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Foreword

This collection of active research abstracts illustrates the breadth and depth of basic
research supported by the Department of Energy's Office of Basic Energy Sciences (BES) and,
in large measure, by the Gas Phase Chemical Physics program that contributes to the
development of a predictive capability for combustion processes and addresses grand
challenges in gas phase chemical physics. 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.

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. We look forward to our assembly in 2017 for our 37" annual meeting.

Jeffrey Krause
Wade Sisk
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Hydroxyl and Peroxy Radicals. Quantitative Atmospheric Field M easurements and
Unusual Temperature Dependent Kinetics

Dwayne E. Heard
School of Chemistry, University of Leeds, Leeds, LS2 9JT, UK, d.e.heard @l eeds.ac.uk

I ntroduction

Free-radicals are involved intimately in the oxidation chemistry of both combustion and
atmospheric media. For example, the hydroxyl radical, OH, removesthe majority of trace gases
emitted into the atmosphere either naturally or via human activities, and is akey speciesin the
devel opment of auto-ignition. Atmospheric emissionsinclude greenhouse gases and substances
harmful to health, and OH initiates the formation of awide range of secondary products, many
of which are implicated in poor air quality, for example ozone and organic aerosols.
Concentrations of OH in flames, which can reach ppm levels or higher, have been measured
using a number of in situ laser-based diagnostic techniques, and are useful targets for models
of combustion chemistry. However, in situ measurements of OH and other radical speciesin
the atmosphere are extremely challenging, owing to their very low abundance ([OH]< 0.1 ppt)
and short lifetimes. Laser-induced fluorescence (LIF) spectroscopy is avery sensitive method
that has enjoyed considerable success in the quantitative detection of radicals in combustion
media[1] and the atmosphere [2, 3]. My presentation will be split into two main components.

Field measurements of OH and other radicalsin the atmosphere

In the first part of the presentation | will describe LIF detection of atmospheric OH, HO, and
RO: radicals at low pressure using the so called FAGE (fluorescence assay by gas expansion)
technique [2, 3] from ground and airborne platforms. At the heart of FAGE is a supersonic
free-jet expansion which is crossed by a multi-kHz pulsed tunable laser at 308 nm, and
combined with gated single-photon counting to collect fluorescence from OH present in the
atmosphere at around 10° molecule cm. Accurate calibration of theinstrumentsis crucial, and
isachieved using 185 nm photolysis of water vapour, using achemical actinometer to measure
the radiation flux [2]. My group has also made measurements of OH reactivity, which is a
kinetic parameter representing the total removal rate of OH via reaction with its atmospheric
sinks [4]. The Leeds instruments have been operated in a number of locations worldwide,
ranging from the Poles to the Tropics, and from rainforests to urban centres. Owing to their
short lifetime, the abundance of radicals at a given point is determined solely by their rate of
chemical production and loss, and not by bulk transport. Field measurements of the
concentrations of radicals and comparison with cal culations using anumerical model therefore
constitutes one of the very best ways to test whether the chemistry in each of these locationsis
understood and accurately represented in the model. | will show a flavour of measurements
from recent field campaignsin arange of environments (megacity, tropical rainforest, marine),
together with comparisons with adetailed chemical box model which utilizesthe Leeds Master
Chemical Mechanism which contains up to ca. 6,700 chemical species and 17,000 reactions.

Reaction kineticsstudied at very low temper aturesusing a pulsed L aval nozzle appar atus
Reactions of OH with volatile organic compounds feature prominently in chemica
mechanisms describing oxidation in combustion media and the atmosphere. The majority of
reactionsinvolve abstraction of ahydrogen atom to generate an alkyl radical, displaying normal
Arrhenius kinetic behaviour owing to the presence of an activation barrier to reaction. Such
reactions have largely been neglected in mechanisms describing interstellar chemistry as they



are assumed to be negligibly slow at the very low temperatures (10-100 K) of most interstellar
environments. However, for reactions of OH with acetone, methyl ethyl ketone, methanol,
ethanol, di-methyl ether and ammonia, all of which have an activation barrier to abstraction,
we have observed a dramatic acceleration in the rate coefficient at very low temperatures (two
examples shown in Figure 1) [5-7]. For example, for methanol the rate coefficient is almost
two orders of magnitude larger at 63 K compared to 200 K [5]. We used a Lava nozzle
apparatus to generate supersonic, thermalized flows at temperatures down to ~ 40 K suitable
for kinetic studies, and utilised laser-flash photolysis with LIF detection to measure rate
coefficients. The enhancement of these rate coefficients at low temperatures is rationalised by
the formation of a weakly bound van der Waals complex between OH and the VOC prior to
the barrier to reaction. This complex, which has an enhanced lifetime at lower temperatures,
has three possible fates: dissociation back to reactants, collisiona stabilisation into the pre-
barrier well or quantum mechanical tunnelling through the barrier to form products.
Measurement of the pressure dependence (or not) of the rate coefficients, as well as direct
observation of products by LIF, helpsto unravel details of this mechanism. We have also used
the Leeds MESMER (Master Equation Solver for Multi Energy well Reactions) programme
[8] to calculate the pressure and temperature dependence of the rate coefficients, for
comparison with measurements and to extrapolate to even lower temperatures.
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Figure 1. Temperature dependence of the rate coefficientsfor reaction of OH with di-methyl ether (1eft)
and acetone (right). “This study” refersto the Laval nozzle experiments. Taken from ref. [6].
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The Chemical Dynamics Beamline
Musahid Ahmed, Kevin Wilson & Oleg Kostko
Chemical Sciences Division, Lawrence Berkeley National Laboratory
MS 6R2100, 1 Cyclotron Road, Berkeley, CA-94720, mahmed@Ibl.gov

Program Scope: The Chemical Dynamics Beamline, located in the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory (LBNL), is a national user facility providing state-of-the-art
experimental resources for visiting scientists and staff to undertake studies of fundamental chemical
processes. Much of the work is related to chemical physics, energy production and utilization via
combustion, environmental science and chemical reactions on interfaces. Vacuum Ultraviolet (VUV)
synchrotron photoionization mass spectrometry on two experimental platforms (molecular beam and
aerosol sampling) are applied to a variety of problems of relevance to the Gas Phase Chemical Physics
program. A vigorous user program from Sandia National Laboratory and Argonne National Laboratory at
the beamline is exemplified in the work of Tranter, Osborn, Taatjes, Hansen, Michelsen & Sheps reported
in their respective abstracts at this meeting.

Recent Progress and Future Plans:

Molecular growth processes in hydrocarbon chemistry- The formation mechanisms of polycyclic
aromatic hydrocarbons (PAHSs) with indene and naphthalene cores in hydrocarbon-based combustion
processes are being examined in collaboration with Ralf Kaiser (Hawaii). This is achieved by simulating
the combustion relevant conditions (pressure, temperature, reactant molecules) in a high temperature
‘chemical reactor’. For almost half a century, polycyclic aromatic hydrocarbons (PAHS) have been
proposed to play a key role in the astrochemical evolution of the interstellar medium (ISM) and in the
chemistry of combustion systems. However, even the most fundamental reaction mechanism assumed to
lead to the simplest PAH naphthalene—the hydrogen abstraction—acetylene addition (HACA)
mechanism—nhas eluded experimental observation. Here, by probing the phenylacetylene (CgsHs)
intermediate together with naphthalene (CioHs) under combustion-like conditions by photo-ionization mass
spectrometry, the very first direct experimental evidence for the validity of the HACA mechanism which
so far had only been speculated theoretically is reported. Recently we showed that upon reaction of the
napthyl radical with acetylene, HACA effectively shuts down and does not lead to cyclization of the third
aromatic ring, and a new pathway, via ethnyl substitution is operational. These findings indicate that — as
predicted from electronic structure calculations - the HACA mechanisms is less versatile toward the
formation of more complex PAHSs than previously postulated thus opening up alternative reaction pathways
possibly via vinylacetylene-mediated synthesis of more complex PAHSs in combustion flames.

A concerted effort is underway to understand the molecular mass growth processes involving small
hydrocarbons and their aromatic (AR) as well as resonance stabilized free radicals (RSFRs) that lead to
PAHSs in order to successfully mitigate their formation in the combustion of fossil fuels. We are
investigating the key reaction between the benzyl radicals (C;H7) and acetylene (C.H>) to ascertain the
ability of this bimolecular reaction to form the prototypical PAH indene. Our investigation aims to elucidate
the branching ratio between the PAH indene and alternative non-bicyclic isomers potentially formed in this
process. Future work will be with propargyl (CsHs) and allyl (CsHs) RSFR’s with C2 to C4 hydrocarbons.

Fundamental Processes in the Thermal Cracking of Biomass- Thermochemical processing of biomass,
with the goal of producing synthesis gas (CO and Hy) is an important pathway towards the production of
renewable fuels. Understanding of this process is incomplete, however, as even the thermolysis chemistry
of many of the organic molecules encountered in these processes is poorly understood or completely
unknown. To this end, we use a miniature, short residence time flow reactor coupled to synchrotron
radiation, computational fluid dynamics and theoretical chemistry to determine the identity of the
elementary decomposition pathways in collaboration with Barney Ellison (Colorado), John Daily
(Colorado) & John Stanton (Texas). We have focused on a molecule that has proven to be a ubiquitous
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biomass cracking and combustion intermediate — cyclopentadienone (CsH.=0), as well as 2,5-
dimethylfuran, which is the first legitimate biofuel that we have studied. Specifically, we have determined
that CsH.=0 yields acetylene and vinylacetylene upon thermolysis and its mechanism elucidated. Similarly,
pyrolysis of 2,5-dimethylfuran leads to an observed set of products rather different from what might be
expected based on our earlier work with furan, and indeed are inconsistent with some interpretations already
in the literature. This work was extended to the furanic ether, 2-methoxyfuran, and a pressure-dependent
kinetic model developed to model the decomposition. A comprehensive pyrolytic and photoionization study
on the benzyl radical, C¢HsCH,was completed. Pyrolysis of the C¢HsCD,, CsDsCH2, and C¢Hs*CH; benzyl
radicals produces a set of methyl radicals, cyclopentadienyl radicals, and benzynes that are not predicted
by a fulvenallene pathway. Explicit searches for the cycloheptatrienyl radical were unsuccessful; there is
no evidence for the isomerization of benzyl and cycloheptatrienyl radicals: CsHsCH, <» C7H7. The power
of tunable synchrotron radiation, which can resolve isomers based upon ionization energy, was
demonstrated during the pyrolysis of cyclohexanone, the simplest ketone, which can isomerize to its enol
form under thermal conditions. Finally, a successful effort to understand the thermal decomposition of the
simplest carbohydrate, glycolaldehyde, and glyoxal leads us to believe that the pyrolysis of complex sugars
can be understood as well.

Multiphase Chemistry of Aerosol Interfaces- The overall goal of this work is to better elucidate
interfacial reaction mechanisms and rates and to determine how surface reactions might differ from
analogous processes in isolated gas phase molecules. OH reactions at organic surfaces produce a suite of
free radical intermediates (peroxy and alkoxy radicals) whose overall reaction pathways govern molecular
weight growth as well as decomposition. Alkoxy radical intermediates play important roles in breaking C-
C bonds during a reaction. In addition, intermolecular hydrogen abstraction by alkoxy radicals is quite rapid
leading to the potential of free radical chain chemistry. Both of these process can play significant roles in
determining the overall rate and oxidation mechanism of atmospheric organic aerosols. We have observed
that in the presence of NO or SO, the effect heterogeneous oxidation rate of model organic particles is
greatly accelerated to rates that are in excess of the OH-particle collision frequency. It is found that unlike
reactions in the gas phase, peroxy radical reactions with NO and SO do not form stable reaction products
(organic nitrates and sulfates), but rather exclusively alkoxy radicals. These alkoxy radicals efficiently
abstract hydrogen atoms (like OH) and propagate chain reactions leading to oxidation rates that are 10-40
times the OH collision frequency. This new reaction mechanism (which is unexpected based upon
analogous gas phase mechanisms) shows that heterogeneous oxidation reactions can potentially alter the
chemical properties of organic aerosols within a matter of hours (rather than weeks) in urban environments
such as megacities.

Initial studies have been completed of the heterogeneous reaction of OH with squalene particles.
These measurements aim to understand how surface OH addition reactions to alkenes compare to analogous
reactions in the gas phase. Measurements of the effective reaction probably over main orders of magnitude
reveal facile chain propagation chemistry. At [OH] = 10° molec. cm= the aerosol oxidation rate is ~100
times the OH collision frequency. In addition, there is evidence for the formation of higher molecular
weight hydroperoxide species that may be formed via unimolecular H-transfer reactions. Modeling is
currently underway to examine possible mechanisms to explain how the formation of hydroperoxides is
ultimately connected to radical cycling reactions for aerosol phase alkenes.

Development of new capabilities at the Chemical Dynamics Beamline- The undulator servicing the
beamline, has appreciable photon flux up to 1500 eV. This provides a rich source of soft X-rays and expands
the beamline capabilities from VUV to soft X-rays. Plans are underway with support from ALS staff to
prepare two terminals for photon energies up to 800 eV, which will allow access to C, N, and O soft X-ray
spectroscopy. X-ray photoelectron spectroscopy of nanoparticles, aerosols and interfaces, X-ray absorption
spectroscopy of size selected clusters, correlated multimodal probing of chemical reactions in solution with
X-rays and mass spectrometry, and time-resolved pump probe dynamics on gas phase, liquids, interfaces
and surfaces will be enabled at such a facility.



A new versatile photoelectron spectroscopy apparatus has been recently commissioned. The apparatus was
designed for UPS, XPS, and NEXAFS types of measurements on gas-phase molecular, aerosol and nano-
particle samples. It will be utilized to probe the electronic properties of solvated species, surface chemistry
and solid-liquid interfaces on nanoparticles and aerosols.
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Program Scope

This program is directed toward achieving a more complete understanding of turbulence-
chemistry interactions in gaseous flames and providing detailed measurements for validation of
combustion models. In the Turbulent Combustion Laboratory (TCL) 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 or Rayleigh
scattering at 355 nm 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 and molecular
transport 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. In recent years the workshop and this program have expanded their scope to address a
range of combustion modes, including premixed, stratified, partially premixed, and nonpremixed
flames. We are also working to extend our quantitative multiscalar diagnostics to more complex
hydrocarbon fuels, such as dimethyl ether. Entry into these new research areas has prompted
developments in both hardware and methods of data analysis to achieve unprecedented spatial
resolution and precision of multiscalar measurements. Within the CRF we collaborate with
Jonathan Frank, who applies advanced imaging diagnostics to turbulent flames, and with Joe
Oefelein, who performs high fidelity large-eddy simulations (LES) of our experimental flames in
order to gain greater fundamental understanding of the dynamics of multi-scale flow-chemistry
interactions.

Recent Progress

Multi-mode Combustion in Inhomogeneous Piloted Jet Flames

We have made significant progress during the past year in our investigation of multi-mode
combustion in partially premixed jet flames with inhomogeneous inlets. This work, conducted in
collaboration with the University of Sydney, uses a version of the Sydney/Sandia piloted burner
that includes and additional central tube within the main tube (Figure 1a). The central tube can
deliver either fuel or air and can be recessed a variable distance, L;, to control the degree of fuel-
air mixing upstream of the jet exit. Overall flame stability, as indicated by the measured blowoff
velocity, is significantly enhanced at an optimal recess distance of 75 mm (Figure 1b). Initial
experiments revealed near-stoichiometric mixtures at the edge of the exiting jet, adjacent to the



pilot flame, such that there is a stratified-premixed mode of combustion near the base of the jet
flame. The resulting additional heat release augments the stabilizing effect of the pilot. This is
followed by rapid transition to diffusion-dominated combustion within ten jet exit diameters
(Meares et al. Proc. Combust. Inst. 2015, 35, 1477-1484; Barlow et al. Combust. Flame 2015,
162, 3516-3540).
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Figure 1. a) Inhomogeneous piloted burner. b) Dependence of blowoff velocity on recess distance, L..
c) Conditional means of the 1D (radial) mixture fraction dissipation at 1 and 5 jet exit diameters
downstream of the burner exit plane: red — original 0.1 mm data spacing; black — 0.02 mm spaced
data with wavelet denoising; gray — high-resolution data binned by 5 to approximate the spatial filtering
effect of the lower resolution measurements.

In order to further investigate this transition in the mode of combustion, we undertook a second
complete set of experiments, this time applying a method of spatial oversampling and wavelet
denoising and including additional radial profiles in the near-field. The denoising approach was
developed for the study of thin reaction zones in premixed and stratified flames to improve both
spatial resolution and precession of the Raman/Rayleigh/CO-LIF line measurements (Sweeney et
al., Combust. Flame 2013, 160, 322-334). Figure 1c shows that the two sets of measurements of
conditional scalar dissipation (1D radial contribution) are in close agreement for mixture fraction
values up to at least 0.1, which includes the reaction zone. Results diverge at higher mixture
fraction values, particularly in the inhomogeneous flames FJ-Lr75-57 and FJ-Lr75-80 (center
and right columns). When the higher resolution data are binned by two (not shown), the effect is
negligible except within the cold interior of the inhomogeneous jet flames, where the dissipation
scales extend below the ~0.06 mm optical resolution of the system. Binning by five yields
results that match the original experiments. A significant conclusion from this comparison is
that measurements of mixture fraction dissipation are fully resolved in all high-temperature
regions of the flow, including the near-field reaction zones (Cutcher et al. Proc. Combust. Inst.
accepted).

The joint statistics of mixture fraction and progress variable are important in flamelet-based
modeling approaches for turbulent partially-premixed combustion. However, experimental data
on these joint statistics are almost nonexistent, and a common simplifying assumption is that
fluctuations in mixture fraction and progress variable are statistically independent. We have
evaluated several progress variable definitions in the context of the present experiments, and
have proposed normalized progress variable base on oxygen. The inhomogeneous and near-
homogeneous flames have very different near-field behavior of the Favre average statistics of
mixture fraction and progress variable. It is clear that an assumption of statistical independence
is inappropriate in most regions of these flames. Further, the magnitude of the correlation



coefficient, Rgc = £'cy"/ (f'"vzcﬂo"ﬁ)l/z, on the rich side of the reaction zone (¢ = 0.07) increases
significantly through the region of combustion mode transition, changing from roughly -0.2 to
roughly -0.8, and then decreases again as the probability of local increases farther downstream.

With these new experiments, we have achieved the first ever measurements of the cross-
dissipation, which is defined for 1D measurements as y;. = 2D(d¢/dr)(dc/dr). This had been
attempted in experiments on the
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terms, yee, Xee and xec, thrPUgh denoised radial profiles of scalars and scalar dissipation across
the combustion mode transition. the reaction zone in the FJ-Lr75-103 flame at x/D=7.

Other Progress

Papers were written and submitted or accepted during the past year on turbulent stratified
combustion (Kamal et al., Combust. Flame 2015 and 2016; Stahler et al. Proc. Combust. Inst.
accepted), dual-resolution Raman measurements of six hydrocarbon species and twelve species
overall, including Nj, O, H,O, CO, CO, Hp, CHs;, DME, CH;0, C;H,, CyHs, and CyHg
(Magnotti et al. Proc. Combust. Inst. accepted), and scalar dissipation measurements in a piloted
DME jet flame (Fuest et al. Combust. Flame, submitted).

Future Plans

Multi-mode combustion will be a major thrust, involving further conditional analysis of data
from the Sydney inhomogeneous jet flames as well as close collaboration with modeling and
simulation groups. At least six groups are running simulations of these flames for collaborative
comparisons at the next TNF Workshop (July, Seoul). Collaborative experiments on stratified
combustion are continuing with the group at TU Darmstadt, Germany, with current efforts
focused on hydrogen addition to the methane fuel and higher levels of stratification and shear-
generated turbulence.



BES Supported Publications (2014 - present)

Ma, B.; Wang, G.; Magnotti, G.; Barlow, R.S.; Long, M.B., Intensity-ratio and color-ratio thin-filament
pyrometry: Uncertainties and accuracy, Combust. Flame 2014, 161, 908-916.

Rankin, B.A.; Magnotti, G.; Barlow, R.S.; Gore, J.P., Radiation intensity imaging measurements of
methane and dimethyl ether turbulent nonpremixed and partially premixed jet flames, Combust. Flame
2014, 161, 2849-2859.

Fuest, F.; Magnotti, G.; Barlow, R.S.; Sutton, J.A., Scalar structure of turbulent partially-premixed
dimethyl ether/air jet flames, Proc. Combust. Inst. 2015, 35, 1235-1242,

Meares, S.; Prasad, V.N.; Magnotti, G.; Barlow, R.S.; Masri, A.R., Stabilization of piloted turbulent
flames with inhomogeneous inlets, Proc. Combust. Inst. 2015, 35, 1477-1484.

Magnotti, G.; Geyer, D.; Barlow, R.S., Interference-free spontaneous Raman spectroscopy for
measurements in rich hydrocarbon flames, Proc. Combust. Inst. 2015, 35, 3765-3772.

Magnotti, G.; Barlow, R.S., Effects of high shear on the structure and thickness of turbulent premixed
methane/air flames stabilized on a bluff-body burner, Combust. Flame 2015, 162, 100-114.

Barlow, R.S.; Dunn, M.J; Magnotti, G., Preferential transport effects in premixed bluff-body stabilized
CH4/H, flames, Combust. Flame 2015, 162, 727-735.

Fuest, F.; Barlow, R.S.; Magnotti, G.; Dreizler, A.; Ekoto, L.W., Sutton, J.A., Quantitative acetylene
measurements in laminar and turbulent flames using 1D Raman/Rayleigh scattering, Combust. Flame
2015, 162 2248-2255.

Magnotti, G.; KC, U.; Varghese, P.L.; Barlow, R.S., Raman spectra of methane, ethylene, ethane,
dimethyl ether, formaldehyde and propane for combustion applications, JQSRT 2015 163, 80-101

Barlow, R.S.; Meares, S.; Magnotti, G.; Cutcher, H., A.R. Masri, Local extinction and near-field structure
in piloted turbulent CH4/air jet flames with inhomogeneous inlets, Combust. Flame 2015, 162, 3516-
3540.

Kamal, M.M.; Barlow, R.S.; Hochgreb, S., Conditional analysis of turbulent premixed and stratified
flames on local equivalence ratio and progress of reaction, Combust. Flame 2015, 162, 3896-3913.

Kamal, M.M.; Barlow, R.S.; Hochgreb, S., Scalar structure of turbulent stratified swirl flames
conditioned on local equivalence ratio, Combust. Flame 2016, (in press).

Cutcher, H.C.; Magnotti, G.; Barlow, R.S.; Masri, A.R., Turbulent Flames with Compositionally
Inhomogeneous Inlets: Resolved Measurements of Scalar Dissipation Rates, Proc. Combust. Inst.
(accepted).

Stahler, T.; Geyer, D.; Magnotti, G.; Trunk, P.; Barlow, R.S.; Dreisler, A., Multiple conditioned analysis
of the Turbulent Stratified Flame A, Proc. Combust. Inst. (accepted).

Magnotti, G.; Barlow, R.S., Dual-Resolution Raman Spectroscopy for Measurements of Temperature and
Twelve Species in Hydrocarbon-Air Flames, Proc. Combust. Inst. (accepted).

Fuest, F.; Barlow, R.S.; Magnotti, G.; Sutton, J.A., Scalar dissipation rates in a turbulent partially-
premixed dimethyl ether/air jet flame, Combust. Flame (submitted).

TNF Workshop Information: http://www.sandia.gov/tnf

10



Predictive Large-Eddy Simulation of Supercritical-Pressure Reactive Flows

in the Cold Ignition Regime
Josette Bellan
Mechanical and Civil Engineering Department, California Institute of Technology
Pasadena, CA 91125
Josette.Bellan@jpl.nasa.gov
DOE Award Number: 02_GR-ER16107-14-00
STRIPES award number: SC0002679

l. Program Scope

This study addresses issues highlighted in the Basic Energy Needs for Clean and Efficient
Combustion of 21st Century Transportation Fuels (DOE BES, 2006) under the topic of
Combustion under Extreme Pressure. It is there noted that “the most basic concepts of thermal
autoignition” are “based on experience and theory at near atmospheric pressures” and that “as
pressure increases significantly..., many of these conceptual pictures begin to change or
disappear”. It is also stated “A better description of the coupling and interaction of high pressure
flow and molecular transport processes with chemistry is also necessary”, particularly because
“Ignition and flame propagation of alternative and renewable fuels, as well as of the changing
feed stocks of conventional fossil-based fuels, are very likely to be much different at very high
pressures than under the more familiar, lower pressure conditions of current engines.”
Recognizing that “Under such (increasing pressure) conditions distinctions between gas and
liquid phases become moot, new equations of state must be used...”, it is immediately apparent
that there must be “a re-examination of the basic assumptions that govern the physics and
chemistry related to combustion; and the need for this type of re-examination increases as the
combustion pressure increases.” This recognition is also stated under the topic of Multiscale
Modeling since due to the new equations of state “The combination of unexplored
thermodynamic environments and new physical and chemical fuel properties results in complex
interactions among multiphase (according to the above, the multiphase distinction becomes
moot with increasing pressure) fluid dynamics, thermodynamic properties, heat transfer, and
chemical kinetics that are not understood even at a fundamental level.” From the theoretical
viewpoint for “systems at high pressure, fluid dynamic time scales can be comparable to
chemical time scales.” and therefore “completely diffusion-controlled reactions ... can become
important”.

Thus, the objective of this study is the investigation of the coupling among thermodynamics,
transport properties, intrinsic kinetics and turbulence under the high-pressure and the relatively
(with respect to combustion) low-temperature conditions typical of the auto-ignition regime,
with particular emphasis on the manifestation of this coupling on the effective kinetic rate. As
planned, we established collaboration with Dr. Joseph Oefelein of the Combustion Research
Facility at Sandia Livermore to work together towards implementing the models developed in
this research into the high-pressure Large Eddy Simulation (LES) code (named RAPTOR) under
development by him at Sandia.

I, Recent Progress

This report contains results obtained during the previous year of funding. The focus of the
research during this year was to (1) further analyze the temporal mixing layer turbulent high-
pressure (“high-p”) regime reactive flow Direct Numerical Simulation (DNS) database so as to
understand the mixing/turbulence/reaction coupling, and (2) explore, in an a priori study of the
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same database, the difference in turbulent reaction-rate modeling requirements between LES
and Explicitly Filtered LES (EFLES) in which highly non-linear terms are explicitly filtered.
The four DNS realizations described in [iii], obtained by varying the initial Reynolds number
(Reo), the free-stream pressure and the initial composition of the two streams were probed;

only one of the simulation

16 16¢

was initiated with the . “ Y

-- Model

freestream devoid of traces
of COz2 and H20 (i.e.
Exhaust Gas Recirculation
(EGR)). The DNS were run
until each reached
transition to turbulence; . 2 _
chemical reactions were k& @] @
initiated in each DNS at its ’ ’
respective transitional
time. For the simulation at
the larger Reo, we used
smaller amplitudes of the
initial perturbations
employed to hasten
transition, so as to avoid
the computation blowing
up. The dissipation, i.e. the
irreversible entropy
production, is a pivotal quantity in turbulence modeling: reproducing the small-scale dissipation
is one of the goals of SGS modeling. Figure 1 illustrates the comparison of the dissipation to the
log normal distribution computed with its moments extracted from the exact PDF: that is, the
log normal is the most accurate representation obtainable using this assumed PDF. In each case,
the abscissa is non-dimensionalized by the maximum for that particular realization at the peak-
volumetric pressure time, tpp. The results show that in all cases the high value range PDF is
well captured by the log normal model, whereas the small-range values are very poorly modeled.
Translating this information to the physical space, the regions of large dissipation are those of
intense transport and/or chemical activity including the diffusion flame regions, whereas the
regions of small dissipation are those of smaller fluxes and/or chemical activity. The regions of
smaller fluxes could be thought to be of less interest except if trace species undergo there uphill
diffusion (indeed, uphill diffusion does occur in regions of small gradients and thus create small
turbulent scales. Therefore, the trends indicate that the log normal PDF could be a useful model
to represent the dissipation if a good model for relatively small magnitudes and for its two
moments could be developed.

The first activity in considering atmospheric-p turbulent reaction rate models for
application to high-p turbulent combustion is to test whether the models’ assumptions are
satisfied by the present database. Since the existence of a mixture fraction as a conserved
variable which can be found from an equation independent of other dependent variables is
pivotal to flamelet-type models, this assumption was the first focus of examination. The
conservation equation for the mixture fraction was written in a way to highlight the typical
diffusion term under the unity Lewis number assumption and the remaining diffusion terms
which are called ‘correction’ to the typical terms. The r.m.s. of the typical diffusion term and
the correction term are displayed in Fig. 2 for the four realizations of the database. Clearly, the
correction is about twice the typical diffusion term and thus cannot be neglected. For all

PDF of dissipation [

PDF of dissipation ||

f‘l 0.2 1J.I“-""I.1.Ii 0.8 -].ll (1] 0.2 i.’l.]-.-" -[I.Ei 0.5 1.0
Normalized dissipation [-| Normalized dissipation [-]
Figure 1. Probability density function of the dissipation for the
four DNS realizations compared to the log normal distribution
(model) using the moments extracted from the DNS at t™p.
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practical purposes, the correction

term can be considered as a @ 12(m)

‘source’ term in the mixture £ o -

fraction equation since it depends

on dependent variables other than 30‘5 | 0.6

the mixture fraction. A general =

observation is that the structural — 303 0.3

variation of the correction term in é

the cross-stream direction closely < 9%s % Y5 5%

emulates that of the typical

—
[¥)
=
[¥)

— (c) (d)
diffusion term. This suggests that £ »
in LES modeling one might try to 209 £ 0.9
develop a SGS model for thisterms £ o
based on self-similarity. In ?;0‘6 00
conjunction with the examination 5, 4 0.3
of the mixture fraction, we also 3
tested the applicability of the beta & T M o

PDF for representing the statistics 2o/80 [-] 2o/80 [-]

of the mixture fraction. Tothisend,  Figure 2. Normalized activity of the correction (here
the PDF was computed for each denoted as ‘source’) terms in mixture fraction equation
DNS at t',, and compared to the for DNS realizations at the respective t"pp.

beta PDF computed with the exact

moments extracted from the DNS solution. The results show that the beta PDF approximates
quite well the exact PDF in the upper part of the mixing layer where burning occurs, but it differs
substantially from the exact PDF in the mixing region; a more in-depth exploration must be
undertaken.

Since modeling the turbulent reaction rate for high-p situations is not an easy task, we
explored the possibility of the filtered turbulent reaction rate term playing a lesser role in EFLES
than LES, and therefore inaccuracies in its modeling having less of an impact in the solution.
To this end, we conducted an a priori study of the database for 3 grid-filter width and for a fixed
explicit filter width. In LES, the turbulent reaction rate term is not mathematically well defined
because only the implicit filter width is known, but not its shape, so the term’s relationship to
the DNS reaction rate is mathematically unknown. However, in EFLES a relationship between
EFLES and DNS expressions is readily available; a fact which is useful for testing models. A
common feature of all EFLES analysis is that in all equations the activity of the SGS terms for
the convective effect are of the same order of magnitude as that of the convective resolved terms,
unlike in LES where the activity of the SGS terms is much smaller than that of the resolved
terms; also the activity of the convective SGS terms decreases with increasing grid-filter width
rather than increasing with increasing grid-filter width, as it is in LES. Since these were the only
terms on which explicit filtering has been previously applied, we conjecture that the success of
EFLES is due to these characteristics of the small scales. The impact of these results is still
being analyzed.

The PI has continued the collaboration with Dr. Oefelein who will modify RAPTOR once we
have developed the methodology of LES for high-p flows.

1. Future Plans

The following activities are planned:
* Propose subgrid-scale models for the filtered turbulent reaction term.

13



« Examine a priori their performance in LES and EFLES.
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Towards predictive simulations of soot formation: from surrogate to turbulence

Guillaume Blanquart
Department of Mechanical Engineering
California Institute of Technology
1200 E. California Blvd., Pasadena, CA 91125

Objectives
The combustion of hydrocarbon fuels, including kerosene, gasoline, and diesel, leads to the formation of
soot particles which are known to be the source of several health problems and environmental issues.

The objective of the proposed work is to reduce the gap in the present understanding and modeling of
soot formation both in laminar and turbulent flames. This effort spans several length scales from the
molecular level to large scale turbulent transport. More precisely, the objectives are three fold: 1) develop
a single combined chemical and soot model validated for all relevant components usually found in real
fuel surrogates; 2) develop a framework able to explain the complete evolution of soot particles from
cluster of PAHSs to oxidation of large fractal aggregates; 3) understand and model the interplay between
unsteady chemistry, differential diffusion, and turbulent transport.

Recent progress

This year’s focus has been placed on the numerical simulations of turbulent sooting diffusion flames. Two
flames have been selected, both of which are targets for the upcoming 2016 International Sooting Flames
(ISF) workshop.

Atmospheric kerosene flame

We performed one of the first Large Eddy Simulations (LES) of a turbulent sooting flame burning a kero-
sene surrogate (77% n-dodecane/ 23% m-xylene). The simulation is intended to reproduce a piloted tur-
bulent diffusion flame experiment performed at Sandia Nat Labs by Shaddix et al. (Figure 1)and was per-
formed with our low-Mach code and used the same modeling approaches that we used for previous sim-
ulations of a sooting ethylene/air jet diffusion flame (also from Sandia Nat Labs). First, the subfilter quan-
tities are modeled using the dynamic Smagorinsky model, and local thermo-chemical quantities are tabu-
lated using a flamelet/progress variable approach. Second, soot particles are described using a bivariate
model, based on particle volume and surface area. The statistical evolution of soot particles is described
by solving transport equations for moments of the soot Number Density Function (NDF), using the Direct
Quadrature Method of Moments. In the present work a bimodal formulation for the NDF is used. Third,
radiative heat losses from the gas phase and soot are also included, using the optically-thin gas assump-
tion. The preliminary LES results are compared against the experimental data of Shaddix and Zhang (Fig-
ure 1). The analysis is complemented by comparisons against an analogous simulation burning ethylene.
This work represents the first of a series of simulations aimed at characterizing the impact of the fraction
of aromatic species in kerosene-surrogate fuels on the formation of soot.

These simulations also highlighted computational challenges associated with large density ratios in low
Mach flow solvers. Improving the numerical time integration scheme will be the subject of future work.
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The second investigation targeted a high pressure (four atmos-
phere), turbulent ethylene, jet diffusion flame. This flame, investi-
gated experimentally at the DLR in Germany, is intended to repro-
duce realistic flow fields and features encountered in aircraft gas tur-
bine engines. The central piece to this burner is a complex swirler
composed of multiple air and fuel streams (Figure 2). In contrast to
most strategies relying on a body-fitted unstructured mesh, we cap-
tured the complex geometry with the use of Immersed Boundaries
(1B).
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Figure 1. Preliminary results of an LES of a turbulent, sooting, diffusion flame of a kerosene surrogate.

High pressure swirled flame

Once again, the same combustion and soot modeling ap-

proaches previously are being used.

The third aspect of the work performed this year focused on estimat-
ing turbulent Lewis numbers. In many combustion modeling ap-
proaches (such as in tabulated chemistry), the species Lewis num-

Turbulent Lewis numbers

bers (ratio of heat diffusion to mass diffusion) are used as input pa-
rameters. While it is well-accepted that these Lewis numbers tend  of 5 high-pressure turbulent swirled

Figure 2. Preliminary results of an LES

toward unity under intense turbulence, it is unclear what their values ~ sooting ethylene flame.
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are for less turbulent conditions and for heavy hydrocarbon species as found in kerosene fuels and for
soot precursors (PAH species). Using incorrect Lewis numbers could lead to factors of two to three varia-
tions in soot nucleation rates. The goal of this work is to develop simple, physics-based correlation func-
tions to relate these turbulent Lewis numbers in terms of the local Reynolds number. We developed a
methodology to extract these turbulent Lewis numbers from experimental measurements of species mass
fractions conditioned on mixture fraction (Figure 3). This approach has been applied so far to the series
of Sandia B through E flames, and is being extended to a wide range of flames from the Turbulent Non-
premixed Flames (TNF) workshop.
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(a) CO mass fraction. (b) H2O mass fraction. (c) Ho mass fraction.

Figure 3. Comparison of measured species conditional mean mass fractions for Sandia flame C at x/D=30, against the flamelet
solutions corresponding to turbulent Lewis numbers (black line), unity Lewis numbers (red line), and laminar Lewis numbers
(blue line).
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Dynamics of Product Branching from Radical Intermediates in
Elementary Combustion Reactions

Laurie J. Butler
The University of Chicago, The James Franck Institute
929 E 57" St, CIS E 211, Chicago, IL 60637
L-Butler@uchicago.edu

I. Program Scope

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 investigate the dynamics of the product
channels that arise from transient radical intermediates along the bimolecular reaction
coordinates. Our work'”’ uses the methodology developed in my group in the last fifteen 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 study the
branching between the ensuing product channels of the energized radical as a function of its
internal rotational and vibrational energy under collision-less conditions.

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 at Taiwan's
National Synchrotron Radiation Research Center (NSRRC), and 3) velocity map imaging using
state-selective REMPI and single photon VUV ionization of radical intermediates and reaction
products. We also employ tunable VUV photoionization detection in our imaging apparatus,
using difference frequency four-wave mixing to produce photoionization light tunable from 8 to
10.8 eV. The first year of the present funding started Jan. 1, 2016, but during the no-cost
extension before that date we were able to complete a detailed study of the competing
unimolecular dissociation channels of vibrationally excited CH,CH,ONO radicals. This work has
just been published® and is described in Section II.A below. The data evidence two channels
predicted by conventional transition state theory, NO, + ethene and NO + oxirane, and also a non-
IRC product channel to form HNO + vinoxy. We also completed, after three years of work, our
study of the energetic onset of the H + ketene product channel of vinoxy radicals.” By
photodissociating 2-chloroacetaldehyde at 157 nm, we were able to produce nascent vinoxy
radicals dispersed by internal energy with well-characterized rotational angular momenta and
vibrational energies. The vibrational energy ranges from just below the isomerization barrier that
leads, through acetyl, to CH; + CO products to energies well above the barrier to the H + ketene
product channel. This work, also just published,’ is described in Section II.B below. It offers a
new benchmark for the relative energies of the H + ketene transition state and the isomerization
barrier that leads to CH; + CO products. That work also introduces an accurate way to account
for the velocity-dependent rotational angular momentum of the nascent vinoxy radicals in using
RRKM theory to predict the product branching and the measured onset of the H + ketene product
channel. We hope this will be of use to investigators studying radical intermediates produced
photolytically.

II. Recent Progress

A. Unimolecular Dissociation Channels of the CH,CH,ONO Radical

While the photodissociation of BrCH,CH,ONO at 351 nm results in fission of the weak
(39 kcal/mol) O-NO bond,> at 193 nm a significant fraction of the molecules undergo C-Br
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bond photofission.” The C-Br photofission channel gives vibrationally excited CH,CH,ONO

radicals,

allowing us to study the competition between two unimolecular dissociation

channels predicted by statistical transition state theory, NO, + ethene and an NO + oxirane,

and to discover a third dissociation
channel, a non-IRC pathway to
HNO + vinoxy, shown in green in

Figure 1. The traditional transition
state for that channel is too high in
energy (32.1 kcal/mol) for that
channel to be significant, so we
postulate a non-IRC pathway that
begins with the NO moiety
beginning to depart from oxirane,
but extracting an H atom en route.
The angular distribution of the
HNO product is sideways scattered
with respect to the velocity of the
CH,CH,0ONO radical,
this presumed dynamics. The
experiment detected the vinoxy co-
product at both parent ion, m/z =
43, and at the CH," daughter ion

60—
P(E,in) of the trans CH,CH,0NO radical
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Fig. 1. Stationary points on the CH,CH,ONO potential
energy surface, calculated using the G4//B3LYP/6-
311++G(3df,2p) method. The presumed energy barrier
along the non-IRC pathway is labeled “RTS?”,

from dissociative photoionization. Prior

work by D. Osborn in our program and S.-H. Lee at the NSRRC had detected vinoxy at the
CH," daughter ion, with an appearance energy of about 10.2 eV, but had not detected vinoxy

at parent ion.

We hope to interest Bowman’s group in developing a global PES for

CH,CH,ONO to assess this non-IRC pathway and the other two product channels, as his
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group and others have investigated a roaming channel that
produced HNO from a closed-shell species, nitromethane.

The dominant product channel from the CH,CH,ONO
radical is NO, + ethene, as might be expected from the low
barriers in blue in Figure 1. Figure 2 shows this data. Some of
the momentum-matched NO, products undergo secondary
photodissociation, as observed in prior work on nitromethane
and on 2-bromo-2-nitropropane.

We also detected an HNO photoelimination channel
from BrCH,CH,ONO upon excitation at 193 nm that competed
with O-NO photofission and C-Br photofission. We have not
yet been able to determine the branching ratios to the HNO
product channels. Although the HNO photoionization spectrum
has been measured, no one has been able to determine the
absolute photoionization cross section. Our preliminary
attempts at doing so with ethyl nitrite photodissociation were
unsuccessful.
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B. Onset of Branching to H + Ketene from Vinoxy Radicals

Because of its importance in combustion, the vinoxy radical CH,CHO has been the
subject of many theoretical and experimental studies, several by investigators in our program.
Neumark and Osborn studied the competition between the H + ketene and CH; + CO product
channels when vinoxy is prepared in the B state, and Matsika and Yarkony have characterized
the excited state conical intersections and avoided crossings that facilitate internal conversion
to the ground electronic state. It has been a challenge, however, to prepare nascent vinoxy
radicals at energies that span the predicted barrier to H + ketene and the isomerization barrier
to acetyl which leads to the CH; + CO products. The only such study, one from my group by
Miller et al in 2004, surprisingly did not detect any branching to the H + ketene product
channel, despite the two barriers being predicted to differ by only a couple kcal/mol. At that
time we suggested that nonadiabatic recrossing might be inhibiting the dissociation to H +
ketene, but that hypothesis was not born out by later theoretical work.

To gain an incisive probe of the onset of the H + ketene product channel, we used the
photodissociation of chloroacetaldehyde CH,CICHO at 157 nm.” This wavelength accesses
excited states largely repulsive in the C-ClI bond, so allows us to accurately model the angular
momentum distribution and vibrational energy of the nascent vinoxy radicals, as they are
dispersed by the recoil velocity imparted from the C-Cl photofission. Using a velocity map
imaging apparatus, we measured the speed distribution of the recoiling chlorine atoms,

CI(*P,,) and CI(*P,,,) to determine the distribution of
kinetic energy imparted to the Cl + vinoxy fragments.
From this we derive the internal energy and angular 0.025
momentum distribution of the nascent vinoxy radicals.
The vinoxy radicals are mostly formed in the A state,
but are assumed to undergo rapid internal conversion to
the ground electronic state. Vinoxy radicals formed with 001
enough  vibrational energy to surmount the
isomerization barrier to acetyl go on to dissociate to
CH, + CO. However, our data shows the onset of the H
+ ketene product channel is at significantly higher
energies than that predicted using statistical transition 0.015
state theory and the G4 barriers. To analyze the data, we
developed a model for the branching between the two
channels that takes into account the change in rotational
energy en route to the products. The model uses RRKM
rate constants at the correct sums and densities of
vibrational states while accounting for angular 0
momentum conservation. The model predicts the 0 10 20 30 40 50 60 70
portion of the C-Cl bond fission P(E;) that produces E. (keal/mol)
dissociative vinoxy radicals, then predicts the branching | Fig. 3. Predicted branching to the H +
ratio between the H + ketene and CH, + CO product | ketene products as a function of kinetic
channels at each E;. We find that the predicted portion Lenergy imparted in C-Cl photofission.
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of the P(E;) that produces H + ketene products best fits the experimental portion (that we
derive by taking advantage of conservation of momentum) if we use a barrier height for the H
+ ketene channel that is 4.0 + 0.5 kcal/mol higher than the isomerization barrier en route to
CH; + CO products. This result is shown in Figure 3. The statistical prediction for the
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product branching from vinoxy radicals is shown in the top frame, with C-Cl photofission
events (total shown in black line) that produce stable vinoxy radicals shown in grey, and at
lower E;’s, producing vinoxy radicals with correspondingly higher vibrational energy, ones
that dissociate to CH3 + CO in blue and to H + ketene in red. The measured recoil velocities
of the ketene products, converted to C-Cl photofission E; and shown in green in the lower
frame, allows us to determine the distribution of vinoxy radicals that dissociate to H + ketene.
The agreement shown between the predicted (red) distribution and the measured (green)
distribution is only achieved if the barrier to H + ketene is raised by over 2 kcal/mol from that
predicted by G4 methods. We are pursuing coupled cluster calculations with John Stanton.

III. Future Work

We just took data at the NSRRC on a radical intermediate in the OH + propene reaction.
Our prior studies™ of this reaction were limited because the photolytic precursor at 193 nm
was a 70/30 mixture of 1-bromo-2-propanol (producing the C;H,OH radical intermediate
from OH addition at the center carbon) and 2-bromo-1-propanol (producing the radical
intermediate from OH addition at the end carbon). Our new experiments use a pure sample of
2-chloro-1-propanol for a photolytic precursor for the radical intermediate when OH adds to
the end carbon of propene, the 1-hydroxy-2-propyl radical intermediate. This allowed us to
isolate the reaction products from this radical intermediate, so provides a selective test of the
predictions from theoretical studies of the product channels from the OH + propene reaction.
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Imaging Chemical Dynamics and Spectroscopy.

David W. Chandler
Combustion Research Facility
Sandia National Laboratory
Livermore, CA 94551-0969
Email: chand@sandia.gov

Program Scope:

My research focuses on the field of chemical dynamics of gas phase molecular species. | define
chemical dynamics as the detailed study of the motion of molecules and atoms on inter- or intra-
molecular potential energy surfaces in order to learn about the details of the surface as well as
the dynamics of their interactions. We have tested bimolecular potential energy surfaces by the
careful study of collisional energy transfer processes in crossed molecular beam arrangements
utilizing Velocity Mapped lon Imaging techniques. Last year we reported on the collision
induced dissociation of vibrationally excited NO,. This year we report on an extension of this
study and a new study utilizing Velocity Mapped lon Imaging to image spectroscopy with MHz
resolution. We have also continued to work on a new multi-frequency cavity ring down
spectrometer that will provide multiplexed spectroscopy with the resolution of the etalon used
for the cavity ring down measurement.

Chemical Dynamics Progress Report: NO + NO; collisional energy transfer:

Over the last few years we have been exciting atoms and molecules into transient excited states
at the crossing of two particle beams and observing the scattering induced by collisions at the
crossing point of the beams. Our first project was studying elastic collisions of Kr atoms [1],
then we studied the rotational energy transfer dynamics of NO (A) with atomic partners [2,3] and
have recently published a study of vibrationally excited NO,. We did this by monitoring the
dissociation of the NO; after a single collision with an Ar atom. The collision induces
translational to rotation and translation to vibration energy transfer. These ro-vibrationally hot
molecules then dissociate producing NO (X, J<15) state molecules and a ground state O atom.
By measuring the velocity distribution of each of the NO(X, J) states produced and the
dissociation branching ratio of NO, into each rotational state of the NO as a function of NO,
internal energy we are able to determine the shape of the Energy Transfer Function, P(E) for this
very vibratonally hot molecule.[4]

In order to eliminate the complication of the dissociating NO, molecule and still obtain the shape
of the energy transfer function from a hot NO, molecule in collision with NO molecule we have
taken a new approach. We vibrationally excite NO, a few hundred wavenumbers below the
dissociation energy and scatter NO(J=0.5,1.5) from the hot NO,. Any NO changing rotational
state but going faster than an elasticly scattered NO would have had to gain energy from the
vibrationally hot NO,. Measurement of this velocity distribution is a direct measure the shape of
the collisional energy transfer function for NO + NO, (Hot). The first step is to study the
collisional energy transfer of NO(J = 0.5, 1.5) + NO, (Cold). We use velocity mapped ion
imaging to detect the NO after an NO - NO; collision. The NO is ionized to NO* using 1+1°
REMPI. The ions were then accelerated to a position sensitive ion detector, and the image
collected on a CCD camera. We collected images with NO in J = 9.5-15.5. NO + He does not
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produce images at J = 9.5 or higher. Therefore, we can observe NO + NO; (cold) without any
complications from the carrier gas of the NO,.

NO + Ar NO + NO,

2500
2000
1500 |

1000

100 150 200 250 300 350 4 5 200 250 300 350

Figure 1. Image of NO(j=15.5) after collision with Ar (left) and with NO, (right). NO, was seeded in Helium and
the NO was seeded in Ar. The center-of-mass collision energy was ~ 450 cm™ for NO collision with Ar and ~1400
cm’ of energy for NO collision with NO,.

In Figure 1 is shown an image of NO (j=15.5) scattered from NO,. The image can be inverse
Abel transformed and the differential cross section and the velocity distribution can then be
extracted. The DCS’s are all highly forward scattered, but the distribution broadens as the NO
rotational state increases. The velocity distributions also broaden, suggesting that, as expected,
more highly rotationally excited states of NO are correlated with more rovibrational excitation in
the NO; collider. While some structure was observed in the rotational distribution, it is not
obviously correlated with vibrational excitation (as the bend of NO, is at 749 cm™). Next we
will excited the NO, to a vibrationally excited state and record images subtracting out the NO +
NO3(cold) background images.

Imaging Spectrsocopy with Velocity Mapped lon Imaging:

The ability to measure the velocity of neutral atoms and molecules with a precision of several
meter/sec provides an opportunity to measure subtle perturbations on electronic state
spectroscopy with high resolution. Using Velocity Mapped lon Imaging we are able to measure
perturbations of electronic states such as broadening and magnetic and electric field splittings.
We call this technique Doppler Imaged State Spectroscopy. We demonstrate this ability utilizing
the 5s[3/2]p —5p[5/2]3 cycling transition at 811.5 nm in metastable Kr atoms to investigate the

saturation broadening caused by Rabi cycling on a resonant transition with MHz resolution. In
addition we investigate the lifetime broadening associated with ionization from the cycling states
and the Zeeman splitting of the states. As it is now possible to measure velocities to ~1 m/s with
VMII this represents measurement of a Doppler shift of ~1MHz for this Kr transition and
represents the resolution limit that is possible with this technique. We have measured saturation
broadening, lifetime broadening and Zeeman splitting with this imaging technique. Figure 2
shows the scheme and the image one obtains by retro-reflecting 811.5 laser beam 60 MHz
detuned from the 5s[3/2]o —5p[5/2]3 transition through the thermal sample. This laser becomes

part of the REMPI process and therefor impacts the Doppler components that are ionized. The
separation between the peaks in Fig.2c provides a measure of the laser detuning, the width of the
peaks provides information on the saturation of the transition and the lifetime of the states.
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Fig 2. Scheme for producing metastable Kr 5s[3/2]°% by two-photon excitation followed by 760.4 nm emission from
the ground state of Kr utilizing a pulsed 214.7 nm laser beam. A 1 MHz resolution 811.5 nm laser beam is used to
optically cycle the population utilizing the 5s[3/2]°, = 5p[5/2]; transition. The broadening of the lines due to the
lifetime shortening associated with the Rabi cycling brings different Doppler components into resonance. A 266-nm
pulsed laser beam is used to ionize the Kr atoms from both the 5s[3/2]°, and the 5p[5/2]; states. (&) lon Image of Kr
ions with no time delay between the 214 nm two-photon excitation laser beam and the 266-nm ionization laser
beam, (b) an image of Kr lon Image with a 10 microsecond delay between the 214 two-photon excitation laser beam
and the 266-nm ionization beam with no 811.5 nm CW laser present, (¢) Kr lon Image with 10 microsecond delay
between the 214 nm two-photon excitation laser beam and the 266-nm ionization laser beam with 811.5 nm laser
present but detuned by 60 MHz from the line center of the transition. The 811.5 signal enhancement shown in
panel(c) is centered about zero velocity as expected

We have recently begun the study of the alignment ground state molecules by moderate laser
intensities. Alignment effects in non-linear optics cause distortion of the signals and calculations
of polarizabilities of electronic excited states of hydrogen offer a perfect setting to study
alignment as a function of rotational and vibrational state. We use one laser to excite a specific
rotational and vibrational level of the H; (E,F) state. From this state we use in intense 532-nm
laser beam to align, dissociate the H, and ionize the H atom product fragment. Measurement of
the angular distribution of the H* provides direct information on the alignment of the H,(EF)
state molecule. Preliminary results indicate that calculations of the polarizability of the E,F state
are incorrect by over two orders of magnitude.

A__Hm=0)+ H'

532 nm H2 E'F(V:O,]:O)

201.6 n
H, X(v=0,J=0)

Figure 3. Schematic of experiment where a single rovibrational level of H2 is excited and then aligned and
dissociated. Images representing low (532-nm laser intensity = 1.27E™ W/cm?), intermediate (532-nm laser
intensity = 4.80E** W/cm?) and high laser intensity (532-nm laser intensity = 1.96E™* W/cm? ) are shown.

25



Present and Future work:

Chemical Dynamics:

We are building a merged molecular beam scattering apparatus such that two, short (30
microsecond initial opening time), velocity-chirped beams will collided with approximately 7
degrees of angle between the beams. With this arrangement we believe we can scan the velocity
distribution of the collisions between about 5 cm-1 of collision energy and 100 cm-1 of collision
energy. We will first investigate collisions with NO as a collision partner. Calculations on OH +
H, and He as well as NH + He are also predicted to show significant resonance behavior. The
energetic location of the resonances is a very stringent test of the long-range part of the potential
energy surface for the collision partners and will be compared to theory. We will then move to
reactive systems involving small barriers such as O(*D) + CHy. In the area of photochemistry,
we will continue our study of single-quantum-state selected molecules interacting with
moderately powered laser pulses for the understanding of alignment and photon/molecule
interactions.

Spectroscopy:

We have developed a new type of frequency-comb spectrometer using two etalons of slightly
different path lengths. By measuring the interference between the outputs of the two etalons one
can determine the absorption of molecules within the etalon cavities. We are continuing the
development of this spectrometer and after attempting to extend this spectrometer to the near IR
we have begun a new effort. We are simplifying the apparatus utilizing a single etalon
containing an AR coated wave plate. This arrangement will provide two different free spectral
Ranges for the same cavity for light of different orientations to the crystal axis allowing us to
perform dual etalon spectroscopy with a single etalon. We will also continue to explore the use
of imaging techniques to image spectroscopy, in particular to monitor Rabbi cycling.
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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 phenomena in turbulent combustion. The simulations address fundamental issues
associated with ‘chemistry-turbulence’ interactions that underly practical combustion in engines for
power generation and transportation: high pressure multi-stage autoignition, extinction and reignition,
premixed and stratified flame propagation in intense shear-driven turbulence, lifted flame stabilization
assisted by cool flame ignition, preferential diffusion effects on stabilization of reactive jets in crossflow,
and flashback of premixed flames in boundary layers. In addition to the new understanding provided by
these simulations, the DNS data are used to develop and validate predictive mixing and combustion
models required in Reynolds-Averaged Navier Stokes (RANS) and large-eddy (LES) simulations.

Recent Progress

In the past year, computer allocations from a DOE Innovative and Novel Computational Impact on
Theory and Experiment (INCITE) grant have enabled us to perform several petascale three-dimensional
DNS of turbulent flames with detailed chemistry. These DNS studies focused on multi-regime, multi-
stage autoignition and premixed combustion to elucidate: 1) flame stabilization of a turbulent lifted di-
methyl ether jet flame in the presence of low-temperature ignition, 2) velocity and scalar spectra in
turbulent premixed flames, and 3) turbulent mixing effects on n-dodecane autoignition with negative
temperature coefficient reactions. Highlights of our accomplishments in the past year and future
directions are summarized below.

Stabilizing a turbulent lifted di-methyl ether jet flame with negative temperature coefficient reactions [1]

A three-dimensional direct numerical simulation (DNS) of a turbulent lifted dimethyl ether (DME) slot
jet flame was performed at a moderate pressure of 5 bar to study interactions between chemical reactions
with low-temperature heat release (LTHR), negative temperature coefficient (NTC) and shear generated
turbulence in a jet in a heated coflow. By conditioning on mixture fraction, local reaction zones and local
heat release rate, the turbulent flame is shown to exhibit a “pentabrachial” structure that was observed for a
laminar DME lifted flame with NTC reactions and low-temperature heat release [2]. The propagation
characteristics of the stabilization and triple points are also investigated. Potential stabilization points,
which exhibit preferred temperature and mixture fraction conditions exhibit autoignition characteristics
with large reaction rate and negligible diffusion. The stabilization point which coincides with the most
upstream samples forming the potential stabilization points for each spanwise location shows passive
flame structure with large diffusion. The propagation speed along the stoichiometric surface is compared
with the asymptotic value obtained from theory. At stoichiometric conditions, the asymptotic and averaged
DNS values of flame displacement speed deviate by a factor of 1.7. However, if the effect of low-
temperature species on the local flame speed increase is accounted for, these two values become
comparable. This suggests that the two-stage ignition influences the triple point propagation speed through
enhancement of the laminar flame speed in a flow configuration where abundant low-temperature ignition
intermediates are provided by the high-velocity jet.

Dissipation spectra for velocity and reactive scalars in turbulent premixed flames [3]

Dissipation spectra for velocity and reactive scalars - temperature and fuel mass fraction - for
turbulent premixed flames were studied using DNS data of two canonical flame configurations: a
temporally evolving lean hydrogen-air planar jet flame (PTJ) and a statistically stationary planar lean
methane-air flame (SP). The dissipation spectra collapse when normalized by the corresponding Favre
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mean dissipation rate and a cutoff length scale even though the raw spectra vary by orders of magnitude.
However, the normalized spectra deviate significantly from the model spectrum of Pope [4] which is
based on the classical ideas for constant density turbulence. This deviation is particularly pronounced for
the high wavenumber dissipative range where a universal scaling is expected, unlike the previous studies
of turbulent non-premixed combustion where good agreement with the model spectrum was reported. In
the PTJ cases the dissipation spectra peak at the wavenumber corresponding to the laminar thermal
thickness, consistent with a plateau in energy spectra at the same wavenumber reported in an earlier study
[5]. In the SP case the peak in the dissipation spectra occurs at a lower wavenumber than that
corresponding to the thermal thickness. However, in the SP case, a clear deviation in the spectra from an
exponential roll-off shape is observed at the higher wavenumber corresponding to the Zeldovich
thickness. While it is clear that the chemical reactions have a strong influence on the velocity and
reactive scalar gradients and hence their dissipation, as manifested by the spectra, the scaling laws for this
influence are still unknown, with possible dependencies on Damkohler and Karlovitz numbers, and
density ratio which we will derive from dimensional analysis and assess with a parametric DNS study.

9 x 10

14

(a) (b) (c)
Figure 1: The logarithmic heat release rate field of a laminar pentabrachial flame, Ref. [2] (a). The square indicates
the location of the stabilization point while the triangle indicates the location of the triple point. Instantaneous
stoichiometric mixture fraction (black) and Yon = 0. 2YoH,max (blue) iso-contour lines denoting high temperature
flame overlaid on the logarithm of heat release rate (b) and methoxymethyl-peroxy mass fraction, YCH30CH202 as a
low-temperature heat release marker (c) from a turbulent lifted DME jet flame in the spanwise mid plane [1].

Direct Numerical Simulation investigation of turbulent n-dodecane /air mixing layer autoignition [6]

A direct numerical simulation of a turbulent, self-igniting temporal mixing layer between n-dodecane
and diluted air was performed to understand the influence of low-temperature chemistry on the transient
dynamics of two-stage ignition. The jet parameters were selected to provide an ignition Damkohler
number of 0.4, a value representative of conditions found in diesel spray flames. Chemical reactions were
described by a 35-species reduced mechanism [7], including both low- and high-temperature reaction
pathways of n-dodecane. Spatial inhomogeneities in the mixture composition were found to strongly
affect low-temperature chemical reactions in turbulent mixtures of air and n-dodecane undergoing
spontaneous ignition. High values of scalar dissipation redistribute some of the heat generated at early
times in lean mixtures toward richer regions, resulting in significant low-temperature reactions occurring
across a wide range of mixture compositions. However, the faster propagation of low-temperature
reactions in mixture fraction space by flame propagation and diffusional processes is insufficient to
compensate for the higher heat and radical losses from the ignition kernel at high values of scalar
dissipation, thus leading to a longer hot-flame ignition delay time as the scalar dissipation rate increases.

Future Work:
Multi-Stage ignition and transition to partially-premixed flame propagation

In studying the spontaneous ignition of a two-dimensional turbulent mixing layer between diluted
dimethyl ether and air, Krisman et al. [8] found that cool flame autoignition at fuel rich locations occurs
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earlier than in homogeneous reactor calculations; additionally, it was observed that, as a consequence of
fast propagation of the cool flame in mixture fraction space, hot flame ignition occurred first in mixture
pockets with a composition much richer than the most reactive mixture fraction, and at times comparable
to the minimum ignition delay time, or even shorter. We plan to further investigate the diffusional
processes associated with low-temperature ignition and cool flame propagation and their influence on hot
flame ignition for a range of diesel fuels exhibiting different octane sensitivities. We plan to also study
the transition from hot flame ignition to the establishment of a turbulent lifted flame, including the role of
edge flame propagation affected by NTC reactions.
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I. Program Scope

An important goal for combustion chemists is the development of first-principles approaches
towards the calculation of potential energy surfaces and the dynamics of molecular collisions for
combustion-relevant systems. The research program described here centers on experimental studies of
transient neutral species and collision complexes, with the goal of providing benchmarks for
theoretical studies of fundamental elementary reactions relevant to combustion phenomena. The
experimental approach makes use of kinematically complete measurements of dissociative
photodetachment (DPD) processes that anionic precursors undergo to provide a novel measure of the
dynamics of unimolecular and bimolecular reactions. Photoelectron-photofragment coincidence (PPC)
studies like these can be used to sample the chemical dynamics over a wide range of internal and
configurational energies in a single experiment, providing a rigorous test of potential energy surface
and dynamics calculations. Examples of the interplay between theory and experiment that can be
provided in this manner were shown in the experimental-theoretical study reported on the F + H,O —
HF + OH reaction in collaboration with Hua Guo and co-workers, (DOE Pub. 2), as well as a
collaboration with Al Wagner and colleagues extending in a more quantitative fashion our quasi-1D
model for the deep tunneling in that system and applying it to ab initio HOCO potential energy
surfaces (DOE Pub. 5). Experimentally, the last year was spent bringing the PPC spectrometer back
on-line following required maintenance beginning in December 2014 as well as commissioning of a
cryogenic octupole accumulator trap (COAT) in the ion source to allow buffer gas cooling of
polyatomic anions ultimately to temperatures < 10 K. These efforts have been successful, and will be
illustrated by a discussion of measurements of the dramatic effect anion temperature has in the UV
photodetachment and photodissociation (388 nm, 3.2 eV) of the ozonide anion, Os. In addition,
further developments in the analysis of the F + CH;OH — HF + CH30 reaction will be discussed.
Manuscripts on isotopologs of F + H,O, the effects of vibrational excitation in that system and with
studies of the spectroscopy and dynamics of the propiolyl radical, HC,CO,, are also anticipated to be
published this year. In the following sections, recent progress will be reviewed in more detail, followed
by a brief discussion of future work.

II. Recent Progress

A. Transition State Dynamics of the F + HOCH; — HF + OCHj; Reaction

o hoeaso The exothermic reactions' of .ﬂuoripe
7 atoms with small molecules, beg%nnmg with

4.48 the F + H, reaction, have provided a rich

ground for the  development  of
multidimensional potential energy surfaces
and theories of chemical reaction dynamics.
} ; Extending these studies to  higher
200 ‘ dimensionality, our recent study of the
F+H,0—HF+OH reaction' represents a
system with six degrees of freedom at the
frontier of both quantum chemistry and
quantum dynamics calculations.”® We have
now further extended these efforts to higher
dimensionality systems by carrying out PPC
studies on F (CH30H), nominally producing
Figure 1. Calculated energetics for the F + CH;OH —  the F(CH30H) complex in the vicinity of the

HF + OCHj; reaction and the F (CH;OH) anion at the  sybmerged barrier on the F + CH;OH—HF +
CCSD(T)/aug-cc-pVTZ level of theory.

500 | hv=320

Energy (V)

0.00 |

1.00 4 * Calculated based on EA[F) = 3.40 eV

31



OCHj3; potential energy surface. This system, with 7 atoms and 15 degrees of freedom, remains beyond
the limit of full-dimensionality quantum dynamics calculations, but is a tractable system for high
accuracy electronic structure calculations, as illustrated by the recent work by Schaefer and co-
workers.” The energetics of photodetachment in this system as well as important stationary points on
the neutral potential energy surface are shown in Figure 1. These energetics were provided through a
collaboration with Agarwal and Schaefer who have carried out high level calculations (CCSD(T)/aug-
cc-pVTZ) at a consistent level of theory for both the anionic and neutral complexes including zero-
point-energy corrections.® Figure 1 shows that at a photon energy of 4.80 eV there is sufficient energy
to access both reactant (barely) and product channels as well as the submerged barrier separating the
entrance and exit channel van der Waals complexes.

PPC measurements on F (CH3;OH) at photon energies of 4.80 and 3.20 eV allowed studies of
both stable and dissociative neutral complexes. Complexes that are stable on the timescale of the the
8.4 ps flight time from the interaction region to the neutral particle detector, or dissociate with
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Figure 2. Photoelectron spectrum of the stable (e
+ 1 neutral) channel at 4.80 ¢V (258 nm). The
black vertical lines indicate the ZPE corrected,
calculated EAs for the entrance (dashed) and exit
(solid) complexes. The grey vertical lines
correspond to the ZPE corrected, calculated
KEmax for dissociation to either reactants (dashed)
or products (solid) where products are formed in
their vibrational and rotational ground states.

e Kinetic Energy (eKE /eV)

Figure 3. Threshold photoelectron spectrum of the
stable (¢ + 1 neutral) channel at 3.20 eV (388 nm).
Features associated with a progression in v3 in the FH-
OCHj3; entrance channel complex are indicated by the
comb.

exceedingly small kinetic energy release, are
shown in Figure 2 at a photon energy of 4.80 eV.
The prominent peaks at 1.5 eV and 0.4 eV in this

spectrum are assigned to the exit channel (FH—
OCHs) and (tentatively) the entrance channel (F—HOCH3) van der Waals complexes, respectively.
The assignment of the peak near 0.75 eV is likely a long-lived metastable complex (a vibrational
Feshbach resonance) in the FH(v=2)-OCHj3 exit channel van der Waals complex, similar to the F +
H,O reaction. The energetics in Figure 1 are in excellent agreement with the observed exit channel
complex, while the results for the entrance channel complex peak at greater energy than predicted. We
are continuing to work with the Schaefer and Stanton groups to resolve the reason for this discrepancy.
It is possible that this feature corresponds to another Feshbach resonance, but beam energy
dependence measurements (not shown here) indicate that the state is long-lived like the exit channel
complex feature peaking at eKE = 1.5 eV. Figure 3 shows a threshold photoelectron spectrum for the
system recorded at a photon energy of 3.20 eV. The leading comb shows the theoretically predicted
adiabatic EA for the system, and the series of features indicated by the comb are consistent with a
progression in v3 = 241 cm’l, as calculated by Schaefer and co-workers, an FH-OCHj3 stretching mode
coupled with an OCHj3 rock. These experiments would obviously benefit from a higher resolution
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photoelectron spectrum, such as the slow electron velocity map imaging (SEVI) of Neumark and co-

workers.

B. Cryogenic Octupole Accumulator Trap (COAT) — Cooling of Ozonide Anion, O3

Source COAT/Acceleration
%106 x106/x10-7

Cryogenic Octupole Accumulation Trap Electrostatic lon Beam Trap

Figure 4. The current configuration of the photoelectron-photofragment coincidence spectrometer, showing
addition of a Wiley-McLaren pulsed discharge ion source for loading the new buffer-gas cooling cryogenic
octupole accumulator trap (COAT), which is then used to inject ions into the electrostatic ion beam trap (EIBT)

for PPC measurements.

We have recently completed commissioning of a new cryogenic octupole accumulation trap
(COAT) providing the ability to collisionally cool precursor anions, as well as the ability to heat them
through energetic collisions with helium buffer gas. We are currently able to achieve a trap
temperature of 18 K with a trapping time greater than 80 ms and can accumulate ions over several
pulses from the Wiley-McLaren style ion source. For the demonstration of the capabilities of COAT,
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Figure 5. The top panel shows the photoelectron
spectrum for O; under three different trapping
conditions within COAT leading to controlled heating
(red) and cooling (blue) of precursor anions via buffer
gas compared to the ion internal excitation from
supersonic expansion alone (black). The bottom panel
shows the peak at 1.74 eV eKE is a result of a 2-photon
process involving photodetachment of the O
photodissociation product.
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we have examined the photochemistry of the
O3 anion at 388 nm. In the near UV, O3
exhibits both direct photodetachment as well
as two photofragmentation channels as shown
by the data in Figure 5. Of particular interest
is the autodetachment channel of O,” X *I1
which is predicted to be governed by a
Feshbach resonance in the ?A; excited state of
0;. The onset for autodetachment after
photofragmentation occurs when the product
O, contains v>4. As Figure 6 shows, only
v=4 is energetically accessible from cold O3~
precursor anion at 388 nm. Collisional heating
is achieved by colliding the anions with the
buffer gas at a high energy while trapping
within COAT for a short period of time (500
us), ejecting them from the trap before they
thermalize with the cold buffer gas. The
photofragmentation of the internally excited
O;™ anion allows access to O, products with v
= 5 and 6 quanta of vibrational excitation in
addition to increasing the probability of 4
quanta of excitation in O . Increasing the
trapping time to 80 ms gives the ions time to
thermalize with the cold buffer gas resulting
in removal of the v = 5 and v = 6
autodetachment  signal with significant
reduction in the v = 4 channel as shown in the
collisionally cooled traces in Figure 5. Now



that we have demonstrated our capability to influence the internal excitation of the anion precursor in a
controlled manner, we look forward to beginning to examine larger polyatomic systems. This effort is
motivated by our recent study of the photodetachment of tert-butoxide with both non-deuterated and
deuterated precursors, (CH3);CO™ and (CD3);CO7, as reported in DOE pub. 6. Those experiments
revealed a DPD channel, involving the loss of a methyl radical. An examination of the energetics for
this channel showed it could only be the result of two possible reaction pathways: from the carbanion
isomer, (a) (CH3);COHCH,™ + hv — CH3 + CH3COHCH; or tert-butoxide, (b) (CH3);CO™ + hv — CH3
+ (CH3)>CO (acetone). It was concluded, with support from Franck-Condon simulations, that pathway
(b) was observed as result of non-Boltzmann internally excited tert-butoxide anion precursors
characterized by temperatures up to 1400K along critical C-C stretching modes. With the new COAT,
we should be able to effectively quench vibrational and rotation excitation prior to injection into the
EIBT and eliminate these kinds of pernicious hot band phenomena.

C. Future Work

In the coming months, with the PPC spectrometer now back on-line, we look forward to
examining a range of systems, including the O + CH4 — OH + CHj3 radical-radical reaction, by
photodetachment of O7(CHa4), as well as other systems including OH-C>H,, OH-C,H4 and the OH
+ NHj3 system. These efforts will be assisted by the implementation of the dual pulsed valve ion source
configuration recently described by Lineberger and co-workers,'® enabling the synthesis of a wide
range of anionic complexes as precursors to systems of combustion interest.
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Our research investigates the chemistry of vibrationally excited molecules. The properties and reactivity
of vibrationally energized molecules are central to processes occurring in environments as diverse as
combustion, atmospheric reactions, and plasmas and are at the heart of many chemical reactions. The goal
of our work is to unravel the behavior of vibrationally excited molecules and to exploit the resulting un-
derstanding to determine molecular properties and to control chemical processes. A unifying theme is the
preparation of a molecule in a specific vibrational state using one of several excitation techniques and the
subsequent photodissociation of that prepared molecule. Because the initial vibrational excitation often
alters the photodissociation process, we refer to our double-resonance photodissociation scheme as vibra-
tionally mediated photodissociation. In the first step, fundamental or overtone excitation prepares a vibra-
tionally excited molecule, and then a second photon, the photolysis photon, excites the molecule to an
electronically excited state from which it dissociates. Vibrationally mediated photodissociation provides
new vibrational spectroscopy, measures bond strengths with high accuracy, alters dissociation dynamics,
and reveals the properties of and couplings among electronically excited states.

Our recent research on vibrational dynamics in clusters has produced new insights into ammonia clusters,
one of the prototypical hydrogen-bonded systems. We have determined the dissociation energy of the di-
mer very precisely (660+20 cm™) and obtained an experimental estimate of the dissociation energy of the
trimer (1600+100 cm™). The dynamics we probe show selective coupling of vibrational energy during the
dissociation of the dimer. These studies have led us into new studies of ammonia-containing complexes
that build on our previous investigations, and we have obtained intriguing results on vibrationally induced
isomerization in the complex of ammonia with a substituted phenol. An extension of this research is now
probing the excited-state dynamics of a halomethane, CHBrCl,.

Aminophenol-Ammonia Complexes

We studied the complex of 3-aminophenol with ammonia to understand its bond-strength and its vibra-
tional predissociation as we move toward studying its excited-state dissociation. There are two conform-
ers of 3-aminophenol corresponding to different orientations of the O-H bond. The structures in the top
portion of Fig. 1 illustrate the slightly higher energy cis conformer and the lower energy trans conformer.
The spectrum in the top of Fig. 1 is the (1+1) REMPI spectrum of 3-aminophenol with the cis and trans
origins marked. [W. Y. Sohn, et al., Phys. Chem. Chem. Phys. 13, 7006 (2011).] The spectrum in the bot-
tom of the figure is that of the complex, in which the frans origin appears about 65 cm™ below that of the
bare 3-aminophenol, but the cis isomer does not appear, possibly because of interconversion between the
two conformers during the formation of the complex.

We have recently observed the influence of vibrational excitation on the complex by obtaining the
REMPI spectrum after exciting the ammonia cluster (3-AP-NHj3) in the OH stretching and NH stretching
regions. The vibrational energy is sufficient to dissociate the cluster into its constituent 3-AP and NH;
monomers, and we detect the 3-AP fragments via (1+1) resonance-enhanced multiphoton ionization
(REMPI). The distribution of vibrational-state population of the 3-AP fragment suggests the presence of
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two distinct dissociation pathways. The first dissociation channel produces a broad, unstructured predis-
sociation feature in the REMPI-action spectrum after excitation of any of the O-H or N-H stretching vi-

brations, suggesting a nearly statistical ! ! : ! !

dissociation pathway with strong cou- Figure 1 trans 09 I
pling of the vibrations in the cluster dur-
ing the predissociation. The second dis-
sociation channel produces sharp features
on top of the broad predissociation fea-
tures, but only following excitation of the
OH stretch or the symmetric NHj stretch
in the cluster. This striking mode-
specificity is consistent with strong cou-
pling of these two modes to the dissocia-
tion coordinate (the O-H--N bond). The
presence of clearly resolved transitions to
the electronic origin and to the 10ay> +
10b,” state of the cis-3-AP isomer shows

REMPI signal

Fhat lerat}onal excitation is driving the 34100 34300 34500 34700 34900
isomerization of the trans-isomer to the REMPI Wavenumber, ¥/cm-1
cis-isomer in the course of the dissocia-

tion of the cluster.

Dissociation of a Halomethane , CHBrCl,

We have returned to the velocity-mapped ion imaging technique of our earlier ammonia studies to inves-
tigate the recoil energies and relative product yields in the dissociation of CHBrCl, in the range of 215 -
265 nm. The low symmetry of this molecule brings many close-lying electronic states in to play, and we
are able to detect both the ground-state Br fragment and the spin-orbit excited-state Br* fragment. The
anisotropy of both channels increases with increasing wavelength, and the fractional energy released into
translation increases slightly for longer wavelengths as well. However, the anisotropy of the distribution
for the ground-state fragment shows a distinct minimum at intermediate wavelengths that may reflect the
competition of direct and indirect dissociation on several of the intersecting surfaces.

Future Directions

We are now in the midst of exploring the influence of vibration on the dynamics of a complex. Our future
work goes in two directions. One is similar experiments in other complexes, and the other is to observe
the effect of vibrational excitation and the presence of an adduct on the dissociation of electronically ex-
cited complexes. We have proven that vibrational excitation of NHj drastically alters its dissociation by
changing the behavior at a conical intersection. Now we can understand that behavior in different com-
plexes where an adduct will influence the dynamics also.
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Program Scope

Our group studies inelastic and reactive collisions of small molecules, focusing on radicals
important in combustion environments. The goal is the better understanding of kinetic processes
that may be difficult to access experimentally. An essential component is the accurate
determination and fitting of potential energy surfaces (PESs). We use time-independent (close-
coupling) methods to treat the dynamics. We have studied energy transfer (rotationally,
vibrationally, and/or electronically inelastic) in small hydrocarbon radicals (CH2 and CH3) and
the CN radical. We have made a comparison with experimental measurements of relevant rate
constants for collisions of these radicals. We are calculating accurate transport properties using
state-of-the-art PESs and to investigate the sensitivity to these of 1-dimensional flame
simulations. Of particular interest are collision pairs involving the light H atom.
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Recent Progress and Future Work

Collisional Relaxation

We have carried out an extensive study of the collisional relaxation of methylene (CH>), a
system studied extensively at Brookhaven by the group of Hall and Sears. We determined
determined potential cenergy surfaces (PES’s) for the interaction of CH; in both its ground X®B;
and singlet excited a'A; electronic states with the He atom. By quantum scattering calculations
we determined state-to-state integral cross sections for rotationally inelastic transitions and rate
constants for total removal of given rotational levels [1,4]. The latter agreed well with the
Brookhaven results. Vibrational relaxation of the bending mode of CH2(X) in collisions with He
is two orders of magnitude less efficient than rotational relaxation [14].

We also studied collision-induced internal conversion (CIIC) from the a to the X state of CH>, a
process mediated by the weak spin-orbit coupling between pairs of accidentally-degenerate
rotational levels. In our use of the “gateway” model, CIIC is facilitated by coherent mixing of
the scattering T-matrix elements for collisional transitions involving the few accidentally
degenerate rotational states. [13]. We then used our calculated CIIC and pure-rotational rate
constants in a kinetic simulation [3] of the collisional relaxation of CH>(X,a) in collisions with
He. Figure 1 presents snapshots, following the relaxation of the 81 mixed, nominal a state,
studied at Brookhaven. Relaxation proceeds in three steps: (1) rapid equilibration of the two
mixed-pair levels [a(0,0,0)81¢ and X(0,2,0)937, in Fig. 1], (2) fast relaxation within the a state,
and (3) slower relaxation among the X-state levels.

Stimulated by our theoretical work on rotational energy transfer in CHs-He collisions [2], Orr-

Ewing (Bristol, UK) applied molecular beam and velocity map imaging to the determination of
differential cross sections for scattering of photolytically generated beam of CD3 with a number
of collision partners. REMPI detection of the scattered CD3 allowed resolution of the rotational
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angular momentum n, but averaged over a subset of the projection quantum numbers. In a series
of studies, Orr-Ewing and his group have determined differential cross sections for collisions of
CDs with He, Hz, Ar, and N2. We have employed PES’s determined by our group for the first 3
collision partners to compute differential cross sections. These agree well with experiment
[9,12,16]. We find that the dynamics of collision of the symmetric top CD3 is richer than that of
a diatomic. In collaborations with Orr-Ewing and van der Avoird (Nijmegen, Netherlands), we
compared the scattering of CD3 with that of another (nonplanar) symmetric top NDs [11].

We have worked with Hall and Sears on the study of rotational energy transfer (RET) of CN(X)
in collisions with He and Ar [18]. These authors employed frequency modulated transient
absorption in a double-resonance, depletion recovery experiment. We carried out quantum
scattering calculations for RET of selected rotational levels. Our calculations agree well with
measured thermal rate constants, as well as non-thermal Doppler-resolved rate constants. In the
future we will investigate collisional depolarization of non-isotropic m distributions.

Transport properties

Modeling combustion involves the prediction of the temporal and spatial dependence of the
concentrations of all relevant species, as well as for the calculation of flame velocities.

This requires knowledge of rate constants of all the relevant species, as well transport properties.
Sensitivity analysis by several groups suggests that uncertainties in transport properties can be as
significant as uncertainties in reaction rate constants. Present computational resources allow the
accurate calculation of transport properties using state-of-the-art PESs. We have been
computing accurate transport properties in quantum scattering calculations for collisions of
various free radicals. Based on our recent work, we found that: (a) Retention of just the
isotropic part of the potential results in errors in transport properties of only a few percent. (The
exceptions involve species with a low-lying LUMO, such as CHz(a) and BHs [8].) (b) Isotropic
Lennard-Jones (LJ) 12-6 potentials yield diffusion coefficients with too steep a temperature
dependence. This occurs because the repulsive walls of LJ 12-6 potentials are too steep. (c)
Transport property calculations with LJ potentials for radical-radical systems disagree
significantly with calculations using accurate potentials.
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We have concentrated on the calculation of transport properties for collision pairs involving the
light H atom and have computed PESs when these are not available. We have also used these
calculated properties to assess how a more accurate treatment of transport affects 1-dimensional
laminar combustion simulations. In some cases accurate transport properties differ significantly
from LJ estimates, as illustrated in Fig. 2 for the H-CO and H—CO2 binary diffusion coefficients.
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In recent calculations, we have computed a new RCCSD(T) PES for H-N2 and have computed

transport properties for comparison with the previous calculations by Stallcop et al. [J. Chem.

Phys. 97, 3431 (1992)], who used a spherically averaged potential. We have also computed a

PES for H-CH4 and computed transport properties using both the full anisotropic and spherically

averaged potentials.

We have extended our 1-dimensional flame simulations to the combustion of methane in both air
and in oxygen. Two sets of calculations were carried out: The first set was based on the
conventional parameterized LJ 12-6 potentials, while the second set incorporated exact transport
properties for the available collision pairs. The calculated flame speeds as a function of the
equivalence ratio are presented in Fig. 3.
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It can be seen from Fig. 3(a) that the differences in flame speeds computed with conventional LJ
and accurate transport properties are comparable to differences in flame speeds computed with
different chemistry models. A sensitivity analysis indicates that for the air flame the flame speed
is most strongly affected by the transport properties for H-N2, while for the O, flame the most
important transport properties are for the H-CO and H-CO3 collision pairs. We are interested in
collaborating with modelers simulating combustion in 2 or 3 dimensions.

Interactions with Other Groups and DOE Synergy

Alexander and Dagdigian interact closely with Hall and Sears at Brookhaven. In addition to our
collaborative work on the collisional relaxation of CH., we have collaborated on the Doppler-
resolved kinetics and pressure broadening of the CN radical. We plan to compare pressure
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broadening calculations on the OH A — X transition with measurements from the group of Ritchie at
Oxford, UK. We collaborated with Orr-Ewing at Bristol UK on the determination of CD3
differential cross sections in collisions with a number of species. Alexander has collaborated with
Chandler at Sandia Livermore on inelastic scattering of the NO radical. Dagdgian’s 1-dimensional
combustion simulations were facilitated by Sivaramakrishnan at Argonne.
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Theory and Modeling of Multiphase Reacting Flow Dynamics
in Simulations and Experiments

Rainer N. Dahms
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Livermore, CA 94551-0969
Rndahms@sandia.gov

I. Program Scope

This theoretical and modeling effort on multiphase reacting flow dynamics is based on three primary
objectives. The first is to establish a physically-based understanding of improved turbulent mixing and
combustion models in multiphase flows. Many of the relevant fluid flow processes take place on time and
length scales which are not feasible to resolve directly in simulations. Therefore, sophisticated sub-grid
scale models have to be developed. This requires a comprehensive understanding of the fundamental
processes of the underlying relevant phenomena. In this context, a major focus is the development of
more general regimes that incorporate broader ranges of combustion modes and a more complete set of
non-dimensional parameters. The second objective is to develop techniques and methods to understand
data sets obtained from high-fidelity Large-Eddy simulations (Oefelein) and measurements performed in
the Advanced Imaging Laboratory (Frank) and in the Turbulent Combustion Laboratory (Barlow) in a
meaningful manner. The fundamental issues of comparing, validating, and understanding advanced
combustion data sets will become even more important as we attempt to understand the dynamics of
turbulence-flame interactions using data sets that capture the temporal evolution of turbulent flames. The
third objective is to understand the implications of the conclusions obtained from well-controlled
experiments in the context of advanced power and propulsion systems including gas turbines, automotive
engines, and liquid rockets. This effort has to consider the poorly understood effect of elevated pressure
on the fundamentals of multiphase combustion phenomena. It builds on the developed theoretical
framework, which establishes a meaningful set of major scaling parameters. Combined with the
identification of relevant ranges of combustion regimes and non-dimensional parameters in modern
transportation and power systems, the framework will serve the general objective of this program to
accelerate the development and validation of science-based, predictive computational models for
turbulent combustion systems.

I1. Recent Progress

Understanding and quantifying multiphase reacting flow phenomena in fundamental experiments and
modern transportation and energy systems is widely recognized as a critical research area for future
combustion design. The importance to develop a basic science foundation for predictive models has been
consistently highlighted over many years in a variety of industry, government, and academic forums
including recent DOE workshops such as the Workshop to Identify Research Needs and Impacts in
Predictive Simulations for Internal Combustion Engines (PreSICE),! and the Workshop on Clean and
Efficient Combustion of 21* Century Transportation Fuels.? Liquid injection processes largely determine
the mixture preparation process which ultimately governs the detailed evolution of chemical kinetic
processes and their interaction with the turbulent flow field.

Understanding and control of high-pressure spray flame ignition is essential for the design of advanced
combustion systems but, in practice, prediction of the low-temperature chemical reactions that lead to
subsequent ignition and combustion is challenging. Specific fundamental research needs include effects
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of spray mixing, detailed chemistry, and flow-chemical interactions at these conditions. Recently, Skeen
et al.® provided time-resolved imaging showing how cool-flame dynamics play a significant role in high-
pressure spray ignition. Simultaneous formaldehyde PLIF and high-speed sclieren imaging were applied
to a spray flame ignition experiment. The measurements showed initiation of low-temperature reactions
near the radial periphery of the spray, followed by rapid appearance of low-temperature reactions across
the entire spray head at a position where high-temperature ignition finally occurs. Cool-flame chemistry
was also found significant in fundamental droplet combustion studies mainly motivated by micro-gravity
experiments performed on board the International Space Station*®.

Recent studies aimed to develop a conceptual model for turbulent ignition in high-pressure spray
flames. The model is motivated by first-principle simulations and optical diagnostics applied to high-
pressure n-dodecane spray flames. The Lagrangian flamelet equations are combined with full LLNL
kinetics (2755 species; 11,173 reactions) to resolve all time and length scales and chemical pathways of
the ignition process at engine-relevant pressures and turbulence intensities unattainable using classic
DNS. The first-principle value of the flamelet equations is established by a spectral analysis of the fully-
coupled chemical and turbulent time scales. Contrary to conventional wisdom, this analysis revealed that
the high Damkohler number limit, a key requirement for the validity of the flamelet derivation from the
reactive Navier-Stokes equations, applies during the entire ignition process.
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Figure 1: (Left) Temperature evolutions for various equivalence ratios using homogeneous reactor configurations.
(Right) Flamelet solution shows that after the onset of initial reactions at lean mixtures, turbulence-chemistry
interactions manifest in a propagating turbulent cool flame wave which triggers the formation of formaldehyde in
rich mixture regions over a period of dt~150 us (see Dahms et al.®).

Figure 1 (left) shows temperature evolutions for a set of equivalence ratios using a homogeneous
reactor configuration. The analysis demonstrates that only equivalence ratios $<2 can undergo first-stage
ignition before the simulated onset of high-temperature ignition at ¢~=1.4. These homogeneous
configurations are then extended to the flamelet equations by adding respective terms for turbulence-
chemistry-interactions. Figure 1 (right) shows that after an initial formation period of dt=190 us of
chemical activity, turbulence-chemistry-interactions manifest in a propagating turbulent cool flame wave
which triggers formaldehyde formation in rich mixture regions at ¢$>4 in about t=350 us. This time is
much shorter compared to the homogeneous solutions (t>2000 us) shown in Fig.1 (left). This quantifies
the significance of turbulence-chemistry-interactions in the progress of chemical kinetics.

The significance of turbulence in the ignition mechanism is quantified in Fig. 2 (left). First-stage
ignition delay is defined as the time when the early exponential rise in OH concentration ends. Second-
stage ignition delay is defined using a temperature progress variable approach. Figure 2 (left) shows that
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in the lean mixture, differences between homogeneous and turbulence first-stage ignition delay are
diminished. Subsequently, however, and owed to the cool flame wave, turbulent first-stage ignition delay
decreases, in comparison to the homogeneous reference, ever more significantly with increasing
equivalence ratio. Then, high-temperature ignition over a broad range of rich equivalence ratios is
initiated. The majority of the mixture is ignited by turbulent flame propagation.
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Figure 2: (Left) Homogeneous and turbulent (symbols) first-stage and second-stage ignition delay times as a
function of equivalence ratio. (Right) Evolution of characteristic events and associated time scales in high-pressure
spray flames (see Dahms et al.®).

The previous analysis allows the formulation of a conceptual model for turbulent ignition in high-
pressure spray flames. Figure 2 (right) presents the evolution of this mechanism which is associated with
a set of characteristic time scales. (1) Localized first-stage ignition occurs in the lean high-temperature
region. (2) This initial chemical reactivity initiates a turbulent cool flame wave transporting chemical
species and heat to colder and richer mixture regions which substantially increases their reactivity. (3)
After cool flame wave propagation, the entire mixture is in a state of completed first-stage ignition which
is succeeded by a momentary substantial decrease of chemical activity. This leads, in combination with
ongoing turbulent mixing, to the formation of a quasi-homogeneous mixture characterized by large-scale
stratifications in temperature and species concentration. This stage is largely responsible for the overall
retard of ignition delay at high scalar dissipation rates, which forcefully counter the pathway toward
thermal runaway. (4) Lastly, the formed steep gradients from high-temperature ignition result in turbulent
flame propagation. It rapidly ignites the entire spray head.

I11. Future Work

All developed chemical mechanisms and performed experiments utilize a homogeneous mixture
configuration. They therefore entirely neglect the presence of cool flame and hot flame waves in turbulent
mixtures discovered here. The presented fundamental finding could carry immense implications for the
development of more accurate chemical mechanisms for turbulent flames since the inclusion of this
discovered physical complexity in simulations promises to significantly improve their predictive
capabilities. The fundamental approach described above will be further developed with an emphasis on
interrelated areas of research. A close collaboration between the Large-Eddy simulation program and the
experimental flow research program will be maintained. A significant effort on the validation and
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generalization of the proposed theory will be initiated. Such efforts include detailed comparisons to high-
speed microscopic imaging at high-pressure conditions, improvements of model accuracy, and the
investigation of turbulent combustion processes at elevated system pressures. The objective is to develop
a predictive first-principle model framework suitable for high-fidelity combustion simulations.
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Bimolecular Dynamics of Combustion Reactions
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I. Program Scope:

The aim of this research program is to better understand the mechanisms, products, and product
energy disposal in elementary bimolecular reactions fundamental to combustion chemistry. Using
the crossed molecular beams method, the angular and velocity distributions of neutral products from
single reactive collisions are measured to gain insight into the reaction dynamics.

I1. Recent Progress:

Our DOE-supported experimental research program is now primarily conducted using a
rotatable source crossed molecular beams machine with universal electron impact and single photon
ionization detection using high intensity pulsed tabletop light sources developed at Cornell.!3
Using a newly-developed windowless VUV beamline, line tunable photoionization energies ranging
from 9.5 to 11.9 eV are readily available. This makes it possible to carry out “soft” single photon
ionization of products with ionization energies ranging from < 9.5 eV (e.g., CH.CHOH) to > 11.3
eV (e.g., HO»).

We have developed a technique for producing radiation extending to 13 eV with higher
conversion efficiencies than previously reported. A description of this technique has recently
appeared in Rev. Sci. Instrum., involving noncollinear mixing of focused lasers in laser vaporized
mercury (Hg) at room temperature.* This approach facilitates windowless operation with the short
wavelength radiation spatially isolated from the residual UV and visible beams without need for
lossy optical elements such as windows, lenses, and gratings.

As part of the development of molecular beam sources of ethyl, propyl and butyl radicals, we
have studied the UV photodissociation of several primary, secondary and tertiary iodoalkanes.®
While the photodissociation of methyl iodide (CHal) has been studied very extensively over many
decades, there have been relatively few studies of larger systems. In contrast to methyl iodide where
only C-1 bond fission is operable at 266 nm, we have found that HI elimination in secondary and
tertiary compounds forming the corresponding alkene plays an important role. A review of the
literature dating back to the 70’s® indicates that in all studies except one,” HI elimination was not
considered in iodoalkane photochemistry.

Since our detector mass resolution is sufficiently high to discriminate between | (m/e = 127) and
HI (m/e = 128), the competing channels can be studied unambiguously using electron impact and
VUV ionization. For primary 3- and 4- carbon iodoalkanes, C-I fission is the exclusive channel with
dominant production of I* and highly anisotropic product angular distributions similar to those for
CHasl. Using various VUV ionization schemes, TOF spectra can be recorded for either the | or I*
products, making it possible to derive internal energy distributions of radicals correlated to each |
atomic state. For secondary and tertiary iodoalkanes, the angular and velocity distributions for the
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HI molecular elimination products are very similar to those for |. Because the same velocity
distributions are observed for HI products ionized using electron impact, 10 eV photons (only
capable of ionizing HI (v > 3), and 12 eV photons, the HI is produced primarily in v > 3.5

I11. Future Plans:

We plan to extend our studies of alkyl iodide photolysis to wavelengths other than 266 nm in
order to gain insight into the wavelength dependence of the HI:I branching ratios.

Our studies indicate that pyrolysis of azo compounds and photolysis of alkyl iodides are the
cleanest sources of intense beams of alkyl radicals. We are currently using these sources in
experimental studies of photodissociation reactions and bimolecular reactions.

For 1- and 2-propyl radicals, it is well-established that H atom elimination plays an important
role in the UV photodissociation dynamics. However, C-C bond fission is actually the most
thermodynamically favorable channel. Using soft VUV photoionization detection, we are able to
study the C-C bond fission channels from photolysis of the propyl and butyl radical isomers with
unprecedented sensitivity. For studies of the isomer-specific bimolecular reactions of alkyl radicals,
our primary focus is on reactions of C>Hs and the two C3H7 isomers with O,. We are also studying
the bimolecular reactions of alkenes such as C2Hs and C3Hs with OH. All of these systems are of
particular interest because different product isomers, e.g., enols vs. aldehydes in the OH + alkene
reactions (which can be distinguished from their ionization energies) are believed to be produced.
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Exploration and validation of chemical-kinetic mechanisms
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The focus of the work is on exploration and theoretical validation of chemical-kinetic
mechanisms, combining global sensitivity analysis with the exploration of the characteristics of
the sensitivity analysis over physical and chemical parameters. An effort on reaction pathway
analysis has also been undertaken. Another focus of the work is the use of methods of numerical
analysis, statistics, and signal processing for studying chemical kinetics and dynamics.

Recent Progress

Four areas have shown noticeable progress in the last year. The reaction pathway
analysis work continues in collaboration with Skodje and his group. A second area is the further
development of sparse regression for doing global sensitivity analysis. This methodology has
been extended beyond the /,-penalized regression used previously into /, methods, as well as
subset selection methods. Computer programs have been written to study these methods. A third
area is the implementation of regression diagnostics into the research program. So far this has
been used for global sensitivity analysis, but will be extended to other forms of fitting in the next
year. The fourth area of progress is the development and calibration of small-sample size global
sensitivity analysis in collaboration with Liu and Sivaramakrishnan, which has led to a preprint
[13], now discussed. The goal of this work is to accurately implement global sensitivity for
engine simulations, extending our earlier study [5]. Engine simulations are costly and limiting
the number of simulations needed for accurate numbers is important.

A series of simulations were undertaken for a mixture of n-heptane and methylbutanoate
under constant pressure conditions, as discussed in several of the publications listed (e.g, 10 and
13). These mixtures ignite and the ignition delay time of the simulations are fit to the following:

{u, )= izp:aikuf (la)
= ¥ aut ¥ 0,1V, u,) (1b)

The cross terms, the Q’s in Eq. (1b), are quadratic, cubic, or quartic. These functions are used to
calculate the global sensitivity coefficients. Model selection determines the specific form of the
model, based on the leave-one-out cross-validation (loocv) error. The loocv error is an out-of-
sample error that is used to avoid overfitting, most often observed as unwanted oscillations is the
fitted function.

Figure 1 demonstrates several features of the fitting procedure. Two models are studied
in the top row, a linear model based on Eq. (1a) (k=1) and a quadratic model with interaction
terms based on Eq. (1b) with m; = 2. The least squares and loocv errors are shown in both panels
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Fig. 1. The top row compares the loocv error and the least squares
error for the linear and quad/int models as a function of the
number of runs. The bottom left panel shows a comparison
between the two errors up to sample sizes of 8000. The plot on
the bottom right shows that the ratio of least squares and loocv
error is nearly linear over a range of sample sizes and models.

as a function of the
number of constant
pressure simulations used
in the calculations. The
generic behavior shown
in the two plots is that the
least squares error
increases and the loocv
error decreases as the
number of runs increases.
These panels also
demonstrate that the error
tends to be smaller for
the quadratic model with
interaction terms,
especially as the number
of runs gets large.
However, at small sample
sizes the linear model can

have a smaller loocv

Table 1: Location of the top 10 reactions as a function of sample size and model type
cmp?| 2900° | 5000°| 50000 |50000 S reaction®
@ | Ay

1 1 1 1 1 0.1479 C7H1502-2=C7H1400H2-4

2 3 3 2 2 0.0633 C7H1502-4=C7H1400H4-2

3 2 2 3 3 0.0580 C7H1400H2-402=NC7KET24+OH
4 6 4 4 4 0.0452 NC7H16+HO2=C7H15-3+H202
5 4 5 5 5 0.0359 C7H1400H4-202=NC7KET42+OH
6 13 7 6 6 0.0307 C7H1400H1-302=NC7KET13+OH
7 8 6 7 7 0.0285 C7H1502-3=C7H1400H3-5

8 7 8 8 8 0.0258 C7H1400H3-502=NC7KET35+OH
9 5 9 9 9 0.0185 MB+OH=H20+MB3J
10 27 10 10 11 | 00162 C7H1502-2=C7H1400H2-5

* The nth reaction in terms of GSA ordering for the sample size of 50,000 with quad/int model
® Columns 2 and 3 show orderings for sample sizes of 2900 and 5000 for the quad/int model

¢ Quartic/int and linear model orderings for sample sizes of 50,000.
YGSA coefficient for the quad/int model with sample size of 50,000

°Reaction for the quad/int, 50,000 case.

error as demonstrated in the bottom left plot. The bottom right panel of Fig. 1 demonstrates that

the ratio of least squares and loocv error lies on a line over a large range of sample sizes and for a

range of models. The symbols on the plot show results for seven models: linear through quartic

without interaction terms and quadratic through quartic for models with interaction terms.

The behavior shown in the plot on the bottom right of Fig. 1 is common. In linear least
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regression the relationship between the fitted values of the ignition delay times and the numerical
values can be written in matrix form: T, = Ht, which leads to the relationship evident in the

bottom right panel of Fig. 1, E(Is)/E(loocv) = 1 — nterm/nrun [13]. H is known as the hat matrix.

The errors shown in Fig. 1 indicate that simple models may have lower fitting errors than
more complex models. However, the real test of these small samples is how they order the global
sensitivities. Table 1 shows several examples of the assignment of reactions for different sample
sizes and different models. The second column of Table 1 indicates that a sample size of 2900
may be too small to give accurate assignments, but a sample size of 5000 does quite well for the
10 most sensitive reactions. The samples are drawn randomly and we have found that there are
fluctuations in the accuracy, depending on what sample is drawn of a particular size, leading us to
adopt a calibration strategy based on finding small samples which are accurate over a range of
conditions [13]. Because our goal is to accurately implement global sensitivity analysis for these
simulations, the range of conditions studied is based on engine simulations [5].

The calibration is summarized in Fig. 2. The first two plots in the top row show how the
accuracy of the assignments vary for a sample size of 3500, compared to one of size 50,000,
which is accurate for this range of reactions. The straight line on these show the accurate
assignments and the bars show the root-mean-square error averaged over the 50 conditions

studied. The jagged

n>100.r<3.5 lines above and below
=3500, thr = 0.0 m = 3500, thr = 0.007 m = 3500, 100 runs .
’ | ’ =, 100 show the maxima and
A Zg " 8~§ g ) 28 minima assignments for
< L i (]
:é 0 | 04 2 , 40 the set of 50. The plot
L . = o go on the upper left
0 10 20 30 0 10 20 30 01 2 3 includes all reactions
noyp_s(full) noyp s(full) v (350/n) and the plot in the
middle shows only
1039 rxns 489 rxns 167 rxns .
3500, thr = 0.008 3500, thr = 0.018 3500, thr = 0.05 thos? .re.actlons Whose
A 08 08 08 sensitivity coefficients
E 0.6 0.6 0.6 are above 0.007,
i 0.4 0.4 0.4 :
g 02 02 02 reducing the large
0 0 0 : :
0 10 20 30 10 20 30 10 20 30 fluctuations in the
oy s(Full) nol,s(fu“) n()]‘s(full) maxima and minima

significantly. However,
using a threshold
reduces the number of
reactions selected, as
the color-coding on
both panels indicates. When no threshold is set all reactions are selected (left top), but the error
tends to be high. Setting a threshold reduces the error, but eliminates reactions (middle top). The
first situation leads to false positives and the second to false negatives, indicating that there is a
trade off, explored in the plot on the upper right.

The dots on the plot in the upper right show results for a set of 100 random draws of size
3500, with the rms error, the ordinate in the plot, calculated for a number of values of the cut-off
threshold. The abscissa is proportional to the inverse of the number of reactions selected. The
blue curve shown on the top right plot estimates the edge of the dotted region and is analogous to
a Pareto front in multi-objective optimization [13]. The front shows the best tradeoff between
false positives (upper left portion of the curve) and false negatives (lower right).

The plots in the bottom row of Fig. 2 show results along the Pareto front. The three
points on the front in the top right panel are the positions along the front for the plots in the
bottom row. The utility of the Pareto front is that it shows explicitly the trade-off, which is

Fig. 2. The top row shows two assignment curves for two values of
the threshold. The top right panel shows a trade-off plot for many
thresholds. The bottom row shows assignment plots along the Pareto
front (blue curve in top right panel) corresponding to the large dots.
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evident in the plots in the bottom row. Any point along the curve is a good trade-off, but we
prefer the point near the knee region of the front, the middle point, which is a common choice of
researchers. We prefer this region, as movement in either direction can severely increase false
positives or false negatives. The knee-region example in the middle bottom selects an average of
more than nine reactions for each physical condition (489/50). The plot shows that selection is
accurate over the range of conditions for reactions whose sensitivity coefficient is greater than the
threshold value of 0.018. The sample is a near-optimal choice for size 3500 to use to calculate
global sensitivity analysis for engine simulations with the indicated threshold.

Future Plans

The calibration discussed in this abstract for ordinary least squares regression will be
extended to sparse regression. It is anticipated that we can accurately calibrate samples sizes as
low as 600 with this method. The hat matrix discussed above can be used to calculate leverages
for each point in a least squares fit [13]. These leverages will be used in the fitting of potential
energy surfaces with Jasper (SNL) and for analysis of Active Tables with Ruscic (ANL). In
addition, best subset selection will be tested for fitting in both cases. A new direction for research
will be initiated using tracking, estimation, and inference to study kinetic modeling.
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Vibrational Spectroscopy of Transient Combustion Intermediates Trapped in
Helium Nanodroplets (DE-FG02-12ER16298)

Gary E. Douberly
University of Georgia, Department of Chemistry, 1001 Cedar St., Athens, GA 30602-1546

Program Scope

The objective of this research is to isolate and stabilize transient intermediates and products of
prototype combustion reactions. This will be accomplished by Helium nanodroplet isolation
(HENDI) spectroscopy, a novel technique where liquid helium nanodroplets freeze out high
energy metastable configurations of a reacting system, permitting infrared spectroscopic
characterizations of products and intermediates that result from hydrocarbon radical reactions
with molecular oxygen and other small molecules relevant to combustion environments. A
major aim of this work is to directly observe the elusive hydroperoxyalkyl radical (QOOH) and
its oxygen adducts (O2QOO0OH), which are important in low temperature hydrocarbon oxidation

chemistry.

Recent Projects

Infrared Laser Stark Spectroscopy of Hydroxymethoxycarbene in Helium Nanodroplets

As part of our ongoing spectroscopic study of hydroxycarbenes, hydroxymethoxycarbene
(CHsOCOH) was produced via pyrolysis of monomethyl oxalate and subsequently isolated in
helium nanodroplets. Infrared laser spectroscopy revealed two rotationally resolved a,b- hybrid
bands in the OH-stretch region, which were assigned to trans,trans- and cis,trans- rotamers.
Stark spectroscopy of the trans,trans- OH stretch band provided the a-axis inertial component of
the dipole moment, namely u, = 0.62(7) D. The computed equilibrium dipole moment agrees
well with the expectation value determined from experiment, consistent with a semi-rigid
CH3;OCOH backbone computed via a potential energy scan at the B3LYP/cc-pVTZ level of

theory, which reveals substantial conformer interconversion barriers of ~17 kcal/mol.
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On the Stark Effect in Open Shell Complexes Exhibiting Partially Quenched Electronic
Angular Momentum: Infrared Laser Stark Spectroscopy of OH-C,H,, OH-C,H,, and OH-
H,0

Rovibrational Stark spectra of several hydroxyl radical containing complexes were measured in
helium droplets. An effective Hamiltonian model was developed to account for the Stark effect
in these systems, which all exhibit partial quenching of electronic angular momentum quantized
along the OH bond axis. The spherical tensor operator formalism was employed so as to arrive
at the most general solution, in which the permanent dipole moment has projections on all three
inertial axes. Formula for transition intensities were given for a-, b-, and c-type bands measured
with either parallel or perpendicular laser polarization configurations. For these open-shell
complexes, a Coriolis interaction of the form (I, + §,) lifts the +w degeneracy associated
with the electronic angular momentum of the OH radical. This dramatically reduces the effect of
the inertial asymmetry in these complexes, and in the absence of angular momentum quenching,
all rotational levels exhibit a pseudo-first-order Stark effect. In the presence of angular
momentum quenching, a subset of levels is parity doubled (levels in the

(P = %,w = +§) manifold), removing the degeneracy responsible for the linear Stark effect.

Stark splitting of these parity doubled levels is consistent with the quadratic Stark effect expected
for non-degenerate levels of a closed-shell asymmetric top. For the T-shaped OH-C,H,
complex, predictions of a- and b-type bands for a variety of Stark field strengths are in excellent

agreement with experiment.

Two-center Three-electron Bonding in CINH3; Revealed via Helium Droplet Infrared Laser
Stark Spectroscopy: Entrance Channel Complex along the CI + NH; — CINH, + H
Reaction

Pyrolytic dissociation of Cl, in a newly developed, continuous-wave, SiC pyrolysis furnace was
employed to dope helium droplets with single Cl atoms. Sequential addition of NH3 to Cl-doped
droplets leads to the formation of a complex residing in the entry valley to the substitution
reaction, Cl + NH; — CINH; + H. Infrared Stark spectroscopy in the NH stretching region
reveals symmetric and antisymmetric vibrations of a C3, symmetric top. Frequency shifts from
NH; and dipole moment measurements are consistent with a CINH3; complex containing a

relatively strong two-center three-electron (2c-3e) bond. The nature of the 2c-3e bonding in
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CINH3; was explored computationally and found to be consistent with the complexation-induced
blue shifts observed experimentally. Computations of interconversion pathways reveal nearly
barrierless routes to the formation of this complex, consistent with the absence in experimental
spectra of two other complexes, NH3;Cl and CI-HNH,, which are predicted in the entry valley to

the hydrogen abstraction reaction, Cl + NH3 — HCI + NHa.

Ongoing Work and Future Plans

Infrared Laser Spectroscopy of the n-propyl and i-propyl Radicals: Stretch-bend Fermi
Coupling in the Alkyl CH Stretch Region

The n-propyl and i-propyl radicals were generated in the gas phase via pyrolysis of n-butyl nitrite
(CH3(CH,)30ONO) and i-butyl nitrite (CH(CH3),CH,ONO), respectively. Nascent radicals were
promptly solvated by a beam of He nanodroplets, and the infrared spectra of the radicals were
recorded in the CH stretching region. Several previously unreported bands are observed between
2800 and 3150 cm™*. The CH stretching modes observed above 2960 cm™* are in excellent
agreement with anharmonic frequencies computed using second-order vibrational perturbation
theory. However, between 2800 and 2960 cm*, the spectra of n- and i-propyl radicals become
congested and difficult to assign due to the presence of multiple anharmonic resonances.
Computations employing a local mode Hamiltonian reveal the origin of the spectral congestion
to be strong coupling between the high frequency CH stretching modes and the lower frequency
bending/scissoring motions. The most significant coupling is between stretches and bends
localized on the same CH,/CHj3 group. This work is being carried out in collaboration with
Henry F. Schaefer at the University of Georgia and Edwin L. Sibert at the University of

Wisconsin-Madison. A manuscript describing this work is currently in preparation.

Now that we have a complete assignment of the CH stretch region of the propyl radical spectra,
experiments are currently being carried out to study the outcome of the sequential pick-up and
reaction between propyl and O, within helium droplets. While we expect to observe the
formation of propylperoxy radicals, in principle, this is the first system we have studied in which
the hydroperoxypropyl radical (QOOH) is accessible via a submerged barrier below the reactant

asymptote.
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Spectroscopic and Dynamical Studies of Highly Energized Small Polyatomic Molecules

Robert W. Field
Massachusetts Institute of Technology
Cambridge, MA 02139
rwfield@mit.edu

l. Program Scope

The fundamental goal of the program is to develop the experimental techniques, diagnostics, interpretive
concepts, spectrum-assignment strategies, and pattern-recognition schemes needed to reveal and understand how
large-amplitude motions are encoded in the vibration-rotation energy level structure of small, gas-phase,
combustion-relevant, polyatomic molecules. We are focusing our efforts on unimolecular isomerization in the
prototypical acetylene system, including the cis = trans conformational isomerization on the S; excited state surface
and the acetylene = vinylidene isomerization on the So ground electronic surface. Work has been extended to
characterization of atmospherically relevant molecules such as SO-.

I1. Recent Progress
A. Spectroscopic characterization of isomerization transition states

We have recently demonstrated a method to extract transition state energies and properties from a
characteristic pattern found in frequency-domain spectra of isomerizing systems.? The characteristic pattern is a dip
in the spacings (the effective frequencies, ®°™) of the barrier-proximal vibrational levels. The effective frequency dip
is modeled by a semi-empirical formula as a function of energy, E, defined as the midpoint energy for each

vibrational interval:
1

_ E\m
wefr (E) = wp <1 - E_) ) 1
TS
where w, is the effective frequency at E=0 for the vibrational progression being analyzed, E; is the energy of the
transition state, and m is a barrier shape parameter. The transition state energy can be determined from the
experimentally observed w® by using Eq. (1). The effective frequency dip can also be used as a simple way to
distinguish between vibrational modes that are actively involved in the isomerization process and those that are
passive bystanders.

Our method has been applied to the cis-trans conformational change in the S; state of C,H- and the bond-
breaking HCN-HNC isomerization. Figure 1 shows plots of w&f and w&f for the 3762, 3"42, and 3" series of S; CoHs,
where Eq. (1) is used to fit the observed data. The derived barrier height is found to be within 1% of the ab initio
value (4979 cm™). It is also evident from Figure 1 that the 3"6? levels experience the effects of the barrier most
strongly, whereas the 3"42 and 3" levels are completely uninfluenced by it. A combination of trans-bending (v3) and
cis-bending (vs) motion is required to access the transition state geometry, also consistent with ab initio calculations.
Torsional motion, vs, Which is an alternative but higher-energy pathway for cis-trans isomerization, is found to be
unimportant for the S; cis-trans conformational change.
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Figure 1. The o°" analysis for S; C,H,. Equation 1 is used to fit the data points in all three subfigures. (A) Experimental
o°f for the 3"62 levels. w&f is obtained directly from the progression of 3"6? levels, and w¢ is derived from the 3"62 and
36! levels at a given vs. (B) Experimental w§ for the 3"62 levels as compared to w$!f for other progressions with varying
quanta of vs. (C) wS' plots for the 3", 3"4%,and 3"62 proaressions. Notice that there is no frequency dip for 3"or 342,
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B. Multi-photon visible fluorescence detected action spectroscopy on the S1 (A'A,) state of C2H>

Detailed analysis of S; acetylene system has led to essentially complete assignment of the vibrational and
rotational structure up to 4500 cm™ above the zero-point level of the A state. Two difficulties arise when
assignments are continued to higher energies. The first difficulty is the severe perturbations in the rotational K-
structure of the vibrational levels (K-staggering) as a result of cis-trans tunneling. The second difficulty is that
acetylene predissociation sets in roughly 1100 cm™ below the top of the barrier. The decrease in fluorescence
quantum yield greatly limits the utility of the conventional laser-induced fluorescence (LIF) scheme, which is based
on detection of fluorescence from the S; levels.

We have developed a sensitive, easy-to-implement method of collecting spectra of predissociated levels of
S1 acetylene. Our new scheme is based on detection of visible fluorescence that is a result of multi-photon excitation
of acetylene (resonantly through single rovibronic S; levels). The new detection scheme is not subject to decreases
in fluorescence quantum yield of S; levels that lie above the predissociation limit, and scattered laser light can be
easily eliminated by a long-pass filter with a cutoff in the visible range. For the predissociated levels of S; CoH», our
technique has significantly improved the signal-to-noise ratio of the spectra compared to the conventional laser-
induced fluorescence technique (Figure 2). The new method is also easier to implement than various H-atom
detection schemes (routes we had previously pursued), which involve one additional laser of different wavelength
than the excitation wavelength. Based on the power dependence and lifetime of the fluorescence signals,
electronically excited C,H and/or C, fragments are the likely emitters of the detected visible fluorescence.

We have applied our new technique to record spectra of the ungerade vibrational levels of S; C;H; (via IR-
UV double resonance excitation) in the region near the top of the isomerization barrier, >1000 cm™ above the onset
of S; predissociation. The improved detection sensitivity of our new scheme has allowed us to observe and assign
lines from several previously unobserved bands. We are continuing to work on complete assignments of all features.
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C. Spectroscopic characterizations of SO. C !B state

The SO, C !B state has a double-well structure along the antisymmetric stretch direction on the potential
energy surface (PES), so it prefers non-equivalent bond lengths (Cs geometry). In the report from last year, we
reported the first direct observation (via IR-UV double-resonance) of the low-lying odd (b,) levels.*®

With the new high-resolution data, we determine a new internal coordinate quartic force field for the C
state of SO,.2®) Many of the experimental observables not included in the fit, such as the Franck-Condon intensities
and the Coriolis-perturbed effective C rotational constants of highly anharmonic C state vibrational levels, are well
reproduced using our force field. Because the two stretching modes of the C state are strongly coupled via the
Fermi-133 interaction, the vibrational structure of the C state is analyzed in a Fermi-system basis set (the Kellman-
mode basis), constructed in this work via partial diagonalization of the vibrational Hamiltonian. By diagonalizing
the vibrational Hamiltonian in the Kellman-mode basis, the vibrational characters of all vibrational levels can be
determined unambiguously (Figure 3). We have shown that the bending mode cannot be treated separately from the
coupled stretching modes, particularly at vibrational energies of more than 2000 cm. Based on our force field, the
structure of the Coriolis interactions in the C state of SO, is also discussed. We demonstrate that the alternating
trends in the rotational constants of levels in the vibrational progressions of the symmetry-breaking mode (which
correlates to the antisymmetric stretch in the normal mode basis) are manifestations of the presence of a double-well
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on the C state PES.

The third paper of the series discusses the diabatic state origin of unequal bond lengths in the SO, C B>
state.'© The measured staggering pattern is consistent with a vibronic coupling model for the double-minimum,
which involves direct coupling of the diabatic 1B, (C) state to the bound 2!A; state and indirect coupling with the
repulsive 3'A; state (Figure 4). The degree of staggering in the symmetry-breaking mode increases with quanta of
bending excitation, consistent with the approach along the C state PES to a conical intersection with the 2 1A;
surface at a bond angle of ~145°. Our work demonstrates the usefulness of low-lying vibrational level structure,
where the character of the wavefunctions can be relatively easily understood, to extract information about the nature

of dynamically important PES crossings that occur at much higher
energy. Figure 3. Basis state distribution of the

eigenstate at 2394 cm in normal-mode
(left panel) and Kellman-mode (right
panel) representations. The vertical axis
[ | | | | 06 represents the squares of the mixing
¢ty 3 4 coefficient of a specfic basis state. In the
05 normal-mode representation, basis states

008 Normal mode Kellman mode  Within each color-coded cluster belong
04 to one value of v,, and within each
0.0 cluster, basis states are ordered
03 according to quantum number i
0.04 02 followed by vs. The eigenstate character
is more broadly distribtued among basis

01 | 2 9 states in the normal-mode representation
| ’ ' than in the Kellman-mode

0 Ll i 0 il I : representation. While it is impossible to
111. Future Work identify a dominant basis state in the

We plan to apply our high-sensitivity detection scheme to ~ normal-mode  representation, — two
study the gerade symmetry vibrational states of acetylene in the energy ~ dominant — basis = states are easily
region near the top of the cis-trans isomerization barrier. In particular, ~ dentified in the Kellman-mode basis.
we are going to utilize hot band transition via the Sp v4s’=1 state to
probe the currently missing K=0 and 2 gerade levels in this energy region (only K=1 levels are directly accessible
from the ground vibrational state). The observation of a complete rotational K=0-2 manifold is essential for secure
vibrational assignments and the identifications of the cis-bent interloper states. The ultimate goal is to understand the
spectroscopic signatures of isomerization (such as the frequency dip that we have discovered), and to be able to
further characterize the transition state, e.g. the width of the isomerization barrier.

In addition, we are becoming better equipped to fully understand the So electronic potential energy surface
of acetylene. Using recently published Franck-Condon studies of the A—X transitions, along with our improved
knowledge of the shape of the S; surface, we are in a better position to observe and characterize the acetylene =
vinylidene isomerization on the Sg electronic surface, using the stimulated emission pumping technique.
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Figure 4. The gs-mediated vibronic interaction between the 1'B, (C) state and the 2'A; state at different bond angles.
Interaction with the repulsive 4'A’ state is also included. The two bound potential energy surfaces cross via a conical
intersection that occurs at a bond angle of ~145°, but the crossing is avoided at Cs geometries. Therefore, as the bond angle
increases, the energy denominator for the vibronic interaction decreases and the effective barrier in the C state adiabatic

potential energy surface (and thus the degree of staggering) increases.
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Quantitative Imaging Diagnostics for Reacting Flows
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Program Scope

The primary objective of this project is the development and application of quantitative laser-
based imaging diagnostics for studying the interactions of fluid dynamics and chemical reactions
in reacting flows. Imaging diagnostics provide temporally and spatially resolved measurements
of species, temperature, and velocity distributions over a wide range of length scales. Multi-
dimensional measurements are necessary to determine spatial correlations, scalar and velocity
gradients, flame orientation, curvature, and connectivity. Current efforts in the Advanced
Imaging Laboratory focus on studying the detailed structure of both isolated flow-flame
interactions and turbulent flames. The investigation of flow-flame interactions is of fundamental
importance in understanding the coupling between transport and chemistry in turbulent flames.
These studies require the development of imaging diagnostic techniques to measure key species
in the hydrocarbon-chemistry mechanism as well as mixture fraction, reaction rates, dissipation
rates, and the velocity field. Diagnostic development includes efforts to extend measurement
capabilities to a broader range of flame conditions and combustion modes and to perform three-
dimensional measurements of the velocity field. A major thrust continues to be the development
and application of diagnostic capabilities for measuring the temporal evolution of turbulent
flames using high-repetition rate imaging techniques. Recent studies have focused on
understanding the interaction between flames and the structure of turbulent flows using three-
dimensional measurements of the velocity field.

Recent Progress
Tomographic PIV measurements of vorticity-strain rate interactions in turbulent jet flames

We are using tomographic particle image velocimetry (TPIV) measurements to understand
the dynamics and structure of interactions between turbulent flows and flames. The TPIV
technique provides volumetric, three-component velocity measurements that enable
determination of key fluid dynamic quantities such as vorticity and strain rate. In turbulent
combustion, strain rate fluctuations affect the heat release rate and play a central role in the
dynamics of flame extinction and re-ignition. In turn, heat release introduces changes in density,
viscosity, and diffusivity that can have important effects on the fluid dynamics. The vorticity
and strain rate in turbulent flows are intrinsically coupled. Recently, we investigated the effects
of heat release on the vorticity and strain rate fields in turbulent partially-premixed methane-air
jet flames. Heat release from combustion changes the morphology of the vorticity and strain rate
fields as well as the production rates of vorticity and strain. The morphological effects are
apparent in comparisons of single-shot measurements of the vorticity and strain rate fields in an
isothermal air jet, a flame with localized extinction (Crp), and a flame with an intact reaction
zone (C) shown in Fig. la. Structures of elevated vorticity and strain rate are represented by
isosurfaces for ® = 3.0<w> and |s| = 2.6<|s|>, respectively. In flame C, elongated structures of
high vorticity and strain rate are predominantly concentrated in overlapping regions of the jet
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Fig. 1: (a) Isosurfaces of strain rate (red) and vorticity (blue) for |s| =2.6<|s|> and w =3.0<w> from
single-shot measurements in an air jet, flame C;p, and flame C. Jet axis is near the left edge of the probe
volume. Velocity vectors are plotted in the central plane (1 out of 36 vectors plotted). (b) Probability
density functions of the alignment angle between w and each of the strain rate eigenvectors, s;, s, and s;.

Solid lines: unconditional PDFs, dashed lines: conditional PDFs for @ > 12000 st

that tend to coincide with contours of the flame reaction zone. In contrast, the air jet has
structures of high vorticity and strain rate that are more fragmented and less tightly overlapped
than in flame C. These structures are distributed between the core of the jet and the coflow. The
localized extinction in flame Cpp results in vorticity and strain rate fields that are a combination
of structures in the air jet and the fully burning flame C.

A statistical analysis of the orientation of the vorticity, m, with respect to the eigenvectors of
the strain rate tensor (principal strain axes), si, s, and s3, reveals the preferential alignment that
is induced by the flame. Figure 1b shows PDFs of |cos(6;)| for the three flow conditions, where
0; is the angle between the vorticity vector and the i eigenvector. The plots include
unconditional PDFs and PDFs conditioned on elevated vorticity for @ >12,000s'. The
preferential alignment of vorticity with the axis of intermediate strain rate, s,, is evident in the
PDFs of |cos(0;)|, which all have peaks at |cos(0,)| = 1. The peak of the unconditional PDF of
|cos(0,)| for flame C is higher than that of the air jet or flame Crp, showing that stable
combustion enhances the preferential alignment of @ and s,. The PDF for flame Crp shows very
little alignment enhancement relative to the air jet, suggesting that the localized extinction in
flame Cpp reduces the preferential alignment of vorticity and strain towards that of a non-reacting
jet. The PDFs of |cos(6,)| conditioned on o > 12,000 s™ have significantly larger peak values
than the unconditional PDFs, indicating that the preferential ®-s, alignment is particularly
prevalent in regions of large vorticity. In addition, the enhancement of ®-s, alignment due to the
heat release in flame C is substantially greater for large values of vorticity.
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Fig. 2: (a) Single-shot measurement of extensive strain rate eigenvectors and OH-LIF image in a
turbulent premixed methane-air flame. Blue contour indicates the flame front location. (b) PDFs of
extensive strain rate eigenvector alignment with the flame-normal direction at the flame front (x, = 0)
for three equivalence ratios. (c) Flame-normal conditional probabilities for 8; <45 deg. as a function
of the flame-normal coordinate, x,. Black line represents a random angular distribution.

Impact of heat release on strain rate field of turbulent premixed flames

We have investigated the local vorticity-strain coupling near the flame front of turbulent
premixed methane-air Bunsen flames. In contrast to the turbulent partially-premixed jet flames
in which flow shear plays a significant role in the vorticity-strain alignment, the turbulent
premixed flames exhibit a different preferential alignment near the flame front. Figure 2a shows
a single-shot OH-LIF measurement along with the projection of the extensive strain rate
eigenvectors in the OH-LIF imaging plane. The eigenvectors along the flame front tend to be
oriented nearly orthogonal to the flame contour but are more scattered in the regions away from
the flame front. These observations are reflected in the PDFs of the angle between the extensive
strain rate eigenvectors and the flame-normal direction, 0;, at the flame front shown in Fig. 2b.
For premixed flames with equivalence ratios from ¢ = 0.65 to 1.0, the alignment PDFs have a
peak at cos(0;) = 1, indicating that the s;-eigenvectors are preferentially aligned with the flame
normal. This alignment is strongest for ¢ = 1.0 and weakest in the leanest flame ¢ = 0.65.

The dependence of this preferential strain rate alignment on the distance from the flame front
is shown in Fig. 2c. The probabilities of orientations with 6; <45 deg. are plotted as a function
of the flame-normal coordinate, x,, extending 3 mm on each side of the flame front. For
reference, a line at P(0,<45°) =29% indicates the corresponding probability for a randomly
oriented three-dimensional vector field. For all the flames, the extensive strain rate alignment
probability is largest in the reaction zone near x, = 0 mm and decreases with distance in the
reactant and product regions. The extent of this preferential orientation is most pronounced for
the ¢ = 1.0 flame and decreases for the lean flames in concert with the decrease in the heat
release parameter and Damkdhler number. For x, > 1.5 mm, P(0,<45°) is comparable to that of a
random vector field. Overall, the probability distributions of the leanest flame exhibit a
relatively small deviation from that of a randomly distributed vector field, and the flame front
has a weak impact on the orientation of the eigenvectors across the 6 mm region straddling the
flame front. Investigations are underway to extend the understanding of these differing effects of
the flame on the turbulence to a broader range of conditions.
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Future Plans

The investigation of the structure and dynamics of flow-flame interactions in turbulent non-
premixed, premixed, and stratified modes of combustion will remain a major thrust in our
research program. In the near term, we plan to expand our understanding of the effects of
combustion on the strain rate and vorticity fields in flames with and without localized extinction.
Our planned high-speed imaging effort includes optimization of TPIV analysis and further
evaluation of uncertainties, methods for noise reduction, and efficient methods for analyzing
large sets of imaging data. We are pursuing a joint experimental and computational investigation
of turbulent counterflow flames with high-fidelity LES calculations performed by J. Oefelein.
This collaboration will include the development of a framework for comparing measurements
and simulations of turbulent flame dynamics as well as the use of LES to generate synthetic
TPIV data for uncertainty analysis and improvements in data processing.

Plans for advancing diagnostic capabilities include applications of a custom burst-mode laser
for imaging at rates of 100 kHz. We also plan to develop the capability for joint velocity and
temperature measurements using PIV and 2-D CARS in collaboration with C. Kliewer. In
collaboration with R. Barlow, we plan to improve quantification of CH,O-LIF measurements to
understand effects of formaldehyde transport in turbulent DME flames with localized extinction.
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I.  Program Scope

The combustion chemistry of even simple fuels can be extremely complex, involving hundreds or
thousands of kinetically significant species. The most reasonable way to deal with this complexity is to
use a computer not only to numerically solve the kinetic model, but also to construct the kinetic model in
the first place. Because these large models contain so many numerical parameters (e.g. rate coefficients,
thermochemistry) one never has sufficient data to uniquely determine them all experimentally. Instead
one must work in “predictive” mode, using theoretical values for many of the numbers in the model, and
as appropriate refining the most sensitive numbers through experiments. Predictive chemical kinetics is
exactly what is needed for computer-aided design of combustion systems based on proposed alternative
fuels, particularly for early assessment of the value and viability of proposed new fuels. It is also very
helpful in other fuel chemistry problems, and in understanding emissions and environmental chemistry.
Our research effort is aimed at making accurate predictive chemical kinetics practical; this is a
challenging goal which necessarily includes a range of science advances. Our research spans a wide range
from quantum chemical calculations on individual molecules and elementary-step reactions, through the
development of improved rate/thermo calculation procedures, the creation of algorithms and software for
constructing and solving kinetic simulations, the invention of methods for model-reduction while
maintaining error control, and finally comparisons with experiment. Many of the parameters in the
models are derived from quantum chemistry, and the models are compared with experimental data
measured in our lab or in collaboration with others.

Il. Recent Progress
A. Elucidating Interesting Chemistry
1. Hydrocarbon ignition

Together with Stephen Klippenstein, Michael Burke, and Franklin Goldsmith we have made a
significant advance in understanding phase 1 ignition, which we find is actually is two stages: an
exponential growth phase we call stage 1A, followed by a more complicated phase where the chemistry is
nonlinear that we call stage 1B. Both stages are sensitive to only a handful of reactions, suggesting that it
may be possible to understand and model low-temperature ignition without recourse to the very large
kinetic models used currently, and indeed for pure alkanes we are able to write simple analytical
expressions for ignition delay in terms of a few rate parameters.[10] We are currently pursuing a similar
approach to understand phase 2 ignition chemistry, and exploring how to use this insight to construct
relatively simple but still accurate models for the ignition of fuel blends. If successful, this has the
potential to lead to a much more useful and accurate rating system for the ignition of fuel blends than the
simple “octane” and “cetane” numbers used currently.

2. Vinyl radical chemistry and formation of aromatic rings

For several years we have been measuring and computing the chemistry of vinyl radical (C,H,),
which is the key species at the branch point between clean combustion (to CO;) and soot formation.
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Recently we directly measured the rate coefficient for vinyl + butadiene, a proposed route to benzene
formation, which is an order of magnitude slower than published estimates, but in good agreement with
our computed rate coefficient.[9] We have recently probed the vinyl + acetylene system using flash
photolysis with photoionization mass spectrometry detection. This system is quite interesting, since the
initial C4Hs adduct reacts with acetylene to form benzene. However, the fact that several reactions are
running with similar rates makes it difficult to extract the rate coefficients unambiguously.

We also recently theoretically studied the recombination of cyclopentadienyl radicals, which forms
naphthalene (CyoHg). We found that at many conditions the C;yH1, adduct lives long enough to react with
another radical, so the dominant overall reaction is not 2 CsHs > CyoHg + H + H (as sometimes assumed
in the literature) but instead 3 CsHs > CyoHg + CsHg + H. Because the former reaction converts
unreactive radicals into reactive H atoms, but the latter sequence net consumes radicals, the kinetic
consequences of this change are significant.

3. Criegee Intermediate Chemistry

In recent years we measured and computed several reactions of the smallest Criegee Intermediate
CH,00.]1,2,12] We recently measured the T-dependence of the rate coefficients for CH,OO additions to
C=0 double bonds (CH,O0 + CH3CHO and CH,00 + acetone) [12], and previously we measured the T-
dependence of the analogous additions to C=C double bonds.[1] The transition state structures for all of
these reactions are similar, so as expected they all have similar A factors. However, the additions to C=C
have normal Arrhenius T dependence, while the additions to C=0 have inverse T dependence, Fig.1. We
interpret this as being due to the fact that the transition states for the CH,OO additions to C=0 double
bonds are significantly submerged (i.e. the saddle point energy lies below the energy of the reactants),
causing Ea to be negative.
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Fig. 1 Arrhenius plot for CH200 (“CI”) addition to carbonyls and alkenes.

B. Methodology for Computer-Aided Kinetic Modeling
A major focus of this research project continues to be the development of advanced methods for
automatically constructing, reducing, and solving combustion simulations. We are constantly adding
functionality and additional types of chemistry to the open-source Reaction Mechanism Generator (RMG)
software package. We very recently developed a completely new version of this software package written
in Python, and including a more flexible representation of molecules, allowing it to better handle ionic
species and biradicals.[11] We have also significantly improved how the software handles fused cyclics
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and cyclization reactions. The new “RMG-Py” also includes some organosulfur and organonitrogen
chemistry. We have also developed a very convenient website http://rmg.mit.edu which includes many
tools for estimating rate coefficients and thermochemistry, with comparisons to values in popular
databases.

This computer-aided kinetic modeling approach is now being used to model a wide range of
chemical systems, for examples see [ab,c,d,5,6,7,8]. We continue to distribute the mechanism
construction software to many research groups, and to train and support the new users. In the past two
years researchers from several US universities plus Belgium, China, Denmark, France, Israel, Japan,
United Arab Emirates, and Saudi Arabia have visited my group for training in how to use the RMG
software. Several companies are also now using the software, not just energy and petrochemical
companies but also other industries including computer chip manufacturers and producers of personal
care products. Developers outside of my research group have begun to add functionality to this open-
source software; among the most active developers are researchers at Northeastern University and the
University of Ghent. These independently funded external efforts leverage the funding provided by this
program.

C. Quantum Calculations of Reaction Rates and Thermochemistry

Historically, the accuracy of rate and equilibrium calculations for combustion were almost always
limited by the uncertainties in the computed potential energy surface, due to the need to use approximate
electronic structure methods and small basis sets. Modern quantum chemistry methods, such as explicitly-
correlated coupled-cluster methods (e.g. CCSD(T)-F12) have made it practical to significantly reduce
these errors in computed PES’s and molecular enthalpies. As the energy calculations improve, we find
that the accuracy of our equilibrium and rate calculations is now often limited by other aspects of the
overall calculation. This has led us (and many others, including Don Truhlar and Stephen Klippenstein) to
invest significant efforts in improving on the traditional rate and thermochemistry computation
methodology, which is based on several approximations which are not really accurate.

We are currently working on methods for more accurately handling coupled hindered rotors. This is
particularly important for molecules with more than one oxygen-containing functional group, e.g.
ketohydroperoxides and species in or derived from biofuels. One interesting line of work is computing the
partition functions for these species using path integral methods evaluated by RPMD (e.g. using a
modified version of our RPMDRate software.[e])
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Program Scope

This research is carried out as part of the Gas-Phase Molecular Dynamics program in the
Chemistry Department at Brookhaven National Laboratory. Chemical intermediates in the
elementary gas-phase reactions involved in combustion chemistry are investigated by high
resolution spectroscopic tools. Production, reaction, and collisional energy transfer processes are
investigated by transient, double resonance, polarization and saturation spectroscopies, with an
emphasis on technique development and connections with theory.

Recent Progress
A. Ground state energy transfer in collisions of CN (X)

Our study of ground state CN radical collisions with rare gases has been extended with Doppler-
resolved saturation transfer measurements and depolarization measurements. A tunable ns dye
laser is used to bleach selected rotational states of a thermalized sample of CN radicals, while
probing the saturation and recovery of the bleached state, or the transfer of saturation to a
different rotational state through collisional energy transfer. By using a frequency modulated
continuous probe laser for transient absorption, the recovery Kinetics can be recorded as a
function of Doppler detuning as well as probe polarization, giving access to a highly detailed
measurement of speed-dependent kinetics and depolarization for the single and multiple-collision
relaxation processes. The linewidth of the pulsed dye laser is sufficient to saturate the full
Doppler width of a transition. The Doppler-resolved kinetics then depends on both the speed
dependence of the relaxation and the velocity randomizing collisions that tend to re-establish
Maxwell-Boltzmann velocity distributions, perturbed by coupling to the non-equilibrium state
distribution. It is this same competition that plays a key role in the interpretation of collisional
narrowing in the lineshapes of pressure broadened lines. Sub-Doppler bleach and probe
experiments described below aim to separate these two effects definitively in the CN + rare gas
systems for which accurate quantum scattering calculations are available for comparison.

B. Photodissociation Dynamics in NO-Rare gas complexes

The central challenge of molecular dynamics is to understand chemical events in terms of the
multi-dimensional surfaces of potential energy that encode the atomic and molecular forces at
play. Photodissociation is a particularly simple example, for which the initial configuration of
atoms and total energy and angular momentum are more constrained than in a full reactive
collision, and only the final bond-breaking event is important. Comparisons of experimental and
theoretically computed photoproduct state distributions, branching ratios, angular distributions,
and polarization properties constitute a detailed validation of theory that underpins the enterprise
of molecular dynamics and establishes the range of validity for the various approximations often
needed to make the complex calculations tractable.
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The weakly bound complex of the free radical NO with rare

gases undergoes a particularly simple type of molecular \
photodissociation, producing electronically excited NO (A)
and an unbound rare gas atom when excited at energies
slightly above the energy of the A-X transition in diatomic
NO. The spherically averaged interaction potentials for
NO-Ar at the right depict excitation to a repulsive region of
the upper state, prior to fragmentation. This apparent
simplicity made it surprising to find dramatic energy-
dependent variations in the fragment angular distributions R —

as well as the rotational state distributions, when comparing Fig. 1. Spherically averaged NO-Ar
NO-He, NO-Ne and NO-Ar in recent experiments by Potentials

Australian colleagues at Flinders University. High quality potential energy surfaces for
interaction of rare gases with ground and excited states of NO are available and have been tested
against scattering and bound-state spectroscopic studies elsewhere, encouraging us to model
these photodissociation systems with two-dimensional time-dependent wavepacket calculations
performed by BNL colleague H.-G. Yu. The calculations account very well for the excitation
spectra, including resonance structures close to the dissociation threshold, and experimental
rotational state distributions, which display a rotational rainbow structure in the case of NO-Ar
and NO-Ne, but not in the case of NO-He. The effects of different excited state potential energy
surfaces can be readily visualized in these low-dimensional calculations. The distinctive and
unexpected energy-dependent variation in the NO angular distributions can be qualitatively
explained with an approximate Franck-Condon model in an axial recoil limit. A future, rigorous
qguantum mechanical treatment will require methods that include the rotational coordinates and
the electronic degeneracy of the floppy ground state complex, as well as a dynamical treatment
that does not rely on the axial recoil approximation. The simplicity of a 'S atom and a 2% state of
the vibrationally inactive diatomic co-fragment removes most other complexity from the
problem. This is a continuing collaboration with H.-G. Yu in our group and external theoretical
and experimental collaborators.

S~ NO@)+Ar

u

NO(X) + Ar

Future Work
A. Intersystem crossing in CH; induced by O, (3}:9')

The collision-induced intersystem crossing (ISC) between singlet a and triplet X states of CHy,
induced by nonreactive singlet collision partners is dominated by a gateway state mechanism
involving a few pairs of accidentally perturbed rotational levels with mixed singlet/triplet
character. Interaction of triplet O, with singlet CH, can proceed by a spin-allowed mechanism,
not dependent on accidental perturbations. The complicated potential surfaces of CH,0O,
furthermore connect multiple low-energy product channels including energetically accessible
singlet and triplet states of the Criegee intermediate. We have measured quenching kinetics of
selected rotational states of singlet CH, in samples containing controlled mixtures of Ar, O, and
ketene (a photolytic precursor for CH,), in order to investigate the reversible ISC process. In the
absence of O,, the relaxation is double exponential, with distinguishable kinetics for ortho and
para states of CH,, a mark of the stronger coupling of para states with the more nearly
isoenergetic (030) vibrational level of the X *B, state of CH.. The interaction of singlet CH, with
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molecular O, accesses an excited triplet state of CH,O,, which intersects the lowest triplet
surface, leading nonreactively to O, + triplet CH,. The initial decay rate of selected rotational
states of CH, is accelerated by O, but the relative amplitude of the slow decay is also enhanced
by O,, suggesting a continued role for reversible population of vibrationally excited triplet CH,
in the overall mechanism. A spectroscopic search for infrared probe transitions suitable for
monitoring vibrationally excited triplet methylene, a key species in the non-thermal kinetics, has
not so far produced a useful diagnostic to complement the singlet and perturbed singlet
transitions. The measured singlet CH, kinetics nonetheless constrains the interpretation of the
intersystem crossing process in the presence and absence of molecular oxygen. Further work on
this system is in progress.

B. Sub-Doppler saturation recovery in CN radicals

The competition between elastic, velocity-changing collisions and rotationally inelastic collisions
plays a key role in the collisional dephasing that is responsible for pressure broadening and
collisional narrowing. The physically distinct processes of Dicke narrowing (optical velocity
diffusion) and speed-dependent relaxation can each account for a phenomenological narrowing
of isolated spectral lines in comparison to a Voigt reference for pressure broadening. Sub-Doppler
saturation recovery Kinetics provides a direct, time-domain probe of the governing collision
dynamics, in a system amenable to high-quality quantum scattering calculations for comparison.

A thermal sample of CN(X) radicals is produced 1
by collisional relaxation following photolysis in
low pressure flow cell, and interrogated by a 8l
frequency modulated probe laser, tuned to a
selected rotational line in the A-X (1-0) band. A
2 us pulse, electro-optically chopped from a
fixed frequency cw bleach laser, partially
saturates a narrow velocity group of each
ground-state hyperfine level within a selected 2
rotational line of the CN A-X (2-0) band. When
a single sideband of the scanning probe laser 0
interrogates the corresponding velocity group of 5 : 0 5 2
the same hyperfine level on a different time/us
rotational transition, the transient double- Fig. 2. CN transient FM signal with saturation
resonance signal is observed, as illustrated in and recovery. Inset: recovery kinetics
Fig 2. The depletion reaches a steady-state ‘ ‘ ‘

. . 0.0 |- 1
amplitude during the bleach pulse, and relaxes
to near zero after the bleach pulse is
extinguished, with a recovery rate that scales
with the total pressure. Scanning the probe
laser and recording the amplitude of the
steady-state  bleach  signal yields a
characteristic hyperfine sub-Doppler saturation A
spectrum, as shown in Fig 3. The arrow in the 15 - = 00 o0
spectrum indicates the frequency in the probe Probe Scan Offset / MHz
laser scan where the illustrated transient rig 3. Two color sub-Doppler saturation
signals of Fig. 1 were extracted. The collisional spectrum: bleach (2-0) R,(4); probe (1-0) Ry(4)
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Depletion / mV

-1.5

L L L
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recovery rate is found to decrease with detuning from the center of the saturation maxima,
characterizing the time-dependent broadening of the saturation line shape after the bleach pulse
is shut off. The velocity-independent component of the recovery is known from the rotationally
inelastic rates measured in the broadband saturation recovery experiments, while the broadening
of the saturation lineshape during collisional relaxation is caused by the small angle elastic
scattering that dominates the velocity changing collision processes. If elastic collisions were to
occur with a large scattering angle, the Doppler shift would change enough to remove molecules
from the restricted spectral region of observation as effectively as an inelastic collision.
Calculations show, however, that very few elastic CN+Ar collisions suffer deflection angles
greater than about 5° limiting the effectiveness of optical diffusion as a line narrowing
mechanism in this system. Comparisons of the experimental measurements with Monte Carlo
modeling of multiple collisions are in progress, using calculated ratios of elastic to inelastic cross
sections and elastic differential cross sections for selected rotational states and selected velocity
groups.
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SCOPE OF THE PROGRAM

In this program, we seek to understand the detailed chemistry of combustion through a unique scheme of
diagnostics development and experimental studies of simple flames. Our goal is to provide reliable
experimental data on the chemical composition of laboratory-scale model flames and reactors through
state-of-the-art diagnostics. The experiments are designed to serve as benchmarks for the development
and validation of detailed chemical kinetic models. In particular, we study the composition of laminar
premixed flames, which are stabilized on a flat-flame burner under a reduced pressure of ~15-30 Torr, of
laminar opposed-flow diffusion flames at low and atmospheric pressure, and of a jet-stirred reactor that is
also operated near atmospheric pressure. We employ mass spectrometry and our experimental data in the
form of species identification and quantification serve as stringent tests for the development and
validation of any detailed chemical kinetic mechanisms. Over the past years, the overall objective of this
program has been to elucidate the chemistry of soot precursors and the formation of unwanted byproducts
in incomplete combustion in flames fueled by hydrocarbons and oxygenates. Studying this complex
combustion chemistry with an unprecedented level of detail requires determining the chemical structures
and concentrations of species sampled from sooting or nearly-sooting model flames. Using the jet-stirred

reactor we study the low-temperature oxidation chemistry of selected hydrocarbon and oxygenated fuels.

PROGRESS REPORT

Dimethyl ether (DME) Low-Temperature Oxidation in a Jet-Stirred Reactor: In collaboration with
the groups of Jasper (Sandia), Leone (Berkeley), Yu (Princeton), Sarathy (KAUST), Dagaut (Orleans),
Taatjes (Sandia), and Kohse-Hdinghaus (Bielefeld) we reported last year the detection and identification
of the keto-hydroperoxide hydroperoxymethyl formate (HPMF) and other partially oxidized intermediate
species arising from the low-temperature (540 K) oxidation of dimethyl ether (DME). In an extension of
this work, we now determined temperature dependent mole fractions of seventeen elusive intermediates
and compared them to up-to-date kinetic modeling results. Special emphasis was paid towards the
validation and application of a theoretical method for determining unknown photoionization cross
sections for hydroperoxide species. This approach enabled a scientifically-based quantification of the
keto-hydroperoxide HOOCH,OCH,O and revealed new opportunities for the development of a next-

generation DME combustion chemistry model.
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Investigating Repetitive Reaction Pathways for the Formation of Polycyclic Aromatic
Hydrocarbons in Combustion Processes: Covering the range from C¢Hg to CigHyo intermediates, we
analyzed repetitive hydrogen-abstraction and methyl- and acetylene-addition pathways in flame-sampled
mass spectra from atmospheric-pressure opposed-flow flames fueled by n-butane, i-butane, and i-butene.
The data suggest that repetitive methyl addition reactions onto aromatic species lead to alkyl side chains
that can undergo dehydrogenation or cyclization reactions to form -C,H; and -C,H side chains or
cyclopenta-fused ring structures. The importance of the methyl addition sequences, which generally
appeared to be consistent over the investigated range, seems to be enhanced when the reactions allow for
the formation of additional ring structures, e.g., when -C,H side chains are present to form indene-like
structures. Acetylene additions onto aromatic species, with the exception of benzene as a reactant, are
more efficient than methyl addition reactions. As a consequence, the reaction sequences towards particle
nucleation should be newly inspected in light of these findings.

OuTLOOK

Low-Temperature Oxidation in a Jet-Stirred Reactor: We will continue to explore the reaction
network of low-temperature oxidation processes by using the above mentioned jet-stirred reactor with
molecular-beam sampling capabilities. Our work on DME will be complemented with efforts to provide
new insights into the oxidation of diethyl ether and tetrahydrofuran. New information in the form of
species identification and mole fraction profiles is critically needed to improve their respective
combustion chemistry models. Future work will also focus on the low-temperature oxidation of the n- and
neo-pentane isomers. Preliminary mass spectra were recorded and the data reduction, i.e. species
identification and quantification, is currently in progress.

Experimental Studies on the Molecular-Growth Chemistry of Soot Precursors in Combustion
Environments: PAH formation chemistry will be studied by analyzing the detailed chemical structures of
laminar, premixed or opposed-flow flames. The data is expected to provide guidance and benchmarks
needed to improve and test theoretical models describing soot-formation chemistry with predictive
capabilities. Work on flames fueled by 1,3-butadiene and the Cs fuels n-pentane, 1-pentene, and 2-
methyl-2-butene is currently in progress. In order to provide experimental evidence that benzene is not
necessarily the “first aromatic ring” in molecular-growth chemistry and that larger aromatics can be
formed without going through benzene, it is planned to study the flames of 1- and 2-butyne. Fuel
consumption and aromatic precursor formation should in both cases be initiated by H-abstraction
reactions, thus leading to the CH3CCCH, and the CHCCHCH; radical, both of which can be interpreted
as methyl-substituted propargyl radicals. Assuming, they can undergo similar reactions as the propargyl

radical, it is likely, that large amounts of toluene (via a reaction with propargyl) and o-xylene are formed
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(via a recombination reaction with another C4Hs radical). To test this hypothesis, isomer-resolved
measurements are planned that allow for identifying the C4;Hs, C;Hg, and CgHg isomers. We plan to
investigate the chemical composition of these flames by flame-sampling mass spectrometry with electron
ionization (EI), resonance-enhanced multiphoton ionization (REMPI), single-photon VUV ionization, and
gas chromatography (GC/MS). We plan to expand our work on opposed-flow flames to C; fuels (allene,
propyne, propene, and propane), that are all convenient sources of propargyl radicals; these flames should
allow us to elucidate contributions of the propargyl radical towards the formation of five-membered (like
indene) and six-membered ring structures (like naphthalene) via reactions with phenyl and benzyl type
radicals.

PUBLICATIONS ACKNOWLEDGING BES SUPPORT 2013-PRESENT

1. C. K. Westbrook, B. Yang, T. A. Cool, N. Hansen, K. Kohse-Hoinghaus, “Photoionization Mass Spectrometry
and Modeling Study of Premixed Flames of Three Unsaturated CsHgO, Esters”, Proc. Combust. Inst., 2013,
34(1), 443-451.

2. A. W. Jasper and N. Hansen, “Hydrogen-Assisted Isomerizations of Fulvene to Benzene and of Larger Cyclic
Aromatic Hydrocarbons”, Proc. Combust. Inst., 2013, 34(1), 279-287.

3. S. A. Skeen, B. Yang, H. A. Michelsen, J. A. Miller, A. Violi, N. Hansen, “Studies of Laminar Opposed-Flow
Diffusion Flames of Acetylene at Low Pressures with Photoionization Mass Spectrometry”, Proc. Combust.
Inst., 2013, 34(1), 1067-1075.

4. N.J. Labbe, V. Seshadri, T. Kasper, N. Hansen, P. ORwald, K. Kohse-Hoinghaus, P. R. Westmoreland, “Flame
Chemistry of Tetrahydropyran as a Model Heteroatomic Biofuel”, Proc. Combust. Inst., 2013, 34(1), 259-267.

5. S. A. Skeen, H. A. Michelsen, K. R. Wilson, D. M. Popolan, A. Violi, N. Hansen, “Near-Threshold
Photoionization Mass Spectra of Combustion-Generated High-Molecular-Weight Soot Precursors”, J. Aerosol
Sci., 2013, 58(1), 86-102.

6. N. Hansen, S.S. Merchant, M. R. Harper, W. H. Green, “The Predictive Capability of an Automatically

Generated Combustion Chemistry Mechanism: Chemical Structures of Premixed iso-Butanol Flames”,
Combust. Flame, 2013, 160(11), 2343-2351.

7. N. Hansen, S. A. Skeen, H. A. Michelsen, K. R. Wilson, K. Kohse-Hdinghaus, “Flame Experiments at the
Advanced Light Source: New Insights into Soot Formation Processes”, J. Vis. Exp., 2014, 87, €51369,
doi:10.3791/51369

8. F. N. Egolfopoulos, N. Hansen, Y. Ju, K. Kohse-Héinghaus, C. K. Law, F. Qi, “Advances and Challenges in
Experimental Research of Combustion Chemistry in Laminar Flames”, Prog. Energy Combust. Sci., 2014,
43(1), 36-67.

9. S. M. Sarathy, P. ORwald, N. Hansen, K. Kohse-Hd6inghaus, “Alcohol Combustion Chemistry”, Prog. Energy
Combust. Sci., Prog. Energy Combust. Sci., 2014, 44(1), 40-102.

10. J. Kriger, J. Koppmann, P. Nau, A. Brockhinke, M. Schenk, N. Hansen, U. Werner, K. Kohse-Hdinghaus,
“From Precursors to Pollutants: Some Advances in Combustion Chemistry Diagnostics”, Eurasian Chem.
Technol. J., 2014, 16(2-3), 91-105.

11. A. Nawdiyal, N. Hansen, T. Zeuch, L. Seidel, F. MauR, “Experimental and Modelling Study of Speciation and
Benzene Formation Pathways in Premixed 1-Hexene Flames”, Proc. Combust. Inst., 2015, 35(1), 325-332.

12. N. Hansen, M. Braun-Unkhoff, T. Kathrotia, A. Lucassen, B. Yang, “Understanding the Reaction Pathways in
Premixed Flames Fueled by Blends of 1,3-Butadiene and n-Butanol”, Proc. Combust. Inst., 2015, 35(1), 771-
778.

13. A. Lucassen, S. Park, N. Hansen, S.M. Sarathy, “Combustion Chemistry of Alcohols: Experimental and
Modeled Structure of a Premixed 2-Methylbutanol Flame”, Proc. Combust. Inst., 2015, 35(1), 813-820.

75



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31

M. Schenk, N. Hansen, H. Vieker, A. Beyer, A. Golzhauser, K. Kohse-Ho6inghaus, “PAH Formation and Soot
Morphology in Flames of C4 Fuels”, Proc. Combust. Inst., 2015, 35(2), 1761-1769.

D. Felsmann, K. Moshammer, J. Krlger, A. Lackner, A. Brockhinke, T. Kasper, T. Bierkandt, E. Akyildiz, N.
Hansen, A. Lucassen, P. OBwald, M. Kohler, G.A. Garcia, L. Nahon, P. Hemberger, A. Bodi, T. Gerber, K.
Kohse-Haéinghaus, “Electron lonization, Photoionization and Photoelectron/Photoion Coincidence Spectroscopy
in Mass-Spectrometric Investigations of a Low-Pressure Ethylene/Oxygen Flame”, Proc. Combust. Inst., 2015,
35(1), 779-786.

K. O. Johansson, J. Y. W. Lai, S. A. Skeen, K. R. Wilson, N. Hansen, A. Violi, H. A. Michelsen, “Soot
Precursor Formation and Limitations of the Stabilomer Grid”, Proc. Combust. Inst., 2015, 35(2), 1819-1826.

K. Moshammer, A. Lucassen, C. Togbé, K. Kohse-Hdinghaus, N. Hansen, “Formation of Oxygenated and
Hydrocarbon Intermediates in Premixed Combustion of 2-Methylfuran”, Z. Phys. Chem., 2015, 229(4), 507-528

H. Selim, S. Mohamed, A. Lucassen, N. Hansen, S. M. Sarathy, “Effect of the Methyl Substitution on the
Combustion of Two Methylheptane Isomers: Flame Chemistry Using VUV Photoionization Mass
Spectrometry”, Energy Fuels, 2015, 29(4), 2696-2708.

O. P. Korobeinichev, I. E. Gerasimov, D. A. Knyazkov, A. G. Shmakov, T. A. Bolshova, N. Hansen, C. K.
Westbrook, G. Dayma, B. Yang, “An Experimental and Kinetic Modeling Study of Premixed Laminar Flames
of Methyl Pentanoate and Methyl Hexanoate”, Z. Phys. Chem., 2015, 229(5), 759-780.

K. Moshammer, A. W. Jasper, D. M. Popolan-Vaida, A. Lucassen, P. Dievart, H. Selim, Hatem, A. J. Eskola,
C. A. Taatjes, S. R. Leone, S. M. Sarathy, Y. Ju, P. Dagaut, K. Kohse-Hdinghaus, N. Hansen, “Detection and
Identification of the Keto-Hydroperoxide (HOOCH,OCHO) and other Intermediates during Low-Temperature
Oxidation of Dimethyl Ether”, J. Phys. Chem. A, 2015, 119(28), 7361-7374.

I. W. Ekoto, S. A. Skeen, R. R. Steeper, N. Hansen, “Detailed Characterization of Negative Valve Overlap
Chemistry by Photoionization Mass Spectrometry”, SAE International Journal of Engines, 2015, 9 (2015-01-
1804), 20159013.

W. Sun, N. Hansen, C. K. Westbrook, F. Zhang, G. Wang, K. Moshammer, C. K. Law, B. Yang, “An
Experimental and Kinetic Modeling Study on Dimethyl Carbonate (DMC) Pyrolysis and Combustion”,
Combust. Flame, 2016, 164(2), 224-238.

Z. Wang, L. Zhang, K. Moshammer, D. M. Popolan-Vaida, V. S. B. Shankar, A. Lucassen, C. Hemken. C. A.
Taatjes, S. R. Leone, K. Kohse-Hoinghaus, N. Hansen, P. Dagaut, S. M. Sarathy, “Additional Chain-Branching
Pathways in the Low-Temperature Oxidation of Branched Alkanes”, Combust. Flame, 2016, 164(2), 386-396.
N. Hansen, M. Schenk, K. Moshammer, K. Kohse-Héinghaus, “Investigating Repetitive Reaction Pathways for
the Formation of Polycyclic Aromatic Hydrocarbons in Combustion Processes”, Combust. Flame, submitted.
W. Sun, B. Yang, N. Hansen, K. Moshammer, “The Influence of Dimethoxy Methane (DMM)/Dimethyl
Carbonate (DMC) Addition on Premixed Ethane/Oxygen/Argon Flame”, Proc. Combust. Inst., submitted.

K. Moshammer, L. Seidel, Y. Wang, H. Selim, S. M. Sarathy, F. Mauss, N. Hansen, “Aromatic Ring Formation
in Diffusive 1,3-Butadiene Flames”, Proc. Combust. Inst., submitted.

Z. Wang, S. Y. Mohamed, L. Zhang, K. Moshammer, D. M. Popolan-Vaida, V. S. B. Shankar, A. Lucassen, L.
Ruwe, N. Hansen, P. Dagaut, S. M. Sarathy, “The Importance of Third O, Addition in 2-Methylhexane Auto-
Oxidation”, Proc. Combust. Inst., submitted.

I. Gerasimov, D. A. Knyazkov, N. Hansen, A. G. Shmakov, O. P. Korobeinichev, “Photoionization Mass
Spectrometry and Modeling Study of a Low-Pressure Premixed Flame of Ethyl Pentanoate (Ethyl Valerate)”,
Proc. Combust. Inst., submitted.

T. Tao, W. Sun, B. Yang, N. Hansen, K. Moshammer, C. K. Law, “Investigation of the Chemical Structures of
Laminar Premixed Flames Fueled by Acetaldehyde”, Proc. Combust. Inst., submitted.

M. Braun-Unkhoff, N. Hansen, T. Methling, K. Moshammer, B. Yang, “The Influence of iso-Butanol Addition
to the Chemistry of Premixed 1,3-Butadiene Flames”, Proc. Combust. Inst., submitted.

L. Ruwe, K. Moshammer, N. Hansen, K. Kohse-Hdéinghaus, “Consumption and Hydrocarbon Growth Processes
in a 2-Methyl-2-Butene Flame”, Proc. Combust. Inst., submitted.

76



Theoretical Studies of Potential Energy Surfaces
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Program Scope

The goal of this program is to calculate accurate potential energy surfaces for both reactive and
non-reactive systems. Our approach is to use state-of-the-art electronic structure methods
(CASPT2, MR-CI, CCSD(T), etc.) to characterize multi-dimensional potential energy surfaces.
Depending on the nature of the problem, the calculations may focus on local regions of a
potential surface or may cover the surface more globally. A second aspect of this program is the
development of techniques to fit multi-dimensional potential surfaces to convenient, global,
analytic functions suitable for use in dynamics calculations. A new part of this program is the
use of diffusion Monte-Carlo calculations to obtain high accuracy, anharmonic zero point
energies for molecules having multiple minima.

Recent Progress
Diffusion Monte-Carlo for High Accuracy Anharmonic Zero Point Energies

The accuracy of electronic structure calculations has now reached the point where a significant
remaining source of error in calculated heats of formation is in the zero point energy. In the past,
high accuracy predictions of thermochemical properties have typically employed spectroscopic
perturbation theory or vibrational configuration interaction calculations to obtain estimates of
anharmonic corrections to the zero point energy. Both of
these methods rely on normal coordinate, force field
expansions that are not appropriate for species in which
the zero point wavefunction spans multiple minima, as is
often the case for radicals relevant to combustion. We
have recently embarked on a program to address this
issue using diffusion Monte-Carlo methods' to obtain
high accuracy predictions of anharmonic, zero point
o e energies for combustion related species. This year we
Carbon Inversion Angle completed calculations on the hydroxymethyl (CH,OH)
Figure 1. Contour plot of the internal radical, an important combustion species having four
rotation and inversion modes of the equivalent minima connected by two equivalent pairs of
CH,OH radical. transitions states with energies of 140 and 1700 cm™
above the minimum, see Figure 1. The lower energy pair of saddle points correspond to
inversion of the carbon center, while the higher energy saddle points correspond to rotation about
the CO bond. The key to success here will be the ability to obtain accurate, full dimensional,
analytic fits to the potential energy surfaces in the vicinity of the minima. Our calculations have
demonstrated that a simple Taylor series expansion in the Nagom™(Natom-1)/2 internuclear distance
coordinates can yield remarkably accurate fits. Figure 2 shows the results of quadratic (left) and
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quartic (right) Rj; fits to this potential surface. Note that both of these are full dimensional fits
from which we are showing the same two dimensional slice as shown in Figure 1. Both fits are to
100,000 ab initio,
CCSD(T)/cc-pVTZ
calculations spanning an
energy range of 4000 cm.
The quadratic fit consists
of 66 terms while the
quartic fit consists of 1001
terms. The striking result
here is that even the
quadratic Rj; fit yields a
qualitatively correct
topology for these two,
low frequency, rotation/inversion modes, having four equivalent minima separated by two pairs
of equivalent saddle points. The root mean square error of the quadratic fit is 135 cm™
presumably owing largely to the neglect of anharmonicities in the other coordinates. On the scale
of these plots the quartic fit is indistinguishable from the ab initio surface, with a root mean
square error of 7 cm™. A second quartic fit to a 60,000 point subset covering a smaller energy
range of 1500 cm™ yields a root mean square error of just 1.5 cm™. Diffusion Monte-Carlo
calculations on both quartic surfaces yield identical (to within the + 2 cm™ statistical uncertainty)
zero point energies. The zero point energy obtained in these calculations is more than 100 cm™
higher than the best previous calculations®.

8
g & & & 8§ &
8 8 8 8 8
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Figure 2. Contour plot of the internal rotation and inversion modes of
the CH,OH radical for quadratic (left) and quartic (right) R;; fits.

Roaming Mechanisms for Decomposition of Criegee Intermediates:

A recent study of Lin and coworkers® proposed a novel mechanism for the decomposition of
Criegee intermediates. This new pathway involves the partial cleavage of the OO bond followed
by a roaming like reorientation and then insertion into one of the CH bonds. For the case of the
simplest Criegee intermediate this leads directly to the formation of formic acid. Previous studies
concluded that the lowest pathway for decomposition of Criegee intermediates begin with a
sequential ring-closing and re-opening forming the methylenebisoxy biradical which can then
isomerize or decompose by a number of competing pathways. The energetics of the new
pathway appear physically unrealistic, having a roaming-type saddle point that lies 38 kcal/mol
below the corresponding bimolecular asymptote, O('D)+H,CO. We have shown that the analysis
suffered from an inconsistent combination of spin-restricted calculations for the asymptote and
spin unrestricted calculations for the saddle point. Consistent calculations on both the asymptote
and the saddle point indicate that the saddle point is, as expected, within 1 kcal/mol of the
asymptote or more than 30 kcal/mol above the dioxirane path. For this reason the new pathway
will not compete with the well-known dioxirane pathways.

Roaming Mechanisms for Decomposition of Aldehydes:
Recently reported photodissociation experiments on ethyl aldehyde® and acetaldehyde’ have been

interpreted to indicate that the roaming mechanism is more important for ethyl aldehyde than for
acetaldehyde and that there is a second distinct roaming mechanism for the decomposition of
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acetaldehyde. Several years ago we characterized roaming saddle point for the series
acetaldehyde, ethyl aldehyde, iso-propyl aldehyde and tert-butyl aldehyde, showing that the
roaming saddle points become more energetically favorable as the size of the molecule increases.
So, for example, in acetaldehyde the roaming saddle point is predicted to lie 1.0 kcal/mole below
the tight saddle point, whereas in ethyl aldehyde this difference increases to 2.7 kcal/mole. This
difference continues to grow as the size of the aldehyde increases, however for iso-propyl
aldehyde a second roaming mechanism appears leading to methane plus acrolein instead of
propane plus CO. Preliminary results suggest that this second roaming mechanism is the lowest
energy decomposition path for iso-propyl aldehyde.

As noted above, recent photodissociation experiments’ indicate two distinct roaming
mechanisms for acetaldehyde, both leading to the same products, CH,+CO. The original roaming
mechanism begins with partial cleavage of the CC bond. Then the nascent HCO and CH,
fragments reorient themselves and the methyl fragment abstracts the HCO hydrogen. The new
mechanism is thought to involve a hydrogen atom roaming around a CH;CO core to abstract the
methyl radical. We have examined the long-range H+CH,CO interaction potential and do indeed
find a roaming-type saddle point for this process. However, not only is the energy of this saddle
point substantially above the original methyl roaming saddle point but there is a second,
hydrogen atom, roaming-type saddle point in which the hydrogen atom abstracts another
hydrogen atom from the CH,CO fragment leading to ketene plus H,. This H-CH,CO—
H,+H,;CCO roaming saddle point is also predicted to lie below the H-CH,CO—CH4+CO
roaming saddle point.

Future Plans

We plan to extend our diffusion Monte-Carlo calculations to larger, more complicated systems,
continue studies of R+O, reactions including *CH,+0O, and quantify the branching ratios for some
of the new roaming mechanisms discussed above.

Acknowledgement: This work was performed under the auspices of the Office of Basic Energy
Sciences, Division of Chemical Sciences, Geosciences and Biosciences, U.S. Department of
Energy, under Contract DE-AC02-06CH11357.
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Scope of the Project: To expand knowledge of transient species such as radicals relevant to
combustion chemistry and other areas including catalysis, new theoretical methods are needed for
reliable computer-based prediction of their properties. The two main areas of relevant theory are
electronic structure methods and techniques for chemical dynamics. Within electronic structure theory,
focus centers on the development of new density functional theory methods and new wave function
theories. Examples of current activity include the introduction of combinatorial design strategies for
density functionals, and a new accurate wavefunction approach for electronic excited states. In
chemical dynamics, recent progress and planned activity centers on the development of tractable semi-
classical dynamics approaches that can address non-adiabatic processes. The focus is on turning semi-
classical theory into a practical way of adding quantum effects to classical molecular dynamics
simulations of large, complex molecular systems. Newly developed theoretical methods, as well as
existing approaches, are employed to study prototype radical reactions, often in collaboration with
experimental efforts. These studies help to deepen understanding of the role of reactive intermediates
in diverse areas of chemistry. They also sometimes reveal frontiers where new theoretical
developments are needed in order to permit better calculations in the future.

Recent Progress
Due to length limitations, only a selection of projects can be summarized here.

High Accuracy Targeting of Excited States. Neuscamman and co-workers have developed a
rigorous framework for efficiently generalizing the quantum variational principle to excited states.
Made possible by their advances in quantum Monte Carlo methods, this excited variational principle
(EVP-QMC) allows an approximate wave function ansatz to be fully optimized for an individual
excited state, greatly increasing accuracy compared to typical approaches today that require sharing
elements of the wave function between different states. An initial demonstration of EVP-QMC in the
difficult and combustion-relevant case of the carbon dimer showed the method to be competitive in
accuracy with the best available theoretical benchmarks despite using a much simpler wave function.
Indeed, its multi-Slater Jastrow ansatz required less than 100 variables to match or exceed the
accuracy of the 4,000-variable coupled cluster ansatz and the million-variable density matrix
renormalization group. Perhaps most importantly, the EVP-QMC has proven highly accurate for
double as well as single excitations. This should be compared to equation-of-motion coupled cluster,
which is the current “high accuracy” standard for single excitations but which is unreliable for double
excitations.

Density functionals. Head-Gordon and co-workers have been seeking the limit of transferable
accuracy that can be achieved with generalized gradient approximations (GGA’s), or meta-GGA’s,
which are the basis of semi-local functionals. To achieve high accuracy, non-local density-based
corrections for long-range dispersion interactions are added, as well as the option of non-local range-
separated hybrid (RSH) treatment of exact exchange. They introduced a novel “survival of the most
transferable” (SOMT) procedure to achieve this goal. SOMT is a combinatorial design protocol that
involves training a very large numbers of functionals using a fraction of the data, and then selecting
the functional that performs best on the remaining data (with the fewest parameters). In 2014, this
approach was used to create a new range-separated hybrid van der Waals corrected GGA functional.
The functional, named wB97X-V, contains only 10 parameters (e.g. versus 15 for the conventionally
designed 2008 functional, ®B97X-D) yet reduces RMS errors in non-bonded interactions by about
40% relative to ®B97X-D, while matching its performance for thermochemistry. A partial search of
the vastly larger (rank > Nj,!) meta-GGA functional space led to the creation of the B97M-V
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functional in 2015, which has only 12 adjustable parameters (vs 34 for M06-L, which is in the same
class). On some 5000 test cases, B97M-V reduces to reduce the RMS errors of the best existing
alternative meta-GGAs by nearly 30% for thermochemistry and nearly 50% for non-bonded
interactions. To follow on, a still-better functional is just being finished, which is an RSH version of
B97M-V. This functional, ®B97M-V, should provide substantially improved thermochemistry and
barrier heights, as well as reduced sensitivity to self-interaction errors.

Semi-classical dynamics. 1t has been well established for many years that semi-classical (SC)
theory provides a very good description of essentially a// quantum effects in molecular dynamics, and
the outstanding challenge has been to what extent one can implement it efficiently enough to make it
routinely useful. Recent progress by Miller included the most accurate and efficient approach to date
for implementing the SC initial value representation (IVR) for molecular dynamics. The key to the
efficiency is in use of a time-dependent Monte Carlo sampling function for evaluating the phase space
average over initial conditions of classical trajectories that are the ‘input’ to the SC theory. Efforts
were also begun at finding a general and dynamically consistent way for treating the electronic and
nuclear degrees of freedom in non-adiabatic processes by classical molecular dynamics. The two
essential steps for this are (1) to find a consistent way for describing the electronic (as well as nuclear)
degrees of freedom by classical mechanics (currently by the Meyer-Miller (MM) ‘electronic oscillator’
model), and (2) to be able to extract quantum state information for the electronic states from such a
description, where the ‘symmetrical quasi-classical’ (SQC) model was used. Both of these approaches
have a long history but have never been used in concert before in this way. They have given
remarkably good results for a series of standard non-adiabatic problems, even being able to describe
‘quantum coherence’ effects within a standard classical MD simulation. The most recent applications
of the SQC/MM approach are to the treatment of so-called “site-exciton” non-adiabatic models, which
are frequently used to simulate photo-induced electronic excitation transfer in light-harvesting pigment
complexes. For a 2-state model, simulated over the 8 different parameter regimes, the SQC/MM-
simulated decay of the initial electronic excitation agrees remarkably well with the reference results
over all 8 parameter regimes considered. The SQC/MM approach has also been applied to a more
challenging 7-state model of the well-known Fenna-Mathews-Olson (FMO) pigment complex with
reasonable agreement. It is worth noting that the atomistic/trajectory-based nature of the SQC/MM
approach makes it more generally applicable than the reference technique in the above studies.
Therefore since SQC/MM can be applied to more realistic harmonic (or even anharmonic) bath
models, it has the potential to more accurately model excitation transfer dynamics in complex
environments.

Computational studies of chemical properties and reactivity. (i) In collaboration with
experimental measurements from the Ahmed and Leone groups at LBNL, the photodissociation of
glycerol has been explored. The key intermediate is a triplex between vinyl alcohol radical cation,
water and formaldehyde. (ii) A joint study of the radical-neutral association reactions between
ethylene radical cation and neutral ethylene, acetylene cation and acetylene, and mixed association, is
just finished, in collaboration with experimental measurements from the Ahmed group.

Future Plans: (i) High Accuracy Targeting of Excited States: Current efforts focus on extending
EVP-QMC to the variational optimization of an entire linear response function, rather than just an
ansatz, in order both to improve accuracy and to make the method more black-box. Crucially, this
approach has a cost very similar to optimizing the ansatz itself through a careful application of finite
difference techniques. Formal analysis as well as preliminary results for this linear response form of
EVP-QMC suggest an accuracy in single excitations on par with equation-of-motion coupled cluster
(currently the gold standard), but with a lower cost-scaling and an algorithm that parallelizes more
easily onto modern supercomputer architectures. (ii) Density functionals: Extensive comparative
benchmarking of the new functionals against existing functionals is an important pre-requisite for their
broader use in the future. It is essential to establish their strengths and weaknesses relative to other
modern density functionals. A further possible extension is to double hybrid functionals, possibly

82



including orbital optimization. (iii) Semiclassical dynamics: It is planned to further pursue the recent
work that has proved so encouraging for having a general and robust classical simulation model for
treating electronically non-adiabatic processes, including further investigation of the fundamental
theoretical model, as well as to its application to specific processes. (iv) Computational studies of
chemical properties and reactivity: It is planned to continue the study of radical-neutral clustering
reactions, possibly also including larger polycyclic aromatic hydrocarbon species. Suitable candidates
for collaborative applications of the new EVP-QMC excited state methods will also be sought.
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Time-resolved infrared diode laser absorption is used in our laboratory to
study the kinetics and product channel dynamics of chemical reactions of
importance in the gas-phase combustion chemistry of nitrogen-containing species.
This program is aimed at improving the kinetic database of reactions crucial to
modeling of combustion processes, with emphasis on NOy chemistry. When feasible,
we perform quantitative measurement of both total rate constants and product
branching ratios.

1) Reactions of Hydroxymethyl Radical

In a previous year’s report, we noted that the CN radical primarily abstracts
an alkyl hydrogen atom when it reacts with methanol:

CN+CH30H  — HCN + CH90H (1a)
— HCN + CH30 (1b)

Where we found that the yield of (1a) is ~0.8-0.9, while that of (1b) is only ~0.08.
This reaction therefore represents a relatively clean source of hydroxymethyl
(CH9OH), using ICN as a CN precursor at 248 or 266 nm. CH9OH can then react
with NO, as follows:

CH9OH + NO +M — HOCH9NO + M (2a)
CH9OH + NO — CH90 + HNO AHO99g = -90.0 kJ/mol (2b)
— HCN + H9O9 AHO99g = -74.7 kdJ/mol (2¢)
— HNCO + H90 AHO99g = -431 kJ/mol (2d)
— HCNO + H90 AHO99g = -142 kJ/mol (2e)

— COg9 + NH3g AHO99g = -515 kJ/mol 29
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— HCO + H:NO AHO99g = 44.6 kJ/mol (2g)
— NCO + OH + Hy AHO99g = 167 kJ/mol (2h)

One previous experimental study found a fairly high rate constant, 2.5 x 1011 ¢m3
molecule 1 s-1, but only at 1 atm pressure.! Another study found a lower rate
constant of 2.2 x 10"12 ¢m3 molecule! s-1 at 0.5-1.5 Torr for the CD9OH+NO
reaction;?2 it is not clear whether the lower value is due to isotope effects or pressure
dependence. It is therefore possible that the collisionally stabilized adduct (2a)
dominates, but experimental data is scarce. Therefore, we have used transient
infrared spectroscopy and ab initio calculations to study the product channels of
this reaction. We initially thought that channel (2e) was likely, because it requires a
single hydrogen migration from carbon to oxygen, starting with a CH9(NO)OH
complex. Ab initio calculations show that this pathway involves high barriers,
however, and experimentally we find no fulminic acid (HCNO) formation. We also
looked for HCN, HNO, COg9, and CO. No CO9 or CO was found; a very small
transient signal for HNO was found, but is believed to originate primarily from side
reactions. The HCN signal is unchanged when we compare with and without NO,
indicating that it originated from (1a), not from (2c). We did quite surprisingly find,
however, a strong transient signal for isocyanic acid, HNCO. Although calibration of
the signal reveals that it is produced in only about 10% yield, channel (2d) is clearly
active at room temperature and low pressures. This is surprising, because
previously ab initio calculations do not show a low energy pathway to this product.3
4 Our calculations are in rough agreement that the most obvious pathway to
HNCO+H29O involves a high barrier, but after extensive searching we found a
multistep pathway involving several hydrogen atom migrations that does show a
low energy path to channel (2d).

2) CN + CHgBr Reaction

Several product channels are possible:

CN + CH3Br — HCN + CH9Br AGO = -115.5 kJ/mol (3a)
— CH9CN + HBr AGO = -182.0 kJ/mol (3b)
— CH3CN + Br AGO = -211.7 kJ/mol (3¢)
— BrCN + CHg (3d)

In a recent ab initio study, it was found that the barrier for hydrogen
abstraction in this reaction was similar to that for bromine abstraction.5 This
1implies the possibility that channel (3a) may not dominate the reaction, in contrast
to the CN + CH3Cl reaction. Reaction (3) has not previously been studied
experimentally. We measured total rate constants by probing the CN radical under
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pseudofirst order conditions, and quantified the yield of HCN reaction products by
detection of HCN, and comparison with the reference CN+CoHg reaction, which is
expected to produce HCN in unity yield. We find that this reaction is quite fast,
with total rate constant kg = (2.20+0.6)x10-12 exp (453+98/T) cm3 molecule-1 -1
over the range 298-523 K. The very slight negative temperature dependence was
the first indication that hydrogen abstraction may not be the dominant channel.
This was then shown to be the case: direct HCN detection indicates that the yield of
(3a) 1s only 0.12+0.02 at 298 K. Attempts to detect other products were
unsuccessful: HBr is formed in negligible yield, and CH3CN and BrCN have
extremely weak infrared absorption coefficients. We suspect but cannot prove that
channel (3d) dominates.

3) CN + CH3CN Reaction

Our observation that hydrogen abstraction is only a minor channel of
reaction (3) suggests a similar question for the CN + CHgCN Reaction. This
reaction has a positive activation energy expected of a hydrogen abstraction
mechanism, and preliminary experiments demonstrate an HCN yield of near unity.
This therefore suggests that this reaction is a clean source of CH9CN radicals.

Future plans include study of the CHoCN + NO (and perhaps CHoCN + O9)
reactions.
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Elementary chemical kinetics calculations aid in the interpretation of experimental rate
measurements and inform the development of comprehensive and detailed models of combustion. The
predictive accuracy of chemical kinetics calculations is improving and is broadly approaching so-
called “kinetic accuracy,” defined as a factor of ~2 in the calculated rate coefficient. This term may be
compared with the 1990s realization of “chemical accuracy” (~1 kcal/mol) in thermochemistry, when
calculated thermochemistry began to be accurate enough to be used alongside experimental values. A
similar situation has emerged in chemical kinetics thanks to ongoing improvements in computational
power and theoretical methods. The principal goal of this project is to develop and validate new
theoretical methods designed to broaden the applicability and improve the accuracy of theoretical
chemical kinetics and to aid in the realization of Kinetic accuracy for applications throughout
combustion. The model developments we are presently focused on are: (1) predicting pressure
dependence in elementary reactions using detailed master equation models of energy transfer informed
by classical trajectories, and (2) characterizing spin-forbidden kinetics using both multistate trajectory
methods and statistical theories, and (3) predicting anharmonic vibrational properties for polyatomic
molecules at combustion temperatures via Monte Carlo phase space integration.

I1. Recent Progress

The accuracies of one-dimensional models for nonadiabatic transition probabilities (e.g.,
Landau-Zener) were tested against a full-dimensional semiclassical model for the spin-forbidden
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Fig. 1. Nonadiabatic transition probabilities
for O + CO calculated using the 1D Landau-
Zener (LZ), weak coupling (IWC), and
classical path (CP) formulas, and the full-
dimensional CP method.
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reaction *0 + CO — CO, (see Fig. 1). We identified and
quantified several multidimensional effects, including those
associated with sampling the crossing seam, with the energy
distribution in degrees of freedom orthogonal to the reaction
coordinate, and with the interference of the electronic phase
at multiple seam crossings. Fast electronic decoherence was
shown to localize the nonadiabatic dynamics near the
crossing seam. The one-dimensional models were found to
have errors as large as a factor of two.

With  Moshammer and Hansen  (Sandia),
photoionization cross sections were calculated for 12 species
using a readily applicable approach based on the frozen-core
Hartree-Fock approximation, as made available by Lucchese
in his ePolyScat code. First, this approach was validated
against measured photoionization cross sections and found to
have an average error of ~2x, which likely improves on the
estimates commonly used to model species with unknown

cross sections. Next, the ketohydroperoxide relevant to the low temperature oxidation of dimethyl
ether was identified in a jet stirred reactor, and its mole fraction was quantified using the predicted
cross section. This study demonstrated that theoretical cross sections can be useful for quantifying key
intermediates, which in turn provide additional targets for testing chemical kinetic models.
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With Klippenstein, Georgievskii (Argonne), and Mebel (FIU), the temperature- and pressure-
dependent kinetics of several key steps in the HACA molecular growth mechanism were predicted. As
part of this effort, the collision parameters (i.e., efficiencies, a = <AE4>, and effective Lennard-Jones
rate parameters) required for predicting pressure dependence in the master equation were calculated
using newly fitted potential energy surfaces for collisions involving small aromatic molecules and the
colliders He, Ar, and N,. Similar to our previous work on saturated hydrocarbons, we found that, for a
given collider, the collision parameters depended most sensitively on the chemical composition of the
hydrocarbon and were relatively insensitive to the chemical arrangement. Furthermore,
parameterizations of the separable pairwise functional form for the interaction potential were found to
be transferable to larger aromatics. The present strategies are therefore readily applicable to the study
of larger PAHSs.

105 — With Tranter (Argonne), the dissociation and the self-
: recombination of 2-methylallyl radicals were calculated using

?@.x ab initio, transition state theory, classical trajectory, and master

,9" equation calculations. The predicted pressure- and temperature-
dependent kinetics for both reactions were found to agree very

:":’.w- % well with the accompanying shock tube measurements, with,
—Theory HPL % notably, no adjustments to the theory required (see Fig. 2). The

ooy RN observed quantitative agreement is likely somewhat fortuitous,

NN as one might expect significant uncertainty in the partition

function for the self-recombination adduct (2,5-dimethyl-1,5-

1 hexadiene). Nonetheless, the comparisons provide yet another

0.70 0.75 0.80 0.85 0.90 0.95 . .
10007, K example of the good accuracy that can be achieved with fully a
Fig. 2. Calculated and measured rate priori  kinetics calculations, including trajectory-based
coefficients for the dissociation of 2-methyl-allyl ..

predictions of pressure dependence.

As part of the AITSTME project (PI: Klippenstein), the spin-forbidden and spin-allowed
product branching of *0 + C,H, was calculated using a combination of quantum chemistry, master
equation, classical trajectory, and nonadiabatic statistical theory calculations. This reaction has been
widely studied, and it is known that product branching is largely controlled via the fate of the initial
triplet adduct OC,H,, where intersystem crossing (ISC) to the singlet surface competes with spin-
allowed bimolecular channels on the triplet surface. Here we used a Landau-Zener statistical
calculation for the ISC rate (sometimes called “nonadiabatic transition state theory”) alongside
conventional TST to predict the temperature-dependent branching within a single master equation
calculation. Product branching immediately following ISC was determined using short-time direct
classical trajectories initiated at the crossing seam. Our predicted room temperature branching agreed
well with available experimental results, as well as with a previous master equation study of
Vereecken, Peeters, and co-workers, who used a more approximate treatment of ISC. The two master
equation studies predict different product branching at elevated temperatures, however.

The pressure-dependent unimolecular kinetics of CH, + He and C,H3; + He were calculated in
collaboration with Harding, Miller, and Klippenstein (Argonne). This work again involved a
combination of quantum chemistry, transition state theory, classical trajectory, and master equation
methods. A detailed model for the collisional energy transfer function P(E,J;E'.J") was developed,
which, unlike the well known single exponential down model, features: explicit angular momentum
dependence, “long tail” collisions in both AE and AJ, and nonseparability of AE and AJ. The
information required to parameterize such a model was obtained by calculating low-order moments of
P using classical trajectories, against which the parameters of the model for P were optimized.
Calculated rate coefficients obtained via this first-principles approach agreed with available
experimental values within ~20%, which is similar to the reported accuracy of the experimental rates.

In other work, P(E,J;E' = 97% of the dissociation threshold of NO,(J' = 0) for NO, + Ar was
calculated as part of a joint theoretical/experimental study with Dave Chandler (Sandia). Both
determinations of P showed biexponential (“long tail”’) behavior, although the theoretical value for the

#+ 130 Torr
© 70 Torr
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long tail range parameter (275 cm™) was ~3x larger than the experimental value. The source of this
discrepancy is unclear and may be related to the calculations’ neglect of excited electronic states.

We have used direct dynamics trajectories to study collisional energy transfer for CH, + He,
Ne, and H,, C,Hs + He, and C,Hg + He. These results were used to test the accuracy of the pairwise
approximation for the interaction potential. We further tested the accuracy of using pairwise
interaction potentials obtained for CH, + M for systems larger than methane, i.e., we tested the
accuracy of using methane’s interaction parameters as universal CyH, + M interaction parameters. For
the saturated and lightly unsaturated systems we considered, results obtained using the universal CH,
+ M potentials were found to agree with direct dynamics results within the statistical uncertainties of
the calculations. The resulting universal potentials are very efficient relative to direct dynamics and
may be used to study systems with dozens of C atoms.

We used the universal CiH, + M potentials to evaluate Troe’s collision efficiency (and an
approximation to it) for seven atomic and diatomic baths and for molecules and radicals as large as
octane. In total, 266 systems were studied, including normal, branched, cyclic, and unsaturated
hydrocarbon molecules, as well as hydrocarbon radicals interacting with the seven baths. These
collision efficiencies are simple functions of the first moment of the energy transferred in deactivating
collisions, <AE4>. We also considered the rotational collision efficiency for several systems by
calculating the first moment of the angular momentum transferred in deactivating collisions, <AJs>.
Trends in the collision efficiencies with respect to the bath gas, its temperature, and the size and
chemical structure of the hydrocarbon target were quantified and discussed.

Several methods for predicting Lennard-Jones parameters for use as transport parameters in
chemical kinetics models and for calculating collision rates in elementary Kinetics were tested. The
“one-dimensional minimization” method was found to be both accurate and efficient. In this method,
the two interacting species are randomly oriented with respect to one another, and the interaction
potential is minimized for this fixed orientation. The process is repeated for several orientations, and
the resulting set of minimum energies and optimized center-of-mass separations are then averaged to
obtain the Lennard-Jones parameters. Collision rates predicted using this method agree well with those
based on tabulated parameters (typically within ~10%) for a wide variety of systems.

Dilute gas binary diffusion coefficients of H, H,, and 4 n-alkanes in N, were calculated
“exactly” (but within the classical approximation) using full-dimensional classical trajectories and the
CxH, + N, potentials described above. The calculated diffusion coefficients were found to agree with
Manion’s (NIST) measured values for the n-alkanes in N, to with a few percent. Diffusion coefficients
are often approximated using Lennard-Jones parameters in combustion models, and the exact classical
results were used to test the severity of this approximation for such applications. For most systems at
combustion temperatures, the Lennard-Jones approximation is likely accurate within ~15%. For
weakly interacting systems, however, more realistic treatments of the repulsive wall are required. For
systems at low temperatures, the neglect of anisotropy may introduce non-negligible errors.

I11. Future Work

We will continue the development and application of predictive models for pressure-
dependent chemical kinetics. These calculations require the development of both direct dynamics and
fitted potential surface strategies for accurately describing the full-dimensional target—bath systems.
We will extend the types of species considered to include those with halogen and oxygen atoms.
Enhanced energy transfer for halogens and alcohols has been reported, and the trajectory studies will
be used to elucidate the dynamical mechanisms of these enhancements. Several applications to
combustion-relevant systems will be carried out. The MCPSI method for calculating vibrational
anharmonicity will continue to be applied and developed. We will focus on systems where the
accuracy of existing vibrational anharmonicity approaches is not known, such as those involving
constrained torsions and rings.
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Radical Intermediates via Crossed Molecular Beams
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1. Program Scope

The major goals of this project are to explore experimentally in crossed molecular beams experiments the
reaction dynamics and potential energy surfaces (PESs) of hydrocarbon molecules and their corres-
ponding radical species, which are relevant to combustion processes. The reactions are initiated under
single collision conditions by crossing two supersonic reactant beams containing radicals and/or closed
shell species under a well-defined collision energy and intersection angle. By recording angular-resolved
time of flight (TOF) spectra, we obtain information on the reaction products, intermediates involved,
branching ratios of competing reaction channels, reaction energetics, and on the underlying reaction
mechanisms. These data are of crucial importance to comprehend the formation of two key classes of
molecules in combustion processes: resonantly stabilized free radicals (RSFRs) and (substituted) polycyc-
lic aromatic hydrocarbons (PAHs).

2. Recent Progress

First, our research program exposed that monocyclic aromatic molecules along with their corresponding
radicals [benzene (C¢Hg) / toluene (C¢HsCHj3) as well as the phenyl radical (C¢Hs) / benzyl radical
(C¢HsCH,)] can be formed as a consequence of a single collision event in the gas phase. Second, crossed
molecular beam experiments were designed exploiting the formation of three prototype classes of (methyl
substituted) polycyclic aromatic hydrocarbons (PAHs) [indene (CoHg), naphthalene (C,oHg), and
dihydronaphthalene (C;oH;¢)]. Third, these studies were expanded to elucidate the formation of nitrogen-
substituted aromatics [pyridine (CsNHs), (iso)quinoline (CgNH;), dihydro(iso)quinoline (CgNHy)].
Fourth, acetylene (C,H,) reactions relevant to the hydrogen abstraction — acetylene addition mechanism
(HACA) leading to bicyclic and tricyclic PAHs were investigated. Finally, we explored the degradation
(oxidation) of monocyclic aromatic molecules: the phenyl radical. Various projects were conducted in
collaboration with experimental and theoretical groups involved in DOE-BES sponsored research
including Dr. Ahmed (Lawrence Berkeley National Laboratory) [P1, P11, P18-21, P24] and Prof. Mebel
(Florida International University) [P1-4, P6-10, P12, P14-18, P21-23].

2.1. Formation of Substituted Monocyclic Aromatic Hydrocarbons

Having established that bimolecular reactions of dicarbon molecules (Cz(XlZg+/a3Hu)) and of ethynyl
radicals (C,H) with 1,3-butadiene (C,H;C,H;) form the phenyl radical (C¢Hs) and benzene (C¢Hy),
respectively, under single collision conditions, we expanded these combined experimental and theoretical
studies to probe potential pathways to substituted monocyclic aromatic molecules of fundamental
importance to combustion processes: toluene (C¢HsCH3) and the benzyl radical (C¢HsCH,). Combining
reactive scattering experiments of dicarbon molecules (Cz(XlZg+/a3Hu)) and of ethynyl radicals (C,H)
with isoprene (2-methyl-1,3-butadiene (C,H;C,H,CH3) with electronic structure and RRKM calculations,
our investigation reveals that the methyl group either acts as a spectator or is actively engaged in the
chemistry leading eventually to the formation of toluene (C¢HsCHj3) and of the benzyl radical (CsHsCH,)
(Figure 1). These overall strongly exoergic reactions proceed via indirect scattering dynamics without
entrance barrier through complex formation via an initial addition to one of the terminal carbon atoms of
isoprene followed by isomerization (ring closure, hydrogen migration) prior to hydrogen atom elimination
and aromatization. These studies present the very first experimental evidence — contemplated by
theoretical studies — that under single collision conditions substituted monocyclic aromatic hydrocarbons
can be formed in a bimolecular gas phase reaction via reaction of two acyclic molecules involving
cyclization processes at collision energies relevant to combustion flames.
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Fig. 1: Monocyclic aromatic hydrocarbons formed under single collision conditions in crossed molecular
beam experiments via the reactions of dicarbon (C,) with isoprene (CsHg), 1,3-butadiene (C,H; C,Hj3)
with dicarbon (C,), 1,3-butadiene (C,H3C,H;) with the ethynyl radical (C,H), and isoprene (CsHg) with
the ethynyl radical (C,H) (from left to right): the benzyl radical, the phenyl radical, benzene, and toluene.

2.2. Formation of (Substituted) Bicyclic Aromatic Hydrocarbons

Considering the unique capability of our crossed molecular beams machine to untangle the energetics and
dynamics of bimolecular reactions leading to prototype bicyclic polycyclic aromatic hydrocarbons
(PAHs) indene (CqHs), naphthalene (C,oHs), and dihydronaphthalene (C;oH;¢) via reactions of the phenyl
radical (C¢Hs) with unsaturated C3 (methylacetylene, allene) and C4 hydrocarbons (vinylacetylene, 1,3-
butadiene) under single collision conditions, we expanded our studies to the next level and investigated
the formation of (di)methyl-substituted PAHs with indene and naphthalene cores (Figure 2). We
generated intense supersonic beams of ortho- and meta-tolyl (2- and 3-methylphenyl) radicals (CsH4CH3)
via photodissociation of helium-seeded 2- and 3-chlorotoluene and probed the reactions with unsaturated
C3 to C5 hydrocarbons. With the exception of methyl-substituted indene molecules, these bimolecular
reactions lead to the formation of (di)methyl-substituted polycyclic aromatic hydrocarbons (PAHs) with
naphthalene and 1,4-dihydronaphthalene cores in exoergic and entrance barrier-less reactions under
single collision conditions. Most importantly, the reaction mechanism involves the initial formation of a
van-der-Waals complex and addition of the phenyl-type radical to the C1 position of a vinyl-type group
through a submerged barrier. Our investigations suggest that in the hydrocarbon reactant, the vinyl-type
group must be in conjugation to a -C=CH or -HC=CH, group to form a resonantly stabilized free radical
(RSFR) intermediate, which eventually isomerizes to a cyclic intermediate followed by hydrogen loss and
aromatization with PAH formation. The barrierless formation of (dimethyl-substituted) PAHs defies
conventional wisdom that PAH synthesis necessitates elevated temperatures.

0 OO0 A

Fig. 2: Prototype polycyclic aromatic hydrocarbons (PAHs) indene, naphthalene, and dihydronaphthalene
(top row) together with their (di)methylsubstituted counterparts (bottom row) formed in the reactions of
phenyl-type radicals (phenyl, ortho- and meta-tolyl) with C3 to C5 hydrocarbons.

2.3. Acetylene Reactions Relevant to the Hydrogen Abstraction — Acetylene Addition Mechanism

Despite the popularity of the hydrogen abstraction — acetylene addition (HACA) mechanism, the under-
lying elementary reactions leading to PAH formation have not been verified experimentally to date under
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controlled experimental conditions. Exploiting our chemical reactor to simulate combustion conditions
and interrogating the supersonically cooled product via tunable vacuum ultraviolet light (ALS), we
exposed for the first time that HACA-type mechanisms can produce the prototype PAHs naphthalene
(CyoHsg), indene (CqHsg), and acenaphthylene (C;,Hg) via reactions of phenyl (C¢Hs), benzyl (CsHsCH,),
and naphthyl radicals (C,oH;) with acetylene (C,H,) (Figure 3). However, neither anthracene (C;4H;0) nor
phenanthrene (C;4sH,;o) was detected as products of the reaction of 1- and 2-naphthyl radicals with
acetylene. These findings indicate that — as predicted from electronic structure calculations - the HACA
mechanisms is less versatile toward the formation of more complex PAHs than previously postulated thus
opening up alternative reaction pathways possibly via vinylacetylene-mediated synthesis of more
complex PAHs in combustion flames.

naphthalene indene acenaphthylene
Fig. 3: Polycyclic aromatic hydrocarbons (PAHs) synthesized in the pyrolytic reactor.
3. Future Plans

We are planning to explore the formation of tricyclic PAHs carrying six- and five-membered rings such
as anthracene/phenanthrene and fluorene under single collision conditions via reactions of bicyclic
aromatic radicals like naphthyl and indenyl with C2 to C4 hydrocarbons (acetylene, methylacetylene,
allene, vinylacetylene) in collaboration with Prof. Mebel. Further, we continue the elucidation of the
destruction (oxidation) of PAH-based radicals such as naphthyl and indenyl in the pyrolysis reactor in
collaboration with Musa Ahmed (LBNL) at the Chemical Dynamics Beamline.
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Program Scope

This program focuses on the development of innovative laser-based techniques for measuring
temperature and concentrations of important combustion species as well as the investigation of
fundamental physical and chemical processes that directly affect quantitative application of these
techniques. Our development efforts focus on crossed-beam approaches such as time-resolved nonlinear
wave-mixing. A critical aspect of our research includes the study of fundamental spectroscopy, energy
transfer, molecular dynamics, and photochemical processes. This aspect of the research is essential to the
development of accurate models and quantitative application of techniques to the complex environments
encountered in combustion systems. These investigations use custom-built tunable picosecond (ps) and
commercial femtosecond lasers, which enable efficient nonlinear excitation, provide high temporal
resolution for pump/probe studies of collisional processes, and are amenable to detailed physical models
of laser-molecule interactions.

Recent Progress
Quantifying spatio-thermochemical state detection through ultrabroadband coherent anti-Stokes
Raman spectroscopy (CARS): During the past year, we
have further developed our new capabilities in
ultrabroadband CARS imaging. Simultaneous
measurements of high fidelity molecular thermometry and
several of the major combustion species begins to address
one of the most urgent needs for comparison of benchmark
combustion data to combustion simulations — the
determination of thermo-chemical state conditioned
(o) : - I statistics. In the past, various dual-pump and triple-pump
"N, "0, * CH, *Hy/5 =cO/5 ,,, " | CARS schemes have been developed to gain simultaneous
......... resonant signal from two or three molecular species
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Figure 1. (a) Simultaneously measured
relative species concentration
measurements from 1D ultrabroadband
CARS measurements taken in the
quenching region of a side-wall quenching
burner. (b) In-situ measured relative
coherence dephasing rates. (c) Species-
dependent correction factor to account for
differential dephasing.

T T T = technique that we have developed over the past two years,

we have demonstrated the simultaneous detection of N,, O,
CH,, Hy, CO,, C;H, and CO — a significant advance over
previous schemes. Once the species resonances are
corrected for the varying excitation efficiency of the 7
femtosecond supercontinuum source, the species mole
fraction ratios may be evaluated according to Equation 1:

Xi _ |5x % ony X e_t(l/TNz_l/TXi) (1)

N SNZ ox;

where X;/N, is the molar ratio of the i-th chemical species
relative to N,, Sy / Sy,is the ratio of the integrated CARS
signal of species i compared to N, gy, is the Raman cross
section for species i, t is the probe pulse delay time (100 ps

for the concentration measurements), and 7, is the dephasing constant for species i. The species mole
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fraction ratio (relative to inert N,) is commonly employed instead of the absolute species mole fractions,
due to the difficulty of detecting H,O in CARS multiplexed techniques. The relative Raman cross
sections and the dephasing constants for each species-specific transition must be obtained from the
literature or measured. We have previously shown that the collisional coherence dephasing constant may
be measured in-situ in flames with a probe delay scan technique which negates the need for a linewidth
model altogether. We performed such probe delay scans during time-resolved 1D-CARS measurements
in the quenching zone of a side-wall quenching burner, thereby measuring spatially dependent total
collisional dephasing rates for each detected species in the wall-normal direction. With the dephasing
constant known, the integrated signal intensities can be corrected for the probe delay, as shown in Figure
1. In addition, carefully calibrated gas mixtures were prepared to measure the relative differential CARS
cross section for O,, CO,, CH,, and H,, which were found in some cases to differ substantially from the
available literature values.

Time-domain measurement of adiabatic strong-field effects: In 1981, Farrow and Rahn [A]

reported the first observation of optical stark splitting of

w
o
|
S

i * rotational Raman transitions of a molecule, demonstrated for

28 ] J% +3 ground state N,. Splitting of the secondary total angular

. ;0% momentum quantum numbers (M; states) could be observed

_ 26 even when the Stark field was of the order 40 GW/cm? with

5 o] high resolution nonlinear inverse Raman spectroscopy. The

& gl= ] relevant energy level diagram is shown in Figure 2. For pure-

. rotational transitions, the interaction is based upon the
c ] 2 polarizability anisotropy.

0 rz< » In the H, molecule, transitions with energy above the

72: =D =330 S(0) line, such as the S(1) pure-rotational transition, should

give rise to a similar optical stark-splitting effect with linearly
Figure 2. Taken from Ref. [A]. The polari_zed electric f_ield. We ha_lvg_performed time-domain
energy level diagram for H, in the | €Xperiments exploring the possibility to measure such an
presence of a ~ 1 TW / cm? electric field. | adiabatic splitting in the time-domain as opposed to utilizing
Observable splitting of the magnetic | Very high resolution techniques, which may yield access to an
sublevels is observed with a field strength | assessment of extremely small splittings of the M; levels
of just 35 GW / cm?. through polarization beating of the coherent Raman signal.

The beating is because the induced splitting will be
substantially less than the bandwidth of the picosecond probe laser. In these experiments, the S(0) and
S(1) pure-rotational transitions of H, were imaged along a 1D spatial coordinate to the spectrometer and
CCD camera in a 1D femtosecond pump / picosecond
probe CARS experiment. A single-mode nanosecond
laser at 532 nm was focused in the flow of cold H, to
create electric field strengths which varied across the o
CARS image from < 10 GW / cm? to > 500 GW / cm?. — 4somy
By delaying the probe pulse with respect to the

femtosecond coherence preparation pulse, small
splittings in the signal of each rotational transition
should appear as a time-domain beating of the signal.
The experimentally observed signal, as shown in Figure
3, shows very interesting behavior. A long timescale
beating can be observed, which is indicative of a very

small frequency splitting in the rotational transition, o Ee o o0 W Xy e e
while simultaneously the coherence signal actually
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Future Work

Development and benchmarking of a time-domain H, S-branch CARS model. The wide
bandwidth of our recent supercontinuum based CARS measurements has allowed us to record the first
complete pure rotational coherent Raman spectrum of H, simultaneously with the pure-rotational
spectrum of N, and Q-branch detection of the other major flame species concentrations. At flame
temperature, the H, S-branch spectrum spans more than 1000 cm™ because of the large rotational
constant. In rich and sooting flames, where significant amount of H, are produced, a robust assessment of
rotational thermometry based on a molecule other than N, is valuable. This requires construction of the
molecular model for the time-domain polarization response of H,, incorporation into our CARS code, and
verification of the assessment of temperature against a canonical burner as a standard. For this, we will
employ the well characterized Wolfhard-Parker slot burner which will allow a wide span in H,
temperature, in addition to measurements in a heated cell.

N,/O, pure S-branch CO, Q-branch €)]

‘ ‘
N, Q-branch

H, S(3) H, S(5)

‘ 0, Q-branch

Wall-normal distance (y) / mm

0 500 1000 1500 2000 2500
Raman shift / cm™?

Figure 4. Measured ultrabroadband 1D-CARS image in the quenching region of a rich wall-
impinging methane/air flame. Panel (a) shows the signal in the product zone. Panel (b) is an image taken
prior to the quenching zone. Significant H, is produced near the flame front and diffuses back into the
reactant zone. Up to the S(5) line of H, is observed. Panel (c) is the nonresonant signal demonstrating
the broad bandwidth of interrogation.

Multiplexing 2D-CARS with particle imaging velocimetry (P1V). With the recent development
of the first 2D-CARS measurements in our lab, our plan is to begin multiplexing the diagnostic with other
techniques to gain access to joint statistics not previously attainable, such as the instantaneous thermal
field and flow field obtained by combining 2D-CARS with PIV, respectively. Initial experiments will be
conducted to determine if the particle scattering will interfere with the interpretation of the 2D-CARS
signals, since the temperature is extracted by retrieving intensity spectra. However, since the signal is
Raman shifted from the scattering frequency, it is expected that the PIV measurement will not interfere
with the 2D-CARS assessment. Once this is determined, in collaboration with Dr. Jonathan Frank (CRF,
Sandia), we will perform joint PIV and 2D-CARS in turbulent DME flames of current interest in
Jonathan’s lab. Planar CARS measurements before and after the addition of the PIV seeding particles
will ensure the negligible effects of the seeding density on the combustion itself.

Simultaneous nonresonant referencing for supercontinuum excitation. The 7 femtosecond
supercontinuum pulse used in our ultrabroadband CARS experiments is generated by focusing the
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femtosecond laser output through a hollow core fiber filled with noble gas. The fiber acts as a waveguide
to keep the intensity high enough for significant self-phase modulation to occur on the pulse, which has
the effect of adding significant bandwidth. This bandwidth is then compressed after the fiber, allowing
the generation of ultrashort pulses. Unfortunately, highly nonlinear processes occurring in the fiber are
chaotic, and result in a pulse spectrum that varies substantially form shot to shot. This ultimately limits
the single-laser-shot precision attainable in the multiple species measurement capability the technique
enables. However, by detecting the nonresonant signal separate from the resonant signal of interest, a
single-laser-shot measurement of the effective excitation profile of the laser could be achieved. This
would dramatically increase the precision of ultrabroadband CARS measurements by enabling on-the-fly
correction for the fluctuating excitation profile. We plan to achieve this by one of two methods: 1)
polarization based separation of the resonant and nonresonant signals detected through separate
spectrometer channels, or 2) using a portion of the beam to mix in a high pressure cell of argon and detect
the resulting signal on a separate camera.

Direct measurement of N,-Fuel and N,-H,O broadening coefficients. With the successful
development of the time-domain technique for acquiring high-accuracy S-branch broadening coefficients,
demonstrated thus far for the N,-N, and Ny-H, collisional systems, we propose to continue the
collaboration with Per-Erik Bengtsson of Lund University, Sweden, to tackle the relative paucity of
broadening coefficient data in the literature for air-fuel collisional systems. Initial studies will focus on
the collisional broadening of N, and O, when perturbed by DME, ethane, ethylene, propane, and
propylene. Accurate broadening models must be developed for these collisional environments, especially
at elevated pressures. We will alter our current time-domain CARS code to implement these new
linewidth libraries and test the validity of the model in our newly constructed high-pressure, high-
temperature cell.
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Program Scope

The focus of this program is the theoretical estimation of the kinetics of elementary
reactions of importance in combustion chemistry. The research involves a combination of ab
initio electronic structure calculations, variational transition state theory (TST), classical
trajectory simulations, and master equation calculations. We apply these methods to reactions of
importance in various aspects of combustion chemistry including (i) polycyclic aromatic
hydrocarbon (PAH) formation, (ii) hydrocarbon oxidation, and (iii) NOx chemistry. The specific
reactions studied are generally motivated by our interactions with combustion modeling efforts.
We are also interested in a detailed understanding of the limits of validity of and, where feasible,
improvements in the accuracy of specific implementations of transition state theory. Detailed
comparisons with experiment and with other theoretical methods are used to explore and
improve the predictive properties of the transition state theory based models. Dynamics
simulations are performed as a means for testing the statistical assumptions, for exploring
reaction mechanisms, and for generating theoretical estimates where statistical predictions are
clearly inadequate. Master equation simulations are used to study the pressure dependence of the
kinetics and to obtain phenomenological rate coefficients for use in kinetic modeling.

Recent Progress

Hydrocarbon oxidation: OCP) + C,H,: The reaction of atomic oxygen with ethylene is
an important oxidation step for many fuels and is prototypical of reactions in which oxygen adds
to double bonds. For this class of reactions, decomposition of the initial adduct via spin-allowed
reaction channels on the triplet surface competes with intersystem crossing (ISC) and a set of
spin-forbidden reaction channels on the ground-state singlet surface. The *O + C,H, reaction has
been extensively studied, but previous experimental work did not provided detailed branching
information at elevated temperatures, while previous theoretical studies have employed empirical
and/or very approximate treatments of ISC. In collaboration with Jasper (Sandia), Zador
(Sandia), and Miller the kinetics for the *O + C,H, reaction was predicted with an AITSTME
approach that incorporates a priori Landau-Zener statistical predictions for the ISC together with
a direct classical trajectory study of the product branching directly after ISC. The theoretical
predictions are in good agreement with existing experimental thermal kinetics and molecular
beam studies and with past theoretical work, with the notable exception of product branching at
elevated temperature. Above ~1000 K, we predict CH,CHO + H and *CH, + CH,O as the major
products, which differs from the room temperature preference for CH; + HCO (which is assumed
to remain at higher temperatures in some models) and from the prediction of a previous detailed
ME study. These changes have important ramifications for combustion properties such as the
ignition delay in C,Ha, which is reduced by a factor of 2 to 3.

Aromatic Radical + O,: For aromatic radicals there is little known about the
recombination kinetics, especially for the high temperatures of relevance to combustion. We
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employed direct CASPT2 based VRC-TST to predict the high-pressure recombination rates for
four prototypical aromatic hydrocarbon radicals: phenyl, benzyl, 1-naphthyl, and 2-naphthyl. The
predicted rate coefficients are in reasonably satisfactory agreement with the limited experimental
data and are expected to find utility in chemical modeling studies of PAH growth and oxidation.

Criegee Intermediates: There is currently considerable interest in the kinetics of Criegee
intermediates (CI) due to their role as a source of OH in the atmosphere. They also arise in
combustion as intermediates in low temperature radical oxidation of fuels such as dimethyl ether.
In a collaboration with Lester (Penn) we explored the dissociation kinetics for syn-CH;CHOO
and (CHj3),COOQO CI. Energy-dependent rates for unimolecular dissociation were obtained through
direct time-domain experimental measurements employing pulsed tunable IR laser excitation of
the CI and UV probing of the OH product. These measurements provided a novel test of our
ability to predict microcanonical unimolecular dissociation rates. Remarkably, a priori tunneling
corrected RRKM calculations employing potential energy surface properties evaluated with
high-level thermochemical methods yielded quantiative agreement with the observations (within
10%). The conversion of these microcanonical rates to thermal rates yields reliable data for both
atmospheric and combustion modeling of CI dissociation kinetics.

Hydrocarbon Growth Studies: HACA Mechanism: In collaboration with Mebel (Florida
International), we predicted the pressure dependent thermal kinetics for various steps in the

Hydrogen-Abstraction-C,H,-Addition (HACA) +HIOH/CH3-Ha/H,0/CH,
mechanism, which is arguably the best-known Benze"e© — Phenyl, C;H“’ Kk
mechanism for ring growth. Introduced by \) j+c2|-|2 phenryei;lcef;ﬁme
Frenklach and Wang, HACA represents a “a +CoH,
. o . 2P1
repetitive sequence of two principal reaction O —oTT 2.W1 ©/
. : +HI-H
types: thg abstraction of a hydrog§n atom from CHCHs G 2
the reacting hydrocarbon by a radical, followed Qﬁ < *CHp o @/N S
by the addition(s) of acetylene molecules to the P -
6a-W1 / +H\:-Hzl H l+c

radical site formed in the previous H-abstraction Bittner-  CeHiCoH; # s 2H2
step. The production of a higher PAH, Howard 2W3CT\ ~H styrene©\/j
containing an extra aromatic ring in its core, can W

8 ; ; g . Modified *C2H2> ,/j,l?\vw ts‘m
be accomplished by a ring closure ensuing the Frenklach \ ]

H
C,H, addition(s). Two alternative HACA 6aW2 6b-W2

pathways for the sequential additions of two -H [l\j“/ 5w2
+H

F \

C,H, were proposed by Frenklach et al. and by

Bittner and Howard (cf. Figure 1). In

Frenklach’s route, the second acetylene adds to [ et
the aromatic ring activated by either a Naphthalene
conventional or an internal hydrogen abstraction
mechanism, whereas in Bittner-Howard’s route,
the second acetylene molecule adds directly to
the product of the first addition.

Our predictions should be considerably more reliable than the early AM1-based RRKM
results of Wang and Frenklach, which are employed in most current PAH/soot models. Notably,
the calculations indicate strong pressure dependence for the role of the various HACA
sequences. At atmospheric and lower pressures the CgH7 radicals, C¢H4C,Hs and CeHsC,Ha,
cannot be stabilized above 1300 K. As a result, both the Bittner-Howard and the modified
Frenklach HACA routes are inoperable under low-pressure flame conditions. However, at the

Figure 1. Schematic illustration of the Frenklach
(red), modified Frenklach (pink), and Bittner-
Howard (blue, green) HACA routes.
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higher pressures of practical combustion devices (i.e., 10-100 atm) the CsH7 species are stable
enough that HACA routes may be operative. Naphthalene is predicted to be the main product of
the C¢HsC,H, + C,H,, and CcH4C,H3 + C,H; reactions in the entire 500-2500 K temperature
range independent of pressure (ignoring the issues related to the instability of CgH; species).
Frenklach’s original HACA route involves the CcH4CoH + C,H, reaction, which is shown to
predominantly form dehydrogenated species with a naphthalene core (naphthyl radicals or
naphthynes) at 77 < 2000 K and diethynylbenzene at higher temperatures. Overall, the results
clearly indicate that one must use caution when using low-pressure flame studies to validate
PAH mechanisms for use in broader ranges of pressure.

Review Article: We have written a lengthy review article as a companion to our
upcoming plenary lecture for the International Combustion Symposium in Korea. The review
highlights the success of ab initio chemical kinetics, as well as its remaining challenges, through
comparisons with experiments ranging from elementary reaction kinetics studies through to
global observations such as flame speed measurements. The illustrations progress from the
treatment of relatively simple abstraction and addition reactions, which proceed over a single
transition state, through to the complexity of multiwell multichannel reactions that commonly
occur in studies of the growth of polycyclic aromatic hydrocarbons. In addition to providing high
quality rate prescriptions for combustion modelers, theory will be seen to indicate various
shortcomings in the foundations of chemical modeling. Future progress in the fidelity of the
chemical modeling of combustion will benefit from more widespread applications of theoretical
chemical kinetics and from increasingly intimate couplings of theory, experiment, and modeling.

Future Directions

Our future work will continue to focus on the application of ab initio chemical kinetics to
the prediction of the kinetics for reactions of key importance in combustion chemistry. Our
various applications will continue to involve coupling with state-of-the-art electronic structure
methods in collaboration with Harding and detailed comparisons with experiment as available.
Currently, we are developing a code for proceeding directly from molecule specification to high
accuracy rate predictions for simple reactions such as abstractions and single well radical-
molecule or radical-radical additions. This code will be used to facilitate the exploration of the
kinetics for large numbers of reactions in a given class.

We continue to collaborate with Mebel on a grand vision of mapping the full PAH
kinetics for the first few aromatic rings. Currently we are converting numerous published
detailed PES into meaningful kinetic estimates via our MESS program. Further work will
explore refinements of the various AITSTME models to improve the accuracy of the predictions.

Further collaborations with Lester and Hase (Texas Tech) are planned for the analysis of
the kinetics of Criegee intermediates. These studies will explore additional Criegee intermediates
and will involve more detailed examinations of the pressure dependence of the kinetics including
predictions of the direct decomposition fraction from trajectory determined energy distributions.
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Program Scope: The goal of this project is to explore the fundamental effects of high pressure (P) on the chemical
kinetics of combustion and to use that knowledge in the development of accurate models for combustion chemistry
at the high pressures of current and future engines. We design and implement novel experiments, theory, and
modeling to probe high-pressure combustion Kinetics from elementary reactions, to submechanisms, to flames. The
work focuses on integrating modeling, experiment, and theory (MET) through feedback loops at all levels of
chemical complexity. We are currently developing and testing the methodology for small alkanes, alcohols, and
ethers as key prototype fuels. The consortium expands and enhances collaborations between Argonne’s Chemical
Dynamics in the Gas Phase Group and the Combustion Chemistry Group in Sandia’s Combustion Research Facility.

Recent Progress: Ignition begins with oxidation of a fuel radical (R) to a peroxy radical (RO,), followed by
decomposition or isomerization to a new carbon-centered radical (QOOH), which can decompose or undergo a
second oxidation step. Decomposition of RO, and QOOH forms a relatively unreactive HO, or a single reactive OH;
second O, addition can produce OH + ketohydroperoxide (KHP), which may in turn decompose to OH + oxy-
radical. As a result, the degree of radical chain termination vs. chain branching in autoignition depends on the T- and
P-dependent competition between unimolecular decay and second O, addition to QOOH. Our recent efforts have
centered on probing these initiation reactions in the low-T autoignition regime.

Second O, addition pathways in ether oxidation: We explored the
oxidation chemistry of dimethyl ether (DME) and tetrahydrofuran (THF),
two prototypical (linear and cyclic) ethers that are also building blocks of
larger promising biofuel alternatives. The O atom in ethers weakens the
neighboring C-O and C-H bonds, enabling B-scission reactions that are
not available to simple alkanes. As a result, nearly all QOOH formed in
DME oxidation rapidly decomposes by C-O bond scission to OH + 2
CH,0; whereas in THF the analogous pathway leads to ring-opening and
the formation of OH + butanedial. We also find strong experimental
signatures of second O, addition to QOOH in both DME and THF;
however, the subsequent fate of OOQOOH differs between these two
cases, further highlighting the influence of molecular structure on
reactivity. In DME, a second intramolecular H abstraction leads to the
formation of hydroperoxymethyl formate (HPMF, analogous to KHP in
butane oxidation), in agreement with earlier observations in a jet-stirred
reactor. In contrast, the rigid ring structure of THF prevents the formation
of KHP and instead leads to HO, elimination from OOQOOH. With help
from quantum chemistry and experiments on partially-deuterated THF,
we identified the relevant reaction pathway and its product,
dihydrofuranyl hydroperoxide (DHF-OOH), as shown in Fig. 1. This
channel outcompetes the formation of KHP and reduces radical chain-
branching in THF at T < 650 K, yet pathways such as these are currently
not included in low-T oxidation schemes.
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Figure 1. Top: transient photoionization mass
spectrum of THF oxidation at P = 1500 Torr,
T =600 K. Bottom: time traces of 2,3-DHF-
OOH, a product of second O, addition to
QOOH. Bottom left: mechanism of 2,3-DHF-
OOH formation.

Development of High-Pressure Photoionization Mass Spectrometry (HP-PIMS): Synchrotron-based multiplexed
photoionization mass spectrometry for kinetics experiments has been very successful. However, high-P experiments
demand increased sensitivity. In order to avoid secondary chemistry, radical concentrations must be kept no higher
than ~10" cm?, so sample dilution must increase linearly with reactor pressure. The sensitivity of the existing
apparatus has limited the range of useful accessible pressures to about 2 atm for most systems. However, within the
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last year we have built a new high-pressure photoionization mass spectrometer (HP-PIMS), with a substantial
increase in sensitivity compared to the earlier approach.

Chemical reactions are initiated by laser photolysis of an appropriate radical
precursor in a homogeneous flow reactor in the presence of excess fuel and O,
in an inert bath at P up to 100 atm and T up to 800 K. The reaction mixture is
continuously sampled through an interchangeable orifice (10 — 100 um
diameter) into a vacuum chamber that houses a custom-built photoionization
mass spectrometer. In a departure from convention, photoionization occurs
only 2 mm downstream from the sampling orifice in a dense, yet already fully
cooled (i.e. collisionless) part of the gas expansion. The highly divergent ion
beam is extracted softly through a slit skimmer by custom electrostatic optics
(without inducing additional collisions), then gently focused by custom ion
guides into a pulsed reflectron TOF mass spectrometer with time resolution of I [1on guides
20 ps and mass resolution m/Am ~2000. The coupling of the continuous ion | 10° Torr
beam into the pulsed mass spectrometer is optimized by the design and  § s — =
operation of the ion guides, and the overall ion collection efficiency approaches Figure 2. High-P PIMS endstation.
100%. Compared to the traditional approach, the high-density ionization Inset: calibration mass spectrum,
scheme produces a factor of ~100 increase in sensitivity, enabling sensitive, ~ used to obtain performance
multiplexed PIMS experiments at previously inaccessible sample pressures. benchmarks of this apparatus.

Reflectron
mass spec
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High-Repetition Rate miniature Shock Tube (HRRST): The HRRST is part of a suite of instruments that have been
developed under the HPCC project and operates over P < 100 bar, 600 < T < 3000 K. The majority of experiments
are conducted behind the reflected shock wave and the stable observation period has been increased to 300 ps from
130 ps by optimizing operation of the driver valve. The HRRST is primarily intended for use with synchrotron-
based detectors. These typically produce weak signals and signal averaging is required to obtain sufficient S/N.
Consequently, the HRRST is fully automated and runs at repetition rates from single shot to 4 Hz producing
reproducible reaction conditions for thousands of shots. The apparatus has been run in multiple campaigns at the
Advanced Photon Source (APS) and Advanced Light Source (ALS). The APS experiments primarily used x-ray
absorption spectroscopy of argon to verify that well-formed shock waves with predictable, reproducible properties
are created in the HRRST. However, in Dec. 2015 preliminary small angle x-ray scattering experiments were
conducted at APS beamline 12-1D to examine the early stages of soot formation.

The most recent experiments at the ALS beamline 9.0.2 employed a new configuration of the HRRST, coupled by
molecular beam sampling to a compact Kaesdorf mass spectrometer to obtain photoionization mass spectra with
6.667 s Kinetic time resolution. Analysis of data from these types of experiments is discussed by Lynch et al.(14)
The HRRST was operated at 1 Hz and approximately 20,000 shocks were performed per shift. At each condition
(e.g. ionization energy, temperature) four hundred shocks were performed. These were binned to produce ensemble
averaged mass spectra of 250-350 shocks per spectrum and standard deviations in reflected shock temperatures of
~2%. Smaller standard deviations can easily be obtained by adjusting the binning criteria, at a penalty in S/N. The
pyrolysis of dimethyl ether, a key species for the HPCC project, and two molecules that are routinely used as
chemical thermometers (chlorocyclohexane and cyclohexene) were studied. The chemical thermometers will test
that accurate rate coefficients can be extracted from these experiments. As noted below some challenges remain.

6000

1o ey s DME and cyclohexene were studied at fixed
108 = "This work reaction conditions and the ionization
3 4000 energy was scanned to  obtain
§1o.o g? photoionization effici(_ency_ (I_DIE) §pe_ctra.
5 £ 2000- Chloro-cyclohexane dissociatively ionizes,
§ 85 and was studied at a fixed ionization energy
& o0 . ] but over a range of reaction conditions.

' “Cooletal, In. . Mass Spectrom. 2005, 247 (13), 18:27 From the DME and cyclohexene
85 90 95 100 105 110 115 120 experiments PIE spectra were obtained such
m'z =) as that shown in Fig. 3 for ethene. Excellent

Figure 3. lonization/mass plot for dissociation of cyclohexene (Ts= 1470
+30 K; P5 =4 + 0.13 bar) and PIE spectrum with 0.1 eV resolution for m/z
28 (CH,).

agreement with the high resolution PIE of
Cool et al. is found. In addition to PIE
spectra the data yield the time resolved
species concentrations from which kinetic data can be extracted. A remaining challenge to obtaining accurate rate
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coefficients is that the large pressure changes within the HRRST during an experiment results in large density
changes in the molecular beam entering the ion source. Consequently, even if the concentration of a species were
not varying in time, the ion signal would. In conventional shock tube/MS experiments this is corrected for by
normalizing the signals to an inert internal standard. However, in PIMS experiments the ionization energies of
suitable standards are typically much higher than the photon energies used to produce a PIE. A promising solution
that is being tested is to obtain a concentration vs. time plot of the ion signal of an inert species at sufficiently high
photon energy to obtain strong signal and then use this to normalize other species measured at lower photon
energies. This approach is feasible with the HRRST because signal averaging minimizes random fluctuations from
successive ionization events.

0.6 — e Prompt Dissociations of Radicals: Within combustion chemistry,

S 051 A ,,':,:; open-shell radical species have always occupied a central role. In a
® 044 I : e 1 recent theoretical study, we h_ave shown that fc_)r a \{vegkly bound
S 03] —rziam e _radlcal such as the formyl_re_1d|cal (HCO),_ the dissociation process
7] e interferes with the collisional relaxation process and as a
% 0.2 consequence of this it undergoes “prompt” dissociation to H + CO.
o 019 e L i When HCO is born with an initial thermal distribution, the prompt
0.0, e . dissociation probability, Pgissociation » 1S given by 1- f,. where f, is
500 1000 1500 2000 the non-equilibrium factor, which was reported in prior studies as

a measure of the degree to which dissociation interferes with

internal energy relaxation. We calculated that there is a significant

Figure 4. HCO prompt dissociation probabilities.  amount of HCO prompt dissociation at the high temperatures

(>1000 K) of relevance to combustion and flame chemistry (cf.

Fig. 4, solid lines). Additionally, these theoretical calculations indicated that prompt dissociation probabilities are

enhanced when HCO is formed through exothermic abstraction reactions such as OH + CH,O and H + CH,O
(dotted and dashed lines, Fig. 4).

Temperature (K)

In-a companion modeling study, numerous flames of hydrocarbon and ~ —  40fznaveTs =
oxygenated molecules were simulated with current widely used literature E
kinetics models. Inclusion of our theoretically predicted prompt HCO O 3o T
dissociation fractions in these literature models led to an increase in the g oy arazon g ©
predicted flame speeds for the simulated fuels (CH4 n-C;Hy, CoHg, 8 5 S Mmpetaiags . e
CH3;0CHj3, CH30H) by ~ 10% at 1 atm (cf. Fig. 5). Simulations of higher 2 § éigi‘;‘.’h"z“é%if‘la;ozg" 4
pressure flames (10 atm) predicted smaller enhancements in flame speeds (~ £ 4 Bosschaarteta. 2004
5%). In these laminar flame speed simulations, prompt dissociation of HCO Al R R R R
provided an additional source of H-atoms, thereby feeding chain branching . =
. . S . Equivalence Ratio

reactions and promoting flame propagation in these prototypical fuels of . - _

. . Figure 5. CH,-air flame, P = 1 atm,
relevance to the combustion community. T =298 K
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Future Directions

We plan to continue the current experiments on DME and THF at higher pressures and temperatures, enabled by the
newly-constructed HP-PIMS capability. The new high-quality THF data will be used within the HPCC framework
to develop a more comprehensive mechanism for THF oxidation. We also plan to extend our efforts to increasingly
complex (larger, longer-chain, and branched) hydrocarbon and oxygenated fuels.

We will also continue to pursue advances in experimental methodologies. We will re-design the flow reactor,
coupled to our HP-PIMS apparatus, in order to optimize the sampling nozzle geometry and minimize heterogeneous
reactions. We will also explore the possibility of using broadband cavity-enhanced transient absorption in high-
pressure environments as well as coupling of HP-PIMS to other types of reactors or shock tubes. The HRRST will
contribute to several core efforts of the HPCC consortium. The HRRST will be coupled to the HP-PIMS reactor,
which should permit lower reagent concentrations to be used while maintaining good S/N. Several potential biofuels
and intermediates in novel fuel combustion are cyclic ethers and thus, a series of experiments will be performed on
molecules such as dioxanes and methylated furans to examine their pyrolytic and oxidative chemistry at elevated
pressures. Additional x-ray scattering experiments are planned to refine the methodology and to allow the early
stages of soot formation to be studied.
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Prompt dissociations are a general feature for all weakly-bound radicals. We propose to theoretically calculate
prompt dissociations in other small weakly bound hydrocarbon radicals (C,H;, C,Hs, CH30, CH,OH, C3Hs, i-C3H5,
n-C;H;, CH;CO, CH;CH,0) and characterize their potential relevance to combustion modeling.

As a direct outcome of our recent shock tube studies that were successful in obtaining channel specific rate constants
in H-atom abstractions from simple alkanes, we propose to extend this technique to obtain site-specific abstraction
rate constants in simple oxygenated molecules. Furthermore, we envision that this technique will facilitate a direct
probe for prompt dissociations of radicals. Abstraction using a thermal source for OH-radicals (TBHP) or O-atoms
(O3) will be used as a means to form the radical of interest in the shock tube. H/D/O-ARAS and/or OH-multipass
absorption diagnostics are then used to make time-resolved measurements of the radical decomposition.
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I. Program Scope

The hydroxyl radical, a key oxidant in combustion, is generally detected by laser-induced
fluorescence on the AZZ*—X?IT band system. Sensitive, state-selective ionization detection of
OH radicals offers additional advantages, and thus this laboratory is expanding its efforts to
develop and apply a robust 1+1’ ionization scheme that combines OH A-X excitation with VUV
ionization via autoionizing Rydberg states. Carbonyl oxides, important intermediates in
tropospheric hydrocarbon oxidation and some combustion reactions, and related isomeric species
are also being examined to determine their intrinsic stability and explore dynamical pathways.

I1. Recent Progress
A. VUV photoionization studies

Recently, we demonstrated a new 1+1' resonance enhanced multiphoton ionization (REMPI)
scheme for sensitive and state-selective detection of OH X?IT radicals,>? which is readily
implemented using typical laboratory laser setups. UV excitation on the A%2x* - X?[1 transition is
used to prepare a range of intermediate A" (v'=1, 2) levels. Subsequent fixed-frequency VUV
excitation at 118 nm (10.5 eV), generated by frequency-tripling the third harmonic of a Nd:YAG
laser in Xe, accesses autoionizing OH [A®I1, 3d], v=0 Rydberg states. The 1+1' REMPI scheme
is practical and has already been applied in this laboratory for photoionization mass spectrometry
and velocity map imaging studies of OH radicals.®®

While easy to implement, the underlying mechanism for the 1+1’ REMPI scheme is not as
straightforward. The present study uses tunable VUV radiation to continuously scan over a
broad frequency range to access OH Rydberg states with an A%TT core and 3d electron from
specifically prepared rovibrational levels of the OH A2x* (v'=1) state.® The tunable VUV is
generated via two-photon resonant four-wave mixing (ovuv=2m1—w2) with 2m; fixed on a Kr
resonance, building on analogous studies by Pratt and coworkers.” Distinct rotational and fine
structure levels are observed for two newly identified OH 2IT Rydberg states. Spectroscopic
constants are derived and several effects due to uncoupling of the spin and/or angular momentum
of the Rydberg electron are identified, most notably significant A-doublet splittings. The VUV
transitions exhibit a range of linewidths, indicating that the Rydberg state lifetimes due to
autoionization are on the order of a picosecond. Moreover, this study demonstrates that the OH
1+1" REMPI scheme is enhanced by accidental overlap of the fixed VUV radiation with
rotationally resolved 2IT Rydberg - A?X* transitions, followed by ionization. The overlap of
fixed VUV (118 nm) radiation with prominent lines in VUV scans also corroborates the
previously reported enhancement factors for REMPI to LIF signals.? In the future, it would be
highly desirable to use photoelectron imaging to unravel the ionization mechanism.
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Vinyl hydroperoxide, a family of molecules with a C=COOH moiety, is predicted to be an
important intermediate in many reaction pathways leading to OH radical products. The
photoionization thresholds for the vinyl hydroperoxides are computed to be quite similar to other
isomers, including carbonyl oxides known as Criegee intermediates, which makes separation of
the isomers quite difficult by this means. We recently reported the first direct detection of
stabilized vinyl hydroperoxides.® This laboratory demonstrated that a number of alkyl
substituted vinyl hydroperoxides can be generated by carboxylic acid catalyzed tautomerization
reactions of Criegee intermediates with a-hydrogens. A doubly hydrogen-bonded interaction
between the Criegee intermediate and carboxylic acid facilitates efficient hydrogen transfer
through a double hydrogen shift. Deuteration of formic or acetic acid permits migration of a D
atom to yield partially deuterated vinyl hydroperoxides as shown in the scheme below, which are
distinguished from the CH3CHOO, (CH3).COO, and CH3CH>CHOO Criegee intermediates by

mass.
@(g'o D-0 @02} {D O‘OD (o)
H H 0 ® )——gl H HO

H
Reaction scheme for syn-CH;CHOO with DCOOD.

Using 10.5 eV photoionization, three prototypical vinyl hydroperoxides, CH,=CHOOD,
CH>=C(CH3)O0D, and CHsCH=CHOOD, are detected directly.® Complementary electronic
structure calculations by Kumar and Thompson revealed several reaction pathways, including the
barrierless acid-catalyzed tautomerization reaction that they had predicted previously® as well as
a barrierless addition reaction that yields hydroperoxy alkyl formate.

In collaboration with Taatjes and coworkers, we have also carried out experiments on
hydroxyacetone (CH3C(O)CH2OH) formation using the multiplexed photoionization mass
spectrometer at the Chemical Dynamics Beamline with tunable VUV radiation from the
Advanced Light Source. Hydroxyacetone was observed as a persistent signal at m/z 74 at long
reaction times in a flow tube after photolytically generating (CHs)2COO Criegee intermediates.°
Hydroxyacetone is detected at a photoionization threshold of ca. 9.7 eV, which is considerably
higher than that for the (CH3).COO isomer. Complementary electronic structure calculations by
Kumar and Thompson have revealed multiple reaction pathways for hydroxyacetone formation
including unimolecular isomerization involving hydrogen atom transfer and -OH group
migration as well as self-reaction of the Criegee intermediates.*®

B. Velocity map imaging studies

Recently, we utilized our new 1+1' REMPI ionization scheme for state-selective detection of
OH X?IT radicals in its initial application with velocity map imaging (VMI). This initial VMI
study examined the angular and velocity distributions of OH products arising from unimolecular
decay of CH3CHOO, revealing the release of excess energy to internal and translational degrees
of freedom as a means of elucidating the dynamical pathway(s) to products.> The more stable
syn-conformer of the CH3CHOO Criegee intermediate was vibrationally activated using IR
radiation in the CH stretch overtone region to access the transition state (TS) barrier region
leading to OH products. The reaction pathway involves intramolecular 1,4 hydrogen atom
transfer that results in isomerization to vinyl hydroperoxide. This is followed by O-O bond
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cleavage to form OH + vinoxy products, although not via a simple barrierless O-O bond breaking
process due to the presence of exit channel barriers and associated product minima.>'! The VMI
experiments were complemented by quasi-classical trajectory (QCT) calculations from the TS to
products by Wang and Bowman in a joint publication.®

This study focused on infrared excitation of syn-CHsCHOO at 6081 cm™, which provides
just enough energy to surmount or tunnel through the barrier and dissociation to OH products
that are detected.!? At this excitation energy, the OH products appear within the temporal
resolution of the lasers (< 5 ns).*®* The angular distribution of the OH products obtained using
VMl is isotropic, demonstrating that dissociation occurs more slowly than the rotational period
of syn-CH3CHOO (> 2 ps). The total kinetic energy release (TKER) derived from the 2D image
is a broad and unstructured distribution with an average TKER of 1100 cm™ or 20% of the
available energy. The OH products are released with minimal excitation, indicating that most of
available energy flows into internal excitation of the vinoxy products. The release of the excess
energy to internal and translational degrees of freedom differs considerably from a statistical
distribution, but is captured in QCT calculations initiated at critical configurations along the
reaction pathway. The best agreement comes from trajectories starting at a submerged saddle
point in the exit channel .

I11. Future Work

We plan to utilize this novel OH detection scheme in VMI studies of photochemical and
unimolecular reactions. Ongoing studies are examining the release of excess energy to internal
and translational degrees of freedom upon IR activation and unimolecular decay of the dimethyl-
substituted Criegee intermediate (CH3).COO* and the hydrogen trioxy HOOO radical. The
latter should provide a definitive measurement of the stability of the trans-HOOO species,'>
which has a weak chemical bond between the associated OH and O, components.
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I. Program Scope

The goal of the proposed research is to create computational flame diagnostics based
chemical explosive mode analysis (CEMA) and bifurcation analysis to systematically detect
critical flame features such as ignition, extinction and premixed and non-premixed flamelets, and
to further understand the underlying physicochemical processes controlling limit flame
phenomena, flame stabilization, turbulence-chemistry interactions and pollutant emissions etc.
Diagnostics based on CEMA are performed for typical laminar flames and a variety of turbulent
flames of transportation fuels (collaboration with J.H. Chen at Sandia and S. Som at Argonne) to
extract salient physical information from the complex flow fields. CEMA is further employed to
segment complex turbulent flames based on the critical flame features, such as premixed reaction
fronts, and to enable zone-adaptive turbulent combustion modeling.

II. Recent Progress
A. Extinction of strained non-premixed flames based on CEMA diagnostics

The extinction behavior of strained non-premixed flames for ethylene-air is
systematically investigated using CEMA. It was found that the competition of the chemical
explosive mode (CEM) and diffusion plays a critical role in determining flame extinction, which
is corresponding to the bifurcation points on the S-curve response to the flow straining.
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Figure 1. (a) Maximum temperature as function of strain rate in non-premixed flames of nitrogen diluted
ethylene-air, and (b) temperature profiles at selected points on the S-curve in (a). Color indicates
sign(Re(A.)) X log1o(1 + |Re(A,)]) at the stoichiometric surface, and A, is the eigenvalue of CEM.

This extinction mechanism is consistent with that of perfectly stirred reactors (PSR) identified in
our previous studies based on bifurcation analysis [8]. In the present study of the diffusion
flames, it was found that CEM first emerges at the stoichiometric surface of the non-premixed
flame. This observation can be used as an indicator that the flame is approaching extinction as
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shown in Fig. 1. It was further found that the crossover of the timescales of CEM and local
diffusion projected to the direction of the CEM on the stoichiometric surface is an efficient and
robust indicator of flame extinction for the ethylene flame, as shown in Fig. 2. This criterion for
extinction of strained non-premixed flames is shown to be valid under different conditions,
including different extents of fuel dilution and different inlet temperatures and was found to
closely agree with the turning points on the S-curves of the ethylene flames, providing a possible
diagnostic of local extinction in complex turbulent flow fields.

~ 8 T 5 ' [

L N

3 ° S Aa = 1/74 0 Dal=1 ] B

L : e RO oot it

+ < ; 2

= 2 v -5 o . |

3 ] ~ K C,H,-Air

i i - s Tin= 550K | [°

X 2 Q -10 A8 X =047

5 -2

-4

E 15 'N.

T % (a .

5 (a) ‘\extinctionlimit ” (b) i

5 oo 2000 2500 “o 05 1 15 : &
Maximum temperature, K Strainrate, 1/s x10

Figure 2. (a) Timescales as function of maximum temperature, (b) Damkdhler (Da = 1,/1,) as function
of strain rate in non-premixed counterflow flames of ethylene-air, showing that Da = 1 accurately
captures extinction. Color in (b) indicates sign(Re(1))x log,o(1 + |[Re(1)]) at stoichiometric surface.

B. An explicit CEMA formulation for on-the-fly computational diagnostics

While CEMA can identify critical flame features in both premixed and non-premixed
flames, it involves time consuming eigen-decomposition of the chemical Jacobian and thus is
difficult to be applied on-the-fly in
large-scale flame simulations. To 5
address this issue, a semi-analytic
explicit criterion is developed to provide I
an efficient and robust replacement of =
CEMA to predict local limit phenomena
in complex flow fields. The reactions 5
dominate the CEM are first identified by
decomposing the eigenvalue, such that
the reactions with negligible effects to % °f
the CEM can be eliminated. The
coefficients between the reaction
timescales, which can be evaluated
analytically, and the CEM eigenvalue

, mm
(=3

mm
=]

.
win

S N R BL L O N R BL L, O N RE®

are then tabulated as function of local En
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The explicit CEMA formulation is 0 s 2 » “ %
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validated n large eddy Sl.mulatlons‘ of Figure 3. (a) Timescale of CEM calculated with full and
non-premixed n-dodecane jet flame into semi-analytic explicit CEMA formulation, respectively,
heated air, as shown in Fig. 3. It is seen  for 4 non-premixed n-dodecane jet into air at Spray A
that the explicit CEMA formulation can  condition at different time. Isocontour: full CEMA,
accurately capture the zero-crossing of  isoline: explicit formulation.
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the CEM eigenvalue, which is critical for the diagnostics of limit flame phenomena, while the
computational overhead of the explicit formulation is negligible compared with the overall
computational cost of practical 3-D flame simulations.

C. CEMA based zone-adaptive modeling of turbulent flames

Turbulent combustion modeling is challenging when complex flame configurations are
involved, e.g. being hybrid of premixed and non-premixed. Most current models are typically
specific for a particular type of flame, e.g. either premixed or non-premixed flamelet, or either
auto-ignition or stirred reactors. CEMA is a reliable diagnostic to identify different flame
features in complex flow fields, and it is extended to enable zone adaptive modeling for complex
turbulent flames.

The zone adaptive modeling is investigated a posteriori in large eddy simulation of a
transient lifted n-dodecane jet flame into hot air at Spray A condition. The explicit CEMA
formulation was employed to identify premixed reaction fronts, and subsequently pre-ignition
zone, and post-ignition zones in the flame. The premixed fronts were identified as the zero-
crossing of the CEM eigenvalue, pre-ignition zones are identified by the presence of CEM and
post-ignition zone was identified by the absence of CEM. Figure 4 shows the temperature
isocontour obtained using full chemistry and the progress variable model, a variation of the non-
premixed flamelet model, respectively, for post-ignition mixtures identified using the explicit
CEMA. Accurate result was obtained using a single progress variable because CEMA accurately
identifies the applicable range of the highly simplified progress variable model. Figure 5 further
shows the scatter plots of temperature and CO concentration for the full solution and modeled
post-ignition zone, respectively. It is seen that the scatter of post-ignition states in the full
solution (blue) are accurately captured by the model (green). CEMA-based zone adaptive
modeling is shown capable to integrate existing models specific to certain flame conditions by
rigorous identification of the applicable zones of such models in complex flow fields.
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Figure 4. Temperature isocontour of a lifted n-dodecane jet flame at Spray A condition solved with full
chemistry (left) and a progress variable model for the post-ignition zone identified with CEMA (right).
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I.  Program Scope

Nonlinear optical techniques such as laser-induced polarization spectroscopy (PS), resonant
wave mixing (RWM), and electronic-resonance-enhanced (ERE) coherent anti-Stokes Raman
scattering (CARS) are techniques that show great promise for sensitive measurements of transient gas-
phase species, and diagnostic applications of these techniques are being pursued actively at
laboratories throughout the world. The objective of this research program is to develop and test
strategies for quantitative concentration and temperature measurements using nonlinear optical
techniques in flames and plasmas. We have continued our fundamental theoretical and experimental
investigations of these techniques. We have also initiated both theoretical and experimental efforts to
investigate the potential of femtosecond (fs) laser systems for sensitive and accurate measurements in
gas-phase media. Our initial efforts have been focused on fs CARS, although the systems will be
useful for a wide range of future diagnostic techniques involving two-photon transitions. In the last
two years we have demonstrated the acquisition of single-shot temperature measurements at data rates
of 5 kHz in highly turbulent, swirl-stabilized methane-air flames. The fs CARS measurements
exhibited high signal-to-noise ratios and temperatures were extracted from nearly every laser shot. We
have spent a considerable amount of time over the last year in analyzing the data from these
measurements and have two Combustion and Flames papers accepted for publication describing the
measurements.

We have also extended the dynamic range of the fs CARS temperature measurement system by
using a two-channel detection scheme. To test the two-channel scheme, we borrowed equipment from
Andor Corp. Thanks to a supplemental funding grant from the Gas Phase Chemical Physics Program,
we bought a new electron-multiplying charge-coupled device (EMCCD) camera system and imaging
spectrometer, and we are now using the two-channel detection system on a routine basis.

During the previous year we performed two-color PS measurements of nitric oxide using two
injection-seeded optical parametric generator/pulsed dye amplifier (OPG/PDA) systems, both
operating near 452 nm. Collision-induced resonances were clearly observed with this system. The
effects of different buffer gases on the generation of the collision-induced resonances were
investigated and a numerical code for calculation of the two-color PS spectra developed. However,
the operation of the OPG/PDA systems was very complicated, especially with the short-lived blue
dyes used in the PDA, and we are now in the process of setting up a system with two dye lasers
operating near 620 nm. The output of these dye lasers will be sum-frequency mixed with the 355-nm
output of an injection-seeded Nd:YAG laser to produce the two tunable laser beams near 226 nm
needed for the experiments.

We are investigating the physics of both fs CARS and two-color PS by direct numerical
integration (DNI) of the time-dependent density matrix equations for the resonant interaction.
Significantly fewer restrictive assumptions are required using this DNI approach compared with the
assumptions required to obtain analytical solutions. We are concentrating on the accurate simulation
of two-photon processes, including Raman transitions, where numerous intermediate electronic levels
contribute to the two-photon transition strength. We have made significant progress in the last year on
modeling two-color PS of atomic hydrogen, and are obtaining good agreement between experiment
and modeling. We have also developed a code for the modeling of two-color PS signals, including the
generation of collision-induced resonances.
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I1. Recent Progress

A. Femtosecond CARS Calculations and Experiments

The single-shot, chirped-pulse-probe (CPP) fs CARS system for temperature measurements is
shown in Fig. 1. Fs CARS offers several major potential advantages compared with nanosecond (ns)
CARS; i.e., CARS as usually performed with nanosecond pump and Stokes lasers. These potential
advantages include an elimination of collisional effects in the signal generation and the capability of
performing real-time temperature and species measurements at data rates of 1 kHz or greater as
compared to 10-50 Hz for ns CARS.
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Figure 1. Schematic diagram of CPP fs CARS experiment. the single-pulse measurements.

The fundamental 800-nm pulse is
Fourier-transform-limited to within a few percent. The fundamental 800-nm beam is used as the probe
beam for our chirped-pulse-probe (CPP) fs CARS experiments as shown in Fig. 1. The greatly
increased pulse energy of the chirped-pulse-probe beam results in a significant increase in the signal-
to-noise ratio of the single-pulse measurements. During the past year we continued our analysis of
single-laser-shot temperature measurements acquired at a data rate of 5 kHz in a highly turbulent,
swirl-stabilized burner that has been characterized extensively at DLR Stuttgart. Measurements were
performed for a so-called “stable” case and for a case with significant thermoacoustic instabilities.
The CARS temperature measurements are in good agreement with previous single-shot Raman
scattering measurements in the same flame. A microphone was used to record pressure pulsations in
the burner. Simultaneous acoustic measurements enabled phase-synchronization of the fs CARS
measurements with the thermo-acoustic pulsations in the burner. The rapid accumulation of
statistically-converged datasets also supported a phase conditioned statistical analysis to study the
time-evolving thermo-chemical state over the course of a thermoacoustic cycle. The CARS
measurements are described in P1 and in a pair of articles accepted for publication in Combustion and
Flame.

The measurements in the DLR
Detistion Channel 2 burner were quite successful in that on
virtually every laser shot the signal
level was high enough and the signal
was clean enough such that a
temperature could be determined by
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Figure 2. Two-channel detection system for high-dynamic-
range, 5 kHz CPP fs CARS single-shot temperature
measurements.
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from Andor and set up a two-channel detection system featuring a 90%T/10%R beamsplitter as shown
in Fig. 2. When the gas in the CARS probe volume was hot (>1000K), the signal in detection channel
1 was analyzed to determine the temperature. When the gas in the CARS probe volume was cold
(<1000K), the signal in detection channel 2 was analyzed to determine the temperature. The
experimental system and measurements in a hydrogen jet diffusion flame are discussed in paper P2.
As discussed above, the measurements discussed in paper P2 were performed with equipment
borrowed from Andor Corp. to test the system, and thanks to supplemental funding from this program
were have now bought the needed EMCCD camera and spectrometer and have set up the two-channel
detection system on a permanent basis.

We have also begun to perform CPP fs CARS measurements of fuel species. We performed
measurements of methane, ethylene, and propane, and mixtures of these gases at room temperature for
a range of pressures up to 8 bars. We developed a model for methane and we were able to simulate
the room temperature spectra from pure methane and methane/nitrogen mixtures very well. We will
continue fs CARS measurements of species such as methane, ethylene, and propane in a newly
developed high-temperature, high-pressure gas cell.

B. Development of a New High-Pressure, High-Temperature Gas Cell

During the last year we designed and fabricated a new high-temperature, high-pressure gas cell.
The gas cell is depicted schematically in Fig. 3. The gas cell tube and inner flanges are fabricated
from Hastelloy and is electrically heated over the central portion of the Hastelloy tube. The stainless
steel window flanges are water-cooled to enable the use of elastomeric O-rings for pressure sealing.
The gas cell is designed for point measurements at the center so a significant temperature gradient
between the center and ends of the cell will exist. Convective flow due to the temperature gradient
will be minimized using interior baffles. The cell is designed for a maximum pressure of 30 bars at
the maximum center temperature of 1000 K.

I1l. Future Work

We will continue to perform fs CARS experiments in our laboratory using the Coherent ultrafast
laser system. Our studies of temperature measurements using CPP fs CARS will continue. We
continue to investigate the effect of laser system parameters on the CPP fs CARS spectrum to improve
the temperature accuracy of the technique. We will explore the potential for using CPP fs CARS for
accurate concentration measurements for hydrocarbon species and other polyatomic molecules, a very
hard species to measure using ns CARS. We will make full use of the high-temperature, high-pressure
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Figure 3. High-pressure, high-temperature cell for CPP fs CARS measurements.

119



gas cell that we have fabricated for fundamental studies of the effects of temperature and pressure on
fs CARS measurements of temperature and species concentrations. We are also working with Prof.
Carlo Scalo of our department to parallelize the fs CARS density matrix codes and run them on the
Purdue supercomputer.

Our investigation of the physics of single-photon, two-color PS for species such as NO will
continue. We have developed a new experimental apparatus for these measurements and collected
extensive line shape and concentration data for atomic hydrogen, and are in the process of
investigating collision-induced resonances for two-color PS of NO. We will be able to explore
collisional effects on the PS and 6WM processes in much more detail using the two-dye laser system
that we are currently setting up. We will continue to use the density matrix code to gain insight into
the physics of the PS and 6WM processes.

In the past year we have begun to perform measurements using combined the two-beam pure
rotational CARS and a three-laser, dual-pump vibrational CARS system. We have been measuring
CO,, N,, and O, with the dual-pump vibrational CARS system in lean premixed methane/air pilot-
stabilized flames. This work will continue throughout the next year and we will switch narrowband
dye laser wavelengths for simultaneous dual-pump CARS measurements of H, and No.
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Particle Diagnostics Development
H. A. Michelsen
Sandia National Labs, MS 9055, P. O. Box 969, Livermore, CA 94551
hamiche@sandia.gov

I. Program Scope

Combustion processes often produce solid carbon particles, i.e., soot. These particles may be oxidized
to form gas-phase species or released into the exhaust stream, where they can be coated with liquid
coatings. These coatings can be comprised of any of a number of components, including unburned fuel,
lube oil, sulfuric acid, water, and other combustion by-products.' The research program described here
focuses on the development and use of diagnostics for soot particles in combustion environments and
combustion exhaust plumes. The goal of this work is in situ measurements of volume fraction, size,
composition, and morphology of combustion-generated particles with fast time response and high
sensitivity. Measurement techniques are targeted for studies of soot formation and evolution and must be
versatile enough to probe particles throughout their entire life cycle. Techniques are being developed for
detection and characterization of particles in combustion environments from incipient particles that are 2-
10 nm in diameter and composed of condensed large organic species to mature soot particles composed of
aggregates of carbonaceous primary particles resembling polycrystalline graphite. Diagnostics are also
being developed for chemical studies of growth, pyrolysis, and oxidation within combustors and
characterization of inhomogeneous particles in exhaust streams.

I1. Recent Progress

Our work has focused on developing a detailed understanding of the chemical and physical
mechanisms that influence the applicability of laser-based, X-ray, and mass spectrometric techniques for
soot detection and characterization under a wide range of conditions. In recent work, we have developed,
refined, and applied a range of diagnostic methods to investigate the formation, evolution, and oxidation
of soot in atmospheric premixed flat and laminar diffusion flames.

A. Probing Soot Chemistry Using X-Ray and Complementary Diagnostics

Measurements of soot-particle size, morphology, fine structure, and composition form the foundation
for our understanding of soot formation, graphitization, and oxidation in combustors and the basis for
predictive soot-chemistry models. Numerous experimental techniques have been developed to probe the
evolution of these parameters, but many of these methods involve extractive sampling, which leads to
large perturbations of the chemistry under investigation. There is a need for diagnostics that can be used
to characterize particles formed in the combustor without resorting to extractive sampling. We have
initiated a collaboration with Drs. Jon Lee and Tony Van Buuren (LLNL) to exploit X-ray techniques for
in situ measurements of soot physical and chemical characteristics. We are using Small-Angle X-ray
Scattering (SAXS) for particle size, Wide-Angle X-ray Scattering (WAXS) for particle fine structure, and
spontaneous X-ray Raman Spectroscopy (XRS) for particle composition information. We are coupling
these in situ X-ray diagnostics with complementary in situ laser diagnostics, such as Laser-Induced
Incandescence (LII), extinction, and scattering, and ex sifu X-ray, laser, and imaging diagnostics, such as
Scanning Mobility Particle Sizer (SMPS) measurements for particle size, Transmission Electron
Microscopy (TEM) for particle fine structure, and X-ray Photoelectron Spectroscopy (XPS), Near-Edge
X-ray Absorption Fine-structure Spectroscopy (NEXAFS), Raman Microscopy (RM), and Aerosol Mass
Spectrometry (AMS) for particle composition information. We are also collaborating with ALS beamline
scientists Drs. Zhu, Hexemer, and Schaible for SAXS/WAXS, Stanford Synchrotron Radiation
Lightsource (SSRL) beamline scientists Drs. Weng, Nordlund, Sokaras, and Kroll for XRS and NEXAFS,
and our Sandia colleague Dr. Farid El Gabaly for XPS and RM.
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