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I.  Program Scope

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

I1. Accomplishments
A. Methodology for Computer-Aided Kinetic Modeling

1. Automated Reaction Mechanism Generation

The main focus of this research project was the development of advanced methods for
automatically constructing combustion simulations for any user-specified fuel and reaction conditions.
[2,9,18,27,32,35,57,60] During the course of the project we created the Reaction Mechanism Generator
(RMG) software package and then took it through several versions (now in version 4). The latest
publicly-released version and associated manuals are available at http://rmg.sourceforge.net/. This
software package takes the initial composition and reaction conditions as input from the user, and from
them creates the reaction mechanism including all the intermediates, products, and byproducts. The
software estimates the values of the thermochemistry and other molecular properties of all the molecules
in the reaction network, and also estimates all the rate coefficients.

A unique and important feature of RMG is that it automatically computes the pressure-
dependence of the rate coefficients (due to chemical activation or fall-off), so accurate models can be
generated at any pressure;[3,9,52] this is particularly important for connecting low-pressure laboratory
flame experiments with high-pressure combustion in engines. The methodology for doing these
automated pressure-dependence calculations was developed by this project.[3,9,18,52] We have made
most of the thermochemistry and rate calculation tools used by RMG, including pressure-dependence
calculations, accessible separately through the CANTHERM package and a website (http://rmg.mit.edu),
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for the convenience of researchers who are focused on individual reactions rather than large reaction
networks.

An important feature of RMG is that the chemistry specifics are kept separate from the source
code, so that for example rate parameters for a particular type of reaction can easily be edited by the users
without needing to have any knowledge of how RMG works inside, nor any need to recompile the
software package. This encourages the community to contribute the best available rate coefficients, and so
cumulatively continuously improves the quality of the RMG models. It also makes it relatively easy to
add additional elements and reaction types. When RMG was first created, it could only handle
hydrocarbon chemistry, but during the course of this project, that capability has been expanded
significantly. It can now also accurately predict a huge range of combustion, pyrolysis, and partial
oxidation chemistry of CHO compounds,[48,64,vii,ix] a significant range of organosulfur chemistry,[x]
and some organonitrogen chemistry. Markus Kraft’s group at Cambridge University has independently
added silicon chemistry important in chemical vapor deposition for electronic device manufacture. You
can see most of the rate coefficients etc. via our database viewer at http://rmg.mit.edu.

During this project, with some complementary support from a DOE center, we also have added
the capability to include solvent effects [i,24,45], e.g. to understand liquid-phase reactions leading to fuel
injector and lubricant failures in advanced engines. In the long run, the capability to predict condensed
phase chemistry is likely to be even more valuable than the ability to predict gas phase chemistry, but
more work is needed to improve the accuracy of these predictions.

We are continuously improving the methodology used to compute the thermochemistry and rate
parameters; at the time this project began we were using Density-Functional Theory (e.g. B3LYP) to
compute reaction barriers, but now we are routinely using CCSD(T)-F12a, which is dramatically more
accurate. This project also developed improved methods for computing the thermochemistry of fused
cyclic molecules [57] and for handling the coupling between hindered rotors.[47]

Another unusual feature of RMG is that it is open-source. This has encouraged many other
researchers to use the software, and some to contribute to the software; overall it has dramatically
increased its deployment and impact. At present, about twenty different university, national lab, and
industrial research groups are using RMG to build kinetic models. Although most of the RMG software
was written at MIT supported by this project, the software includes contributions from researchers at
Northeastern University, Belgium, England, and France.

2. Numerical Methods including Automated Error-Controlled Model Reduction

Fuel chemistry is quite complicated, and so the automated reaction mechanism generation
software creates very complicated kinetic models. These models can be challenging to solve numerically,
particularly when the reactions are happening in a complex geometry and flow (velocity) field. During
this project, we have made many advances in the methodology for dealing with this problem.

One line of research where we made an important advance was to apply sparse linear algebra
techniques to reduce the memory requirements of stiff ODE solvers. Our key innovation, leveraged by
industrial funding, was to reformulate the differential equations, adding an extra variable and equation, in
a clever way that makes the Jacobian highly sparse.[ii,2] Combining this with automatic differentiation
and automatic sparsity detection led to a solver which required two orders of magnitude less memory and
one of order of magnitude less CPU time [20] than the conventional solvers LSODE, VODE and DASSL.
Our published method has since been independently implemented in commercial kinetics software such
as CHEMKIN-PRO, and other research groups (e.g. Reitz, Maas, Flowers) have further developed this
theme.

Another related line of research where this project led the way was the invention of the Adaptive
Chemistry technique for solving reacting flow simulations.[11,15,16] In this method, different reduced
chemistry models are employed at different spatial locations and at different times during the simulation;
for example a very simple chemical kinetic model can be used behind the flame front, since most of the
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chemical species have been destroyed by passing through the flame, but a quite complicated chemistry
model is needed just upstream of the flame front. After we first proposed this idea, several research
groups developed it. My group focused on error control, to ensure that the reduced models used were
always sufficiently detailed, and in some cases we were able to guarantee that the Adaptive Chemistry
solution matched the full-model solution within an error tolerance.[26,31] We also invented a method
guaranteed to give the smallest-possible chemical kinetic model subject to the user-specified error
tolerance.[2,12,16,30,37] However imposing rigorous error control and finding the guaranteed-smallest-
possible model increases the computational cost; as a consequence so far most users have decided to take
the risk of omitting error control in order to speed the calculations. This field has advanced significantly
since we invented this concept, and the best practical Adaptive Chemistry implementation available at
present was invented by Rolf Reitz’s group building on KIVA and a fast model-reduction method
invented by C.K. Law, demonstrated by a group at ExxonMobil, and is now distributed in the commercial
FORTE software package by Reaction Design.

The most popular method for solving reacting flow simulations is to use operator splitting to
numerically separate the chemistry from the flow equations. Most solvers use “Strang Splitting” [iii],
which has several advantages over alternative approaches. However, Strang Splitting suffers from
“splitting error”, so that even when the calculation converges to the steady-state solution, the numerical
solution can be significantly different from the true solution of the original partial differential equations.
We developed splitting schemes which avoid this error [15], and recently published a paper with Strang
demonstrating operator splitting schemes we invented where the splitting error exponentially vanishes as
the calculation converges to steady-state.[iv]

Of course, one option is to just solve the equations by brute force on big computers. Pursuing this
line of research, during this project with support from NASA and a DOE center we wrote the first
efficient stiff ODE solver for GPU’s, demonstrating efficient accurate solutions for quite large systems
(>10,000 coupled stiff ODE’s), and also demonstrating a method for solving the reacting flow equations
using GPU’s.[v,vi]

During the time period of this project we made significant advances in four of the main
numerical/computer approaches for solving combustion simulations (sparse Jacobians, Adaptive
Chemistry and model reduction, operator splitting, and use of GPU’s), and most of these spawned a
multitude of follow-up research by others; at least two of the new methods were later commercialized and
widely distributed.

3. Rate and Thermochemistry Calculations

During the course of this project we computed a large number of reaction rate coefficients and the
thermochemical parameters for many molecules.[1,2,4,6-9,13,17-19,21,23,29,34,38,42-
44,46,47,49,50,54,56,62] From these quantum chemical calculations, we derived a large number of
thermochemical group values, and also several rate-estimation rules for new reaction families.[4,6-
8,13,21,29,47] We also developed a group-additivity method for computing reaction rates based on
guantum calculations of transition states.[4,7] We studied too many functional groups and reactions to list
here (for full details see the cited papers), but some of the highlights are that we heavily studied the
reactions of peroxy radicals and hydroperoxyalkyl radicals [13,21,47,49-50,54], reactions of
cyclopentadienyl species leading to aromatic rings [18,42,43,46], reactions of phenyl and vinyl radicals
(both computationally and experimentally) [23,34,38,40,44,55,56], and we elucidated the
thermochemistry of highly substituted carbons and of ketenyl groups [6,8]. In the course of our study of
peroxyl radicals, we discovered a significant error in conventional methods for handling internal rotors,
with big effects on many reaction rates.[47]

A portion of this project involved experimental work, measuring the reactions of vinyl radicals with
themselves and with alkenes.[34,38,40,44] In most cases the calculations and experiments are in good



agreement with each other and with our prior expectations. However, in the course of that work and
associated quantum chemistry calculations we discovered a reaction family (radical addition to terminal
alkenes) where the rate coefficient does not follow the normal Evans-Polanyi correlation, but instead the
rate increases as the exothermicity decreases; this unusual phenomenon was independently discovered for
a different addition reaction in calculations by Radom.

Towards the end of the project, we investigated advanced methods for improving the accuracy of the rate
calculations. We had excellent success with the Ring Polymer Molecular Dynamics (RPMD) rate-
calculation method developed by Manolopoulos. We created an efficient open-source software package
for RPMD calculations called RPMDRate, and tested the accuracy of RPMD on several different types of
systems.[58,59,61,63,xii,xi] For some of these systems the exact quantum mechanical rate is known for
comparison. The RPMD results are always within a factor of 3 of the exact solution, and are quite
accurate (~30%) at combustion-relevant temperatures. The main disadvantage of RPMD is that a full-
dimensional PES is needed, implying a lot of quantum chemistry calculations and CPU time. A major
advantage of RPMD is that the results are insensitive to the choice of dividing surface, this is very helpful
for situations where the transition state is floppy or poorly localized.

B. Applications of the Newly-Developed Methods to Interesting Systems

The first system where our computer-aided modeling approach made a big contribution was the pyrolysis
of methane.[18] That system sounds very simple, but the kinetics are very tricky, with autocatalysis and
run-away beginning after a long induction time, when the key species cyclopentadiene is formed via a
rather complicated route.

As the computer capabilities and our software improved, we were able to tackle larger molecules. The
second big success was the RMG-constructed model for hexane pyrolysis, which was found to be in
excellent agreement with experimental results measured in a flow reactor in Belgium.[27] Since that time
RMG has been repeatedly used to model flow pyrolysis experiments (relevant to the industrial steam-
cracking process and to fuel cracking upstream of a flame front).

Another important demonstration was automated construction of detailed models for the doped-diffusion-
flame experiments of McEnally and Pfefferle, predicting the effects of doping hexadienes into a methane
flame.[24] Towards the end of this grant period, we collaborated with the Brezinsky group to understand
how alkene oxidation chemistry depends on the position of the double bond [64], an issue relevant to
biodiesel combustion.

The numerical methods developed in this project have been applied to many systems, and have proven
particularly helpful in modeling HCCI and similar engines, to understand the limits on operability.[20,36]
Some of the numerical methods invented in this project have proven so useful that they have been
incorporated into commercial simulation software, and are being used in industry to develop advanced
engines and new fuels.

The software and methods developed during this project have been applied (with separate funding) to
other systems, notably the pyrolysis and combustion synthetic jet fuel JP-10 [48,xiii,xiv] and diisopropyl
ketone combustion [ix]. The most exacting test of the predictive modeling technique to date has been the
development of the detailed model for the combustion chemistry of isobutanol and comparison of the
model predictions with a dozen different experiments, most measured by the Combustion EFRC. In the
most impressive case, dozens of species profiles in a set of premixed isobutanol flames were predicted
prior to the experimental data being analyzed.[vii]



I11. References

Vi.

Vii.

viii.

Xi.

Xii.

Xiii.

Xiv.

A. Jalan, R.H. West, and W.H. Green, “An Extensible Framework for Capturing Solvent Effects
in Computer Generated Kinetic Models”, J. Phys. Chem. B 117, 2955-2970 (2013).

D.A. Schwer, J.A. Tolsma, W.H. Green and P.l. Barton, “On Upgrading the Numerics in
Combustion Chemistry Codes”, Combustion and Flame 128 270-291 (2002).

iii. G. Strang, “On the Construction and Comparison of Difference Schemes”, SIAM J. Numerical

Analysis 5(3) 506-517 (1968).

R. Speth, S. MacNamara, W.H. Green, and G. Strang, “Balanced Splitting and Rebalanced
Splitting”, SIAM J. Numerical Analysis 51(6) 3084-3105 (2013).

Y. Shi, W.H. Green, H-W Wong, and O.0. Oluwole, “Redesigning Combustion Modeling
Algorithms for the Graphics Processing Unit (GPU): Chemical Kinetic Rate Evaluation and
Ordinary Differential Equation Integration”, Combustion & Flame 158(5) 836-847 (2011).

Y. Shi, W.H. Green, H-W Wong, and O.0. Oluwole, “Accelerating multi-dimensional
combustion simulations using GPU and hybrid explicit/implicit ODE integration”, Combustion &
Flame 159 2388-2397 (2012).

N. Hansen, Shamel S. Merchant, Michael R. Harper, William H. Green, “The Predictive
Capability of an Automatically Generated Combustion Chemistry Mechanism: Chemical
Structures of Premixed iso-Butanol Flames,” Combustion and Flame 160(11) 2343-2351 (2013).
A. Jalan, .M. Alecu, R. Meana-Paneda, J. Aguilera-lparraguirre, K.R. Yang, S.S. Merchant, D.G.
Truhlar, W.H. Green, “New pathways for formation of acids and carbonyl products in low-
temperature oxidation: The Korcek decomposition of y-ketohydroperoxides.” Journal of the
American Chemical Society 135(30) 11100-11114 (2013).

J.W. Allen, C. Gao, S.S. Merchant, A.M. Scheer, S.S. Vasu, O. Welz, J.D. Savee, D.L. Osborn,
C. Lee, S. Vranckx, Z. Wang, F. Qi, R.X. Fernandes, W.H. Green, M.Z. Hadi, C.A. Taatjes,
“Concerted Development of Biofuel Production and Utilization: A Coordinated Investigation of
Diisopropyl Ketone, a Prototypical Biofuel”, Combustion & Flame 161, 711-724 (2014).

Y. Kida, C. A. Class, A.J. Concepcion, M.T. Timko, and W.H. Green, “Combining Experiment
and Theory to Elucidate the Role of Supercritical Water in Sulfide Decomposition”, Phys. Chem.
Chem. Phys. 16 (20) 9220-9228 (2014).

Y.V. Suleimanov, J.W. Allen, and W.H. Green, “RPMDrate: bimolecular chemical reaction rates
from ring polymer molecular dynamics”, Comp. Phys. Comm. 184(3) 833-840 (2013).

E. Gonzalez-Lavado, J.C. Corchado, Y.V. Suleimanov, W.H. Green, J. Espinosa-Garcia,
“Theoretical Kinetics Study of the O(®P) + CH./CD4 Hydrogen Abstraction Reaction: The Role of
Anharmonicity and Quantum Mechanical Effects”, J. Chem. Phys. (submitted).

Kinetic modeling of Jet Propellant-10 pyrolysis, NM Vandewiele, GR Magoon, KM Van Geem,
MF Reyniers, WH Green, Energy & Fuels, DOI: 10.1021/ef502274r (2014).

Experimental and modeling study on the thermal decomposition of Jet Propellant-10, NM
Vandewiele, GR Magoon, KM Van Geem, MF Reyniers, WH Green, Energy & Fuels 28 (8)
4976-4985 (2014).

IV. .Publications supported by this project

1. Henning Richer, Oleg A. Mazyar, Raman Sumathi, William H. Green, Jack B. Howard, and Joseph
W. Bozzelli, "Detailed Kinetic Study of the Growth of Small Polycyclic Aromatic Hydrocarbons. 1.

1-

Naphthyl + Ethyne", J. Phys. Chem. A 105 1561-1573 (2001).

2. W.H. Green, P.I. Barton, B. Bhattacharjee, D.M. Matheu, D.A. Schwer, J. Song, R. Sumathi, H.H.
Carstensen, A.M. Dean, and J.M. Grenda, "Computer-Construction of Detailed Models for Gas-
Phase Reactors”, Ind. Eng. Chem. Res. 40 5362-5370 (2001).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

David M. Matheu, Thomas A. Lada Il, William H. Green, Anthony M. Dean, and Jeffrey M.
Grenda, "Rate-Based Screening of Pressure-Dependent Reaction Networks", Computer Physics
Communications 138 237-249 (2001).

R. Sumathi, H.-H. Carstensen, & W.H. Green, “Reaction Rate Prediction via Group Additivity, Part
3: Effect of Substituents with CH; as the Mediator”, J. Phys. Chem. A 106(22) 5474-5489 (2002).
J. Song, G. Stephanopoulos, and W.H. Green, “Valid Parameter Range Analyses for Chemical
Reaction Kinetic Models”, Chem. Eng. Sci. 57 4475 (2002).

R. Sumathi and W.H. Green, “Thermodynamic Properties of Ketenes: Group Additivity Values
from Quantum Chemical Calculations”, J. Phys. Chem. A 106(34) 7937-7949 (2002).

R. Sumathi and W.H. Green, “A priori Rate Constants for Kinetic Modeling”, Theoretical
Chemistry Accounts 108 187-213 (2002).

R. Sumathi and W.H. Green, “Missing thermochemical groups for large unsaturated hydrocarbons:
Contrasting predictions of G2 and CBS-Q”, J. Phys. Chem. A 106(46) 11141-11149 (2002).

D.M. Matheu, W.H. Green, & J.M. Grenda, “Capturing Pressure-Dependence in Automated
Mechanism Generation: Reactions Through Cycloalkyl Intermediates”, Int. J. Chem. Kinet. 35 95-
119 (2003).

J.M. Grenda, I.P. Androulakis, A.M. Dean, & W.H. Green, “Application of Computational Kinetic
Mechanism Generation to Model the Autocatalytic Pyrolysis of Methane”, Ind. Eng. Chem. Res. 42
1000-1010 (2003).

D.A. Schwer, P. Lu, & W.H. Green, “An Adaptive Chemistry approach to modeling Complex
Kinetics in Reacting Flows”, Combust. Flame 133 451-465 (2003).

B. Bhattacharjee, D.A. Schwer, P.1. Barton, & W.H. Green, “Optimally-Reduced Kinetic Models:
Reaction Elimination in Large-Scale Kinetic Mechanisms”, Combust. Flame 135 191-208 (2003).
C.D. Wijaya, R. Sumathi, and W.H. Green, “Cyclic Ether Formation from Hydroperoxyalkyl
Radicals (QOOH)”, J. Phys. Chem. A 107 4908-4920 (2003).

B. Wong, D.M. Matheu, and W.H. Green, “The Temperature and Molecular Size Dependence of
the High-Pressure Limit”, J. Phys. Chem. A 107 6206-6211 (2003).

D.A. Schwer, P. Lu, W. H. Green, and V. Semiao, “A Consistent-Splitting Approach to Computing
Stiff Steady-State Reacting Flows with Adaptive Chemistry”, Combust. Theory & Modelling 7 383-
399 (2003).

P. Lu, B. Bhattacharjee, P.1. Barton & W.H. Green, “Reduced Models for Adaptive Chemistry
Simulation of Reacting Flows”, in Computational Fluid & Solid Mechanics, ed. by K.J. Bathe
(Elsevier, 2003).

D.M. Matheu, J.M. Grenda, M. Saeys, & W.H. Green, "New, computer-discovered pathways for
methane and ethane pyrolysis”, Preprints of the ACS Division of Fuel Chemistry (2003).

D.M. Matheu, A.M. Dean, J.M. Grenda, and W.H. Green, “Mechanism Generation with Integrated
Pressure-Dependence: A New Model for Methane Pyrolysis”, J. Phys. Chem. A 107 8552 (2003).
R. Sumathi and W.H. Green, “Oxygenate, Oxyalkyl, and Alkoxycarbonyl Thermochemistry and
Rates for Hydrogen Abstraction from Oxygenates”, Phys. Chem. Chem. Phys. 5 3402-3417 (2003).
P.E. Yelvington, M. Bernat i Rollo, S. Liput, J. Yang, J.W. Tester, & W.H. Green, “Predicting
Performance Maps for HCCI Engines”, Combust. Sci. & Tech. 176 1243-1282 (2004).

W.H. Green, C.D. Wijaya, P.E. Yelvington, & R. Sumathi, “Predicting Chemical Kinetics with
Computational Chemistry: Is QOOH = HOQO Important in Fuel Ignition?”, Mol. Phys. 102 371~
380 (2004).

H. Richter, S. Granata, W.H. Green, & J.B. Howard, “Detailed Modeling of PAH and Soot
Formation in a Laminar Premixed Benzene/Oxygen/Argon Low-Pressure Flame”, Proc. Combust.
Inst. 30 1397-1405 (2004).

H. Ismail, J. Park, B.M. Wong, W.H. Green, & M.C. Lin, “A Theoretical and Experimental Kinetic
Study of Phenyl Radical Addition to Butadiene”, Proc. Combust. Inst. 30 1049-1056 (2004).



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

J.W. Taylor, G. Ehlker, H.-H. Carstensen, L. Ruslen, R.W. Field, & W.H. Green, “Direct
Measurement of the Fast Reversible Addition of Oxygen to Cyclohexadienyl Radicals in Nonpolar
Solvents”, J. Phys. Chem. A 108 7193-7203 (2004).

B. Bhattacharjee, P. Lemonidis, W.H. Green and P.l. Barton "Global Solution of Semi-infinite
Programs", Mathematical Programming (Series A) 103(2) 283-307 (2005).

0.0. Oluwole & W.H. Green, “Rigorous Error Control in Reacting Flow Simulations Using
Reduced Chemistry Models”, Computational Fluid & Solid Mechanics: Proceedings of the Third
MIT Conference on Computational Fluid & Solid Mechanics, ed. by K.J. Bathe (Elsevier, 2005)
787-791.

K. Van Geem, M.F. Reyniers, G. Marin, J. Song, D.M. Matheu, and W.H. Green, “Automatic
Reaction Network Generation using RMG for Steam Cracking of n-Hexane”, AIChE Journal 52(2)
718-730 (2006).

A.B. Singer, J.W. Taylor, P.l. Barton, and W.H. Green, "Global Dynamic Optimization for
Parameter Estimation in Chemical Kinetics", Journal of Physical Chemistry A 110(3) 971-976
(2006).

J. Yu, R. Sumathi, and W.H. Green, “Accurate and Efficient Estimation Method for Predicting the
Thermochemistry of Furans and ortho-Arynes -- Expansion of the Bond-Centered Group Additivity
Method”, J. Phys. Chem. A 110(21) 6971 (2006).

0.0. Oluwole, B. Bhattacharjee, J.E. Tolsma, P.l. Barton, and W.H. Green, “Rigorous Valid
Ranges for Optimally-Reduced Kinetic Models”, Combustion and Flame 146 348-365 (2006).
0.0. Oluwole, P.I. Barton, & W.H. Green, “Obtaining Accurate Solutions using Reduced Chemical
Kinetic Models: A new Model Reduction method for models rigorously validated over ranges”,
Combust. Theory Model. 11(1) 127-146 (2007).

W.H. Green, “Predictive Kinetics: A New Approach for the 21% Century”, Advances in Chemical
Engineering 32 1-50 (2007).

S.V. Petway, H. Ismail, W.H. Green, E.G. Estupifian, L.E. Jusinski, & C.A. Taatjes,
“Measurements and Automated Mechanism Generation Modeling of OH Production in
Photolytically-Initiated Oxidation of the Neopentyl Radical”, J. Phys. Chem. A 111 3891-3900
(2007).

Huzeifa Ismail, C. Franklin Goldsmith, Paul R. Abel, Pui-Teng Howe, Askar Fahr, Joshua B.
Halpern, Leonard E. Jusinski, Yuri Georgievskii, Craig A. Taatjes and William H. Green, “Pressure
and Temperature Dependence of Reaction of Vinyl Radical (C;Hs) with Ethylene”, J. Phys. Chem.
A 111 6843-6851 (2007).

William H. Green, “Building and Solving Accurate Combustion Chemistry Simulations”, Journal
of the Combustion Society of Japan 50 19-28 (2008).

John P. Angelos, Marcel Puignou, Morgan M. Andreae, Wai K. Cheng, William H. Green &
Michael A. Singer, “Detailed Chemical Kinetic Simulations of HCCI Engine Transients”,
International Journal of Engine Research 9 149-164 (2008).

Alexander Mitsos, Geoffrey M. Oxberry, Paul 1. Barton, and William H. Green, “Optimal
Automatic Reaction and Species Elimination in Kinetic Mechanisms”, Combustion & Flame 155
118-132 (2008).

C. Franklin Goldsmith, Huzeifa Ismail, Paul R. Abel, and William H. Green, “Pressure and
Temperature Dependence of the Reaction of Vinyl Radical with Alkenes Il: Measured Rates and
Predicted Product Distributions for Vinyl + Propene”, Proc. Combust. Inst. 32 139-148 (2009).
M.A. Singer and W.H. Green, “Using adaptive proper orthogonal decomposition to solve the
reaction-diffusion equation”, Appl. Num. Math. 59 272-279 (2009).

H. Ismail, P.R. Abel, W.H. Green, A. Fahr, L. Jusinski, A. Knepp, J. Zador, G. Meloni, T. Selby, D.
Osbhorn, and C.A. Taatjes, “Temperature-Dependent Kinetics of the Vinyl Radical (C.Hs) Self-
Reaction”, J. Phys. Chem. A 113 1278-1286 (2009).

R.H. West, M.R. Harper, W.H. Green, “21%-Century Kinetics: Quantitative Predictions from First
Principles”, Proceedings of the 8" World Congress of Chemical Engineering, 0242 (2009).



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

Sandeep Sharma and William H. Green, “Formation of Styrene from propargyl and cyclo-
pentadienyl”, Proceedings of the 6™ US National Combustion meeting, Ann Arbor, 22E3 (2009).
Sandeep Sharma and William H. Green, “Computed rate coefficients and product yields for CsHs +
CHs = products”, J. Phys. Chem. A 113 8871-8882 (2009).

C. Franklin Goldsmith, Huzeifa Ismail, and William H. Green, “Pressure and Temperature
Dependence of the Reaction of Vinyl Radical with Alkenes I11: Measured Rates and Predicted
Product Distributions for Vinyl + Butene”, J. Phys. Chem. A 113 13357-13371 (2009).

Amrit Jalan, Robert Ashcraft, Richard H. West, and William H. Green, “Predicting Solvation
Energies for Kinetic Modeling”, Ann. Rep. Progress of Chemistry, Section C, 106 1-49 (2010).
Sandeep Sharma, Michael R. Harper, and William H. Green, “Modeling of 1,3-hexadiene, 2,4-
hexadiene and 1,4-hexadiene doped methane flames: Flame modeling, Benzene and Styrene
formation”, Combustion & Flame 157 1331-1345 (2010).

Sandeep Sharma, Sumathy Raman, and William H. Green, “Intramolecular Hydrogen Migration in
Alkylperoxy and Hydroperoxyalkylperoxy Radicals: Accurate Treatment of Hindered Rotors”, J.
Phys. Chem. A 114 5689-5701 (2010).

G.R. Magoon, W.H. Green, O.0. Oluwole, H.-W. Wong, S.E. Albo and D.K. Lewis, “Updating
Our Understanding of JP-10 Decomposition Chemistry: A Detailed JP-10 Combustion Mechanism
Constructed Using RMG — an Automatic Reaction Mechanism Generator”, 46th AIAA/ASME/
SAE/ASEE Joint Propulsion Conference (2010); AIAA 2010-6825

C.F. Goldsmith, S.J. Klippenstein, and W.H. Green, “Theoretical rate coefficients for allyl + HO-
and allyloxy decomposition”, Proc. Combust. Inst. 33(1) 273-282 (2011).

J.D. Mo, E. Kosovich, H.-H. Carstensen, W.H. Green, and A.M. Dean, “Thermodynamic properties
and kinetic parameters of reactions involving O, + substituted allylic radicals”, 7" US National
Technical Meeting of the Combustion Institute, paper 1A05 (2011).

R.H. West, C.F. Goldsmith, M.R. Harper, W.H. Green, L. Catoire, and N. Chaumeix, “Kinetic
Modeling of Methyl Formate Oxidation”, 7" US National Technical Meeting of the Combustion
Institute, paper LA06 (2011).

J.W. Allen, C.F. Goldsmith, and W.H. Green, “Automatic Estimation of Pressure-Dependent Rate
Coefficients”, Physical Chemistry Chemical Physics 14 1131 - 1155 (2012).

J.W. Allen and W.H. Green, ‘Reply to Comment on “Automatic estimation of pressure-dependent
rate coefficients” (J.W. Allen, C. F. Goldsmith, and W. H. Green, Phys. Chem. Chem. Phys, 2012,
14, 1131-1155)', Physical Chemistry Chemical Physics 14 8434 (2012)

C.F. Goldsmith, W.H. Green, & S.J. Klippenstein, “On the Role of O, + QOOH in low-temperature
ignition of propane I: Temperature and Pressure Dependent Rate Coefficients”, Journal of Physical
Chemistry A 116 3325-3346 (2012).

R. Kaiser, M. Goswami, F. Zhang, D. Parker, V.V. Kislov, A.M. Mebel, J. Aguilera-Iparraguirre,
W.H. Green. “Crossed Beam Reaction of Phenyl and D5-Phenyl Radicals with Propene and
Deuterated Counterparts — Competing Atomic Hydrogen and Methyl Loss Pathways”,

Physical Chemistry Chemical Physics 14 720-729 (2012).

V. Kislov, A. Mebel, J. Aguilera-Iparraguirre, and W.H. Green, “Reaction of Phenyl Radical with
Propylene as a Possible Source of Indene and Other Polycyclic Aromatic Hydrocarbons: An Ab
Initio/RRKM-ME Study”, Journal of Physical Chemistry A 116 4176-4191 (2012).

G.R. Magoon and W.H. Green,““Design and implementation of a next-generation software system
for on-the-fly quantum and force field calculations in automated reaction mechanism generation”,
Computers in Chemical Engineering 52 35-45 (2013).

Y. Li, Y.V. Suleimanov, M.-H. Yang, W.H. Green, and H. Guo, “Ring Polymer Molecular
Dynamics Calculations of Thermal Rate Constants for the O(®P) + CHs — OH + CHj3 Reaction:
Contributions of Quantum Effects", Journal of Physical Chemistry Letters 4 48 (2013).

Y. Li, Y.V. Suleimanov, J. Li, W.H. Green, and H. Guo, “Rate coefficients and kinetic isotope
effects of the X + CHs — CHs + HX (X = H, D, Mu) reactions from ring polymer molecular
dynamics”, Journal of Chemical Physics 138 094307 (2013).



60.

61.

62.

63.

64.

Edward Blurock, Federique Battin-Leclerc, Tiziano Faravelli, and William H. Green, “Automatic
generation of detailed mechanisms” in Cleaner Combustion: Developing Detailed Chemical Kinetic
Models, ed. by F. Battin-Leclerc, J. Simmie, and E. Blurock (Springer-Verlag, London, 2013).

J.W. Allen, W.H. Green, Y. Li, H. Guo, and Y.V. Suleimanov, “Full dimensional quantum rate
coefficients and kinetic isotope effects from ring polymer molecular dynamics for a seven-atom
reaction OH + CH; — CHj3 + H,0”, J. Chem. Phys. 138 221103 (2013).

A. Jalan, JW. Allen, and W.H. Green, “Chemically activated formation of organic acids in
reactions of the Criegee intermediate with aldehydes and ketones”, Phys. Chem. Chem. Phys. 15
16841-16852 (2013).

Y. Li, Y.V. Suleimanov, W.H. Green, and H. Guo, “Quantum Rate Coefficients and Kinetic Isotope
Effect for the Reaction ClI + CH4 = HCI + CHj3 from Ring Polymer Molecular Dynamics”, Journal
of Physical Chemistry A 118 1989-1996 (2014).

A. Fridlyand, S.S. Goldsborough, K. Brezinsky, S.S. Merchant, and W.H. Green, “Influence of the
Double Bond Position on the Oxidation of Decene Isomers at High Pressures and Temperatures”,
Proceedings of the Combustion Institute (2014, accepted).



	I. Program Scope
	II. Accomplishments
	A. Methodology for Computer-Aided Kinetic Modeling
	1. Automated Reaction Mechanism Generation
	2. Numerical Methods including Automated Error-Controlled Model Reduction
	3. Rate and Thermochemistry Calculations

	B. Applications of the Newly-Developed Methods to Interesting Systems

	III. References
	IV. .Publications supported by this project

