (Jet A and JP-8) to determine which
surrogates suitably mimic the reactivity characteristics of commercial and military use jet fuels.
Additionally, we have recently developed a ppm-sensitive mid-IR quantum cascade laser
absorption sensor for carbon monoxide which will be used to study both high- and low-
temperature fuel oxidation in shock tubes.
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Practical Explicitly Correlated Many-Body Methods

Edward F. Valeev
Department of Chemistry, Virginia Tech, Blacksburg, VA 24061

Abstract

Predictive computation of energy differences and properties related to them (equilibrium constants,
reaction rates, rovibrational spectra) demand convergent series of high-level wave function models in
combination with specially-designed basis set sequences. Unfortunately, the use of practical basis sets
results in unacceptably-large basis set errors. For example, the mean absolute and maximum basis
set error of heats of formations of small closed and open-shell molecules in the HEAT testset! are
9.1 and 25.2 kJ/mol when using the correlation-consistent triple-zeta basis set. Reliable predictions
of chemical accuracy (defined as 1 kcal/mol = 4.2 kJ/mol) clearly requires more extensive basis sets
and computational costs increased by orders of magnitude. The cause of the large basis set errors
is fundamental: the qualitatively incorrect behavior of the standard wave functions when electrons
approach each other closely. Although carefully designed basis set sequences allow to reduce the basis
set error of molecular energies by empirical extrapolation, such approaches are often not reliable and
cannot be easily extended to properties.

To account for the basis set challenge from first principles we employ explicitly correlated R12
wave function methods. In R12 methods®3 the two-electron basis includes products f(ri2)|ij), where
f(ri2) is an appropriate function of the interelectronic distances known as the correlation factor. The
many-electron integrals that appear in explicitly correlated methods are simplified by systematic approx-
imations*5 based on the resolution of the identity (RI).% At the MP2 level the use of R12 approach
allows to reduce the basis set error by an order of magnitude, with a disproportionately-small increase
in computational cost.

Here we will discuss our recent progress in extension of R12 approach to the highly-accurate coupled-
cluster (CC) methods for ground and excited states using the rigorous and perturbative routes. The
rigorous R12 extension of the CC method is formally straightforward but the resulting equations are
immensely complex and are not suited for manual implementation. To derive, manipulate, and imple-
ment these equations we employed an automated compiler that can handle the more general algebraic
structure of the CC-R12 equations, isolate the special R12 intermediates, factorize the resulting ten-
sor expressions, and generate efficient computer codes. Evaluation of the nonstandard two-electron
integrals is also carried out by a high-performance computer code generated by a specialized compiler.
These developments have allowed us for the first time to investigate a range of unprecedented ground-
state CC-R12 methods through CCSDTQ-R12. Application of these novel methods to small polyatomic
molecules results in absolute electronic energies of chemical accuracy and without any extrapolation.’
The work is underway to develop excited state and response CC-R12 capabilities.®

A more practical approach to R12 coupled-cluster methods is to introduce explicit correlation by
perturbation theory. We have developed a family of CC-R12 methods that treat geminal terms alone
(CCSD(2)Rr12),% 19 or in conjunction with triple excitations (CCSD(T)gr12),!! in a manner similar the
workings of the “gold standard” CCSD(T) method. The advantage of the perturbative route is that
the standard CC equations are not modified, and technical changes to the MP2-R12 code are minor.
We demonstrate that the CCSD(T)r12 method is a practical R12 variant of the CCSD(T) method with
performance similar to the rigorous CCSD(T)-R12 counterpart. For the aforementioned HEAT example,



the use of the CCSD(T)r12 method allows to reduce the basis set error to 2.8 kJ/mol in mean absolute
sense and to 7.2 kJ/mol at most, all with the same triple-zeta basis set. Thus, the CCSD(T )r12 method
with only a triple-zeta basis set seems to reach chemical accuracy on average.

We will finally investigate how the R12 approach can be applied in a universal fashion to any

electronic structure model (wave function or density-based).}> Our approach is formally similar to the
perturbative CC route described above. We hope to apply such universal correction in conjunction with
multireference CC or Cl models to quanitatively describe potential energies of bond breaking processes,
in ground and excited states, and other phenomena involving near-degenerate electronic structures.
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Multiscale simulations of nanoparticle formation in high temperature
conditions

Angela Violi
Departments of Mechanical Engineering, Chemical Engineering and Biomedical Engineering
University of Michigan
Ann Arbor, MI, USA

Abstract

The process of combustion is the dominant pathway through which mankind continuously injects
particulate matter into the atmosphere. These combustion-generated particles are present not only
in very large amounts, but they are produced, at the smallest scale, in the form of clusters with
nanometric dimensions. Although the total mass of particulate emissions has been significantly
reduced with improvement of combustion efficiency and emissions control systems, the very small
nanoparticles are exceedingly difficult to control by the emission systems typically installed on
vehicles. In addition, the current emissions regulations are mass-based and do not address the
presence of nanoparticles. Predictive models of nanoparticle formation and oxidation that provide
detailed chemical structures of the particles currently do not exist, a fact that greatly limits our
ability to control this important chemical process.

The objectives of this work are focused on gaining a clear understanding of the chemical and
physical processes occurring during the formation of carbon nanoparticles in combustion
conditions and their fate in the environment. Starting from the chemistry of novel fuels, including
esters, the primary focus is to provide a detailed multi-scale characterization of nanoparticle
formation in combustion environments, through the use of novel simulation methodologies
operating across disparate (spatial/temporal) regimes. The use of ab initio simulations to describe
the reaction pathways for the breakdown of the fuel molecules, together with atomistic models,
such as Molecular Dynamics simulations, provides information on the reaction pathways from fuel
decomposition to nanoparticle formation in a chemically specific way. This approach establishes a
connection between the various time scales in the nanoparticle self-assembly problem, together
with an unprecedented opportunity for the understanding of the atomistic interactions underlying
carbonaceous nanoparticle structures and growth.
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Vibrational Autodetachment —
A New Experimental Approach to Intramolecular Vibrational Relaxation

J. Mathias Weber
JILA, NIST, and Department of Chemistry and Biochemistry, University of Colorado,
Boulder, Colorado 80309, USA

Abstract

The distribution and relaxation of vibrational energy through molecules is a
process that is very important in many chemical phenomena. Consequently,
understanding internal vibrational redistribution / relaxation (IVR) of energy is critical
for obtaining predictive power in modeling of processes in complex chemical
environments. In this work, we use vibrational autodetachment (VAD) as a new
experimental approach to studying IVR.

If the binding energy of an excess electron to a molecule is less than the energy of
a certain vibrationally excited state, excitation into that state can lead to VAD. If the
lifetime of the excited anion with respect to VAD is short compared to the experimental
timescale, the absorption of a photon leads to the formation of neutral products and free
electrons with near unit efficiency.

Unless there is a direct coupling mechanism between the excited vibrational state
and the detaching mode(s), VAD relies to a large extent on IVR, resulting in the
excitation of vibrational modes that couple the anionic and neutral potential energy
surfaces. In the context of IVR, the situation of vibrational autodetachment (VAD) is
similar to the use of vibrational predissociation in that the initially excited zero-order
bright state is embedded in a continuum of dark states (the dissociation continuum and
the electron emission continuum, respectively). For VAD from polyatomic anions, an
excited vibrational mode is often not directly coupled to electron emission, and energy
needs to be redistributed into a mode that is.

Our model systems in this study are nitroalkanes, which have electron affinities of
about 1400 cm™ [1], well below the excitation energies for CH stretching modes, with the
excess charge localized mostly on the nitro group. The low electron binding energy
facilitates VAD as well as direct photodetachment in the energy region of the CH
stretching fundamentals (2700 — 3000 cm™). The absorption bands of the CH stretching
vibrations in the hydrocarbon are the zero-order bright states, while the nitro group serves
as a localized energy acceptor, as the most important vibrational modes coupling the
anionic and neutral potential energy surfaces are the NO, wagging modes.
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The coupling of vibrational energy to electronic motion manifests itself in
macroscopic systems e.g. as thermionic emission. In a molecular description, the
coupling of vibrational and electronic motion constitutes a breakdown of the Born-
Oppenheimer approximation. Ro-vibrational autodetachment (AD) has first been reported
by Lineberger and coworkers [2], where the excess electron on NH™ was ejected after ro-
vibrational excitation of the anion. The VAD approach has not been widely used for
spectroscopic purposes, and the only time it has been employed with a (partial) focus on
IVR was a few years ago by Johnson and coworkers, in the case of bare and Ar solvated
nitromethane anions [3].

In the present work, VAD spectra are compared to Ar-predissociation spectra of
Ar solvated nitroalkane anions [4]. In addition, low-energy velocity map photoelectron
imaging results for nitromethane anions without and with vibrational excitation are
shown. The “regular” photoelectron spectrum is interpreted with the aid of ab initio
theory and Franck—Condon factor calculations [1]. From photoelectron spectra resulting
from electron loss after vibrational excitation and comparison to the calculated density of
states of the neutral and the anion, we can draw conclusions on how vibrational energy is
coupled into the electron loss channel.

1. C.L. Adams, H. Schneider, K.M. Ervin, and J.M. Weber, "Low-energy
photoelectron imaging spectroscopy of nitromethane anions: Electron affinity,
vibrational features, anisotropies and the dipole-bound state,” J. Chem. Phys. 130,
074307-1 - 10 (2008).
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Chem. Phys. 115, 10718-10723 (2001).

4. H. Schneider, K.M. VVogelhuber, F. Schinle, J.F. Stanton, and J.M. Weber,
"Vibrational spectroscopy of nitroalkane chains using electron detachment and Ar
predissociation,” J. Phys. Chem. A 112, 7498-7506 (2008).
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Threshold Photoelectron Photoion Coincidence (TPEPICO) Studies:
The Road to + 0.1 kJ/mol Thermochemistry

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 TPEPICO 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 1ons 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 with a molecular beam source and an
electron imaging detector at the Swiss Light Source (SLS) has been constructed and has been
collecting data since August, 2008. Because of the high photon flux, we have implemented the
first multi-start multi-stop coincidence scheme using a master clock as the time base. The
maximum photon resolution and flux have not yet been achieved due to some alignment issues.

However, 2 meV resolution has been demonstrated, which will yield onset energies accurate to
0.2 kJ/mol.

Recent Results

The Heats of Formation of HCCl;, HCCIL,Br, HCCIBr;, HCBr3, and Their Fragment Ions
Studied by Threshold Photoelectron Photoion Coincidence: The parallel onsets for Cl and Br
loss were measured for the following mixed tri-halide ions, HCCl;, HCCIl,Br, HCCIBr;, and
HCBr3 by threshold photoelectron photoion coincidence (TPEPICO) in order to establish the
heats of formation of the mixed halides as well as the following fragment ions: HCCI,",
HCCIBr', HCBr,". The first zero Kelvin onsets were measured with a precision of 10 meV.
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The second onsets, which are in competition with the lower energy onsets, were established with
a precision of 60 meV. Because both the chloroform and bromoform have relatively well
established heats of formation, these measurements provide a route for establishing the heats of
formation of the mixed halomethanes within uncertainties of less than 5 kJ mol™. A particular
effort was made to establish believable error limits in second onset energies (see figure below).

CHCIl,*

Specific Rate Constants K(E) of the Dissociation of the Halobenzene Ions: Analysis by
Statistical Unimolecular Rate Theories Specific rate constants K(E) of the dissociation of the
halobenzene ions C¢HsX ™ — C¢Hs™ + X (X =Cl, Br, and I) were measured over a range of 10° to
10" s' by threshold photoelectron-photoion coincidence (TPEPICO) spectroscopy. The
experimental data were analyzed by various statistical unimolecular rate theories in order to
derive the threshold energies Eq. Although rigid activated complex RRKM theory fits the data in
the experimentally measured energy range, it significantly underestimates Eqo for chloro- and
bromobenzene. Phase space theory (PST) does not fit the experimentally measured rates. A
parameterized version of the variational transition state theory (VTST) as well as a simplified
version of the statistical adiabatic channel model (SSACM) incorporating an energy dependent
rigidity factor provide excellent fits to the experimental data and predict the correct dissociation
energies. Although both approaches have just two adjustable parameters, one of which is Eo,
SSACM is effective and particularly simple to apply.

8 : : : : — This is an important study for us because
- it clearly demonstrates the necessity of

" ] using theories more sophisticated than
RRKM to extrapolate the measured rate
constants down to the 0 K dissociation
limit.  The Chapel Hill opinion of
SSACM is that it is simply a first order
correction to PST and thus ideally suited
for ionic dissociations. There does not
. appear to be much physical meaning to
Y ’ : - - - - RRKM | the adjustable parameter, though. The

27 I oo PsT 1 VTST is intuitively more appealing, but
the fitting parameters are difficult to

lon Internal Energy (eV)

Log(K(E)) (")
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Progress at the Swiss Light Source (SLS)
The VUV beamline at the SLS is rapidly becoming a smoothly running facility.

TPES and total ion scans in an Ar
beam below the Ar IE (15.760 eV).
Ar, TPES TPES was obtained in coincidence
with Ar,” ions. The TPES peaks are
about 7 meV wide. Electron velocity
map images at each photon energy
reveal the autoionziation paths of the
Lkl Ar, Rydberg states. This scan was run
overnight on autopilot.

Ion/ZKE signal (arb. units)

Ar, PIE

Below is the breakdown diagram of
SiCl," between 17 and 26 eV obtained
at the SLS.

14.40 14.55 14.70 14.85 15.00 15.15 15.30 15.45 15.60 15.75

hv/ev
The best photon resolution obtained so far

has been 2 meV, which should also be the
best electron resolution. More work is
required to reduce Stark broadening of
electron peaks due to the 40 V/cm extraction
field. The machine runs on autopilot so that
2 people can work 24/7 for two weeks
without wearing themselves out. So far, the
focus has been on collecting breakdown
diagrams for molecular ions that sequentially
loose ligands, e.g. SiCl,", until we see the
bare Si" ion above 25 eV. The loss of Cl T

from SiCly” at 10 eV is not shown. By 17 18 19 20 21 22 23 24 25 26 27 28
modeling the energy partitioning in the various sequential dissociation steps, we can semi-
quantitatively reproduce the entire breakdown diagram (solid lines). The only adjustable
parameters are the onset energies. The slopes of the lines are given by the statistical energy
partitioning. We have similar data for SnCly, GeCls, and BBr3;. Deviations of the data from the
statistical model probably reflect non-statistical energy partitioning, which needs investigating.

Work in Progress and Future Plans

Some papers in progress include an accurate and reliable measurement of the t-butyl ion heat of
formation. This is being done with variable temperature TPEPICO apparatus in Chapel Hill
using CH3 loss from neopentane ions as the precurosor. The challange is to extract an accurate
onset for the methyl loss channel in the presence of a slightly lower energy CH4 loss onset.
With this in hand, we can determine the heats of formation of t-butyl iodide, and t-butyl
peroxide, both of which yield the t-butyl ion as an ionic product. Another study involves the
determination of the t-butyl-OO radical heat of formation by photoionzation of di-t-butyl
peroxide. This reaction is very metastable and its analysis has shown that simple RRKM and
SSACM vyield different onset energies. Our calculatiosn suggest that the SSACM onset is the
correct one. This study depends on the accurate t-butyl ion heat of formation obtained from the
neopentane study. A third paper in progress involves the heat of formation of the C;Hs" ion.
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The challange here is that H loss from propene involves a slow reaction, whose rates must be
measured. Because of the small mass loss, the data analysis is challenging.

Future plans include further testing of the VIST and SSACM models for ionic reactions that
involve the loss of dipolar species. These are ones that have non-spherical potentials, which
often require special care. But, there are not many examples of such reactions. A study of
Ce¢HsNO™ > C¢Hs" + NO is in progress. In addition, we will continue our study of peroxides in
order to obtain heats of formation of other peroxy radicals.
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Program Scope

This program is directed toward achieving a more complete understanding of turbulence-
chemistry interactions in flames and providing detailed measurements for validation of
combustion models. 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, mixture fraction, and
reaction progress, 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 the TNF Workshop series. Although the past emphasis
has been on nonpremixed combustion, the workshop and this program are in the process of
expanding their scope to address a broad range of combustion regimes, including premixed and
stratified flames. We are also working to extend our quantitative multiscalar diagnostics to more
complex fuels by implementing a polarization separation technique for single shot
measurements. Within the CRF we collaborate with Joe Oefelein to use highly-resolved large-
eddy simulations (LES) of our experimental flames in order to gain greater fundamental
understanding of the dynamics of multi-scale flow-chemistry interactions. We also collaborate
with Tom Settersten and Jonathan Frank to refine our quantitative LIF methods and to apply
complementary imaging diagnostics to selected turbulent flames.

Recent Progress

Work during the past year has focused on four areas closely linked to the new directions of the
TNF Workshop: 1) stratified flame experiments and data analysis (collaboration with
Cambridge University, UK), 2) development of a new processing approach for processing
Raman scattering data from hydrocarbon flames (collaboration with the Technical University of
Darmstadt, Germany) 3) exploratory measurements in laminar and turbulent flames of ethane,
ethylene, propane, and dimethyl ether (DME), and 4) buildup of collection optics and detection
hardware for polarized/depolarized Raman measurements and for improved OH PLIF imaging.

Stratified Flame Experiments and Data Analysis

In stratified combustion a turbulent flame propagates through a nonuniform mixture of fuel and
oxidizer. This mode of combustion is common on practical systems but is not well understood at
a fundamental level, and it represents an important challenge for combustion models. Stratified
combustion is also challenging for laser diagnostics because high precision in the measurement
of the local equivalence ratio, ¢, is required and thin reaction zones demand high spatial
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resolution. In collaboration with Prof. Simone Hochgreb and Mr. Mark Sweeney of Cambridge,
we investigated two stratified burners using line-imaged Raman/Rayleigh/CO-LIF in
combination with crossed planar LIF imaging of OH. The first burner (Fig. 1a) uses parallel
slots and mesh to create a turbulent mixing layer between two streams to different equivalence
ratio. Data from this burner have been analyzed to extract statistics on the instantaneous
dissipation of reaction progress variable, which is an important quantity for some modeling
approaches and which had not previously been measured in any turbulent stratified flame.
Statistics of the flame surface density, curvature, and orientation have also been reported. We
recently conducted experiments on a new stratified burner (Fig. 1c) that operates at significantly
higher turbulence levels than the slot burner. This burner is intended as a target for validation of
RANS and LES combustion models. It has a central bluff body for flame stabilization and two
annular flow passages. Variable swirl may be applied to the outer annular flow. This swirl
burner was designed to complement a burner from TU Darmstadt. (See abstract by J. Frank.)

a) b) c)

Figure 1. a) Cambridge stratified slot burner diagram and example image combining acetone and OH
imaging [1]; b) measured results for 3D (angle corrected) scalar dissipation y. plotted vs. instantaneous
progress variable ¢ with color indicating mixture fraction Z [2]; and c) photograph of the new annular
burner for investigation of stratified flames at higher turbulence levels.

‘Hybrid’ Processing of Raman Measurements

We collaborated with the group of Prof. Andreas Dreizler at TU Darmstadt, Germany to develop
a method of analysis of Raman scattering measurements that combines the best aspects of the
separate methods used by the two groups. This ‘hybrid” method applies a matrix inversion
approach but uses lookup tables based on integration of regions of theoretically calculated
Raman spectra instead of polynomial curves based upon extensive calibration. The new method
offers significant advantages for processing of data from our low f-number transmission
spectrometer because the effects of optical bowing of the line image and beam steering within
turbulent flames can be corrected automatically.

Flames of Ethane, Propane, Ethylene, and DME

In order to evaluate the potential for extending high-quality multiscalar measurements to
turbulent flames burning more complex fuels, we measured Raman scattering spectra in heated
flows (up to ~850K) and in laminar partially-premixed jet flames of ethane, propane, ethylene,
and DME. Measurements were conducted in collaboration with TU Darmstadt during a visit by
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PhD student, Frederik Fuest (Jan-Feb 2009), and they included both high-resolution spectra and
spectrally binned (on-chip) data separated into two polarization components. The high
resolution results will be used to develop synthetic spectral libraries, which will subsequently be
used to extend the ‘hybrid’ Raman processing method to address these fuels. Some exploratory
measurements were also obtained in piloted turbulent jet flames of each fuel, so that relative
levels of fluorescence interference may be evaluated.

Enhancement of Measurement Capabilities

We are in the process of duplicating (in mirror image) the complete three-camera
(Raman/Rayleigh/CO-LIF) detection system that was brought on line in June 2007. The second
system will allow simultaneous detection of the separate polarization components of signal from
the test section, so that fluorescence interference and flame luminosity may be subtracted from
the Raman scattering signal. Implementation of this polarization separation technique as a
quantitative, single-shot method for turbulent flames is the critical path toward extending model
validation experiments to more complex fuels, including some alternative transportation fuels.
We have also upgraded the UV imaging optics for our crossed OH PLIF measurements. Light
collection has been increased by an order of magnitude, yielding significant improvement in
spatial resolution and accuracy of measurements of flame curvature in premixed and stratified
flames.

Future Plans

Research plans are closely aligned with two of the major priorities identified at the TNF9
Workshop (Montreal, August 2008). The first is to extend our work on stratified combustion to
flames with higher levels of turbulence. This is being done in collaboration with the University
of Cambridge (UK) and the Technical University of Darmstadt (Germany). In both cases, burner
designs emphasize well-defined boundary conditions for turbulent combustion models, such that
unambiguous comparisons of measured and modeled results may be achieved. Strong coupling
of the experimental and computational work on stratified combustion at Cambridge, TU
Darmstadt, and Sandia will be facilitated by funding from the Leverhulme Trust (UK) for
establishment of a research network. This three year grant to Prof. Hochgreb allows for research
exchanges (travel expenses) and annual workshops. The intent is to accelerate progress in this
research area and feed the larger (and less focused) model validation framework of TNF series.

Our second thrust will be to extent multiscalar measurements to turbulent flames of more
complex fuels. We expect to complete construction and installation of our second three-camera
detection system during the coming year. In parallel, we will work with TU Darmstadt to
develop synthetic libraries representing the temperature dependence of Raman scattering spectra
for methane, ethane, propane, ethylene, and DME, so that the hybrid processing method may
also be applied to fuels. It is hoped that detailed multiscalar results on the first turbulent flames
of the new fuels will be available within the next year.

[1] P. Anselmo-Filho, S. Hochgreb, R.S. Barlow, R.S. Cant, “Experimental Measurements of Geometric
Properties of Turbulent Stratified Flames,” Proc. Combust. Inst. 32, 1763-1770 (2009).

[2] M.S. Sweeney, O.R. Darbyshire, S. Hochgreb, R.S. Barlow, “Experiments on the Structure of
Stratified Flames in Low Turbulence,” US National Combustion Mtg., Ann Arbor, May 2009.
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Program Scope

The research program supported by this Department of Energy grant centers on
developing rigorous, predictive and insightful computational methods to model the
basic dynamics of chemical and physical processes of importance in gas-phase
combustion. We have focused in recent years on developing full-dimensional global
ab initio-based potential energy surfaces (PESs) that describe complex unimolecular
and bimolecular reactions. These PESs are fits to tens of thousands or more of ab
initio energies using special polynomial bases that are manifestly invariant with
respect to all permutations of like nuclei. Dynamics calculations using 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. The
choice of reaction system to study is always motivated by experiments that challenge
and ultimately advance basic understanding of combustion reaction dynamics.
Recent Progress in “Roaming” Dynamics

H2CO photodissociation

We have extended our studies of the so-called "roaming dynamics" in H,CO
photodissociation by explicit consideration of aspects of the interaction between the

Schematic of the H,CO T,/S, Reaction Profile the Ti and So electronic states in a

120 - collaboration with the groups of
100 | = " /1 Anna Krylov and Keiji Morokuma,
i 1 who used using different electronic

8Of So 1 structure methods to characterized
g2 60} D «— 1 these intersections.’! (Note: "Pn"
E 20 b { refers to publication no. n in list "
- 1 PUBLICATIONS SUPPORTED BY THE

20 r 1 DOE (2007-present)." The lowest
oF 1 energy intersections between T; and

a0 b ] So, determined by these groups, are

located in the hydromethylene region
of the potential energy surface as indicated in the schematic figure shown above.
The configurations of these intersections are close to the geometry of the cis/trans-
HOCO isomerization saddle point. We performed extensive quasiclassical trajectory
(QCT) calculations initiated at these intersection geometries using an updated global
potential energy surface. The new PES contains a high-energy saddle point
connecting the molecular channel H2+CO to the HOCO region of the PES. (At the
energies of relevance to present photodissociation experiments this channel is
classically closed; however, configurations near this saddle point are sampled in the
dynamics calculations.) The QCT calculations find that isomerization occurs from the
HOCO region of the PES to the H,CO (as indicated in the figure), which then proceeds
to the molecular products by both the conventional molecular saddle-point pathway
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and the roaming pathway. The results of these new calculations, i.e., the Hz and CO
ro-vibrational distributions, are virtually identical to those obtained from
trajectories initiated at the So global minimum, which were reported recently.1.P2-P>
The roaming mechanism, first uncovered by running QCTs from the global minimum
continues to apply to the trajectories initiated from the T1/SO crossing
configurations.
CH3CHO Photodissociation
We reported a global PES for CH3CHO based on roughly 130 000 CCSD(T)/cc-pVTZ
electronic energies in the single-reference regions of the potential and augmenting
those energies with accurate CCSD(T)/cc-pVTZ and aug-cc-pVTZ energies for many
fragments, e.g.,, CH4++CO, CH3+HCO, CH2CO+Hz2, C2H2+H20, etc.P® This potential was
used in QCT calculations of the
- 1 photodissociation of CH3CHO, which
£Q Dynamics initially were done at a total energy
T TS DrectDynamcs corresponding to the 308 nm
experiment of Houston and Kable.2 New
calculations were done as part of a
collaboration with the groups of Scott
|/ 1 Kable and David Osborn, who measured
ad the IR emission from the vibrationally
very hot CHi product, shown in the
figure to the left?” QCT calculations

10 -~ ]

08

Distribution

04 -

02 -

ol l | | | | N were performed on the global PES and
' 0 5000 10000 15000 20000 25000 30000 35000 initiated at the CH3CHO equilibrium (EQ)
CH, Vibrational Energy (cm’) geometry. In addition “Direct-Dynamics”

QCT calculations were performed at the
MP2/ccpVDZ level of theory and basis. These were initiated at the conventional
molecular saddle-point transition state corresponding to the dissociation of
acetaldehyde to the CH4+CO products. As seen in the figure there is good agreement
between the measured CHs vibrational energy distribution and QCT trajectories
initiated at the equilibrium configuration, denoted "EQ Dynamics”, but poor
agreement with trajectories initiated at the conventional TS, denoted "TS Direct
Dynamics”. Based primarily on this results shown in this figure we estimated that
the dissociation dynamics to the molecular products is roughly 85% non-
conventional TS. Animations of a number of trajectories indicate that there is
significant "roaming" of the CHz group.
Ab initio IR Spectroscopy of cis/trans-HOCO
In collaboration with Anna Krylov (USC) a semi-global PES was developed for the cis
and trans isomers of H2CO, based on fitting 17 262 CCSD(T)/cc-pVTZ (frozen core)
energies.’8 A dipole moment surface (DMS) was also obtained by fitting the dipole
moment obtained with CCSD/6-311G** (all electrons correlated) calculations. The
PES and DMS were used in rigorous vibrational calculations using the code
MULTIMODE,3 to obtain vibrational energies and intensities. The results are in very
good agreement with the recently measured matrix-isolation spectrum of trans-
HOCO.4
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F+CH4 reaction

We reported a full-dimensional, ab initio-based PES for the F+CHa4 reaction,” based

on an accurate composite method. This PES is the most accurate one currently

available. The first set of comparisons with experiments focused on those from

Nesbitt and co-workers® who determined the HF(v',j') product distributions at one

initial relative kinetic energy. Excellent agreement was found.

Future Plans

(1) We plan to extend the study of multi-electronic state dynamics calculations of

H2CO photodissociation by explicitly considering the non-adiabatic coupling. (2) We

plan further calculations of the F+CD3H reaction in order to make direct comparisons

with the experiments of Kopin Liu and co-workers,® who presented some evidence of

a possible resonance in this reaction. Liu's experiments detect the correlated

products CD3(v=0)+HF(v') and CD2H(v=0)+DF(v'). To model this quasiclassically

some method development will be needed so that the assignment of the ground

vibrational state of the methyl fragment is done as rigorously as possible. One

approach that we will investigate is to analyze the final vibrational energy

distribution of the methyl fragment by projecting the vibrational motion onto normal

modes and then perhaps using "Gaussian Binning"7 to obtain the mode-specific final

states.
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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. Our current work is concerned with improving
the calculation of transport properties for combustion modeling.

Recent Progress

A review of transport property formalisms and their underlying parameterizations has been
conducted (In collaboration with Lucas Bastien and Phillip Price).

Diffusion, viscosity, thermal conductivity, and thermal diffusion are critically important in
combustion processes. They affect profile shapes, flame velocities, and pollutant production.
Relative to efforts directed toward improving chemistry, little effort has been directed toward
improving the description of transport in combustion models since the work of Kee et al.
[1986]. The state of the art is described adeptly by Wakeham et al. [2007]: “there was
considerable development in both transport property theory and experimentation between
1950 and 1970; between 1970 and 1986, these efforts were extended to more complex
molecular systems, and currently the field has stagnated with little new development and is
driven by specific application needs.” Sensitivity analysis [Brown and Revzan, 2005]
revealed that influential transport properties are as important in flame modeling as influential
reaction rates, and both should be taken into account when building chemical mechanisms.
Major products of this review are suggestions of the best approaches for improving transport
property evaluations under combustion conditions as well as improvements in their
underlying parameterizations.

Our first task was to assemble a large amount of viscosity data because it is the most
accurately measured of the properties, and experimentally determined viscosity coefficients
for pure substances and binary mixtures can serve as benchmarks for different theoretical
approaches. This is possible because there were large improvements in the instrumentation
for measuring viscosity during the 1970s, and measurements were made in the temperature
regime 70 to 2000 K, with the majority of these under 1000 K, with errors less than 0.5 %.
We are currently evaluating transport properties using different formalisms and comparing
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them with each other and to experimental values for the temperature range 1 < T* <10, where
T* = kT/e and ¢ is the well depth. We have compared: Tranlib (CHEMKIN) of Kee et al.
[1986] that has been corrected for coding errors, the approach of Mason, Kestin, and
colleagues, MKC [Mason and Uribe ,1996 and Bzowski et al., 1990], with the Dipole
Reduced Formalism, DRFM, [Paul 1997 and Paul and Warnatz 1998]. Collision integrals for
the latter two are identical except for the case of molecules with dipole moments. We
calculated viscosities for pure substances that are simple non-polar molecules like rare gases
and CO; using the same sets of potential parameters (from Paul and Warnatz) for each
approach, and they agree excellently with each other-indicating that each approach to
collision integral evaluation leads to the same values for 1 < T* < 10 where T* = kT/e. We
also compared predicted viscosities calculated with Tranlib and DRFM —each with their
supporting data for each of the representative molecules over a range of temperatures. Rare
gas and “simple non-polar molecules” (Ar, O,, N2, CO,, CH,) viscosities calculated with
Tranlib, MKC, and DRFM agree with each other and with experimentally determined values
as well (relative errors usually less than 2 % and as high as 4 %).

Many molecules important in combustion including radical species have dipole moments and
all have polarizabilities. VValues for these parameters are often incorrect in the Tranlib data
base. Errors in viscosities calculated with Tranlib are 3 % for H,O and 17 % for NH; while
those calculated with DRFM are 2 and 3 %, respectively. This indicates that the two
approaches to correcting for dipoles are reasonable [DRFM approach is from Hirschfelder et
al., 1954], and argues for having correct values of dipole moments and polarizabilities.
Unfortunately, there are very few measurements of the transport properties of radical species,
and their supporting data are frequently incorrect. MKC only treats rare gases and simple
molecules and does not attempt any special treatment for properties involving polar
molecules and DRFM uses their dipole correction with newly estimated values of potential
length and energy scaling parameters. Figure 1 provides an illustration of how far apart
Tranlib and DRFM are for radicals and a “not so simple” polyatomic molecule.
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Note that the differences are in the range 50 to 140 % at temperature where radical transport
processes are especially important in flames. Measurements of the diffusion coefficients of
OH and HO, at ambient temperature by Ivanov et al. [2007] agree better with the DRFM
values, which are 20 to 33 % higher than with Tranlib values, which are over a factor of two
larger. There needs to be further research on transport properties of radical species because
they are extremely important in combustion modeling.

Considerable literature exists regarding the importance of different combing rules that
attempt to infer binary interactions of unlike molecules from like ones, as well as a body of
literature regarding various approximation that are useful for treating mixture transport
properties. We used a multi component transport approach to calculate viscosities of several
binary mixtures each having a set of good experimental data for the pure species as well as
for the binary mixtures. Pure species viscosity data were used to fit pure species parameters,
&ii and oji. We fixed the pure species parameters and fitted the combined parameters (ignoring
all combining rules) such that agreement between computed and experimental viscosities is
optimized. We found that there is no unique solution to this problem; but rather, there is a
whole set of couples (&jj,045) such that the error between calculated and experimental values
is minimized along a line (trough) as shown in Figure 2. Two very different sets of
parameters yield nearly the same accuracy. Further investigation revealed that there is one
set of potential parameters such that the agreement between experiment and calculation is
almost perfect (within experimental uncertainty) at every temperature over which the fit was
conducted. This is true for both pure substances and binary mixtures.

There are many combining rules, and several of these appear to be quite ad hoc without much
physical basis. We considered five combining rules that are frequently used. Each rule yields
values that are different from the optimum parameters determined from fitting, and generally
the geometric mean (GM) and the harmonic mean (HM) rules underestimated the &;; value.
Although the various rules yield parameters that are quite different from the best combined
parameters, they are surprising close to the line (trough) describing the acceptable fits for
various couples of potential parameters, and are therefore able to provide reasonable, non-
optimal results. The harmonic mean rule works best in most cases, and the commonly used
arithmetic combining rule for oj; tends to overestimate the value.

Current Research

We have also conducted sensitivity analysis of the deflection function, the cross sections, and
collision integrals with respect to a Lennard-Jones potential energy surface to understand the
sensitivity of molecular transport properties to the potential energy surface. We have
determined cross sections with a square well potential to further explore this.

We are also extending the transport property evaluation to temperatures beyond T* = 10. We
are using correlation formulae derived by Tang and Toennies to determine parameters for an
exponential repulsive potential from those of the Lennard-Jones potential for various
molecules. We are using MOLPRO within the SCF approximation to estimate molecular
polarizabilities, many of which can be compared with experimental values. By using the
correlations introduced by Cambi et al. [1991] and Pirani et al. [2008] and the computed
polarizabilites, we are estimating L-J parameters for transport property evaluation.
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|. Program Scope

The elementary reactions that determine the performance of a combustion system range
from direct H-atom abstraction reactions to complex reactions involving competing
addition/elimination mechanisms. The reaction rate and the branching to multiple product
channels can evidence a strong temperature and pressure dependence. While the total rate
constant for many elementary reactions is well-characterized, understanding the product
branching in complex reactions presents a formidable challenge. To gain an incisive probe of
such reactions, our experiments directly probe the dynamics of the product channels that arise
from long-lived radical intermediates along the bimolecular reaction coordinates. The work uses
the methodology developed in my group in the last eight years, using both imaging and scattering
apparatuses. The experiments generate a particular isomeric form of an unstable radical
intermediate 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. They probe the reaction from each radical intermediate to the competing
product channels and determine the energetic barriers in both the entrance and the product
channels. When one of the competing product channels produces a heavy and a light co-
fragment, such as in the acrolein + H product channel from the O + allyl reaction described
below, the experiments offer a direct measurement of the microcanonica rate, k(E), of that
product channel relative to the other competing product channels from the addition mechanism.

The experiments use a combination of: 1) measurement of product velocity and angular
distributions in a crossed laser-molecular beam apparatus, with electron bombardment detection
in my lab in Chicago or 2) with tunable vacuum ultraviolet photoionization detection in
collaboration with Jim Lin a Tawan's National Synchrotron Radiation Research Center
(NSRRC), and 3) velocity map imaging using state-selective REMPI ionization and single photon
VUV ionization of radical intermediates and reaction products. Our efforts this year continued
our study of the O + allyl reaction, probing the product channels that result from addition of the O
atom at an end carbon atom, and initiated new studies on a radical intermediate of the OH +
ethene reaction. In summary, 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.

I1. Recent Progressand Ongoing Work

A. O +Allyl
Our primary work this year focused on a continuation of our studies on the complex
dynamics of the O + alyl reaction. The work includes imaging experiments and scattering
experiments in our lab at Chicago, CCSD(T) calculations on the relevant radical intermediates
and transition states on the path to the energetically allowed product channels, and extensive
scattering experiments at the NSRRC in Taiwan in collaboration with J. J. Lin on the product
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channels accessed from the radical intermediate formed when the O atom adds to an end C atom.
Our work identifies al the product channels accessed from that radical intermediate and
experimentally determines the product branching fractions. (The latter requires measuring the
relative signal levels and calibrating, in separate experiments, the photoionization cross sections
of some of the radical and molecular products with respect to Cl atoms or standards like ethene.)

Before our work, a few key studies on the O + allyl reaction had attempted to probe the
product branching and dynamics of this reaction. The early bulk kinetics work of Gutman et a
(J. Phys. Chem. 94, 3652 (1990)) identified only the acrolein + H product channel as a primary
one, putting a <20% upper limit on the H,CO + C,H, product channel. Later crossed molecular
beam experiments by Choi et a (J. Chem. Phys. 116, 2675 (2002); 117, 2017 (2002); 120, 7976
(2004)) focused on detecting only OH and H atom products; they also computationally
characterized (J. Chem. Phys. 119, 8966 (2003)) the multiple reaction pathways that can result
from the addition of O atoms to an end vs. the central C atom. Most recently, Casavecchia et d
(Phys. Chem. Chem. Phys. 9, 1307 (2007)) used soft-electron impact ionization in a crossed-
molecular beams experiment to try to identify all the product channels. The data evidenced that
acrolein + H isamajor product channel, but they were unable to definitively assign the product
channels resulting in their signal at m/e=29 and 27, concluding that “one or more C-C fission
product channels’ contribute to the product branching.

Our first experiments, published this year," photolytically generated the radical
intermediate formed when an O atom adds to the end C atom of allyl and then definitively
identified all three major product channels resulting from this radical intermediate. The
photodissociation of epichlorohydrin at 193 nm produces chlorine atoms and ¢-OCH,CHCH,
radicals; these undergo a facile ring opening to the OCH,CHCH, radical intermediate.  State-
selective REMPI detection resolves the velocity distributions of ground and spin-orbit excited
state chlorine independently, allowing for a more accurate determination of the internal energy
distribution of the nascent radicals. To elucidate the product channels resulting from the
OCH,CHCH, radical intermediate, the crossed laser-molecular beam experiment uses VUV
photoionization and detects the products velocity distributions. The data identified the three
dominant channels that contribute to the product branching: acrolein + H, ethene + HCO, and
H,CO + C,H,. A small signal from ketene product is also detected. The measured velocity
distributions and relative signal intensities at m/e = 27, 28, and 29 at two photoionization
energies show that the most exothermic product channel, C,H, + CO, does not contribute
significantly to the product branching. The higher internal energy onset of the acrolein + H
product channel, detected in the velocity measurements of the acrolein product, is consistent with
the relative barriers en route to each of these product channels calculated at the CCSD(T)/aug-cc-
pVQZ level of theory, though a clean determination of the barrier energy to H + acrolein is
precluded by the substantial partitioning into rotational energy during the photolytic production
of the nascent radicals. The measured branching fraction to the H + acrolein product channel of
18% amost half that predicted using RRKM theory and the calculated transition states. This
suggests that the barrier for the 1,2 H-atom shift en route to the ethene + HCO product channel
calculated at the CBS-QB3 and CCSD(T) levels of theory may be too high (this isomerization
competes with the acrolein + H and H,CO + C,H, product channels). Interestingly, it may also
reflect the fact that the transition state for isomerization and the transition state for C-H fission
are not dynamically separated; trgjectory calculations are needed to understand this possibility.
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Our work this year has focused on the dynamics of the C-C fission product channels and their
branching fractions. We can determine the branching fraction to the H,CO + C,H, product
channel from the measured signal intensity at m/e=27, C,H,", dividing by the total number of
radicals formed, determined by detecting the momentum-matched Cl atoms, and correcting for
the appropriate kinematic factors and photoionization cross sections of each. (The
photoionization cross section for vinyl radicals measured by Neumark et a. and Taatjes et al.
play arole here)) The relative signa intensities at m/e=28 and m/e=35 similarly allow us to
determine the branching fraction to the ethene + HCO product channel (using photoionization
cross sections measured by Person and Nicole, J. Chem. Phys. 49, 5421 (1968), and put on an
absolute scale by Cool et al., Int. J. Mass Spectrom. 247, 18 (2005)). Our data can also alow us to
determine the absol ute photoionization cross section of HCO radicals. Thisis akey unknown in
analyzing kinetics experiments in other labs. The data we have at 12.1 eV is subject to
contamination by daughter fragmentation of H,CO to HCO", so our work in April at the NSRRC
measures the HCO signal relative to ethene at alower energy and the photoionization yield curve
from there to the low ionization energies used by other workers (thus those measurements can be
put on a absolute scale using our data). We also are taking data at m/e=55 as our calculations of
the OCH,CHCH, cation suggest it may be unstable relative to H, elimination (the vertical IE is
10.3 eV while the structure at the adiabatic |E of 6.8 eV reveals aloosely bound H,CH,CHCO
cation). Signal from the OCH,CHCH, radicals formed with vibrational energy below the barrier
for isomerization to INT4 directly determines the energy of this barrier, which is key to accurate
predictions of the product branching.

Our computational efforts on this system include calculating al the relevant
isomerization and dissociation channels of the key radical intermediatesin the O + allyl reaction
at the CCSD(T)/aug-cc-pVQZ level of theory, followed by predictions of the product branching
fractions using master equation modeling and RRKM microcanonical rate constants. Braams has
calculated a global potential energy at the B3LYP level of theory; trgjectories on that surface
offer avaluable test of the statistical predictions.
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B. OH + Ethene

Our other major effort this year centered on the radical intermediate formed when an OH
radical adds to ethene. There has been extensive experimental and theoretical work on the OH +
ethene reaction: thirteen prior theoretical studies and a shocking thirty-eight prior experimental
studies, many focusing on the temperature and pressure dependence of the total rate constant.
The experiments evidence stabilized radical adduct at high pressure and low temperatures, but
become dominated by the H atom abstraction channel to form H,O + vinyl at high temperatures.
Our work investigates the products from the addition of OH to the C=C bond of ethene, forming
the HOCH,CH, radical intermediate. Upon forming this adduct, one can expect a competition
between collisiona stabilization of the adduct in the bulk and, if the adduct is formed with high
enough internal energy, its direct dissociation to ethenol + H, and its isomerization, via H-atom
transfer, to a second radical intermediate, OCH,CH,. This second radical intermediate leads to
the formaldehyde + CH; and acetaldehyde + H product channels. Interestingly, there has been
two recent reports (Taatjes et a, Science 308, 1887 (2005) and J. Phys. Chem. A 110, 3254
(2006) and Cool et al, J. Chem. Phys. 119, 8356 (2003)) of ethenol production in ethene flames;
this observation is attributed to the ethenol + H product channel in the OH + ethene reaction.

We used bromoethanol to generate the HOCH,CH, radical intermediate and measured the
velocity distributions of the Br(*P,,) and Br(*P,,) co-fragments in our imaging experiments with
state selective REMPI detection. This accurately determines the internal energy distribution of
the nascent HOCH,CH_radicals. We built a new photoionization detection system (using tripled
355 nm light with a photon energy of 10.5 eV) to detect the velocities of the HOCH,CH, radicals
that are stable to dissociation. This combined with the measurement of the ethenol velocity
distribution that we plan to take in our upcoming trip to the NSRRC should allow us to directly
determine the relative energies of the isomerization barrier to the OCH,CH, radical, which leads
to the formaldehyde + CH, and acetaldehyde + H product channels, and the barrier for direct
dissociation of the HOCH,CH, radical intermediate to ethenol + H. The most recent theoretical
work (Senosiain et a, J. Phys. Chem. A 110, 6960 (2006)) predicted the barrier to ethenol + H is
higher by 1.2 kcal/mol than the isomerization barrier. In contrast other recent theoretical work by
M. C. Lin et a (Chem. Phys. Lett. 408, 25 (2005)) predicts the barrier to isomerize to OCH,CH,
is higher, not lower, than the barrier for the HOCH,CH, radical intermediate to dissociate to
ethenol + H. They conclude that the ethenol + H product channel would be the only significant
product channel to compete with the direct abstraction reaction that forms H,O + C,H,. Thus, our
experiments are designed to determine the barrier energies for the HOCH,CH, radical adduct to
dissociate to ethenol + H and to isomerize to OCH,CH,. The velocity distribution of the ethenol
product can also determine the energy dependent branching fraction to the ethenol + H channel.
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Program Scope

The study of Chemical Dynamics is the observation and analysis of atomic and molecular
action. Both unimolecular and bimolecular action reveals information about the forces
that dictate the interactions. These forces are captured in the form of potential energy
surfaces. In general inelastic scattering reveals information about the repulsive wall of
the potential energy surface, in contrast long-range attractive forces dictate low-energy
collision dynamics. It is these long-range attractive forces that we hope to study in
greater detail. Previously we have done this by studying near threshold photo-
dissociation events and in the future hope to perform low collision energy inelastic
scattering studies. During the last period we have finished our study of near threshold
(between 1 and 25 cm-1 above threshold) dissociation of NO-Ar van der Waals clusters.
This is equivalent of a low-temperature half collision. If we are able to trap samples of
cold molecules in electrostatic and magnetic traps we will be able to determine their
collision energy transfer characteristics at low temperature. This information is sensitive
to the long range part of the interaction potential. To compliment these studies we
propose a new line of study of quantum-state selective diffraction or Fraunhofer
scattering. In the past, our inelastic scattering study revealed to us a new technique for
cooling molecules to sub Kelvin temperatures, Kinematic Cooling. Kinematic Cooling is
the use of a single collision between a molecule and an atom that brings a subset of the
molecules to rest in the laboratory reference frame. We have recently studied the
scattering of NH3 and ND3 from Ne and Kr atom from Kr atom as these systems are mass
degenerate and produce the coldest samples.

We have spent effort of the last year investigating Kinematic cooling and trying to bring
it to a state where it can be used to study new collisional and spectroscopic regimes. In
the next period we plan on continuing our improvements in the technique and
demonstrate both high-resolution double-resonant spectroscopy and trapping of
molecules utilizing Kinematic cooling. Further we have in development a new cooling
technique that takes advantage of the same collision physics to slow molecules. This new
technique relies upon a collision between a molecule and an ultra-cold atom inside a
magneto optical trap (MOT). We believe this experimental arrangement will allow us to
make samples at microKelvin temperatures. Our first experiments are presently
underway. In addition, in the last year a radically new (and cheaper) design for a
miniature crossed molecular beam apparatus is also being developed for the study of
molecular beam scattering and photodissociation. This new design is the subject of a
Review of Scientific instruments paper.

Progress report:
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During the last year we have developed the Kinematic cooling technique for the “routine”
production of samples of millikelvin temperature molecules. One manifestation of this
physics has been the crossed molecular beam scattering of a molecular beam from an
atomic beam at 90° geometry. By picking the masses of the particles and the velocity of
the molecule one can dictate that molecules populating a particular quantum state come
to rest in the laboratory. We have produced measurable amounts of cold (milliKelvin
temperature range) molecules (NO, NHs, HCI) as well as cold atoms, Kr and Ne using
this technique. Recently we reported on a redesign of our molecular beam apparatus has
allowed us to not only produce kinematicaly cooled molecules but to also extract them
from the high density molecular and atomic beams. This is a major advancement in the
kinematic cooling technique and will be described below.

Figure 1: Image of Kr scattering off of Kr producing cold Kr atoms. Because the system is mass
degenerate the cold atoms are centered at zero velocity in the laboratory.

The major obstacle in kinematic cooling has been that only a small number of the total
collisions results in the formation of cold molecules, and the cold molecules are
necessarily formed in the interaction volume of the atomic and molecular beams. As a
result, cold molecules have a high probability of secondary glancing collisions with the
atomic and molecular beams that re-heat them. In the past year we have reported on our
success at reducing the destructive re-heating collisions for the cold molecules such that
our observation time is consistent with being limited by diffusion of the cold molecules
from our interaction region and not secondary collisions. Under these conditions we are
able to observe unconfined kinematically cooled ground vibrational Nitric Oxide (NO), in
the j=7.5 rotational state for over 150 us. An upper limit for the final average velocity is
estimated from the diffusion time of the cold molecules from the observation region
defined by the intersection of the atomic and molecular beams with the detection laser.
The diffusion of the cold molecules is modeled using a three-dimensional Monte-Carlo
simulation to account for the size of the interaction region and laser beam overlap. These
simulations are consistent with the data and give an average final velocity of
approximately, 4.5 m/s for the NO(X);=75. We are now able to observe a single sample of
cold molecules in a field free region for up to 150 pus that allows for the possibility of
trapping of the cold molecules.

This important result is graphically summarized in figure 2 we have, for the first
time, been able to establish a set of experimental conditions such that the cold molecules
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produced via Kinematic cooling are temporally separated from the parent atomic and
molecular beams. This conclusion is supported by our observations of the quantum state
dependence of the bi-modal decays for both the NO(X) j=7.5 and j=10.5 rotational states.
The temporally separated cold molecules can now serve as a starting point for several
new experiments including trapping and storing molecules allowing for cold collisional
studies and high resolution molecular spectroscopy. We have recently reported on
utilizing this technique for the cooling of ammonia molecules in collision with Ne. the
NDj3 + Ne system as this should result in even colder molecules than the NO + Ar system
due to the mass match between the atom and molecule.

Figure 2: Normalized production and decay of the NO(X)j=7.5 compared with the NO(X)j=10.5 . The
NO(X)j=10.5 data is given by the marked with the square points and colored green while the NO(X)j=7.5
is marked with the circular points and colored red.

The scattering of a molecular beam perpendicular to an atomic beam is only one
geometry that can be utilized for cooling by kinematic collisions. If one imagines that the
atomic beam is moving very slowly, then one can see how the scattering of a molecular
beam from a continuously loaded MOT of alkali atoms is a special case of Kinematic
Cooling. If the molecule of interest has a mass very close to that of the alkali atom then
some fraction of the collisions will result in a transfer a significant enough portion of the
momentum to the alkali atom to slow the molecule in the vicinity of the MOT. This can
be thought of as a billiard like collisions of a fast molecule hitting a “stopped” atom and
transferring enough of its momentum to the “stopped” atom for it to be slowed
sufficiently and further cooled with glancing collisions with the cold atoms. When an
additional optical or electrostatic trap is superimposed upon the MOT then the cold
molecules, generated from the effective collisions, can be collected in the trap.
Molecules trapped in this manner will subsequently undergo collisional cooling with the
ultracold atoms that will further cool them to their temperature of around 100
microKelvin. Experiments are presently underway to demonstrate this technique

Future Work:
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We propose to both further the development of our crossed molecular beam scattering
program for the study of potential energy surfaces and to the further develop the process
of kinematically cooling molecules by a single collision with an atom for the production
of ultracold molecules. The utilization of those cold, state selected and oriented
molecules in unimolecular and bimolecular interaction experiments will be the
culmination of this research. Trapping molecules and holding them for long periods of
time inside electrostatic or magnetic traps will give us the ability to study both collision
dynamics of oriented molecules at low collision energy and photochemistry of unique m;
selected molecular samples. The Kinematic cooling experiments that are of highest
priority are the trapping of ammonia utilizing a quadrupole electrostatic trap, the trapping
of NO(*IIz,) by a magnetic trap, demonstration of the MOT cooling technique, and
demonstration of Kilohertz-resolution double-resonance spectroscopy with cold
molecules. Over the next period we will also extend our work on Kinematic cooling in
several areas and add a new effort in the high velocity-resolution scattering detection of
near side-far side interference scattering.
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Program Scope

In this research program we have developed and applied massively parallel three-dimensional direct
numerical simulation (DNS) of building-block, laboratory scale flows that reveal fundamental turbulence-
chemistry interactions in combustion. The simulation benchmarks are designed to expose and emphasize
the role of particular physical subprocesses in turbulent combustion. The simulations address
fundamental science issues associated with chemistry-turbulence interactions that underly most practical
combustion devices: extinction and reignition, flame propagation and structure, flame stabilization in
autoignitive flows, autoignition under homogeneous charge compression ignition (HCCI) environments,
stratified combustion, and differential transport of soot in turbulent jet flames. In addition to the new
understanding provided by these simulations, the resultant data are being used to develop and validate
predictive models required in engineering simulations.

Recent Progress

In the past year, significant computer allocations from INCITE grants and from the 250 Tflop
Transition-to-Operations at ORNL have enabled us to perform large 3D DNS of: 1) Mixture stratification
effects on the structure and propagation of stratified methane-air turbulent jet flames; 2) Intermediate
species mixing frequencies in turbulent premixed flames; 3) Stabilization of lifted turbulent ethylene/air
jet flames in heated coflow; and 4) Modeling of differential soot transport in a turbulent sooting
ethylene-air jet flame. Highlights of our accomplishments in the past year are summarized below,
followed by a summary of future research directions.

Mixture Stratification Effects on Propagation in a Turbulent CH,/Air Flame"?

Three-dimensional DNS was performed of a stratified methane-air turbulent slot Bunsen fuel jet
issuing into a co-flow of burnt products. This configuration allows for intense turbulence to interact with
the flame front while preventing the flame from blowing out. Stratification is achieved by varying the
equivalence ratio along the span-wise (z) direction. The stratification levels studied are centered about
the perfectly premixed ¢=0.7 case (Sankaran et al. 2007), extending via a low stratification case
0.4<¢<1.0, to a highly stratified case with equivalence ratio ranging from zero (pure air) to 1.4. The flame
is highly wrinkled with significant flame-flame interactions. Under these conditions the flame is
characterized by the thin reaction zones regime in which turbulent eddies penetrate the flame’s preheat
layer but are too large to disrupt the reaction zone. The result is a thickened preheat layer identified by the
reduction of the conditionally averaged progress variable gradient, compared to the laminar flame
gradient. As the equivalence ratio falls to ¢=0.4 and subsequently drops below the lean flammability
limit there is a dramatic reduction in the heat release rate. The areas of weakly burning flame are
disrupted by the turbulent motions, permitting study of the broken reaction zones combustion regime.

As the initial fuel-air stratification dissipates due to turbulent mixing, the flames are subjected to
steep, time varying equivalence ratio gradients. Locations where the equivalence ratio gradients align
normal to the flame exhibit greatly modified burning rates and flame propagation speeds, compared to the
perfectly premixed case. Variation of propagation speed with the flame normal equivalence ratio gradient,
shows enhanced flame speeds when the products are richer than the reactants, with the reverse also true.
The strain rate normal to the flame is strongly correlated with the magnitude of the equivalence ratio
gradient, but not its orientation. Studying this effect using computations of both steady and unsteady
strained one-dimensional counterflow flames in the presence of equivalence ratio gradients (Richardson et
al., 2009) reveals the thermo-chemical basis for this observation. Specifically, equivalence ratio gradients
resulting in flames with richer, higher temperature products lead to enhanced equilibrium concentrations
of species such as the hydroxyl radical in the flame’s carbon monoxide-hydrogen recombination layer.
Diffusion of these highly reactive intermediate species towards the reactant side of the flame, as opposed
to thermal diffusion, are the main source of the increased reaction rate. Close agreement with the one-
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dimensional counterflow simulations with the DNS data establishes the stratified counterflow
configuration as a valid paradigm for understanding and modeling turbulent combustion with fuel-air
stratification. The presence of equivalence ratio variation through the flame implies that flame speed,
flame thickness or reaction rate can not be modeled accurately as functions of only the progress variable
and equivalence ratio. Models accounting for temporal and spatial equivalence ratio variation may be
advantageous.

Reaction-Diffusion Effects on Species Mixing Rates in Turbulent Premixed CH,-Air Combustion®

Advanced turbulent reactive flow models needed for the design of practical applications typically
require turbulent mixing frequencies or scalar dissipation rates. In the transported probability density
function (PDF) approach, for example, the chemical reaction rate appears in closed form and closure must
be achieved by modeling the molecular mixing processes. Reactive scalar mixing time scales have been
determined from DNS data for turbulent premixed Bunsen flames in the thin reaction zones regime with
reduced methane-air chemistry. Previous conclusions from single step chemistry studies are confirmed
regarding the role of dilatation and turbulence-chemistry interactions on the progress variable dissipation
rate. In particular, the dissipation rate is controlled by a balance between molecular dissipation and
gradient generation due to flame propagation, dilatation and compression of scalar gradients by turbulent
strain. The mixing rates of intermediate species which do not vary monotonically with progress variable
were up to a factor of ten greater than those of progress variable. They are not well modeled by existing
models for mixing rates of either the progress variable or of passive scalars. Effects of the so-called
dilatation term appear to be negligible for the intermediates. The effect of turbulent straining is also of
reduced importance, becoming negligible for the highest Damkdhler number species, H atom. Instead, a
reaction-dissipation balance dominates the intermediate scalar gradients, driven by the premixed flame
structure. A new model for the ratio of intermediate species and progress variable mixing rates is
presented. The model employs the species gradients obtained from laminar flames to estimate the relative
magnitude of the species dissipation rates in the turbulent flame. The implied alignment of the species and
progress variable provides a good approximation since scalar gradients parallel to the flame make only
small contributions to the dissipation rate. The use of laminar flame data also provides a good
approximation for the relative magnitude of the species gradients, even in the thin reaction zones regime.
Overall, the new model accurately predicts the variation of the intermediate-progress variable mixing
frequencies for premixed flame Damkd&hler numbers greater than 0.5.

Stabilization of Lifted Turbulent Ethylene/Air Jet Flames in Heated Coflow*

Direct numerical simulation (DNS) of the near field of a three-dimensional spatially-developing
turbulent lifted jet flame in heated coflow is performed with a reduced ethylene-air mechanism to
determine the stabilization mechanism and the flame structure. The DNS was performed at a jet
Reynolds number of 10,000 with over 1.3 billion grid points. The results show that auto-ignition in a
fuel-lean mixture immediately upstream of the flame base is the main source of stabilization of the lifted
jet flame. This is verified by the presence of formaldehyde and hydroperoxy upstream of the flame. The
dynamics between the instantaneous stabilization point and the large-scale coherent jet motions are
investigated by comparing power spectra of the fluctuations of the stabilization point and the two-point
correlation function of axial velocity fluctuations over a transverse separation distance of the jet width at
the mean stabilization point. Both power spectra show a dominant frequency at a similar Strouhal
number of 0.035 showing the fluctuations of the stabilization point are indeed correlated with the passage
of large-scale coherent jet motions near the flame base.

Apriori Conditional Moment Modeling of a Temporal Ethylene Jet Flame with Soot*

Modeling soot formation in turbulent nonpremixed combustion is a difficult problem. Unlike most
gaseous combustion species, soot lacks a strong state relationship with the mixture fraction due to
unsteady formation rates which overlap transport timescales, and strong differential diffusion between
gaseous species and soot. The conditional moment closure model (CMC) has recently been applied to the
problem of turbulent soot formation. A challenge in CMC modeling is the treatment of differential
diffusion. 3D DNS of a nonpremixed ethylene jet flame with soot formation has been performed using a
nineteen species reduced ethylene mechanism and a four-step, three-moment, semi-empirical soot model.
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The DNS provides full resolution of the turbulent flow field and is used to perform a-priori analysis of a
recent CMC model derived from the joint scalar PDF transport equation. Unlike other approaches, this
CMC model does not require additional transport equations to treat differentially diffusing species. A
budget of the terms of the CMC equation for both gaseous species and soot is presented. In particular,
exact expressions for unclosed terms are compared to typical closure models for scalar dissipation, cross
dissipation, differential diffusion, and reactive source terms. The differential diffusion modelfor gaseous
species is found to be quite accurate, while that for soot requires an additional model for the residual term.
Future Plans
Stabilization of a N-Heptane Jet Flame in Hot Coflow at Diesel Pressures

Lifted turbulent jet flames in heated co-flows provide an excellent test case for chemical kinetics and
the modeling of the turbulence/chemistry interactions in turbulent flows. Recent DNS and PDF models
have revealed that the stabilization mechanism is primarily auto-ignition, but with turbulent mixing also
playing a role. Hence the Kkinetics of auto-ignition — relevant to IC engines can be studied in detail in this
configuration. DNS are planned at diesel pressures (~40 atm) to investigate the role of ‘cool flame’
chemistry and low-temperature heat release on lifted flame stabilization. Parametric studies will be
performed varying the co-flow temperature, jet velocity, pressure, and ignition quality of the fuel . Fuels
under consideration include n-heptane and oxygenated fuels like dimethyl ether. Previous strained
counterflow n-heptane ignition studies at diesel pressures show strong sensitivity of the thermal
dissociation reaction H,O, — OH + OH to fluctuations in local mixing conditions, and hence differences
in the ignitability of fuels in a dissipative environment may influence ignition delays and lift-off heights.
Controlling Ignition Timing and Combustion Rates under HCCI Conditions through Stratification

HCCI combustion offers the potential of high diesel-like efficiencies with low NO, and particle
emissions. It achieves this by burning overall lean and dilute, largely through volumetric autoignition in
the absence of flames. As a viable alternative to spark-ignited engines, an important issue that needs to be
resolved is controlling the rapid rate of pressure rise and energy release at high loads. One strategy is to
control the rate of pressure rise through mixture and thermal stratification. The objective of the proposed
study is to determine the effect of different mean and root-mean-square temperature and concentration
distributions, particularly spanning the negative temperature coefficient (NTC) region, on the transient
evolution of ignition of fuel-lean n-heptane and dimethyl ether mixtures at high pressure in a constant
volume. In particular, the influence of scalar gradients, and dilution with exhaust gas recirculation (EGR)
on ignition front propagation and structure will be determined as a function of the level of stratification
and turbulence characteristics. Apriori evaluation of ODT/LEM models for HCCI will also be performed.
Apriori Lagrangian Particle Analysis of Reactive Scalar Mixing Models

Building on the latest study of mixing timescales in premixed combustion®, turbulent combustion
timescales will be analyzed in stratified and autoigniting non-premixed DNS data sets. The use of detaile