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Background

2003: DOE Workshop on Basic Research Needs to
Assure a Secure Energy Future (BESAC)

2003-2008: 10 workshops with over 1,500 participants

Workshop reports:
http://www.sc.doe.gov/bes/reports/list.ntml
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= Workshops on Basic Energy Needs

Hydrogen economy
Solar energy utilization
Superconductivity

Solid state lighting

Advanced nuclear
energy systems
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6. Clean & efficient

combustion for 215t century
transportation fuels

Geosciences
Electrical energy storage

9. Materials under extreme

environments
10. Catalysis for energy
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Century Transportation Fuels

. Combustion under extreme pressure

Surface chemistry
New diagnostic tools

Multi-scale modeling

R&D of smart engines
Physical & chemical properties of new fuels
Automated generation of fuel chemistry

Spray dynamics



The Overarching Goal

 The development of a validated, predictive, multi-scale,
combustion modeling capability to optimize the design
and operation of evolving fuels in advanced engines for
transportation applications

« This is in resonance with message from the Hottel
Lecture at the 315t International Symposium on
Combustion: combustion has entered the era of
guantitative predictability



New Era of Science (US DOE)

Design, discover, and synthesize new materials and
molecular assemblies through atomic scale control

Probe and control photon, phonon, electron, and ion
Interactions with matter

Perform multi-scale modeling that bridges the multiple
length and time scales

Use the collective efforts of condensed matter and
materials physicists, chemists, biologists, molecular
engineers, applied mathematicians and computer

scientists.



& Directing Matter & Energy: Challenges for

Science & the Imagination (US DOE)

How do we control material processes at the level of
electrons?

How do we design and perfect atom- and energy-efficient
synthesis of revolutionary new forms of matter with tailored
properties?

How do remarkable properties of matter emerge from
complex correlations of the atomic or electronic constituents
and how can we control these properties?

How can we master energy and information on the
nanoscale to create new technologies with capabilities
rivaling those of living things?

How do we characterize and control matter away —
especially very far away — from equilibrium?



DOE Solicitation & Selections

Solicitation issued in April, 2008

Response: 261 proposals

Selection announced on April 27, 2009

46 centers selected for five-year funding

— 30 centers @ $500M, with annual appropriation

— 16 centers @ $227M, with full five-year funding from
Recovery Act

Only one center on combustion: EFRC for Combustion
Science ($4M/year for 5 years)

Since re-named Combustion Energy Frontier Research
Center
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David Clary (Oxford,
chemistry)

Med Colket (UTRC; aero-
engine industry and
combustion chemistry)

Mike Drake (GM; automotive
industry)

John Farrell (ExxonMobil; oil
industry and combustion
chemistry)

Katharina Kohse-Hoinghaus
(Bielefeld; chemistry)

Marsha |. Lester (University of
Pennsylvania)

¥ |nternational Advisory Committee

Norbert Peters (Germany;
turbulent combustion and
mechanism reduction)

Michael Pilling (England;
combustion chemistry)

Adel Sarofim (Utah; fuel
chemistry)

Wing Tsang (NIST;
combustion and fuel chemistry)

Luc Vervisch (France;
turbulence modeling)

C. K. Westbrook (President of
the Combustion Institute; large
mechanisms)



DOE International

Advisory Committee -
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Combustion Energy Frontier
Research Center: Scope

Combustion and Fuels Science

*High-pressure kinetics and *High-pressure near-limit flames
thermochemistry *Turbulence-chemistry interactions
*Nonequilibrium transport *Nanoparticle growth & oxidation

KAdvanced Diagnostics a /Multi-ScaIe Modelinh

Experimental Validation *Quantum chemistry

*Reaction dynamics
*Nanoscale transport

*DNS/LES/PDF of
turbulent combustion
*Automatic mechanism
generation, reduction,
*Exascale Computing

L

*Advanced light source
sLaser diagnostics
*High-pressure reactors
*Kinetic, flame, transport
data

*Emission measurements
\ / Emissions & Efficiency

*New combustion regimes
*Emissions reductions
*Science-based innovation

i

/ Knowledge Highway

*EFRC webpage (PRIME-linked)
*Seminars, workshop, conferences
*International advisory committee
Summer school & visiting scholars
*Roving postdoctoral fellows

12 @eed program for innovation /




Motivating Examples
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 New combustion processes for \
power generation yielding £
higher efficiencies and
facilitating carbon capture

 New, more efficient combustion
engines for transportation,
including use in hybrid vehicles

« Changing fuel streams
— Derived fuels
— Renewable biofuels
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IC Engine Combustion is A Complex,
Multi-physics, Multi-scale Problem

« Stiffness : wide range of length and

time scales
— In-cylinder geometry (cm)
— Turbulence-chemistry (mm)
— Soot inception (nanometer)
« Chemical complexity

— large number of species and
reactions (100’s of species,
thousands of reactions)

* Multi-Physics complexity
— multiphase (liquid spray, gas
phase, soot, surface)
— thermal radiation

CN45, Glow Plug Off

Diesel Engine Autoignition, Soot Incandescence — acoustics ...
Chuck Mueller, Sandia National Laboratories :
All these are tightly coupled
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Processes

*Multi-scale modeling describes
|C engine processes, from
quantum scales up to device-
level, continuum scales

« Multi-scale strategy:

Use petascale computing power to
peform direct simulation at the
atomistic and fine-continuum scales
(~4 decades), and develop new
parameterizations that will enable
bootstrapping information upscale
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TIME SCALE

Molecula
Dynamics

Quantum
Mechanics

Kinetic

Monte Carlo

Multi-scale Modeling of IC Engine

Reynolds-averaged
Simulation

Large Eddy
Simulation

Direct Numerical

Simulation
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Chemical Complexity of Fuels
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log ¢ ¢ OH HO, CH,0

DNS for fundamental insight into high pressure, low-temperature
combustion: autoignition, stratified combustion, lift-off stabilization,
15 extinction, intrinsic instability, self-turbulization, emissions



Outreach Programs
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Roving Post-Doc Program

Mechanism:

— Center-appointed fellows to spend two-year tenure with
two or more Pls at respective Pls’ locations

— Research program endorsed by sponsoring Pls
— Preferably work on new ideas

Goals:

— Foster collaboration between the Center Pls

— Facilitate continuous rejuvenation of new research
directions and to cultivate high-risk, high-payoff ideas

— Train the next generation of leaders in combustion science

Slots: 4 to 5 per year for two-year appointment, rolling
evaluation & appointment; highly competitive
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Annual Summer School

Goal: To provide formal instruction on courses of either
major combustion topics or of current interest to
advanced graduate students

Examples of courses: combustion theory; turbulent
combustion; combustion chemistry; combustion
diagnostics; alternate & bio fuels

Program: 2 courses of 15 hours each from Monday to
Friday (i.e. 2 three-hour lectures per day); Saturday —
excursion to NYC

Scholarships (20) available to domestic students



Visiting Fellows

« Short-term visits to Princeton University for energy-
related scholarly activities

— Sabbatical leave
— Collaborative research
— Writing of review papers

— Writing of texts or chapters of monographs, especially
materials resulting from the summer school lectures
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» http://pcl.princeton.edu/efrc
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e Qutreach (Public)
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Dissemination of scientific results

Public announcements

Seminar, workshop and summer school information
Public education

 Facilitate collaboration (open to Pls and their associates)

Project coordination

Enhance research and education experience of students and
post-docs

Facilitate communication of experimental data, model
components and validation tests

Can be leveraged by other cyberinfrastructures (e.g., PrIMe)
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Potential Global Alliance

Clean Combustion Research Center at King Abdullah
University of Science and Technology (KAUST)

— Director: Suk-Ho Chung
National Institute of Clean Energy (NICE), Beijing, China

Pending establishment of combustion research centers
at academic institutions in China

Other international centers on combustion research
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Final Thoughts

Combustion experienced a period of roust growth in the 1950-60s as
a consequence of aerospace activities

Combustion could be entering a 2"? golden period of R&D, driven by
energy sustainability and climate change.

Are we ready for the challenge in terms of basic scientific knowledge
and talent?

Do we have a robust, efficient, and enlightened infrastructure
(education, funding, institutional, culture, etc.) that would lead to
revolutionary discoveries?

Are we letting this opportunity slip through, while watching other
technologies take up the challenge and come up with solutions that
we know might not be superior than ours?

CEFRC is just a small step in the right direction. It belongs to the
community and please help us to make it a success!



Thank You !
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