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translational energy distribution.
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FOREWORD

The Fifteenth Combustion Research Meeting, hosted this year by the Chemistry Department,
Brookhaven National Laboratory, is being held from June 2 through June 4, 1993. As in the past,
the purpose of this meeting is to foster colla_oration, cooperation, and exchange of current research
ideas among those grantees and contractors of the DOE Office of Basic Energy Sciences (BES)
whose research is related to the understanding of combustion processes. This meeting affords a
singular opportunity for the scientific community most directly involved with the chemistry and
dynamics underlying combustion processes to contribute to the direction of the DOE basic research
efforts related to combustion.

The BES program is not a combustion program. Rather, it is a basic research program with the
long term objective of providing knowledge and concepts needed by scientists and engineers to
model and optimize the performance of combustion-based devices to meet national goals of energy
efficiency and environmental protection. The research efforts comprising this program cover a
broad range of activities including:

Chemical Reaction Theory

Provision of accurate potential energy surfaces and calculation of dynamics on these
surfaces to serve as a basis for developing and testing semi-empirical models for predicting,
with proven accuracy and reliability, the effects of temperature and pressure on gas phase
chemical reaction rates.

Development of efficient, accurate methods for calculating potential energy surfaces and for
performing dynamics calculations.

Provision of potential energy surfaces and reactive and elastic scattering cross sections for
prototypical systems.

Experimental Dynamics and Spectroscopy

Determination of the angular dependence of reaction cross sections as functions of collision
energy and internal energy of prototypical reactants and products.

Characterization of molecular dissociation processes as functions of internal energy.
Development of molecular beam and spectroscopic techniques for providing such data.

Thermodynamics of Combustion Intermediates

Provision of bond dissociation energies of stable molecules and free radicals
Development of methods for measuring these quantities and assessing their accuracies.
Determination of the structure and relevant energy states of combustion intermediates.

Chemical Kinetics

Provision of reaction rates and branching ratics of reactions important in combustion,
preferably at temperatures and pressures characteristic of combustion environments.

Development and demonstration of new methods for determining chemical reaction rates.

Provision and assessment of critical data for assessing the predictive accuracy of theories
and models for the temperature and pressure dependence of combustion reaction rates.
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Reaction Mechanisms

Identification of critical paths in combustion systems through study and analysis of
reaction subsystems such as pyrolysis and/or oxidation of classes of compounds.

Development of methods for analyzing reaction mechanisms.

Estimation of constituent reaction rates where these are not available by more dire-t
means.

Identification of key chemical reactions in combustion processes.
Combustion Diagnostics

Development and evaluation of techniques for species identification and for measuring
species concentrations in flames and combustion devices.

Provision of reference data and models for the calibration of combustion diagnostic
methods.

Development and evaluation of techniques for measuring temperatures and velocities in
combustion devices.

Fluid Dynamics and Chemically Reacting Flows

Development and application of methods for characterizing species concentrations in flames
as functions of time and position, and for characterizing turbulence structure in flames.

Development of theories and computational techniques for characterizing turbulence in
flames.

Development of theories and computational methods for treating fluid dynamics and
chemistry on comparable time scales.

This meeting brings together scientists who might not otherwise have occasion to communicate
directly with each other. To this end, time that might have otherwise been assigned to additional
presentations has been set aside for participants to discuss and plan work of mutual interest. To
this end also, the extended abstracts are made available at the start of the meeting and serve in
place of poster sessions. If the meeting accomplishes its objectives, its success will be due in large
measure to the conscientious efforts of all the participants to engage in candid discussions of each
other’s work, to seek assistance from others with appropriate expertise, and to offer assistance to
those encountering problems in the pursuit of their research.

This book of abstracts contains, in addition to the extended abstracts of all projects related to
combustion and supported by the DOE Office of Basic Energy Sciences, the agenda for the meeting
and the list of invitees. The abstracts, including those corresponding to this year's formal

presentations, are in alphabetical order according to principal investigator or, if more than one, by
the name of the first author on the abstract.

Special thanks are due to Ralph E. Weston and Nancy Sautkulis of the Department of Chemistry,
Brookhaven National Laboratory, for the organization of this year's meeting.

William H. Kirchhoff
Fundamental Interactions Branch
Division of Chemical Sciences
Office of Basic Energy Sciences
U.S. Department of Energy
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Analysis of Turbulent Reacting Flows
W. T. Ashurst, P. K. Barr & J. M. Card
Combustion Research Facility
Sandia National Laboratories
Livermore, California 94551-0969

Program Objective

Numerical simulations that treat one aspect of combustion in great detail, while treat-
ing other features more crudely, have been ceveloped in order to high.ight various aspects
of combustion. This allows the full computer power to be devoted to simulating a single
feature in each model, and simulates that feature well, rather than poorly representing all
features. As an example, direct simulations of constant density Navier-Stokes turbulence
have been used to determine premixed flame geometry. This recent work has shown that
the most probable flame shape is that of a cylinder, caused by the tube-like shape of the
most intense vorticity, and so this result implies that detailed flame-vortex interactions,
which include chemistry and heat release, may be done in two-dimensional configurations.
Currently, a four-step reduced chemical kinetic scheme is being used to estimate the effect of
flame shape upon temperature and quenching behavior in a two-dimensional flame-vortex
model.

Flame Propagation in Three-Dimensional Turbulence

Constant-density premixed flame propagation in three-dimensional Navier-Stokes tur-
bulence has been simulated.! An advantage of this constant energy turbulence simulation is
that the statistics of flame propagation are gathered in a statistically steady turbulent flow.
A zero-thickness flame model with specified flame speed Sp has been used. A continuous
scalar G evolves according to

oG +u-VG = Si|VG|

ot
and because the flame is a passive scalar, the continuous scalar G contributes statistical
information on flame propagation at each numerical grid point within the computational
domain. Thus, a small system of only 643 grid points yields results comparable to larger
.systems in which a flame with finite thickness occupies only a small fraction of the total
volume.

Comparison of flame curvature with experimental information, obtained in grid turbu-
lence with the premixed flame stabilized near a wall, show that computed and measured
curvature distributions agree, where each distribution is reduced by its own variance.? Fur-
ther comparisons of flame curvature as a function of flame location within the turbulent
flame zone are being done: Preliminary results indicate that the mean positive curvature
(convex with respect to unburnt gas) does not vary with location, while the mean negative
curvature increases with increasing distance from the front of the flame zone. Additional



features of the flame geometry will be examined in order to amend models of turbuient
premixed flame zones.

Front Propagation Through Strong Turbulence

Direct simulations of turbulence have revealed the intense vorticity to be tube-like,
with an apparent length of six diameters. The local swirling flow around the tube axis has
several effects on flame propagation: 1) it produces the cylindrical flame shape described
above; and 2) it enhances the flame advancement through the fiow. The overall propagation
rate is defined as the turbulent flame speed S7, and its dependence upon the turbulent
velocity flucations u' and the laminar flame speed Si, is required for engineering design
purposes.

Simulations with the passive flame model in three- and two-dimensional flows have
shown that flame propagation may be considered to have two components: 1) flame ad-
vancement within a swirling eddy; and 2) flame propagation between eddies. To simplify
the concept, consider that the flow between eddies does not, on average, enhance the flame
front propagation rate above the value of S;. And, consider that within an eddy the flame
front moves at speed u' + S. This structure of a flow composed of swirling eddies which
are intermittently located in space yields an upper limit on the effective turbulent flame
speed St. This limit occurs because only within an eddy does the flame front move at a
speed larger than Sz, and so the time duration required for the flame moving at S to
encounter the next eddy becomes the rate-limiting step as the turbulence becomes more
intense, u' >> S;.

From the passive flame simulations described above we obtain the result that S7/5y =
(1+4'/SL)/(a + bu'/SL) where the coefficients a and b represent the eddy diameter and
the spacing between eddies with values of @ = 1 and b < a. This functional form exhibits
a square-root behavior for Sr/S when u' < S, and appears to agree with some data
correlations of turbulent flame speed.! Another interesting possibility is when the space
between the eddies is actually occupied by eddies of a much smaller size, which might
occur when the turbulence becomes stronger. If a new set of eddies at the smaller length
scale did exist, then the cbove model could be repeated upon itself as a recursion relation.
This recursion model is not completely formulated at this time, but simple conjectures
lead to the overall behavior of ST depending upon the levels of eddies within the flow and
the swirling magnitude at each level. As a spectulation, such eddy-level concepts could
explain the mixing transitions noted in experimental results by Dimotakis.®

Flame- Vortez Interaction

Previous simulations* of a vortex interacting with a diffusive flame sheet indicated the
formation of a flame tongue with the possibility that the highest temperature occurs at
the flame tip. Note, this diffusive flame structure does not have the propagation effect
described above for the premixed flame, and because of the lack of a propagation mech-
anism, the diffusive flame zone is trapped in the neighborhood of the vortex. From the



three-dimensional turbulence simulations we infer that these intense vortex tubes have a
long lifetime due to an extensional strain rate along the tube axis. This axial strain can
maintain a constant vortical diameter, as in the Burgers’ vortex solution where vorticity
has a Gaussian radial distribution. The trapped diffusion flame lies outside the vortical
region and the flame tip is formed at the radius corresponding to the maximum swirling
velocity. The tip feature is a balance of the swirling convection and the diffusion of fuel and
oxidizer. Simple model estimates® indicate that under most gaseous combustion conditions
the flame tongue will not wrap completely around the vortex.

This work has been extended® to include a two-step reduced chemical-kinetic mecha-
nism for a methane-air flame. An analytical treatment has been done by assuming that
the flame tongue has a parabolic shape, and so the tip curvature and magnitude of diffu-
sion at the tip are free parameters in this study. As before, the peak temperature occurs
at the flame tip, suggesting that pollutant formation may be different at the tip. If the
formation is greatly different than that created in the planar counterflow configuration,
which is commonly used to represent a turbulent flamelet, then inclusion of flame tips in
models of turbulent flow could be required. Numerical simulations that include more steps
in a reduced kinetic model, and additionally include multi-component diffusion, have been
initiated.

Future Research

Simulations of premixed flame propagation in three-dimensional turbulence will be
done with inclusion of volume expansion due to chemical reaction. Considering the cur-
rent agreement between experiment and simulations without heat release, then volume
expansion effects upon the burnt gas vorticity may not be that important to the flame
front dynamics. This apparent sucess of the constant density work could be related to
the flame propagation, that is the flame moves into the unburnt vortical structure and
leaves the burnt gas flow structure behind. Furthermore, the density ratio across the flame
reduces the effect of the burnt gas vorticity upon the flame (motions in the dense gas
will dominate those in the light gas). However, the burnt gas vorticity structures will be
important for slow reactions behind the flame zone, such as the formation of water and
carbon dioxide, in that these vortical structures will affect the mixing of post-flame gases.

The current turbulence simulations of premixed flame propagation, without heat re-
lease, provide strain rate conditions for further study of flame structure. It may be im-
portant that the most highly strained flames are in a swirling shear flow. In this swirling
flow around a vortex tube, the strain rate along the tube axis is less than the strain rate
created by the shear.” If the shear is close to cylindrical symmetry, then there may be no
shear effect upon the flame structure. However, if the flame structure is not a stable one
in this shearing motion, then the actual flame structure may exhibit transitions to other
forms and, hence, create other pathways for pollutant formation. Another implication of
the current work is that while it is appealing to use reduced chemical-kinetic schemes in



multi-dimensional flow problems, it is not certain that these reduced schemes will have the
same dynamical behavior as more detailed chemical-kinetic models. Again, the current
turbulence simulations can provide transient information for consideration by researchers
interested in the detailed kinetic models of flame structure. Confirmation of the conditions
under which the detailed kinetics may be replaced by reduced schemes is vital for reacting
flow simulations.

10.
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The Energetics and Dynamics of Free Radicals, Ions, and Clusters

Tomas Baer
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PROGRAM SCOPE

The structure and energetics of free radicals, ions, and clusters are investigated by
photoelectron photoion coincidence (PEPICO) and analyzed with ab initio molecular orbital
methods and statistical theory RRKM calculations. The aim of the research is the collection
of accurate structural and energetic data for free radicals, ions, and clusters. Equally
important is the advancement of our fundamental understanding of ionization and
dissociation processes. Among these is the effect of autoionization on the ion states
produced by photoionization. The application of molecular orbital ab initio calculations is
of central importance not only for the structural studies, but also because these calculations
provide vibrational frequencies for the RRKM calculations. As a result, it is possible to
carry out these rate calculations with only one adjustable parameter, namely the activation
energy.

In the PEPICO experiment, molecules are prepared in a molecular beam so that
their internal as well as translational energies are cooled to near 0 K. The coincidence
condition between energy analyzed electrons and their corresponding ions insures that the
ions are energy selected. The primary experimental information includes ionization and
fragment ion appearance energies, and the ion time of flight (TOF) distributions. The latter
are obtained by using the energy selected electron as a start signal and the ion as the stop
signal. These types of experiments allow us tc measure the ion dissociation rates in the 10*
to 10" sec’! range. Such ions are commonly referred to as metastable ions. In addition, the
TOF peak widths are related to the release of translational energy in the ion dissociation
process.

SUMMARY OF MAJOR RESULTS
Perhaps the most important advance during the past year has been in the field of
cluster photoionization. We have developed an experimental method for differentiating
similar mass cluster ions produced by the reactions:

(AB), + huv--> (AB),* + ¢ (1)
(Ab)n+m + hu--> (AB)u+ + (AB)m + € (2)

This method is based on the kinetic energy of the ions measured by TOF. The release of
kinetic energy is an essential part of all dissociation reactions. Because the initial velocity
of the molecular beam in the direction of the ion extraction is extremely small, the parent
time of flight (TOF) is exceedingly small. Thus any dissociation reaction, with its
concomitant release of energy results in a much broader ion TOF peak. As little as 10 meV
of translational energy can be measured by this approach.

Although it is now generally recognized that neutral clusters often dissociate upon



ionization, few studies have obtained unequivocal proof of this. Furthermore, the large
electron energy in the electron impact ionization has been generally blamed for this cluster
ion instability. Our results show that many cluster ions are unstable even when produced
with photoionization at the very lowest photon energies possible. It is worth noting that
when the cluster jons are produced by resonance enhanced multiphoton ionization
(REMPI), this problem is considerably less prominent because in this two step process, the
intermediate state can relax and provide more favorable Franck-Condon factors for
producing the cluster ion.

The study of acetylene clusters has shown that neutral dimers and trimers cannot be
ionized directly. All C;H,* and C¢H,* signal cumes from dissociative ionization of trimers
and tetramers, respectively. From a statistical theory analysis of the kinetic energy release,
it is possible to extract the final ion internal energy. This analysis demonstrates that the
C,H,* and C,H* ions are produced with 2 and 4 eV of vibrational energy respectively.
This indicates massive rearrangement of the cluster-ion structure upon ionization. In fact,
the C,H," and C¢H,* ion structures are completely different from the neutral dimer and
trimer structures. They are so different, that it makes no sense to speak of an ionization
potential for these clusters. The cluster ions are simply unstable.

Molecular orbital ab initio calculations support the experiment. No stable dimer or
trimer ion structure could be found. Geometry optimization always produced a stable ion
with real chemical bonds in a structure that was totally different from the dimer and trimer
neutrals,

Not all clusters ionize dissociatively. For instance, the acetone-Ar hetero dimer
produces sharp TOF peaks which indicates that it is stable. On the other hand, the acetone
dimer forms no stable dimer ions. Instead, we observe a broad monomer signal well below
the monomer IP. How can this be? We propose the following mechanism:

(Ac); + hv-->En* + Ac+ ¢

where Ac = CH,COCH, (acetone) and En = CH,COHCH, (enol of acetone). The enol
ion is about 1eV more stable than the acetone ion. The acetone ion evidently isomerizes
to the more stable enol structure as the neutral acetone unit leaves.

The TOF peak width method has also been applied to the study of free radicals.
One of the problems in a pyrolytic source is that a large assortment of stable molecules and
free radicals are produced. When this mixture is ionized, it is sometimes difficult to
distinguish an ion that is formed by direct ionization of its precursor, or if it is a product of
a dissociative ionization from some unknown parent structure. The narrow peak widths in
the TOF spectrum are clear signs that the AB* ion has come from the AB neutral.

Finally, a study of the butene ion dissociation has shed light on the role of rotational
energy in such reactions. The butene ions were prepared in two ways: a) by photoionizing
a cold sample in a molecular beam and b) by photoionizing a warm sample. The rates with
low J's were measured and analyzed by RRKM calculations, including a version of the
variational transition state theory (VTST). The measured rates for the warm sample which
consisted of a distribution over the vibrational and rotational energies could then be
analyzed with the previously determined cold rates. The suppression of the H loss channel

versus the much looses CH, loss channel as the sample is heated is evidence for the
rotational barrier in the former reaction path,



FUTURE PLANS

We plan to extend the study of cluster photoionization to determine what classes of
clusters can be directly ionized. For instance, one might expect that non-polar, spherical
molecules such as (CH,), clusters might have favorable Franck-Condon factors for
ionization. Similarly, NO dimers are thought to ionize directly, but this has so far not been
confirmed. Accurate ab initio calculations of ammonia dimers [Tachibana et al J.Phys.Chem.
95 9647 (1991)] including barriers to rearrangement to NH,NH,* have been reported. From
a knowledge of the neutral and ionic structures we will be able to calculate Franck-Condon
factors (FCF) for dimer ionization and compare them to the experimental results. Because
of the low FCF’s at threshold, the ammonia dimer probably ionizes only dissociatively. On
the other hand, the calculations also indicate that the mixed dimer, NH,-H,O, has a high
barrier for rearrangement and formation of either the NH,* + OH and the NH, + H;,*
products. Thus, direct ionization of this' neutral mixed dimer should be possible. In
addition, we will be able to measure the barrier for isomerization followed by dissociation
to H;O* + NH,.

The study of free radicals produced in a pyrolytic cell followed by supersonic
expansion will be continued. Cooling of the free radicals has already been demonstrated
by TOF mass spectrometry. The aim is to prepare t-butyl radicals in well characterized
energy states and to measure the dissociation rate for CH, loss. The analysis of the
dissociation rates using our calculated vibrationai frequencies will provide us with a good
value for the ion heat of formation. This approach avoids the problem often encountered
in ionization potential measurements which rely on good Franck-Condon factors for the 0-0
transition.

Finally, the role of rotations in unimolecular decay will be continued. The
comparison of cold and warm data for reactions with loose and tight transition states can
shed considerable light on this problem. The effect of rotations on the reaction rates is
quite subtle and thus difficult to determine if all other parameters are not carefully
controlled. The use of ab initio calculations which give vibrational frequencies and
transition state moments of inertia are absolutely essential for the success of this study.
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Many cheniical reaction systems are dominated by energy transfer. The
principal motivation for this research is to characterize energy transfer processes in
highly vibrationallv excited molecules of moderate size, where individual states
cannot be resolved. The over-all objective of this work is to develop a~curate and
practical models for describing and predicting energy transfer properties.

In previous work, we have used the infrared fluorescence technique to
investigate energy transfer in azulene, benzene, benzene-dg, toluene, and toluene-
dg. This work, which has used a single emission band (the C-H stretch mc-les near
3050 cm1 or the C-D stretch near 2250 cm-1), is capsble of estimaing the ensemble
average excitation ¢cnergy (the "bulk average energy"”, <<E(t)>>) as the excited species
are being deactivated by collisions. The average energy in this "collisional energy
cascade” is used to determine <<AE(t)>>, the bulk average energy step size, which is
a function of time and, hence, of the bulk average energy. In all cases investigated
so far, the results show the same approximately linear energy dependence at low
energy and there is a distinct tendency for <<AE>> to become less dependent on
energy at higher internal energies.

The aim of the these experiments is to determine how the population
distribution evolves during the deactivation process, because this is indicative of the
collision step-size distribution (the "Holy Grail" of large molecule energy transfer
studies). In particular, we want to measure not just the mean energy (the first
moment), but the higher moments of the evolving distribution, as well.

We have now succeeded in carrying out the first experimer:ts measuring the
variance of the energy distribution (second central moment) for the benzene and
benzene-dg systems, where a small fraction of the species are excited and are
deactivated by the bulk of unexcited gas. This is the first time such detailed
information has been obtained over essentially the entire collisional cascade. This
was accomplished by a) the use of the time- and wavelength-resolved infrared
emission spectrum of highly excited benzene and b) two-color IRF measurements of
the fundamental and overtone emissions from the C-H (and C-D) stretch modes.
The data analysis approach we have developed can be easily extended to other
experimenial techniques, including time and wavelength resolved ultraviolet
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absorption, as long as suitable calibrations exist. This approach results in refined
estimates of both the mean energy and the variance of the energy distribution, and it
is superior to the one-color IRF technique we have used previously, because more
data are used in the analysis.

The results are shown in Figure 1, which shows the width of the energy
distribution @_ a function of the average energy during the collisional cascade. We
have carriec. out Master Equation simulations of these systems and have found that
the width of the distribution is much more sensitive to the assumed step size
distribution than is the mean energy. Although the simple exponential model is a
good approximation to the over-all behavior, a bi-exponential model (i.e.. including
"supercollisions") is better.
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Figure 1. Widths of the time-dependent energy dxstnbutlons durmg collisional
cascades (initial excitation near 40,000 cm-1).

We plan to pursue this line of experiments and extend the measurements to
deactivation by weak colliders, such as the rare gases and small molecules (although
the experimental difficulties will increase significantly). We will also investigate
deactivation of toluene and toluene-dsg.

in a parallel effort, we have begun experiments using pump-probe techniques
to measure the final state distributions of species involved in energy transfer
collisions. The initial experiments have utilized REMPI probes of the collider,
following excitation of benzene at 248 nm. We will also investigate fluorescence
prcoes to determine their usefulness in such experiments.
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Turbulence-Chemistry Interactions in Reacting Flows
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Interactions between turbulence and chemistry in nonpremixed flames are
investigated through multiscalar measurements. Simultaneous point measurements of
major species, NO, OH, temperature, and mixture fraction are obtained by combining
spontaneous Raman scattering, Rayleigh scattering, and laser-induced fluorescence (LIF).
NO and OH fluorescence signals are converted to quantitative concentrations by applying
shot-to-shot corrections for local variations of the Boltzmann fraction and collisional
quenching rate. These measurements of instantaneous thermochemical states in turbulent
flames provide insights into the fundamental nature of turbulence-chemistry interactions.
The measurements also constitute a unique data base for evaluation and refinement of
turbulent combustion models.

Experimental work during the past year has focused on three areas: 1) investigation
of the effects of differential molecular diffusion in turbulent combustion; 2) experiments on
the effects of Halon CF3Br, a fire retardant, on the structure of turbulent flames of CHg
and CO/H3/N3; and 3) experiments on NO formation in turbulent hydrogen jet flames.

Differential Diffusion Effects in Turbulent Flames: Recent experimental
and computational work has indicated that the degree of differential diffusion in a reacting
flow can have a significant influence on the structure of the reaction zone and the
relationships among species. In collaboration with the University of California, Berkeley,
we have conducted an experimental investigation of differential diffusion in nonreacting
and reacting flows over a wide range of conditions including laminar opposed flows and
turbulent jets. A mixture of 36% Hj and 64% CO, was used to match the density of air,
while providing components in the fuel stream with widely differing molecular weights.
Spontaneous Raman scattering was used to obtain point measurements of major species
concentrations. Results in nonreacting laminar opposed flows are in good agreement with
calculations and show that differential diffusion effects are independent of strain rate for
this geometry. Data from nonreacting jet flows show that, on a conditionally averaged
basis, the effects of differential diffusion disappear quickly as Reynolds number increases.
Measurements in flames show strong effects of differential diffusion at all Reynolds
numbers (up to 30,000). Current turbulent combustion models either neglect differential
diffusion or assume that the degree of differential diffusion in turbulent flames is the same
as in laminar flames. Experimental results showed that neither of these assumptions is
correct for turbulent flames with intermediate Reynolds numbers.

Effects of CF3Br on Turbulent Flames: We completed an extensive series
of experiments to determine the effects of Halon CF3Br, a fire retardant, on the chemical
structure of flames. The experimental program included: i) measurements of the Raman
spectra (and fluorescence interference spectra) in laminar premixed flames with CF3Br; ii)
additions to the Raman polychromator to include channels for CF3Br, CF70, HBr, and
HF, as well as the existing channels for all the major species in hydrocarbon flames; and
iil) multiscalar measurements in laminar and turbulent nonpremixed flames. Fuels included
CH4 and CO/H3/N2 mixtures. Experiments covered a wide range of mixing conditions
from laminar flames at low strain to turbulent flames near extinction. The resulting data
base, which includes simultaneous measurements of temperature and thirteen species, will
be useful in understanding the effects of flame retardants and other halogenated compounds
on turbulent flame structure. These data will also serve as a baseline for investigations of



compounds to replace environmentally undesirable CF3Br. This work was conducted in
collaboration with Prof. A. R. Masri of Sydney University.

NO Formation in Turbulent Hydrogen Jet Flames: The capability to
measure NO concentrations by laser-induced fluorescence was added to the multiscalar
Raman/Rayleigh/LIF system. The NO fluorescence signals are converted to quantitative
concentrations by applying corrections for shot-to-shot variations in the collisional
quenching rate and Boltzmann fraction. These corrections ars based on the simultaneous
measurements of major species, OH, and temperature. The signal-to-noise ratio for the
system is greater than 8:1 for [NO]=2x10!3 cm-3 (4 ppm in a 1550K flame). This new
capability was applied to the study of NO formation in turbulent Hj-air jet flames.
Multiscalar measurements were obtained in jet flames of Hy and helium-diluted Hj at
several Reynolds numbers. All cases were chosen to match conditions for which gas-
sampling probe measurements have been reported in the literature. Results in Fig. 1 show
a gradual increase in NO levels with increasing streamwise distance. Figure 1 also shows
that, at a given mixture fraction, the fluctuation in NO concentration decreases relative to
the mean, as streamwise distance increases. This features of the NO measurements can be
attributed to the streamwise evolution of reaction zone structure from thin, strained
flamelets near the nozzle to broad diffuse regions near the flame tip. Favre average and
conditional average results for NO versus mixture fraction are compared in Fig. 2. The
Favre average is a density-weighted average, which yields results analogous to those from
a gas-sampling probe. For the conditional average, data within a narrow interval of
mixture fraction are averaged, independent of radial position in the flame. The present
measurements show that the Favre averaging process causes a significant bias of the [NO]
versus mixture fraction results, such that the peaks of the curves do not align with the
stoichiometric value of the mixture fraction (fstoic = 0.0285). The conditional average NO
results give the correct relationship between NO and mixture fraction and show that the
maximum NO concentrations consistently occur near the stoichiometric condition. This
result resolves a controversy that has existed for ten years regarding the “rich shift”
reported in some sampling-probe stucies of NO formation in turbulent flames.

These laser-based measurements constitute a unique data base for evaluation of
predictive models for NO formation in turbulent flames. In collaboration with
computational groups at Berkeley and the University of Sydney, experimental results are
being compared with predictions of two types of combustion models.

Plans: The multiscalar diagnostic system has urique capabilities to contribute to
an improved understanding of the role of turbulence-chemistry interactions in NO
formation in turbulent flames. This system will be used to investigate NO formation in
nonpremixed turbulent jet flames of methane, CO/H2/N3, and methanol. Collaborations to
compare experimental results with model predictions will continue. In addition to
experiments on attached jet flames, which can be compared directly with predictions of
state-of-the-art turbulent combustion models, we plan to carry out experiments on NO
formation in bluff-body stabilized flames and lifted flames.

Two-photon CO LIF and O-atom LIF will be evaluated as potential single-shot,
quantitative diagnostics in turbulent flames. Raman measurements of CO concentrations in
methane flames are problematic, due to Cy fluorescence interference, and improved
accuracy in CO measurements would be very useful for investigations of turbulence-
chemistry interactions in hydrocarbon flames. Quantitative O-atom LIF could be combined
with the current multiscalar system to achieve instantaneous measurements of NO
concentration and the thermal NO formation rate in turbulent flames.

The Raman/Rayleigh system for measurements of major species and temperature
will be converted to use two Nd:YAG lasers rather than a flashlamp pumped dye laser.
Improved accuracy, reliability, and productivity are expected.
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Figure 1. Scatter plots show a gradual increase in NO levels with increasing streamwise
distance, x. Measurements were obtained in a hydrogen jet flame with a nozzle diameter of
d=3.75 mm and a Reynolds number of 10,000. L is the visible flame length (L~180d).
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Fig. 2. Comparison of the Favre (density weighted) average and conditional average results
for NO versus mixture fraction show that the Favre averaging process, which is inherent to
gas-sampling probe measurements, can cause a significant bias in the relationship between NO
and mixture fraction for measurements within turbulent flames.
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COMBUSTION-RELATED STUDIES USING WEAKLY-BONDED
COMPLEXES

Robert A. Beaudet
Department of Chemistry
University of Southern California
Los Angeles, CA 90089-0482
Tel: (213) 743-2997
FAX: (213) 743-7757

PROGRAM SCOPE:

Binary van der Waals complexes involving species of interest to combustion re-
search are prepared in supersonic free-jet expansions, and their photochemical and photo-
physical properties are probed by using IR tunable diode laser (TDL) spectroscopy. In the
first phase, geometries and other molecular properties are being determined from vibration-
rotational spectra. In the second phase, these complexes will be used as precursors to
study photoinitiated reactions in precursor geometry limited environments. Two comple-
mentary classes of binary complexes are being investigated. The first involves molecular
oxygen and hydrogen containing constituents (e.g. O2-HCN, 05-HF, O5-HCl, O2-HBr,
O2-HI and Os-hydrocarbons). These species are interesting candidates for study since
upon photodissociating the hydride portion, the reaction of H and O, via the vibrationally
excited HO,' intermediate can conceivably be studied, (e.g. BrH-O; + hv(193 nm) — Br-

H-O2 — Br+HO2' — Br+OH +0}. High resolution IR spectroscopy of such
complexes have not been obtained previously and the structural information deriving from
IR spectra is certainly very useful for better designing and understanding photoinitiated re-
actions that occur in these complexes .

The second thrust area is the study of a set of novel species involving oxygen atoms
and small molecules such as HF, HC], HBr, HI, HCN and simple hydrocarbons. An ex-
pansion gas is seeded with a precursor such as SO, and a second constituent. OCP) is
prepared by precursor photolysis just before the start of the supersonic expansion. Since
the reactions of O(3P) and the above mentioned small molecules have significant activation
energies, the complexes will be able to form and survive in the free-jet expansions, e.g.,
the O3P) + HCI reaction has an activation energy of 22 kJ/mol., which is considerably
higher than the thermal collisional energy. Hence, the complex can be stabilized in the
shallow van der Waals potential well just outside the activation barrier. Our initial objective
is to study structural properties of these clusters by using laser IR spectroscopy. Once that

proves successful, we will exploit vibrational excitation of the HX to promote the hydro-

gen exchange reaction of O + HX — OH + X occurring in these complexes. The nascent
state distribution of the OH product can be probed with LIF. Experiments are also under
way in which the nascent product state distribution of a photodissociation can be probed by
using IR spectroscopy. '

PROGRESS:
Rovibrational spectrum of DCI-0,,

We have prepared the binary complex DCI-O, and observed its rovibrazional spectrum
by exciting the DCI stretching mode at 2089 cm-!. Though the spectrum has not been
completely analyzed and fitted, the complex is clearly linear. Essentially the spectrum
consists of three overlapping P and R branches, one for each spin state. We have been
waiting for another diode to cover the remainder of the spectrum before we can determine



the band center, the exact J values and fit the spin spin interaction constants. The values of

the interaction constants, A and | appear to differ from molecular oxygen. The measured
transitions are given in Table 1.

Line frequencies, spacings, and A, of the three branches of DCI-O,.

Line position Line spacing a2

2088.87616 0.10912 -0.00240
8.76704 0.10672 -0.00235
8.66032 0.10437 -0.00129
8.55595 0.10308 0.00010
8.45287 0.10318 0.00022
8.34969 0.10340 0.00196
8.24629 0.10536 0.00238
8.14093 0.10774 0.00211
8.03319 0.10985 0.00196
7.92334 0.11181
7.81153

2088.81320 0.11452 0.00086
8.69868 0.11538 0.00138
8.58330 0.11676 0.00009
8.46654 0.11685 0.00132
8.34969 0.11817 0.00062
8.23152 0.11879 0.00053
8.11273 0.11932
7.99341

2088.73506 0.11811 0.00276
8.61695 0.11535 -0.00406
8.5016 0.11941 0.00263
8.38219 0.11678 0.00205
8.26541 0.11473 -0.00276
8.15068 0.11749 -0.00172
8.03319 0.11921
7.91398

Units: cm-!, Error: $£0.0005 cm-1
Vibrational State distribution in the OH + CO —— CO3 + H reaction

Very recently, we have used our pulse slit apparatus to investigate the vibrational state
distribution of CO2 produced from the following reaction:

OH+CO — CO2+ H AH = -24.9 kcal

Nitric acid, carbon monoxide and a noble gas are flowed through the supersonic nozzle.
The nitric acid is photolyzed with an excimer laser at 193 nm focused very close to the

nozzle. The OH in the v = 0 and 1 states is produced efficiently by the following reac-
tion.!:2

HNO3+hv —— OH + NO,

Subsequently, the OH reacts with the CO to form CO3 and atomic hydrogen .3 We ob-
serve the rovibrational spectrum of CO in the 2350 cm-! region. A sample of the experi-
mental spectra is given in Fig. 1. We find a large number of intense hot bands of the
bending mode, (0,02,1) — (0,12,0) and some of the stretching mode (v1,0,1) —

(01,0,0) where v1 and v; represent the number of quanta in the bending and stretching
modes respectively. From this we can determine the CO2 rovibrational state distribution di-
rectly by measuring the intensities of the infrared absorption of the hot bands. The ob-
served S/N is about 100:1 for the most populated rovibratonal states. On the basis of
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these preliminary observations, we believe that we have developed an alternate technique to
obtain the vibrational state distribution of products formed in simple bimolecular chemical
reactions. Product state distributions of molecules such as CO, cannot be easily deter-
mined by other laser techniques such as LIF.

Thus, we can determine the CO, vibrational state distribution directly in the free ex-
pansion jet for this and other exothermic reactions with low entrance channel barriers The
cooled expansion provides a cold environment with low rotational (~10K) and vibrational
(~100k) background temperatures. Any additional population of the higher vibrational
states will reflect the vibrational excitation of the products and suggest transition state ge-
ometries. Populated excited vibrational states of the bending mode suggest a bent transition
state for this reaction. With simple classical harmonic oscillator approximations or quan-
tum tetczln.cchanical wavepacket calculations, the bond angle of the transition state can be esti-
ma

FUTURE WORK
At this time, we have only obtained preliminary results. We want to produce the

OH from other precursors if possible, for example H709, to confirm that the NO; formed
in the photolysis of the HNO3 is not contributing to the reaction. Sufficient rotational lines
for each vibrational state must be measured to verify the rotational temperatures and deter-
mine whether the rotational state distribution is relaxed. Because the vibrational hot bands
are quite displaced from the corresponding ground state lines, intensity measurements
must be done carefully. We will require several diodes to sufficiently cover the extensive
CO band.

Other reactions of interest to combustion can be studied in this way. We select for the
first experiments reactions that produce a strong vibrational absorber in frequency regions

where we either own or can purchase acceptable diodes. Thus, we will concentrate first on
the NH + NO reaction. This has two exothermic channels, only one of which has been

extensively studied.4-7

NH + NO — HNNO' — N; + OH AH,’ =-34,100 cm™!  (la)
- NO+ H AH? =-12,320 cm!  (1b)

The first reaction is the most exothermic and the easiest to study: OH is detected by LIF.
To study the second channel, either N2O or H atoms must be detected. Fueno er al.8 has
determined the N2 yield in a static cell with a mass spectrometer: the channel producing
N20 accounts for about 70% of the NH reacted. NH was prepared in high yield by vari-

ous ways, photolysis of HNCO or CHBry/NO/Ar? at 193 nm, or of NH3 at 193 or 248
nm.
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The IR Spectrum of The CO2 Following The Reaction of OH + CO -> COz +H

L 1 T T

Reference COz Cell

Reaction Product

L L ] L
2312.7 2313.2 2313.7 2314.2 2314.7 2315.2

Fig 1a. Experimental resuits from the OH + CO reaction illustrating reference gas cell
and observed spectrum of reaction product, CO,.



Photoionization-Photoelectron Research

J. Berkowitz and B. Ruscic
Chemistry Division, Argonne National Laboratory (Bidg. 203)
9700 South Cass Avenue
Argonne, IL 60439-4843

The photoionization research program is aimed at understanding the basic
processes of interaction of vacuum ultraviolet (VUV) light with atoms and molecules. This
research provides valuable information on both thermochemistry and dynamics. Our
recent studies include atoms, clusters, hydrides, sulfides and an important fluoride.

Recent Progress
I. Recent VUV-PIMS Studies of Transient Species
A. The combustion intermediates CH2S and HCS

The transient species CH2S and HCS were studied by photoionization mass
spectrometry. They were prepared in situ from CH3SH by sequential hydrogen
abstraction with fluorine atoms. CH2S was also prepared by pyrolysis CH3SCl and
CH3SSCH3. The photoion yield curve of CH2S displays an abrupt threshold, and is
similar in overall shape to that of the homolog CH20. The adiabatic ionization potential of
CH2S is found to be 9.376 + 0.003 eV. Evidence has been found for nd and/or ns and np
Rydberg states converging to the first excited state of CH2S*. In addition, the HCS*
fragment from CH2S has been determined to appear at < 11.533 £ 0.021 eV at 0 K. In
contrast to CH2S, the photoion yield curve of HCS* from HCS displays a very broad
Franck-Condon envelope, consistent with a transition from bent HCS to linear HCS*. A
Poisson fit to the experimental Franck-Condon factors indicates that the adiabatic
ionization potential of HCS is < 7.499 £ 0.005 eV, and perhaps as low as 7.412 £ 0.007
eV. The fragment curves at m/e = 46, 47, 48, and 49 from CH3SSCH3 have also been
examined, and their relative shifts in energy determined Together with measurements on
CH2S and HCS, and the previously reported a (CH% ) =211.5 £ 2.0 kcal/mol
(< 213.1 £ 0.2 kcal/mol), this is sufftcoent to establish AH,, (CH2S) = 28.3 + 2.0 kcal/mol
(£ 29.9 £ 0.9 kcal/mol) and AH,O (HCS) = 71.7 £ 2.0 kcal/mol (< 73.3 + 1.0 kcal/mol,

2 69.7 £ 2.0 kcal/mol). These values are in very good agreement with recent ab initio
calculations. The implications for various bond energies within the CHnS system are also
discussed.

B. The hydrides of antimony

Prior to the present study, very little was known experimentally regarding the bond
energies Do (SbH), Do (H-SbH) and Dg (H2Sb-H). Ab initio calculations which have
demonstrated accuracies of + 2 kcal/mol for lighter hydrides are still too difficult for such
heavy systems. We now have preliminary data on these bond energies, as well as
ionization potentials for SbH and SbH2. We shall compare our work with ab initio attempts
incorporating relativistic effects (which have not yet demonstrated high accuracy), as well
as a semiempirical prediction.
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Il. Antimony and Bismuth Atoms

The autoionization behavior in atoms is inherently a many-body process. Various
ab initio methods have been applied to this problem, including RRPA, R-matrix and
diagrammatic many-body perturbation theory (MBPT). Both the calculations and
corresponding experiments become more difficult when applied to open-shell atoms, which
are more prevalent than closed-shell atoms. Despite these complications, systematic
behavior has been observed by us and rationalized for the halogen and chalcogen atoms.
Previous work on the pnicogen (Group V) atoms from this laboratory has included N, P
and As. We now have almost completed a study of Bi (generated by simple sublimation)
and some data on Sb. For the latter, it has been necessary to employ successive H
abstraction from SbH3 as the source of Sb, since antimony sublimes as Sb4.

Ili. The diatomic species Sb2 and Bi2

. The photoion yield curves of Sb2* (Sb2) and Bi2* (Bi2) have been obtained, the
f(zrme4by-subﬁming~tn'5b, the latter by simple sublimation. In both cases, two autoionizing
series (designated po and pn) are observed, converging on the excited + state. The
ionization energy of the 229" state in Sb2 is lowered to 9.247 eV. The difference in
quantum defects, 5pn - 5po, is shown to be related to the quadrupole moment of the
molecular ion core of the A2 + state in Pn2+ (Pn = pnicogen). The adiabatic ionization
energies are also decreased from earlier values: AIP (Sb2) < 8.43 eV AIP (Bi2) <7.34
eV. Although the uppermost occupied orbital is nominally a bonding pr orbital, an analysis
leads to the surprising conclusion that Do (Pn2*) 2 Do (Pn2), where Pn = P, As, Sb and
Bi).

IV. Photoionization of Group V trimers and tetramers

The photoionization of saturated antimony and bismuth vapors was investigated. In
antimony, the dominant vapor species is Sb4. lts photoion yield curve is similar to those of
P4 and As4, displaying three autoionizing bands and an appgrent adiabatic |P +8fo¥‘56 eVv.
The appearance potential of Sb3* (Sbg) occurs at 9.755 .ops BV,0r10.229 ., eV at
0°K. This value, together with AH. (Sb3), yields IP (Sb3) s’oé.61 eV. Bismuth vapor
contains ~ 1% Bi4 and even less Bi3. The photoion yield curve of Big*, with an apparent
adiabatic IP of 6.81 eV, also displays three autoionizing bands. An analysis of these
bands, and comparison with the other Group V tetramers with Tq symmetry enables one to
estimate vertical IP's of 9.0 eV for (a1 -1 ), 7.5 and 8.9 eV for the spin-orbit split (t2'1 ), 7.0
and 7.4 eV for the Jahn-Teller split (e)-1.

The photoion yield curve of Bi3* has an adiabatic onset of < 6.36 eV,
corresponding to formation of Big*, X 1A 4 in D3h symmetry. An increase in slope at ~
7.4 eV is identified with the configuration... (1a2") (2e')4 (1e"), which may be an E'’ state.
At ~ 8.8 eV, a pronounced increase in slope may indicate a higher excited state,
fragmentation of Bi4, or a near coincidence of the two. The directly or indirectly measured
IP's of all Group V trimers are in fairly good agreement with ab initio calculations. The
heats of formation of the neutral trimers can be rationalized by a simple model involving
transferability of o and n bond energies from the corresponding dimers and tetramers.
The atomization energies of the trimer cations are significantly larger than for the
corresponding neutrals, which may be related to the closed shell structure of the cations.



V. Three laws for Dg (BiF)

BiF has been identified as an interesting candidate for developing a visible chemical
laser in the blue-green spectral region. Its usefulness for this purpose is dependent upon
its dissociation energy, about which there was considerable dispute. BiF and BiF2 were
prepared by vaporizing a Bi-BiF3 mixture. Photoion yield curves were obtained, and
thence AIP (BiF) = 8.658 + 0.012 eV, AIP (BiF2) =8.05 £ 0.05 eV. The threshold for
formation of Bi* from BiF occurs at 11.12g £ 0.05 eV, from which one deduces Dg (BiF)
< 3.84 + 0.05 eV. The equilibrium reaction, 2Bi(g) + BiF3(g) — 3BiF(g), is examined by a
second law and a third law treatment. From the second law, Dg (BiF) =3.76 £ 0.13 eV,
and from the third law, Dg (BiF) = 3.76 £ 0.13 eV, the latter error estimate allowing for
uncertainty in the relative photoionization cross sections. The present results differ
substantially from recent inferences placing Do (BiF) near 5 eV, and others which hover
around 3 eV. From an analysis of the equilibrium reaction, Bi(g) + BiF2(g) — 2BiF(g), it is
concluded that Do (FBi-F) = 3.50 £ 0.15 eV, and Do (F2Bi-F) =4.59 £ 0.2 eV.

Future Plans
I. Short term

We plan to complete our studies of SbHn and Sb. We intand to apply the chemical
reaction method to the important combustion intermediates HCO, HO2 and NCO.

iI. Longer Term

We are in the process of assembling a VUV laser system. This apparatus should
enable us to achieve still higher resolution in selected wavelength regions, particularly in
the 90-105nm, region. Since the VUV laser is pulsed, it is well suited for the study of very
short lived transient species, which are more readily generated by pulsed methods.

We also plan to use photoionization methods to prepare state-selected ions for the
study of ion-molecule reactions of relevance in combustion and other chemical processes.

Work supported by the U.S. Department of Energy, Office of Basic Energy
Sciences, Division of Chemical Sciences, under Contract W-31-109-ENG-38.
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Energy Partitioning in Elementary Chemical Processes

Richard Bersohn
Department of Chemistry
Columbia University
New York, NY 10027

In the past year research has centered on the
decomposition of hot molecules, the reaction of ethynyl
radicals with hydrogen molecules and the reaction of oxygen
atoms with acetylene.

Decomposition of Hot Molecules

Our hot molecules are prepared by electronic
excitation followed by rapid internal conversion and
internal vibrational redistribution. Previous studies have
been on the release of a hydrogen atom from the methyl
group of methyl substituted benzenes and pyrazines and from
the methylene group of cyclopentadiene and indene
(benzocyclopentadiene). To interpret the results we
postulate a vibrational temperature Ty which is the
solution of the equation

hv + Lhw, (exp(hw, /km) - 1370 = (1)

=1
gh wi{expd’{ui/k'rv) -1}

In this .equation W ., are the vibrational frequencies, T

is the initial température before absorption and hy is the
photon energy. The rate constants for release of a hydrogen
atom fit equations of the form k = Aexp(-E/kT,,) where E
is the bond dissociation energy. The fluorescénce
excitation spectra of the released hydrogen atoms has a
Gaussian shape from which a translational temperature, T
can be extracted. The big surprise is that T,, = T

within about 10% for all systems measured. Wg havg
experimented with two new systems C_F_CH. (at the
suggestion of J. Barker) and bisbengege ghromium. The
vibrational temperature and dissociation rates of these two
molecules and toluene are given in the following table.

T

Molecule Photon k(s™1) Ty, (K)
Wavelength (nm)

toluene 193.3 3.1x10° 2773

pentafluorotoluene 193.3 1.0x106 2565

bisbenzene chromium 279.0 0.7x10° 1511

bisbenzene chromium 248.4 4.2x106 1621



Figs 1 and 2 on the next page show the rise and fall of H
and Cr atom concentration. The fall reflects the fact that
the atoms, once formed can migrate out of the beam of the
probe laser. The pentafluorotoluene has a lower vibrational
temperature tor the same total internal energy than toluene
because its vibra:ion frequencies are softer and therefore
the total energy is spread over more modes. Because of the
lower temperature dissociation is slower. The two curves of
Cr atom LIF signal vs. time show that the shorter the
wavelength the faster is the dissociation. This latter
molecule will be studied over a wider range of energies.

Reaction of Ethynyl Radicals with Hydrogen Molecules
The reactions

CZH + H2 -—> C2H2 + H H

F + Hz -=> HF + H H
are remarkably parallel. CZH is isoelectronic with the
pseudohalogen CN and might“therefore also be considered a
pseudohalogen. The rate coefficients and energy disposal
are given in the table below.

-27 kcal/mol (2)

=33 kcal/mol (3)

NSNS EEEEEEE= —— - —_——mmEmEmEsE== —

3 -1_-1

Reaction k(cm molecuI; s <ET>(kcal/mol) <fT>
HeC + D,  (2.30.4)x10 2% 7.8¢1.0 0.29
DCC + H, (3.2+0.5)x10"11 7.6+0.7 0.28
F +H 2.6x10" 112 12.9+1.9% 0.37

a W.B.DeMore et al., Jet Propulsion Laboratory Report 87-41, 1987
b S.Tasaki and R.Bersohn, unpublished work

These rate coefficients are two orders of magnitude faster
than rate constants measured for thermalized ethynyl
radicals. The nascent radicals, products of the
photodissociation of either C_D, or C_H, may be

more reactive because they aré in excitad vibrational
states well mixed with the A “T] state. Note that the
majority of the exoergicity is released as internal energy
in all three reactions.

Reaction of O atoms with Acetylene

Our effort is to find the effect of vibrational
excitation on the branching ratio between the two exit
channels, CH, + CO and H + HCCO. By photodissociating
NO, in the pfesence of an equimolar mixture of C_H
ana C,D, we have found out that the yield of H a@oﬁs
from é ﬁ and D atoms from C D2 is exactly the
same. ipﬁaratus is still und&r’construction.
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FIG. 1. Growth curves of H-atom signals from toluene and pentafiuorotulene photolyzed at 193 nm.
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Theoretical Studies of Combustion Dynamics

Joel M. Bowman
Department of Chemistry
Emory University
Atlanta, GA 30322

The basic objectives of this program are to develop and apply theoretical tech-
niques to fundamental dynamical processes of importance in gas-phase combustion.
There are two major areas currently supported by this grant. One is reactive
scattering of diatom-diatom systems, and the other is the dynamics of complex
formation and decay based on L2 methods. In all of these studies we focus on
systems that are of interest experimentally, and for which potential energy surfaces
based, at least in part, on ab initio calculations are available.

We extended our adiabatic/bend reduced dimensionality quantum theory to a
calculation of mode selectivity in the reactions HoO(vgvpvg) + H = OH(v) + H a2(v")
HOD(v 5 vbvoy) + H = OH(v) + HD(v'), OD(v}+H2(v").These reactions in the forward

directions have been recently studied experimentally by several groups.1-3 In the
case of the reaction with HOD striking mode specificity with respect to the product
branching ratio was seen. We found similar specificity in our calculations of
reaction probabilities for zero total angular momentum,4 and more recently for
rotationally averaged cross sections.5 Selected results from these calculations are
shown below. First, we plot the cross section for the reaction H+HOD(000) versus the
total energy. As seen there is a slight preference to form OD over the OH.
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Fig. 1 Vibrational state-to-state, rotationally averaged cross sections for H + HOD(000)
as a function of the total energy, measured with respect to the energy of non-rotating
HOD(000). The solid curve labeled "OD + Hg" is the cross section summed over the
vibrational states of OD and Ha. The solid curve labeled "OH + HD" is the cross
section summed over the vibrational states of OH and HD.



Next, we plot the cross sections for the reaction with the OD stretch fundamental or
the OH stretch fundamental in HOD excited.
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As seen excitation of the OH local mode in HOD leads predominantly to the Hg +OD

products, whereas excitation of the OD local mode in HOD leads predominantly to the
HD+OH products. These effects can be understood from the substantial OH (or OD) ',
stretch character of the transition state normal mode corresponding to the imaginary



reaction path frequency. Thus, excitation of the OH (or OD) stretch greatly excites
motion along the reaction coordinate.

These results are in a very good qualitative, and good quantitative accord with the
experiments of Zare and co-workers.2 We have also calculated cross sections for
HOD(003) and for H+H20 with high overtones excited, and obtain results which are in
very good accord with the experiments of Crim and co-workers.1

Our very recent work has focused on a simple Franck-Condon model of the reaction
to obtain the rotational distributions of the OH (OD) and Hg (HD) fragments. The
results, although not quantitative, are in suprisingly good qualitative accord with
experiment, which show cold rotational distributions.

We are continuing our collaboration with Dr. Al Wagner in comparisons of L2 and
scattering resonances for H+CO. In our most recent work, we found very geod
agreement for the positions of resonances for J = 1. While we do not find substantial
K-asymmetry, we do see significant centrifugal effects, especially for highly excited
bend states. We have made modifications of the ab initio potential to improve
agreement with experiment.

We continue with calculations of all the bound states and also numerous
quasibound of HOg. As part of the overall goal to obtain the lifetimes and branching
ratios to form the OH+O and H+0Og products, we have nearly completed a rigorous
variational transition state theory of these quantities. This is being done by using an
exact density of states (resonances) p(E), and a exagt determination of the number of
states open at the ith variational transition state Ni (E), and then determining the
microcanonical rate constant for a given product in the usual way, i.e.,

nE)

ki(E)= -%—;p@ , wherei= 1 corresponds to O2+H and i = 2 corresponds to OH+O.

Similar calculations are being done for the C+Hg CHg reaction, using a new, global ab
initio potential due to Harding.
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Combustion Chemistry

Nancy J. Brown
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Our research is concerned with the development and use of
sensitivity analysis tools to probe the response of dependent
variables to model input variables. Sensitivity analysis is
important at all levels of combustion modeling. Our research in
this area continues to be focused on elucidating the interrela-
tionship between features in the underlying potential energy
surface (obtained from ab initio quantum chemistry calculations)
and their responses in the quantum dynamics, e.g., reactive
transition probabilities, cross sections, and thermal rate coef-
ficients. The goals of this research are: (i) to provide
feedback information to quantum chemists in their potential
surface refinement efforts, and (ii) to gain a better understand-
ing of how various regions in the potential influence the dynam-
ics. These investigations are carried out with the methodology
of quantum functional sensitivity analysis (QFSA).

This past year, we have concluded the development of the
QFSA techniques using the log-derivative Kohn variational method
for scattering, and applied it to the collinear H + H exchange
reaction. Three papers have been published that describe this
research. One paper was concerned with the development of a
general description for calculating sensitivity coefficients
independent of the scattering formalism employed in the calcula-
tions. Another described a methodology for predicting observables
on a new or perturbed potential energy surface without re-calcu-
lating the dynamics. The third examined the sensitivity of the
thermal rate coefficient to structure ir the potential energy
surface.

We have begun to investigate the same reaction in 2-D. The
goal of this study is to use QFSA to investigate the H + H
reaction and its isotopic analogs to determine the level o%
chemical accuracy required in the PES to duplicate experimental
results. This is important because the H, system plays a funda-
mental role in developing theories of chemical reactivity. Our
initial effort has been concerned with collisions with the total
angular momentum restricted to zero. Several regions of configu-
ration space where the dynamics are highly sensitive to inaccura-
cies in the potential have been identified. These regions of
importance vary with collision energy, but do not change dramati-
cally as the previously studied collinear case. Near the reaction
threshold, the dynamics are most sensitive to the saddle point
region as expected. At higher energies (®1.0 to 1.5 eV), the
inner core of the potential, where the dynamics "cuts the corn-
er" in going from reactant to product arrangements, is most im-
portant for collinear geometries , and the outer corner, where
the H4 conformation is more compact than the transition state
conformation, is most important for bent geometries. Surprising-
ly, the region of the potential traversed by the minimum energy
path across the saddle point region has rather insignificant



sensitivities at these higher energies. There is an extraordinary
amount of data generated in a 3-D sensitivity analysis of reac-
tive scattering. We are currently using advanced visualization
techniques for analysis.

Combustion modeling research is being performed to develop
robust models of pollutant formation and destruction to use as
design tools for future generation combusters. Our current model-
ing efforts have been in three areas: l1l)examining the suitability
of using isocyanic acid (HNCO) to reduce NO in the exhaust of
engines burning natural gas; 2) modeling nitrogen chemistry in
combustion involving premixed laminar flames burning natural gas
that are in contact with a reactive heat transfer surface; and
3)adding chemistry to models of turbulent reacting flow.

A modeling study of the reduction of NOx by HNCO in ex-
hausts typical of natural gas combustion in the presence of
radical boosters (fuel) has been completed. Variables considered
were the initial concentrations of NO, NO,, CO, O,, CH, , H,, and
HNCO as well as initial temperature. The ﬁo reduction chemistry
must be preceded by thermal ignition chemistry which generates
radicals. The lowest temperature for which ignition occurs is the
optimum temperature for reduction and defines the beginning of
the temperature window. Reduction was not achieved for the
"natural gas exhaust" for a reasonable residence time. Additional
H, added to the exhaust mixture enhanced reduction, but the
aédition of CO and CH, did not.

Under some conditions the computed sensitivity coefficient
for nitrogen species and temperature exhibited self-similarity
(scaling). Self similarity occurs in dynamical systems where one
or at most a few dependent variables dominate the physical be-
havior of the system. Four reaction paths were identified which
controlled the fate of the NO: the conversion of NO to NO, via
HO,, the conversion of NO, to NO via reaction with H or O, the
reduction of NO via NCO, and the reduction of NO from reactions
with NH; species. The relative importance of the four was deter-
mined by the initial conditions.

In order to predict pollutant formation and destruction in
combustion systems with turbulent flow fields, the coupling
between reactive and diffusive processes must be described prop-
erly. While fluid-mechanical turbulence models and detailed
chemistry flame models are solvable on standard vector super
computers, the combination of turbulent flow and detailed chemis-
try in the same model requires the next-generation of super
computer: the massively parallel machine. With colleagues at
Sandia National Laboratory, we have begun to use parallel comput-
ing to model pollutant formation in a H,/Air turbulent diffusion
flame. We have used a Probability Distribution Function (PDF)
model that primarily involves Monte Carlo calculations and is
thus highly amenable to efficient parallel implementation. The
model was first implemented on a distributed network of 25 IBM
RS6000 workstations. With our computer science colleagues at LBL
and SNL, we have designed a new Parallel Object Oriented Environ-



ment and Toolkit (POET) whose purpose is to provide the user with
a transparent link to the power of parallel distributed comput-
ing. POET is a high level object oriented framework that isolates
the description of the physical model from the code that imple-
ments the parallel algorithm and flow. We are continuing to
develop the toolkit and increase the level of detail) in the
chemical description of the flame. We are currently modeling a
H,/Air flame to determine NO concentrations using reduced schemes
for the chemical mechanism. Principal component analysis is being
used to obtain reduced mechanisms. Model/model and model/experi-
ment comparisons are being made.
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Bond Selective Chemistry Beyond the Adiabatic Approximation

Principal Investigator: Laurie J. Butler
The James Franck Institute
The University of Chicago
5640 South Ellis Avenue
Chicago, IL 60637
I. Program Scope

One of the most important challenges in chemistry is to develop predictive ability
for the branching between energeticaily allowed chemical reaction pathways. Such
predictive capability, coupled with a fundamental understanding of the important
molecular interactions, is essential to the development and utilization of new fuels and the
design of efficient combustion processes. Existing transition state and exact quantum
theories successfully predict the branching between available product channels for
systems in which each reaction coordinate can be adequately described by different paths
along a single adiabatic potential energy surface. In particular, unimolecular dissociation
following thermal, infrared multiphoton, or overtone excitation in the ground state yields
a branching between energetically allowed product channels which can be successfully
predicted by the application of statistical theories, i.e. the weakest bond breaks. (The
predictions are particularly good for competing reactions in which when there is no
saddle point along the reaction coordinates, as in simple bond fission reactions.) The
predicted lack of bond selectivity results from the assumption of rapid internal vibrational
energy redistribution and the implicit use of a single adiabatic Born-Oppenheimer
potential energy surface for the reaction. However, the adiabatic approximation is not
valid for the reaction of a wide variety of energetic materials and organic fuels; coupling
between the electronic states of the reacting species plays a key role in determining the
selectivity of the chemical reactions induced. The work described below begun in the
first year of our DOE funding investigates the central role played by coupling between
electronic states in polyatomic molecules in determining the selective branching between
energetically allowed fragmentation pathways in two key systems

II. Recent Progress

A. Selective C-Br bond fission in 1,3-bromoiodopropane: The intramelecular
distance dependence of coupling between electronic configurations

The first experiments initiated this year under DOE funding used a state-of-the-art
crossed laser-molecular beam apparatus to measure the branching between primary C-Br
and C-I fission in 1,3-bromoiodopropane excited at 222 nm in the np(Br) -> ¢*(C-Br)
absorption band. The photoexcitation promotes the molecule to an electronic state that
has (npg,)!(c*c.pr)! character in the Franck-Condon region, but is actually adiabatically
bound because of an avoided electronic crossing with an (npy)!(c*c.1)! electronic
configuration at stretched C-Br bond distances. If the two electronic configurations are
strongly coupled at the avoided crossing the Born-Oppenheimer approximation will hold
and the molecule would not dissociate at all. Conversely, if the off-diagonal potential
coupling is very weak the adiabatic approximation will fail dramatically and the molecule
will retain the np(Br) -> o*(C-Br) configuration through the avoided crossing and break
selectively at the stronger C-Br bond, leaving the weaker C-I bond intact. For
intermediate couplings between the two electronic configurations, the branching ratio
between C-Br and C-I fission (resulting from crossing to the diabatic surface repulsive in
the C-I bond) will evidence a reduction in branching to C-Br fission as the off-diagonal
potential coupling increases. The experiments on 1,3-bromoiodopropane were proposed
to test the distance and orientation dependence of this off-diagonal potential coupling that



inhibits the selective fission of the C-Br bond. In particular, the data provides a critical
comparison with the branching previously observed by Y. T. Lee and coworkers for 1,2-
C,F4Brl, which evidenced a 1:2 C-Br:C-I branching ratio upon excitation at 193 nm in
the np(Br) -> ¢*(C-Br) absorption band.

The first experimental results this year showed that 1,3-bromoiodopropane does
indeed cleave preferentially at the C-Br bond upon excitation at 222 nm. We measured
the photofragment time-of-arrival spectra at m/e+ = 79 (Br*) and 127, (I*) and at 42,
(C3Hg"). (No significant signal at the parent ion of the C3Hgl and C3HgBr photofragments
were observable). The forward-convolution fit of the time-of-arrival spectra determined
the distribution of energies imparted to relative product translation for each bond fission
pathway; both distributions peaked at kinetic energies above 10 kcal/mole in translation
as expected for dissociation on regions of surfaces which are repulsive in the bond that
breaks. Integration of the signal at Br+ and I* fit to the I atom and Br atom products
yielded, after correction for ionization cross section and kinematic factors, a C-Br:C-I
bond fission branching ratio of 1.47 to 1. This shows that in 1,3-bromoiodopropane,
selective fission of the C-Br bond on the repulsive (npp,)!(c*c.p)! diabat, due to a
dramatic failure of the Born-Oppenheimer approximation, dominates C-I fission. The
experiments tested the hypothesis presented in our proposal to DOE that the increased
distance between the orbitals on the C-Br chromophore from the C-I electronic orbitals
would decrease the off-diagonal potential coupling matrix clement between the two
repulsive electronic configuration in 1,3-bromoiodopropane (with three CH; spacers
between the atoms), and thus allow C-Br fission to dominate. Indeed, the results showed
that the branching to C-Br fission was much more selective than that observed in 1,2-
C,F4Brl (with two CF; spacers between the atoms). In order to test the intramolecular
orientation dependence of the coupling, we need to analyze the angular distribution of the
photofragments; this work is planned in the second year of the funding period.

In addition to the data on 1,3-bromoiodopropane, we also measured the time-of-
flight spectra of the I and Br atom products from the photodissociation of IBr at 222 nm.
We initiated this work to allow us to directly measure the relative ionization cross
sections of I atoms and Br atoms in our apparatus to allow a better determination of the
absolute C-Br:C-I bond fission branching ratios in 1,3-bromoiodopropane. (Mass-
spectrometric determination of these branching ratios have traditionally relied on a
semiempirical relationship which uses the atomic polarizability to estimate the ionization
cross sections). Our data both accomplished this purpose and showed that the
dissociation of IBr at 222 nm results exclusively in spin-orbit excited Br and I atom
products. Photofragmentation upon excitation to the electronic state reached at 222 nm
had not been previously measured, but we identified the analogous electronic state in I,
which correlates to an asymptotic limit where both fragments are spin-orbit excited.

B. Testing adiabatic predictions for the C-S:S-H bond fission branching in CH3SH

Our major theoretical progress in first year of the project focused on methyl
mercaptan (CH3SH), one of the major gaseous organosulfur pollutants produced in the
combustion of oils and coals, a system which evidences preferential fission of the S-H
bond over the weaker C-S bond upon photoexcitation in its first two ultraviolet absorption
bands. Unlike other bond-selective processes which may be simply understood as the
result of direct dissociation on a repulsive portion of a potential energy surface, the
adiabatic excited electronic potential energy surface reached in the first absorption band
has some Rydberg character in the Franck-Condon region and has two repulsive exit
channels, one leading to S-H bond fission and one leading to C-S bond fission. Our first
goal is to generate a theoretical prediction for the branching ratio between C-S and S-H
bond fission upon excitation at a wide range of energies across the first absorption dand,
then measure the branching ratio in the lab. The work tests whether the observed



branching between bord fissicn pathways can be predicted within an adiabatic picture or
whether the ncuadiabatir: coupling to the upper potential energy surface alters the
dynamics and subsequent branching.

To accomplish the theoretical portion of the project, we have initiated two key
collaborations, one with Frof. Karl Freed's group and one witi; Prof. John Light, also a
DOE investigator. To generate a reliable theoretical prediction within the adiabatic
approximation, we necded to calculate the lowest excited adiabatic electronic potential
energy surface reached in the first absorption band. To accurately calculate excited
electronic potential energy surfaces strikes fear in the heart of even the best ab initio
electronic structure theorists, but using the effective valence shell Hamiltonian method
devcloped by Freed and coworkers, my students h:.ve calculated several cross-sectional
cuts along rhe ground and first two excited potential energy surfaces of methyl
mercaptan. We are presently fitting an analytic potential function to these ab initio points
to use in the collaborative exact scattering dynamics calculations.

Our primary experimental work on methyl mercaptan this year developed a
method to vibrationally excite CH3SH to several different vibrational levels in the grourd
electronic state prior to photoexcitation to the dissociative potential energy surface. Ve
expect photodissociating vibrationally excited CH3SH could alter the branching bet:veen
S-H and C-S bond fission significantly, as the branching is controlled by the Franck-
Condon overlap of the ground state vibrational wavefunction with the scattering
wavefunctions in the C-S and S-H exit channels respectively. We needed to be able to
excite not only the easily accessible C-H and S-H stretches, but also the C-S fundamental,
the latter to enhance the branching to C-S bond fission. At only 700 cm-!, the C-S
stretching fundamental cannot be populated significantly with available tunable pulsed
infrared lasers (for example, it is outside the tuning range of an optical parametric
oscillator, and differernce frequency lasers cannot provide enough population transfer), so
we sought to populate this vibrational level with a stimulated Raman scheme. Using two
laser beams, 532 nm from our Nd:Yag pump laser and the tunable output of our dye laser
near 553 nm, we showed we could populate the C-S stretching fundamental by measuring
a photoacoustic spectrum of the band. We also obtained photoacoustic spectra of the S-
H, CH3 symmetric stretch, and CH3 asymmetric stretch fundamentals. If the ongoing
thecretical calculations predict a marked change in the branching between the two
dissociation channels upor: photodissociating a molecule vibrationally excited in one of
these modes, we can test the prediction experimentally using stimulated Raman to
populate these vibrations in the parent molecule in the molecular beam.

C. Competition between bond fission channels and H; elimination in CH3NH;

The final project pursued in the first year of DOE support investigates the
branching between energetically allowed photodissociation channels of CH3NH; excited
at 222 nm in the ny—3s absorption band. The work was motivated by a calculation of the
first excited A" potential energy surface which showed that dissociation in the N-H and
C-N coordinates occurs over barriers formed from avoided electronic crossings in each.
Our experiments this year on this system measured the photofragment time-of-flight
spectra in our crossed laser-melecular beam apparatus at several fragment masses. The
data shows that at 222 nm four fragmentation pathways compete, N-H, C-H, and C-N
bond fission and Hj; concerted elimination. Because this work on CH3NH; was not
proposed in our original grant application, the continuation of this work under DOE
funding depends on DOE's interest and the availability of other funding sources.

II1. Future Plans

The work in the second year of our project focuses on three systems in which the
breakdown of the Born-Oppenheimer approximation can alter the expected branching



between chemical bond fission pathways. The following paragraphs detail the planned
work on the preferential fission of the S-H bond over the S-C bond in methyl mercaptan,
the competition between C-Br and C-I fission in 1,3-iodobromopropane, and the
competition between bond fission channels and H; elimination in methyl amine.

Our experiments and collaborative calculations on CH3SH in the coming year are
designed to test whether the observed branching between bond fission pathways can be
predicted within an adiabatic picture or whether the nonadiabatic coupling to the upper
potential energy surface alters the dynamics and subsequent branching. The first crossed
laser-molecular beam experiments planned in the second year of the project determine
how the branching between S-H and C-S bond fission changes with excitation energy in
the 230 nm absorption band. (We expect comparable signal to earlier successful work on
this system at 222 nm. Doubling the outpu: of our excimer-pumped dye laser in a BBO
crystal can provide tunable high power pulsed light over the entire absorption band of
interest.) Within an adiabatic picture, the branching between S-H and C-S bond fission is
controlled by the Franck-Condon overlap of the ground vibrational wavefunction with the
scattering wavefunctions in the C-S and S-H exit channels respectively at the photon
energy used. We wish to compare the result to the predictions of scattering calculations
on the adiabatic potential energy surface. Having calculated several crossections of the
relevant surfaces using K. Freed's effective valence shell Hamiltonian method in the first
year of the project, we can now pursue exact quantum scattering calculations on these
surfaces in collaboration with Prof. J. Light, also a DOE investigator, in order to generate
an adiabatic prediction for the change in branching ratio with excitation energy. We can
also calculate the expected change in branching if a molecule with one quantum of
vibrational energy in the C-S stretch or the S-H stretch is photodissociated. If the
prediction shows a dramatic effect, we can follow the calculations with a double-
resonance experiment, using stimulated Raman to populate these vibrational levels prior
to photoexcitation (a population scheme tested in the first year of the project).

In the second year of the project we also plan to complete the experimental work
on 1,3-iodobromopropane where excitation to an electronic state locally repulsive in the
C-Br bond, but adiabatically bound, results in a competition between C-Br and C-I
fission. Having measured the photofragment kinetic energy distributions upon excitation
at 222 nm and calibrated the branching with photofragmentation experiments on IBr in
the first year, we turn to determination of the angular distribution of photofragments.
Measurement of the photofragment angular distributions can determine whether the off-
diagonal potential coupling which inhibits the selective fission of the C-Br bond depends
on tte intramolecular orientation of the two bonds, as the two conformers would evidence
different photofragment angular distributions. We expect this system will be ready for
publication in the second year; it is most exciting as the selectivity depends on the total
failure of the Born-Oppenheimer approximation (within this approximation the molecule
would not dissociate at all, the photoexcitation is to an adiabatically bound surface!)

If sufficient resources and time can be allocated to a third project concurrent to the
two described above, the final system planned for study in the second year is that of
methyl amine. We have determined that upon excitation at 222 nm, four dissociation
pathways compete, N-H, C-H, and C-N bond fission and H; elimination. As in CH3SH,
the production of fast H atoms dominates, but the excitation in CH3NHj is to a region of a
potential energy surface which is bonding in character in the N-H and C-N coordinates,
so should be within the realm of the predictive capability of statistical transition state
theories. The work planned for the second year includes photofragmentation of CH3ND,
to distinguish between the C-H and N-H fission pathways in the CNH4* time-of-flight
spectra and measurement of the resonance Raman spectrum excited at 222 nm to
elucidate the early time dynamics that results in the diffuse structure in the absorption
spectrum.



REACTION PRODUCT IMAGING

David W. Chandler
Sandia National Laboratories
Livermore, CA 94550

Over the past few years we have investigated the photochemistry of small molecules using
the photofragment imaging technique!-2. Bond energies, spectroscopy of radicals, dissociation
dynamics and branching ratios are examples of information obtained by this technique. Along with
extending the technique to the study of bimolecular reactions, efforts to make the technique as
quantitative as possible have been the focus of the research effort. To tgls end, we hav%measured
the bond energy of the C-H bond in acetylene, the branching ratio of I(“P ‘1{2) (I*) o I(<P3/2) ()
in the dissociation of HI, the energetics of CH3Br, CD3Br, C2H5Br and C2H5OBr dissociation,
and the alignment of the CD3 fragment from CD3I photolysis. In an effort to extend the technique
to bimol reactions, we have studied the reaction of H with HI forming H2(v=0,11J) +
1(2P1/2 or 2P3/2 ) and the reaction of H + Dy — D + HD,

One of the goals in the field of reaction dynamics is to be able to measure the angular
distribution of products in a quantum-state-specific manner. Asa stcg in this direction, we have
reported the first application of ion imaging to a bimolecular reaction®. We study the H + HI —
H2 + I reaction in a neat supersonic molecular beam of HI. The supersonic expansion provides a
reaction precursor possessing a very narrow thermal velocity distribution. By avoiding a thermally
equilibrated HI source (eg. an effusive beam, or bulb), the center-of-mass collision energy spread
has been substantially reduced. UV photolysis of HI generates both fast (~2.6 ¢V) and slow
(~1.7 eV) H atoms with a difference in kinetic energy corresponding to the concomitant photolytic
production of ground state I (2P3tg) and excited state I' (%P, ), respectively. Moreover, it is
energetically possible to form both ground state and electronically excited iodine atoms as
abstraction reaction products along with the Hy. Hence, a total of four possible reaction pathways
may be active in this system. The H2 products are ionized by (2+1) resonance-enhanced
multiphoton ionization (REMPI) before being imaged onto a position-sensitive detector. In this
w:));l we have measured the laboratory-frame velocity distribution of the state-selected reaction
products.

Over the last year images of several quantum states of Hy have been measured. Figure 1
shows images of v=0,J=17 and v=1,J=11 states along with the reconstructed images which
represents the flux of products at a particular angle. The circles represent the three possible
velocities of Hy products obtainable with this experiemnt. The fastest Ha(v,J) detected
corresponds to a fast H atom from HI reacting to produce a ground state I atom. The middle ring
corresponds to either a fast H reacting to give an I* or a slow H atom reacting to give I. The
smallest ring corresponds to slow H atoms reacting to give I* product in the reaction. As you can
see for the Hz(v=0,J=17) quantum state no product is formed corresponding to slow H atoms
reacting to form I* product but that this channel is clearly evident for the Hy(v=1,J=11) quantum
state. One must conclude that either the slow H atoms do not react to form Hp (v=0J=17) and the
two rings represent fast H atoms producing I and I* products or the slow channel reacts forming
both Ha(v=1, J=11) and H2(v=0, J=17) but the branching ratio in the reaction is very sensitive to
the Hz quantum state formed. These two quantum states differ by about 500 cm"! in energy. The
slow channel of the reaction at this photoysis wavelength is about the same energy as the fast
channel when the reaction is induced by photolysis at 266 nm. Here the product distribution has
been measured and Hy(v=0,J=17) is found to be a very minor product, the most reasonable
conclusion is that the reaction produces substantial amounts of I* at both energies. This is the first
direct observation of this reaction channel and its presence could help explain some of the
discrepancies noted between the measured product internal state distribution and the calculated
distributions (which do not take this channel into account).
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We have measured4 the differential cross section for the H + D2 —» HD + D reaction using
a technique we call Reaction Product Imaging (RP). In this experiment, a photolytically
produced (266-nm photoylsis of HI) beam of H atoms crossed a beam of cold D2 molecules.
Product D-atoms were ionized at the intersection of the two particle beams and accelerated toward a
ition sensitive detector. The ion images appearing on the detector are two-dimensional
projections of the three-dimensional velocity distribution of the D-atom products. The reaction was
studied at nominal center-of-mass collision energies of 0.54 ¢V and 1.29 ¢V. At the low collision
energy the measured differential cross section for D-atom production, summed over all final states
of the HD(v, J) product, agrees well with recent quasiclassical trajectory calculations of Aoiz et al.
while at the higher collision energy the agreement between the theoretical predictions and
experimental results is less favorable. Figure 2 shows a schematic ofthe apparatus and Figure 3
the raw data and transformed distribution of D atom velocities from the 1.29¢V collision of H +
D;. This work was done in coliaboration with Theo Kitsopoulos (SNL), Dr. R. N. Zare
(Stanford), Mark Buntine (Stanford), Ruth McKay (Stanford) and David Baldwin (SNL).
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Fig. 1. Raw data and velocity distributions from ion image of Hz (v=1, J=11) and H2(v=0,J=17)
formed in the reaction H + HI — H, + I initiated in a beam of neat HL. Fast H atoms are formed

by laser photolysis of HI, and the H; products are ionized before being projected onto a position-
sensitive detector.



Figure 2. Scematic of apparatus used to obtain image of D atoms from H + D2 reaction.

Fig 3. Image and reconstructed image of D atoms produced from the reaction H+ D2 =D + HD
at a nominal center-of-mass collision energy of 1.29 eV. The open circles represent the calculated
position of the scattered D-atoms corresponding to HD (v=0,1,2,J=0). The direction of the H-
atom beam is indicated by the arrow, and the solid circles labeled D2 and CM, respectively.
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Future Directions:

We plan on continuing to develop and utilize imaging techniques to study bimolecular reactions.
We plan on developing the technique to a point where a single quantum state of a diatomic
fragment of an atom-diatom reaction can be imaged. This will initially be done on the H+ D3
reaction. We intend to extend this study to the system H +0O3 as well as develop sources for O
atoms so that O atom reactions can be studied with this technique.

Publication 1991-93

Robin N. Strickland and David W. Chandler, "Reconstruction of Axisymmetric Image from its
Blurred and Noisy Projection” Applied Optics 30, 1811 (1991).

Maurice H. M. Janssen, David H. parker, Greg O. Sitz, Steven Stolte and David W. Chandler,
"Rotational Alignment of the CD3 Fragment From the 266-nm Photodissociation of CD3I". J.
Phys. Chem. 9§, 8007 (1991).

Mark A. Buntine, David P. Baldwin, R. N. Zare and David W. Chandler, " Application of Ion
Imaging to Bimolecular Chemical Reactions: H + HI — H2 + I" J. Chem. Phys. 94, 4672
(1991).

Wayne P. Hess, John W. Thoman Jr. and David W. Chandler "Photofragment Imaging: The 205-
nm Photodissocaition of CH3Br and CD3Br" Chem. Phys. 163, 277 (1992).

G. van den Hoek, J. W. Thoman Jr, D. W. Chandler and S. Stolte, "REMPI Spectroscopy of
CF31 in the Bulk and in a Molecular Beam" Chem. Phys. Lett. 188, 413 1992,

Mark A. Buntine, David P. Baldwin and David W. Chandler, "Photodissociation Dynamics of
Doubly Excited States of Molecular Hydrogen" J. Chem. Phys. 96, 5843 (1992).

Gerard Meijer and David W. Chandler " Degenerate Four Wave Mixing on Weak Transitions in the
Gas-Phase Using a Tunable Excimer Laser" Chem. Phys. Lett. 192, 1 (1992).

Gerard Meijer, Michel Versluis and David W. Chandler "Degenerate Four Wave Mixing Using a
Tunable Excimer Laser to Detect Combustion Gases" Accepted to Applied Optics, 1992.

Mark A. Buntine, David W. Chandler and Carl C. Hayden " A two Color Laser-Induced Grating
Technique for Gas-Phase Excited-State Spectroscopy" J. Chem. Phys. 97, 1 (1992).

M. A. Buntine, D. P. Baldwin, R. N, Zare and D. W. Chandler "I/I* Branching Ratio for the
Reaction H + HI = Ha(v=1, J=11)+ I/I* at 2.63 and 1.70 ev Collision Energies" Submitted to J.
Chem. Phys. 1992.

T. A. Kitsopoulos, D. P Baldwin, M. A. Buntine, R. N. Zare and D. W. Chandler, "Reaction
Product Imaging: The H + D Reaction" Accepted Science 1993.



Direct Numerical Simulation of Turbulent Reacting Flows
Jacqueline H. Chen
Combustion Research Facility
Sandia National Laboratories
Livermore, California 94551-0969

Program Scope
The development of turbulent combustion models that reflect some of the most

important characteristics of turbulent reacting flows requires knowledge about the
behavior of key quantities in well defined combustion regimes. In turbulent flames, the
coupling between the turbulence and the chemistry is so strong in certain regimes that it
is very difficult to isolate the role played by one individual phenomenon. Direct
numerical simulation (DNS) is an extremely useful tool to study in detail the turbulence-
chemistry interactions in certain well defined regimes. Globally, non-premixed flames
are controlled by two limiting cases: the fast chemistry limit , where the turbulent flame
can be characterized by randomly distributed chemical equilibrium problems, and the
slow chemistry limit, where the chemistry integrates in time the turbulent fluctuations. In
between these two limits, finite-rate chemical effects are important and the turbulence
interacts strongly with the chemical processes. This regime is important because
industrial burners operate in regimes in which, locally the flame undergoes extinction, or
is at least in some nonequilibrium condition. Furthermore, these nonequilibrium
conditions strongly influence the production of pollutants.

To quantify the finite-rate chemistry effect, direct numerical simulations are
performed to study the interaction between an initially laminar non-premixed flame and a
three-dimensional field of homogeneous isotropic decaying turbulence. Empbhasis is
placed on the dynamics of extinction and on transient effects on the fine scale mixing
process. Differential molecular diffusion among species is also examined with this
approach, both for nonreacting and reacting situations. To address the problem of large-
scale mixing and to examine the effects of mean shear, efforts are underway to perform
large eddy simulations of round three-dimensional jets.

Recent Progress
Finite-Rate Chemi Effec

Three-dimensional DNS of non-premixed flames have been performed using a
compressible, variable density, variable viscosity higher-order finite difference code
(Trouve 1991). In the simulations all of the turbulent scales of motion are resolved and
the chemistry is modeled by a single-step Arrhenius reaction A+B---> P and also by a
two-step mechanism simulating radical production and consumption, A+B---> I (first
step), A+/---> P (second step). The parameters of the reaction rate model are chosen to
correspond to methane-air combustion. For the two-step mechanism the second step
proceeds with an activation energy four times smaller than the first step and an enthalpy
of reaction five times larger than the first step. The Taylor Reynolds number of the
turbulence simulations is fifty and the Damkohler number, defined as the ratio of the
large eddy turnover time to a chemical time given by the heat release, is varied between
fast and slow chemistry limits to study finite rate effects on the flame structure. The
flame thickness is chosen such that the reactive and turbulence length scales are of the
same order of magnitude.



1. Single-step Chemistry Results

For intermediate values of the Damkohler number (between fast and slow
chemistry) local extinction is observed when the scalar dissipation rate in the reaction
zone exceeds a critical value. The flame is strained and extinguished by the vorticity and
convection in the outer flow. The vorticity does not penetrate the flame except in
locations where extinction is observed. Within the flame zone, dynamic viscosity
increases due to temperature which has the effect of damping the turbulence. In the
extinguished regions leakage of reactants from one side of the flame to the other occurs
creating a partially premixed situation. A topic of current investigation is the role of
reignition in locally extinguished flames. In the decaying turbulence configuration
reignition was not observed; however, shearing the turbulence may provide conditions for
which the partially premixed pockets will burn.

Overall, the response of the turbulent flame is bounded by the characteristics
typical of a laminar flamelet. Namely, the scalar dissipation rate increases with reaction
rate, until a critical value is reached at which extinction occurs. At early times in the
simulation (one eddy turnover time) the maximum value of the reaction rate interpolated
along the local flame surface normal vector, and plotted versus the inverse scalar
dissipation rate, follows the usual laminar flamelet response . However, when the flame
is undergoing full interaction with the turbulence, a deviation from the bounds indicated
by the laminar flamelet is observed and is related to transient effects from the turbulence
induced mixing. The reason for this deviation is due to the reaction rate being influenced
by the local temperature as well as by the species mass fraction. It appears that
turbulence enhanced mixing convects more species to the reaction zone than by a pure
strained laminar flamelet. This observation suggests that even if the features of the
turbulence are close to the flamelet regime, the dynamic information carried by the
turbulence introduces some transient effects that certainly needs to be included in
modeling to capture with accuracy finite-rate chemistry effects.

2. Two-step Chemistry Results

The structure of the reaction zone obtained with the two-step chemistry model in
the case of slow chemistry is more complex than for the single-step chemistry case. The
intermediate species, /, field contains a production-recombination zone on the oxidizer
side of the domain and a diffusion zone on the fuel side. The two reaction zones are not
entirely separated in physical and mixture fraction space. For the same value of the
Damkohler number, the global contribution of the reaction to the energy source term is
broader in mixture fraction space than the corresponding contribution in the single-step
chemistry case. This event causes the flame to be less susceptible to extinction compared
to a flame modeled with single-step chemistry suggesting that the modeling of extinction
is strongly tied to the choice of the chemical scheme, in terms of the number of steps and
the species involved.

Differential Diffusion Eff
With hydrogen and hydrocarbon flames, monotomic hydrogen and diatomic
hydrogen atoms are present with heavier species that diffuse more slowly. It is well
known that the laminar flame structure strongly depends on the larger diffusivity of the
radical species which plays an important role in ignition processes and pollutant
formation. Most turbulent combustion models assume that all of the species diffuse at the
same rate, and hence, the conserved scalar approach can be used. In the present work,



DNS are performed and analyzed for unequal Schmidt number nonreacting and reacting
cases to determine the extent to which unequal diffusivity effects persist in turbulent
non-premixed flames.

In the nonreacting free-decaying turbulence simulations, a species C is added on
the species A side with a Schmidt number of one-half, whereas Species A and B have a
Schmidt number of unity. It is found that differential diffusion clearly shows up in
scatter plots of the distribution of the ratio, R, of the mass fractions of species A and
species C with respect to the mass fraction of species A. The turbulence causes a spread
about the laminar response and as the mass fraction of A tends to zero, the ratio R also
tends to zero. Similar results were reported in recent experiments at the Combustion
Research Facility at Sandia.

In the reacting sirulations, unequal Schmidt number effects are also present and
cause the pdf of the curvature of a three-dimensional non-premixed flame to be skewed
towards the less diffusive side. When all of the species have a Schmidt number of unity,
the pdf of the curvature is symmetric ( the flame surface exhibits both positive and
negative curvature); however, when the Schmidt number of species A is changed to one-
half (single-step chemistry), the probability of negative curvature increases corresponding
to reaction zones that are curved into the B side. This observation is found to be
correlated with the broader reaction zone found on this side in mixture fraction and in
physical space. Similar trends have been reported in the case of premixed combustion.

Future Plans
Three-dimensional simulations of turbulent non-premixed flames including the

effects of mean shear will be performed to study local extinction and reignition processes.
The inclusion of complex chemistry in the DNS approach is currently underway using
reduced chemical mechanisms for C0-H-Na, C02-H2-N2,and H2-O2 combustion and
efficient algorithms for evaluating the chemical kinetics source terms. Finally, large-
eddy simulations of turbulent round jets with and without differential diffusion are being
performed to enable direct comparison with experiments.
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LASER SPECTROSCOPY OF HYDROCARBON RADICALS
DE-FG02-9OER14132

Peter Chen
Mallinckrodt Chemical Laboratory, Harvard University
Cambridge, Massachusetts 02138

We report the application of supersonic jet flash pyrolysis! to the clean, specific
preparation of a wide range of radicals, biradicals, and carbenes in a skimmed molecular beam.
We have grepared methyl? (CH3), ethynyP (C,H), vinyl34 (CoHj3), three isomers3 of C3H,,
propargyl’ (C3Hj3), allyl® (C3H5%, cyclobutadiene?® (c-C4H,), genzynf:,lo (ortho-CgHy),
o,3-dehydrotoluene!! (meta-C7Hg), dichlorocarbene!2 ?Célz), and trichloromethyl radical!3
(CCl3). Each species was produced cleanly and specifically, with little or no secondary reactions,
by unimolecular thermal dissociation of appropriately designed and synthesized organic
precursors.

Photoelectron spectra of the three isomeric C3H, carbenes’$, ortho-benzyne!© and the
a,3-dehydrotoluene biradical!!, were used to establish adiabatic ionization potentials for use in
thermochemical determinations. The thermochemistry of carbenes and biradical-like species was
found to follow a semiquantitative valence-bond picture!4 in which the heat of formation of the
carbene or biradical is reduced from an additivity estimate by the singlet-triplet splitting if the
species has a singlet ground state. The triplet state is assigned to the "noninteracting biradical" of
Benson additivity schemes.

Explicit modeling of the Franck-Condon envelope of the photoelectron spectra was used,
along with chemical evidence, to identify the isomeric carbenes. For cyclopropenylidene, the
simulated spectrum!3, using a geometry for C3H,+* slightly adjusted from the optimized
MP2/6-31G* structure, closely matched that obtained by experiment. Small variations in the
bond lengths in the radical cation caused large, systematic changes in the simulated photoelectron
spectrum. On this basis, we use the Franck-Condon modeling as a means to assign a geometry to
this important ion. Franck-Condon modeling also allowed us to extract an adiabatic ionization
potential'? from the poorly resolved photoelectron spectrum of CCly. With IP,4[CCl,] = 9.27 +
0.03 eV, the heat of formation of the carbene was determined to be AHO; 293[6 1] =51.0+£2.0
kcal/mol which is in good agreement with a recent negative ion collision-induced dissociation
value of 52.1 + 3.4 kcal/mol that used -altogether independent auxiliary thermochemical data.
Previous determinations by a range of methods had given values ranging from 39 to 59 kcal/mol.
A fit of the photoelectron spectrum of cyclobutadiene? established that the Jahn-Teller distorted
radical cation c-C4H4** is rectangular rather than rhomboidal. A better fit to model double-well
potential surfaces is underway to extract tunneling splittings. The photoelectron spectrum!3 of
CCl; was also obtained and fit to anharmonic potential function to determine the barrier to
inversion of 525 + 50 cm"! and ionization potential of IP,4[CCl;] = 7.95 £ 0.04 eV.

We have recently obtained the only rotationally-resolved" electronic spectrum of allyl and
allyl-ds radical by 1+1 resonant multiphoton ionization®, We have assigned all of the bands
between 238 and 250 nm to transitions from the X2A, ground state to three close-lying, coupled
electronically excited states: B2A,, C2B;, and D2B,. Most interesting is the B state, which is
nominally the 35 Rydberg state. Itis found to be nonplanar with a double-well potential along a
b coordinate. We have determined preliminary values for tunneling splittings. The nonplanarity
is ascribed to strong vibronic coupling to the C state whose origin lies only 241 cm-! higher in
energy.



In collaboration with Dr. M.G. White at Brookhaven National Laboratory, the ZEKE-PFI
photoelectron spectrum of CH3 was obtained?. The spectrum is the first rotationally resolved
photoelectron spectrum of a transient polyatomic radical, and shows unambiguous parallel band
structure. A ZEKE-PFI detector has been constructed in one of the vacuum chambers in our
laboratory. We have been able to obtain both resonant and nonresonant MPI ZEKE-PFI spectra
of several test molecules.

Future plans include further application of resonant MPI spectroscopy to several
isotopically substituted allyl radicals to better map the excited state double-well potential.
Franck-Condon simulation methodology for fitting cation structures to the photoelectron spectra
of radicals is also being tested as a way to determine bond lengths and angles for carbonium ions.
ZEKE-PFI spectra of small alkyl radicals is also planned.
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LASER SPECTROSCOPY AND DYNAMICS OF TRANSIENT SPECIES

Dennis J. Clouthier
Department of Chemistry
University of Kentucky
Lexington, KY 40506-0055

The goal of this program is to study the vibrational and electronic spectra and excited
state dynamics of a number of transient sulfur and oxygen species. A variety of supersonic jet
techniques, as well as high resolution FT-IR and intracavity dye laser spectroscopy, have been
applied to these studies.

1. Reactive Jet Spectroscopy of the FS, Free Radical

We have recently been exploring a new technique we call "reactive jet spectroscopy”, in
which exothermic chemical reactions within the throat of a supersonic jet are used to produce
new transient intermediates. In the first of these experiments, we reacted F,/argon mixtures with
COS in hope of detecting the electronic spectrum of SF,. We obtained a strong LIF spectrum
in the 700 - 490 nm region with an extensive series of bands with an upper state interval of 495
cm’. However, the band types, vibrational intervals and degradation of the rotational structure
prove that the spectrum is not that of SF,. Further experiments have shown that the same
spectrum can be obtained by the reaction of F, with COS, CS, or H,S, so the carrier must have
only fluorine and sulfur atoms. High resolution spectra were obtained with a ring laser, and the
complex rotational structure shows clear evidence of J- and K,-dependent spin splittings. On the
basis of our own extensive ab initio calculations, the observed vibrational intervals, and a partial
rotational analysis, we have concluded that the spectrum is the A’A” - X*A” band system of the
previously unknown FS, free radical.

The results of our ab initio studies are presented in Table 1, along with the experimental
data. The predicted vibrational frequencies are in excellent agreement with those derived from

Table 1
A Comparison of Ab Initio Predictions and Experimental Results for the FS, Radical.

.

UMP2/6-31G"* UMP2/6-311G (2d) Expt.
v, * 748> 736 705
v, 287 289 293
v, 725 674 685
v, 804 754 766
v, 213 216 217
v, 519 505 494
AE 12574 13285 14921

* v, = SF stretch; v, = bend; v, = SS stretch.
® All quantities in cm™.



the spectra. The excitation energy is slightly underestimated, due to limitations of the
unrestricted Hartree-Fock Moller-Plesset perturbation theory approach. However, experiment and
theory agree that there is a strong blue shift in the first electronic transition of the XS, species
when a more electronegative atom replaces hydrogen. Thus, the adiabatic excitation energies for
HS,, CIS, and FS, are calculated to be 6208, 11020 and 13285 cm’, while the experimental
values for HS, and FS, are 7256 and 14921 cm™. The A - X band system of CIS, is unknown.

We have been able to record several bands of FS, at high resolution and the rotational
analysis is in progress. When completed, these studies will provide the first data on the ground
and excited state structure, rotational constants and spin constants of the FS, free radical.

2. Intersystem Crossing, Intenal Conversion and Fvidence for Rotation-Induced Vibrational
Mixing in the Ground State of Thioformaldehyde

Last year, we reported studies of the S, - S, band system of thioformaldehyde at sub-
Doppler resolution using intracavity dye laser spectroscopic techniques. The analysis of these
data is now complete. A total of 360 upper state rotational levels in the 4' vibrational state have
been studied. Ground state combination differences from the sub-Doppler spectra, combined with
microwave and infrared data, have been used to improve the ground state constants of H,CS.
The excited state constants have been determined from a fit of 211 "unperturbed" transitions.
Some of the upper state levels are found to be strongly perturbed by nearby triplet state levels
and the perturbations have been shown to involve a vibronic spin-orbit mechanism with matrix
elements of 0.05 - 0.15 cm™. At least 65% of the S, levels show evidence of small sub-Doppler
perturbations due to interactions with high rovibronic levels of the ground state. The number of
S, - S, perturbations is small at low J, but increases rapidly beyond J = 3 such that 40 - 80% of
the observed S, levels of any given J are perturbed by ground state levels. Arguments based on
the density of perturbing states show that K, is not a good quantum number in the ground state,
implying that there is rotation-induced mixing of the vibrational states. The distribution of
perturbations shows that the ground state levels form an unevenly distributed background, in
agreement with the conclusions from our previous photophysical studies.'

3. High Resolution FT-IR Spectroscopy of Formyl Chloride (HCOCI)

Formy! chloride is a transient molecule which readily decomposes to form HCI and CO.
Although low resolution infrared spectra were studied many years ago,? high resolution studies
have not been reported. We have been able to record spectra at 0.004 cm™ resolution using a
slow flow system of HCOCI produced by the reaction of formic acid vapor with PCl;. The
spectra are complicated because 5 of the 6 fundamentals are A/B hybrid bands and both the
HCO»Cl and HCOYCl isotopomers are fairly abundant (3:1). In order to eliminate as much
congestion as possible, we have deconvoluted the spectra to give a resolution of about 0.003 cm’*.

The v, band (CH in-plane bend) at 1307.2 cm’ has been completely assigned for
HCO*Cl and HCOYCI and found to be an A/B hybrid with a transition moment ratio of
approximately 4:1. The ground state constants have been refined by simultaneous fitting of
microwave data and IR combination differences. The excited state constants have been obtained
from fitting assignments over a wide range of J and K, values. The v, band shows only a few
minor perturbations due to interactions with the 5'6', 5% and 415" levels.

The v, band (CO stretch) is a predominantly A-type band which shows evidence of
perturbations in most of the upper state K-stacks. Sufficient numbers of unperturbed lines were
identified to provide a reliable set of upper state constants. Most of the perturbations can be
ascribed to Coriolis interactions with the rotational levels of the 3'5' state 23 cm™ below 2'. The
perturbations are very similar in both isotopomers, so a detailed picture of the interactions
between the various levels can be obtained.



We are currently engaged in further FT-IR studies of the spectra of HCOCI and DCOCIL.
We plan to record high resolution infrared speci.a of sulfine (H,CSO) this summer. Experiments
are in progress to obtain the A - X bands of formic acid with rotational resolution and jet
cooling. We are also constructing a time-of-flight mass spectrometer to be used in REMPI
studies of nonfluorescent sulfur and oxygen containing transient molecules.
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The reactions of OH radicals with hydrocarbons have received a great deal of attention in recent years
because of these processes are principal steps in the oxidation of organic fuels--whether occuring in combus-
tion/propulsion s..ems, in the atmosphere, or elsewhere. Of the various radicals capable of attacking
hydrocarbons, U radicals are generally the most reactive. In the atmosphere, the combined effects of the OH
radical’s reactivity and concentration make it the single species that determines the atmospheric lifetime of an
organic substance. In many combustion systems, the OH radical plays a similar rate-determining role in the
kinetics of fuel oxidation.

The principal goals of the kineticist in the field of oxidation chemistry are (1) to measure as many
elementary reaction rate coefficients as are conveniently studied in the laboratory; and (2) to develop theoreti-
cal and/or semiempirical tools for extrapolating from measured rate coefficients to unmeasured ones. The lat-
ter step is necessary because of the sheer number of reactions of possible interest. Ab initio theoretical studies
provide the most refined nonexperimental procedures for the completion of part (2) of the above program, but
again, the large number of reactions renders impractical detailed theoretical evaluation of every one. To this
end, Benson and coworkers! developed the procedures of thermochemical kinetics: a collection of recipes and
simple techniques for predicting reaction rate coefficients with reasonable accuracy. The method is most reli-
able when used simply to extrapolate rate coefficients from one temperature range to other temperatures, but a
single temperature measurement can provide the basis for extrapolation. The procedure is further sharpened
when applied to a family of homologous reactions for which a set of experimental measurements places more
stringent constraints on the structural parameters of the activated complex that are required for the calcula-
tions. (It is assumed that the activated complexes for a homologous series of reactions are very similar to one
another.) Studies of OH radicals with a series of alkanes have provided a wealth of experimental data that con-
stitute an ideal test case for the application of thermochemical kinetics to predicting reaction rate coefficients.

To extend the semi-empirical techniques of Benson and coworkers, and to extend the database of reli-
able high temperature measurements of OH radicals with hydrocarbons and other fuels and their decomposi-
tion products, we undertook, with DOE support, a research program with both experimental and computational
tasks. The experimental goal was to design a procedure for measuring, at combustion temperatures, the reac-
tion rate coefficients of OH radicals with fuels and other species of importance in combustion or propulsion
systems. The computational effort was intended to refine the semi-empirical transition-state-theory procedures
for extrapolating rate coefficients of reactions of OH with combustion species of interest, for predicting rate
coefficients for species not studied in the laboratory, and to examine the ability of the theory to predict rate
coefficients for different pathways in the case the reagent possessed more than one nonequivalent H atoms.

These scientific goals can contribute to DOE’s broad mission to improve the efficiency of combustion
processes while minimizing undesirable effects including production of pollutants. Both aims require a detailed
knowledge of the mechanisms of the combustion processes and the kinetics of each individual step. As noted
above, OH radicals are a key species in oxidation and combustion of any fuel (or other molecule) containing
abstractable H atoms--which includes all but the most exotic fuels. A series of measurements for a carefully
selected array of species can provide the basis for a semi-empirical formulation to estimate rates for any



arbitrary molecule of interest--information that engineers, scientists, and other modelers will need in studying
combustion problems, predicting fuel efficiency, or minimizing undesired pollutant products.

In the experimental portion of this program we have carried out shock tube measurements of the reac-
tions of OH radicals with several species. The experiments were performed behind reflected shock waves in a
stainless steel shock tube. The tube has a 10-m-long, 16.2-cm-diameter test section with a 3-m-long 7.5-cm-
diameter driver section. OH radicals were produced in most cases by shock-heating t-butyl hydroperoxide
(TBH) diluted in argon carrier gas. TBH dissociates rapidly at our temperatures (near 1200 K) to produce t-
butoxy and OH radicals:

(CH3);COOH --> (CH3),CO* + *‘OH
the t-butoxy radicals in turn very rapidly dissociate to give CH, radicals and acetone:
(CH3)3CO" --> “CH;3 + CH;COCH;, k, = ?3x1010 sec’!

The acetone then decomposes--but, unfortunately, not very fast on our time scale--to give ‘CH; and ‘CH,CO
radicals:

o
]

a = 6.6 x107 sec’!

CH3COCH; --> *CH,CO + *CH, k. = 40 sec’!
And the CH,CO radicals will rapidly fall apart to give CH3 and CO:
*CH3CO --> *CH; + CO kg = ?4x1010 sec’!

The net result of four reactions is:
(CH3)3COCH --> *OH + 3°CH, + CO

If the third reaction were sufficiently fast, then the analysis of the measurements would be considerably
simplified, because we would then be looking at an instantaneously produced concentration of OH radicals,
CHj radicals, and inert CO. The fact that this is not so forces us to model OH concentrations as a function of
time and deduce reaction rates of the OH with added substrates by computer modeling.

Thin-film heat transfer gauges mounted in the tube wall signal the passage of the shock wave. The
speed of the shock wave is calculated from the distance between the gauges and the time between the heat

transfer gauge signals. From the shock speed, the pressure and temperature behind the reflected shock are cal-
culated.

The shock tube, the gas-handling equipment, and the optical configuration were described in detail in
Ref. 2; however, much of the electronics and hardware, not changed for over ten years, have been redesigned
and modified extensively. The old gas handling system has been completely replaced using new components,
including capacitance manometers for making more accurate and precise pressure measurements and gas mix-
tures. The antiquated system used to measure shock front velocities has been rebuilt replacing analog record-
ing equipment with digital. Shock velocities accurate to better than +0.3% can be obtained from the digitized
data. Calibration experiments are now in progress to establish new system characteristics--in particular, the
exponent v defined in eq. (1) below:

In(Io/1) = eeq ((OH] x 1) M)

where I is the light signal seen by a detector, / = optical path length and e = effective extinction coefficient.

ecfr and v are functions of the gas temperature and pressure, the slit width, and the operating characteristics of
the lamp.

The OH radical then undergo several reactions in the absence of any other reagents, and have a
characteristic half-life. When another reagent is present, it too can react with the OH. The disappearance rate
of OH as a function of the added reagent RH gives the reaction rate coefficient for the process, OH + RH -->
products. The OH concentration behind the shock wave was monitored by uv absorption using OH resonance

radiation at 309 nm, produced by a microwave discharge through a mixture of helium and water vapor flowing
at 70 torr.

To date we have completed and published?34 shock tube measurements of the reactions of OH radi-
cals with several species: H,, CH,, ¢-CsH g, i-C4H g, i-CgH g, neo-CgH g, 2,3-dimethylbutane, C,H,, C,H,,
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