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|1 Program Overview and Status

DEVELOPING ADVANCED COMBUSTION ENGINE TECHNOLOGIES

On behalf of the Vehicle Technologies Office (VTO) of the U.S. Department of Energy (DOE), we
are pleased to introduce the Fiscal Year (FY) 2013 Annual Progress Report for the Advanced Combustion
Engine (ACE) Program. The mission of the VTO is to develop more energy-efficient and environmentally
friendly highway transportation technologies that will enable the United States to use significantly less
petroleum and reduce greenhouse gas and other regulated emissions while meeting or exceeding drivers’
performance expectations. The ACE Program supports this mission by addressing critical technical barriers
to commercializing higher efficiency, very low emissions, advanced combustion engines for passenger and
commercial vehicles that meet future federal emissions regulations.

Dramatically improving the efficiency of internal combustion engines (ICEs) and enabling their
introduction in conventional as well as hybrid-electric vehicles is one of the most promising and cost-
effective approaches to increasing vehicle fuel economy over the next several decades. Already offering
outstanding drivability and reliability to over 230 million highway transportation vehicles, ICEs have the
potential to becoming substantially more efficient. Improvements in engine efficiency alone have the potential
to increase passenger vehicle fuel economy by 35% to 50%, and commercial vehicle fuel economy by 30%
with a concomitant reduction in greenhouse gas emissions, specifically, carbon dioxide emissions. These
improvements are expected to be even greater when coupled with advanced hybrid electric powertrains. The
Energy Information Administration Annual Energy Outlook 2013 reference case scenario forecasts that even
by the year 2040, over 99% of all highway transportation vehicles sold will have ICEs.

The following are representative goals of the ACE Program that can contribute to meeting national energy
security, environmental, and economic objectives:

* By 2015, increase the efficiency of ICEs for passenger vehicles resulting in fuel economy improvements of
25% for gasoline vehicles and 40% for diesel vehicles compared to baseline 2009 gasoline vehicles, and by
2020, achieve fuel economy improvements of 35% and 50% for gasoline and diesel vehicles, respectively.

* By 2015, increase the efficiency of ICEs for commercial vehicles from 42% (2009 baseline) to 50%
(20% improvement) and by 2020, further improve engine efficiency to 55% (30% improvement) with
demonstrations on commercial vehicle platforms.

* By 2015, increase the fuel economy of passenger vehicles by at least 5% with thermoelectric generators
that convert energy from engine waste heat to electricity.

The passenger and commercial vehicle goals will be met while utilizing advanced fuel formulations that
can incorporate a non-petroleum-based blending agent to enhance combustion efficiency and reduce petroleum
dependence.

Two initiatives launched in FY 2010 to address the first two goals, namely the SuperTruck Initiative and
the Advanced Technology Powertrains for Light-Duty Vehicles (ATP-LD) continued in FY 2013. Funding
for these two initiatives includes more than $100 million from the American Recovery and Reinvestment
Act, and with a private cost share of 50%, supports nearly $375 million in total research, development and
demonstration projects across the country. Four projects under the SuperTruck Initiative focus on cost-effective
measures to improve the freight efficiency of Class 8 long-haul trucks by 50%, 20% that will come from
engine efficiency improvements alone. Projects under the ATP-LD Initiative focus on increasing the fuel
economy of passenger vehicles by at least 25% using an engine/powertrain-only approach. From a FY 2012
solicitation, DOE awarded cost-shared (from 20% to 50%) contracts to six competitively selected teams of
suppliers and vehicle manufacturers to develop and demonstrate innovations to achieve breakthrough engine
and powertrain system efficiencies while meeting federal emission standards for passenger and commercial
vehicles, including long-haul tractor trailers. These projects continued in FY 2013 to address the technical
barriers inhibiting wider use of these advanced enabling engine technologies in the mass market.

Three projects initiated in FY 2011 to address the third goal continued in FY 2013. These projects are
developing thermoelectric generators with cost-competitive advanced thermoelectric materials that will
improve passenger vehicle fuel economy by at least 5% in FY 2015.

FY 2013 Annual Progress Report Advanced Combustion Engine R&D
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l. Introduction

This introduction outlines the nature, current focus, recent progress, and future directions of the ACE
Program. The research activities of this Program are planned in conjunction with U.S.DRIVE (Driving
Research and Innovation for Vehicle efficiency and Energy sustainability) and the 21* Century Truck
partnerships, and are carried out in collaboration with industry, national laboratories, and universities. Because
of the importance of clean fuels and advanced materials in achieving high efficiency and low emissions,

R&D activities are closely coordinated with the relevant activities of the Fuel & Lubricant Technologies and
Materials Technology Programs, also within VTO.

CURRENT TECHNICAL FOCUS AREAS AND OBJECTIVES

The ACE Program focuses on developing advanced ICE technologies for all highway transportation
vehicles. Fuel efficiency improvement is the overarching focus of this activity, but resolving the interdependent
emissions challenges is an integral requirement. The reduction of engine-out emissions is critical to managing
the extra cost of exhaust aftertreatment devices that can be a barrier to market acceptance. Accordingly,
the VTO ACE Program has been emphasizing the development of advanced engine combustion strategies
that maximize engine efficiency and minimize the formation of emissions within the engine cylinders
and developing cost-effective aftertreatment technologies that further reduce exhaust emissions. Research
is focused on three major combustion strategies: a) Low-Temperature Combustion (LTC), including
Homogeneous Charge Compression Ignition (HCCI), Pre-Mixed Charge Compression Ignition (PCCI),
Reactivity Controlled Compression Ignition (RCCI); b) lean-burn (or dilute) gasoline combustion; and c) clean-
diesel combustion. These combustion strategies will increase efficiency beyond current state-of-the-art
engines and reduce engine-out emissions of nitrogen oxides (NOx) and particulate matter (PM) to near-zero
levels. In parallel, research on emission control systems is underway to increase their efficiency and durability
for overall emissions compliance at an acceptable cost and with reduced dependence on precious metals.
Projects to stretch engine efficiency via innovative combustion methods and thermal energy recovery (such as
compound cycles) are in progress as well. In response to the challenges of realizing and implementing higher
efficiency engines, the ACE Program is working toward achieving the following objectives:

*  Further the fundamental understanding of advanced combustion strategies that simultaneously exhibit
high efficiency and very low emissions. A fuel-neutral approach is also being taken, with research
addressing gasoline- and diesel-based advanced engines, including renewable fuels. The effects of fuel
properties on combustion are addressed in the Fuel & Lubricant Technologies Program. Technology
advances are expected to reduce the size and complexity of emission control hardware and minimize
potential fuel efficiency penalties.

» Improve the effectiveness, efficiency, and durability of engine emission control devices as well as reduce
their dependence on precious metals to enable increased penetration of advanced combustion engines in
the light-duty market and maintain and/or expand application to heavy-duty vehicles.

»  Extend robust engine operation and efficiency through the development and implementation of high-speed
predictive models for improvements in combustion control and thermal management.

*  Develop key enabling technologies for advanced engines such as sensors for control systems and engine
diagnostics, and components for thermal energy recovery.

*  Further the development of approaches to producing useful work from engine waste heat such as through
incorporation of bottoming cycles. Advanced engine technologies such as turbo-machinery, flexible valve
systems, advanced combustion systems, and fuel system components to achieve a reduction in parasitic
losses and other losses to the environment to maximize engine efficiency.

» Improve the integration of advanced engine/emissions technologies with hybrid-electric systems for
improved efficiency with lowest possible emissions.

» Identify that any potential health hazards associated with the use of new vehicle technologies being
developed by VTO will not have adverse impacts on human health through exposure to toxic particles,
gases, and other compounds generated by these new technologies.

*  Develop thermoelectric generators that convert energy in the engine exhaust directly to electricity.

Advanced Combustion Engine R&D FY 2013 Annual Progress Report
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I. Introduction

»  Develop thermoelectric heating, ventilation and air-conditioning (HVAC) systems to maintain vehicle
occupant comfort. This technology is particularly important for hybrid-electric and all-electric vehicles
that have insufficient or no engine heat for occupant heating.

The ACE Program maintains close communication with industry through a number of working groups
and teams, and utilizes these networks for setting goals, adjusting priorities of research, and tracking progress.
These cooperative groups include the Advanced Combustion and Emission Control Tech Team of the U.S.
DRIVE Partnership and the Engine Systems Team of the 21* Century Truck. Focused efforts are carried out
under the Advanced Combustion Memorandum of Understanding (which includes auto manufacturers, engine
companies, fuel suppliers, national laboratories, and universities) and the CLEERS (Cross-Cut Lean Exhaust
Emission Reduction Simulation) activity for the Advanced Engine Cross-Cut Team.

TECHNOLOGY STATUS AND KEY BARRIERS

Significant advances in engine combustion, emission controls, fuel injection, turbo-machinery, and other
advanced engine technologies continue to increase the thermal efficiency of ICEs with simultaneous reductions
in emissions. With these advances, gasoline and diesel engines continue to be attractive engine options for
conventional and hybrid-electric vehicles. These engines offer outstanding drivability, fuel economy, and
reliability; they can readily use natural gas and biofuels such as ethanol and biodiesel, and can be integrated
with hybrid and plug-in hybrid electric vehicle powertrains.

The majority of the U.S. light-duty vehicle fleet is powered by spark-ignition (SI) gasoline engines.
Substantial progress in gasoline engine efficiency in recent years has been the result of advances in engine
technologies including direct fuel injection, flexible valve systems, improved combustion chamber design, and
reduced mechanical friction.

LTC strategies such as HCCI, PCCI, and RCCI exhibit high efficiency with significant reductions in NOx
and PM formation such that engine-out emissions are at levels that remove or reduce the requirements for
exhaust aftertreatment. Significant progress continues for LTC strategies and the operational range continues
to be expanded to better cover the speed/load combinations consistent with light-duty and heavy-duty drive
cycles. The major R&D challenges include fuel mixing, conditioning of intake air, combustion timing control,
and expansion of the operational range. To meet these challenges, there has been significant R&D on allowing
independent control of the intake/exhaust valves relative to piston motion and on improvements in air-handling
and engine controls. Many of these technologies are transitioning to the vehicle market.

While all vehicular gasoline engines currently sold in the U.S. operate with stoichiometric combustion
(needed for emission control by highly cost-effective three-way catalysts), other areas in the world with less
stringent emissions regulations are seeing the introduction of higher efficiency lean-burn gasoline engines.
Although these engines are characterized by higher efficiencies at part load, they will require more costly
lean-NOx emission controls to meet more stringent U.S. emissions regulations. In addition, the direct injection
technology utilized for most advanced gasoline engines produces particulate emissions that although smaller
in mass than the diesel engine still represent significant emissions in terms of particulate number counts.
Advances in lean-burn gasoline emission controls are critical for meeting U.S. regulations and ultimately the
introduction of this efficiency technology in the U.S. market.

Attaining the high efficiency potential of lean-burn gasoline technology will require better understanding
of the dynamics of fuel-air mixture preparation and other enabling technologies. Consistently creating
combustible mixtures near the spark plug and away from walls in an overall lean environment is a challenge
requiring improved understanding of fuel-air mixture preparation and modeling tools that embody the
information. A comprehensive understanding of intake air flows and fuel sprays, as well as their interaction
with chamber/piston geometry over a wide operating range is needed. Generating appropriate turbulence for
enhancement of flame speed is a further complexity requiring attention. The wide range of potential intake
systems, piston geometries, and injector designs makes the optimization of lean-burn systems dependent on
the development of improved simulation tools. Furthermore, reliable ignition and combustion of lean (dilute)
fuel-air mixtures remains a challenge. Lean and possibly boosted conditions require a more robust, high-
energy ignition system that, along with proper mixture control, is needed to reduce combustion variability.
Several new ignition systems have been proposed (high-energy plugs, plasma, corona, laser, etc.) and need to
be investigated.

FY 2013 Annual Progress Report Advanced Combustion Engine R&D
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l. Introduction

Diesel engines are also well-suited for light-duty vehicle applications, delivering fuel economy
considerably higher than comparable SI engines. Key developments in combustion and emission controls, plus
low-sulfur fuel have enabled manufacturers to achieve the necessary emissions levels and introduce additional
diesel-powered models to the U.S. market. DOE research contributed to all of these areas. Diesels in passenger
cars have limited market penetration in the U.S. primarily due to the cost of the added components to reduce
emissions and diesel fuel price. Hence reducing the cost of emission compliance continues to be addressed.

The heavy-duty diesel is the primary engine for commercial vehicles because of its high efficiency and
outstanding durability. However, the implementation of increasingly stringent heavy-duty engine emission
standards over the last decade held efficiency gains to a modest level. Current heavy-duty diesel engines
have efficiencies in the 42-43% range. With stability in NOx and PM regulations in 2010, further gains in
efficiency are now seen as achievable. Continued aggressive R&D to improve boosting, thermal management,
and the reduction and/or recovery of rejected thermal energy are expected to enable efficiencies to reach 55%.
Heavy-duty vehicles using diesel engines have significant potential to employ advanced combustion regimes
and a wide range of waste heat recovery technologies that will improve engine efficiency and reduce fuel
consumption.

Emissions of NOx and PM are a significant challenge for all lean-burn technologies including
conventional and advanced diesel combustion strategies, both light-and heavy-duty, as well as lean-burn
gasoline. Numerous technologies are being investigated to reduce vehicle NOx emissions while minimizing
the fuel penalty associated with operating these devices. These technologies include advanced combustion
strategies that make use of high levels of dilution to reduce in-cylinder NOx formation as well as post-
combustion emission control devices.

The final guidance issued by the U.S. Environmental Protection Agency (EPA) in 2007 allowed the
introduction of urea selective catalytic reduction (urea-SCR) technology for NOx control in Tier 2 light-duty
vehicles, heavy-duty engines, and in other future diesel engine applications in the United States. Strategies
to supply the urea-water solution (given the name “diesel exhaust fluid”) for vehicles have been developed
and are being implemented. Using urea-SCR, light-duty manufacturers have been able to meet the Tier 2,

Bin 5 emissions standard. Most heavy-duty diesel vehicle manufacturers are adopting urea-SCR since it has

a broader temperature range of effectiveness than competing means of NOx reduction and allows the engine/
emission control system to achieve higher fuel efficiency. Although urea-SCR is a relatively mature catalyst
technology, more support research is needed to aid formulation optimization and minimize degradation effects
such as hydrocarbon fouling.

Another technology being used to control NOx emissions from diesel engines and potentially lean-burn
gasoline engines is lean-NOx traps (LNTs), which are also referred to as NOx adsorbers. Although LNTs have
been commercialized for light-duty diesels, further advancement of the technology is needed to expand market
penetration of light-duty diesels and to enable use of LNTs in lean-burn gasoline engine passenger car vehicles.

A primary limitation to further adoption of current light-duty diesels is cost. Complex engine and exhaust
gas recirculation (EGR) systems, and the larger catalyst volumes associated with LNTs and diesel particulate
filters (DPFs) result in higher overall costs in comparison to conventional gasoline vehicle systems. LNTs are
particularly cost-sensitive because they require substantial quantities of platinum group metals, and the cost
of these materials is high and volatile due to limited sources that are primarily mined in foreign countries.
Improvements in the temperature range of operation for LNTs are also desired to reduce cost and enable
success in the lean-gasoline engine application. Both LNTs and DPFs result in extra fuel use, or a “fuel
penalty,” as they require fueling changes in the engine for regeneration processes. Aggressive research has
substantially decreased the combined fuel penalty for both devices to approximately 4% of total fuel flow;
further reduction would be beneficial. While LNTs have a larger impact on fuel consumption than urea-SCR,
light-duty vehicle manufacturers appear to prefer LNTs since overall fuel efficiency is less of a concern and
urea replenishment is more of a challenge for light-duty customers as compared to heavy-duty vehicle users.
Another improvement being pursued for LNT technology is to pair them with SCR catalysts. The advantage
is that the SCR catalyst uses the NH, produced by the LNT so no urea is needed. Formulation and system
geometries are being researched to reduce the overall precious metal content of LNT+SCR systems that
reduces cost and makes the systems more feasible for light-duty vehicles.

Advanced LTC strategies being pursued have lower engine-out emission levels thus reducing the
requirements for exhaust aftertreatment. They exhibit high efficiency with significant reductions in NOx and

Advanced Combustion Engine R&D FY 2013 Annual Progress Report
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I. Introduction

PM emissions. However, emissions of hydrocarbons (HCs) and carbon monoxide (CO) are often higher and
require additional controls which are often a challenge with the low exhaust temperature characteristic of these
combustion modes.

High dilution operation through advanced EGR has been a major contributor to meeting the 2010 EPA
heavy-duty engine emission standards and is also applicable to light-duty diesel and gasoline engines. There
are numerous advantages of advanced EGR compared to urea-SCR and LNT packages including lower vehicle
weight, less maintenance, and lower operating cost. The disadvantages relative to post-combustion emission
controls include increased heat rejection load on the engine and the potential for increased fuel consumption
due to more frequent DPF active regeneration.

Complex and precise engine and emission controls require sophisticated feedback systems employing
new types of sensors. A major advancement in this area for light-duty engines has been the introduction
of in-cylinder pressure sensors integrated into the glow plug. Start-of-combustion sensors (other than the
aforementioned pressure sensor) have been identified as a need, and several development projects have
been completed. Sensors are also beneficial for the emission control system. NOx and PM sensors are under
development and require additional advances to be cost-effective, accurate, and reliable. Upcoming regulations
with increased requirements for onboard diagnostics will also challenge manufacturers trying to bring
advanced fuel efficient solutions to market. The role of sensors and catalyst diagnostic approaches will be a
key element of emission control research in the next few years.

Waste heat recovery approaches (e.g., bottoming cycles) are being implemented in heavy-duty diesel
vehicles and explored for light-duty diesel and gasoline applications. Experiments have shown that waste heat
recovery has the potential to improve vehicle fuel economy by as much as 10%.

Another form of waste heat recovery is a thermoelectric generator. In current gasoline production
passenger vehicles, roughly over 70% of the fuel energy is lost as waste heat from an engine operating at full
power. About 35% to 40% is lost in the exhaust gases and another 30% to 35% is lost to the engine coolant.
Thermoelectric generators can directly convert energy in the engine’s exhaust to electricity for operating
auxiliary loads and accessories, thereby improving the vehicle’s fuel economy. Vehicular thermoelectric
generators are on a path to commercialization; several manufacturers intend to introduce thermoelectric
generators in their cars later this decade in Europe and North America.

Use of thermoelectric devices for vehicle occupant comfort heating or cooling is also being pursued as
a more fuel efficient alternative to the conventional mobile HVAC systems. In addition, the refrigerant gas
R-134a used in conventional systems has a warming potential that is 1,300 times that of carbon dioxide, the
primary greenhouse gas. Vehicle air conditioners could contribute as much as 11% CO, equivalent emissions
(from the fuel needed to run the air conditioner and refrigerant leakage) compared to the total CO, produced
by the engine. It is estimated that dispersed thermoelectric devices can maintain single occupant comfort
conditioning with about one-sixth of the energy used by conventional systems that cool the entire driver
and passenger cabin. Zonal (dispersed) thermoelectric HVAC systems have been designed and installed in
passenger vehicle models for a ride-and-drive demonstration in FY 2013 and early FY 2014.

FUTURE DIRECTIONS

ICEs have a maximum theoretical fuel conversion efficiency that is considerably higher than the mid-40%
peak values seen today. The primary limiting factors to approaching these theoretical limits of conversion
efficiency start with the high irreversibility in traditional premixed or diffusion flames, but more practically
the limits are imposed by heat losses during combustion/expansion, structural limits that constrain peak
cylinder pressures, untapped exhaust energy, and mechanical friction. Emphasis must be placed on enabling
the engine to operate near peak efficiency over a real-world driving cycle to improve vehicle fuel economy. For
SI engines this means reducing the throttling losses with technologies such as lean-burn, high dilution, and
variable geometry. Exhaust losses are being addressed by analysis and development of compound compression
and expansion cycles achieved by valve timing, use of turbine expanders, regenerative heat recovery, and
application of thermoelectric generators. Employing such cycles and devices has been shown to have the
potential to increase heavy-duty engine efficiency to as high as 55% and light-duty vehicle fuel economy by
35% to 50%.

FY 2013 Annual Progress Report Advanced Combustion Engine R&D
-7



l. Introduction

Analyses of how “advanced combustion regimes” might impact the irreversibility losses have indicated a
few directions to moderate reductions of this loss mechanism, but maximizing conversion of availability (or
available energy) to work will require compound cycles or similar measures of exhaust energy utilization. The
engine hardware changes needed to execute these advanced combustion regimes include variable fuel injection
geometries, turbo- and super-charging to produce very high manifold pressures, compound compression and
expansion cycles, variable compression ratio, and improved sensors and control methods. Larger reductions in
combustion irreversibility will require a substantial departure from today’s processes but are being examined
as a long-range strategy.

Most of the basic barriers to high engine efficiency hold true for both gasoline- and diesel-based engines.
Recognizing the dominance of gasoline-type SI engines in the U.S., VTO has increased emphasis on their
improvement. Gasoline-based engines, including E85 (85% ethanol, 15% gasoline) flexible-fuel, can be made
20% to 25% more efficient through direct injection, boosting/downsizing, and lean-burn. Real-world fuel
savings might be even higher by focusing attention on the road-load operating points.

Meeting anticipated future emission standards will be challenging for high-efficiency diesel and lean-burn
gasoline engines. To address this issue, research on innovative emission control strategies will be pursued
through national laboratory and university projects designed to reduce cost and increase performance and
durability of NOx reduction and PM oxidation systems. Project areas include development of low-cost base
metal catalysts (to replace expensive platinum group metals), lighter and more compact multifunctional
components, new control strategies to lessen impact on fuel consumption, and improved sensors and onboard
diagnostics for meeting upcoming regulations. Furthermore, simulations of the catalyst technologies are being
developed to enable industry to perform more cost-effective system integration during vehicle development.
As advanced combustion approaches evolve and engine-out emissions become cleaner, the requirements of
emission controls are expected to change as well.

The majority of lean-NOx emission controls development has been focused on diesel engines. With the
potential introduction of high-efficiency lean-burn gasoline engines, these technologies will require further
research and development as well as emission controls for managing HC/CO emissions. Engine-out PM
emissions from lean-burn gasoline engines, although lower in mass than the diesel engine, are also a concern
due to smaller particle sizes and morphology.

Enabling technologies being developed will address fuel systems, sensors, engine control systems,
and other engine technologies. Fuel systems R&D focuses on injector controls and fuel spray development.
Engine control systems R&D focuses on developing engine controls and sensors that are precise and flexible
for enabling improved efficiency and emission reduction in advanced combustion engines. This also includes
a better understanding of stochastic and deterministic in-cylinder processes that limit the speed/load
range of many advanced combustion strategies. Control system technologies will facilitate adjustments to
parameters such as intake air temperature, fuel injection timing, injection rate, variable valve timing, and
EGR to allow advanced combustion engines to operate over a wider range of engine speed/load conditions.
Engine technologies development will be undertaken to achieve the best combination that enables advanced
combustion engines to meet maximum fuel economy and performance requirements. These include variable
compression ratio, variable valve timing, variable boost, advanced sensors and ignition systems, and exhaust
emission control devices (to control HC emissions at idle-type conditions) in an integrated system. Upcoming
EPA onboard diagnostic requirements will be addressed through research on advanced sensors, improved
understanding of emission control aging, and development of models that are integral to the diagnostic method.
Work in developing enabling technologies for more efficient, emission-compliant engine/powertrain systems
will continue to be pursued.

The Solid State Energy Conversion activity will continue on developing advanced thermoelectric generators
for converting energy from engine waste heat directly into useful electrical energy for operating vehicle
auxiliary loads and accessories to improve the vehicle’s fuel economy. Achieving the vehicle-based
performance goals requires reduction in the cost of thermoelectric materials, scaling them up into practical
devices, reduction in the manufacturing cost of vehicular thermoelectric generators at the production scale
for the vehicle market, and making them durable enough for vehicle applications. The cost-shared projects
initiated in FY 2011 with three competitively selected teams will continue in the design and development of
cost-competitive manufacture of thermoelectric generators for selected passenger vehicle platforms.

Advanced Combustion Engine R&D FY 2013 Annual Progress Report
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The remainder of this report highlights progress achieved during FY 2013 under the Advanced
Combustion Engine Program. The following 69 abstracts of industry, university, and national laboratory
projects provide an overview of the exciting work being conducted to address critical technical challenges
associated with R&D of higher efficiency, advanced ICEs for light-duty, medium-duty, and heavy-duty
vehicles. We are encouraged by the technical progress realized under this dynamic Program in FY 2013,
but we also remain cognizant of the significant technical hurdles that lay ahead, especially those to further
improve efficiency while meeting the light-duty EPA Tier 3 emission standards and future heavy-duty engine
standards for the full useful life of the vehicles.

Gurpreet Singh, Program Manager Kenneth C. Howden

Advanced Combustion Engine Program Vehicle Technologies Office
Vehicle Technologies Office

Roland M. Gravel Leo Breton
Vehicle Technologies Office Vehicle Technologies Office
FY 2013 Annual Progress Report Advanced Combustion Engine R&D
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1.2 Project Highlights

The following projects highlight progress made in the Advanced Combustion Engine Program during FY 2013.

ADVANCED COMBUSTION AND EMISSION CONTROL RESEARCH FOR
HIGH-EFFICIENCY ENGINES

A. Combustion Research

The objective of these projects is to identify how to achieve more efficient combustion with reduced
emissions from advanced technology engines.

»  Sandia National Laboratories (SNL) is providing the physical understanding of the in-cylinder combustion
processes needed to minimize the fuel consumption and the carbon footprint of automotive diesel engines
while maintaining compliance with emissions standards. In FY 2013 they developed and improved
diagnostic techniques that permit the quantitative evaluation of equivalence ratio distributions formed
from injection of diesel-like fuels. They also explored the applicability of pilot injection strategies to
low-temperature combustion (LTC) techniques; examined the impact of pilot mass, injection pressure,
ambient temperature and swirl ratio on the mixture formed by the pilot fuel injection; quantified the
impact of ambient temperature, oxygen concentration, and mixture formation on the ignition of the pilot
fuel; and evaluated the ability of computational models to accurately capture the pilot ignition process.
(Miles, SNL)

*  SNL is developing fundamental understanding of how in-cylinder
controls can improve efficiency and reduce pollutant emissions of
advanced LTC technologies. In FY 2013 SNL developed a conceptual
framework of exhaust soot-reduction dependencies for post injections
that were close-coupled to the main injection to maintain fuel-
efficient combustion phasing; showed interactions between the
post-injection jet and residual main-injection products via multi-plane
soot and combustion diagnostics, which is a first step to building a
conceptual model for multiple injections; achieved good agreement
between computer models and experiments, and used the model
predictions to gain insight into three-dimensional (3-D) in-cylinder
processes; and quantified effects of post-injection load, duration,
and dwell effects on LTC efficiency and identified in-cylinder
processes responsible for combustion efficiency improvements.
(Musculus, SNL)

*  SNL is facilitating improvement of engine spray combustion
modeling, accelerating the development of cleaner, more efficient
engines. In FY 2013 they expanded a comprehensive spray
combustion dataset working collaboratively with more than
10 different experimental institutions from around the world. SNL

led the ECN via monthly web-meetings and frequent exchanges. Time-integrated spatial distribution of soot
ECN experimental targets are now the focus of engine combustion formation (top) and soot oxidation
modeling activities worldwide. They applied novel diagnostics to (bottom) predicted by computer models,

quantify evaporation and mixing in a multi-hole gasoline injector (Musculus, SNL)

with the focus of understanding stochastic variability in direct-
injection fueling systems, and demonstrated how the spray collapse during the end-of-injection phase
affects mixing and evaporation in iso-octane and ethanol fuel sprays. (Pickett, SNL)

*  SNL is providing the fundamental understanding (science-base) required to overcome the technical
barriers to the development of practical Low-Temperature Gasoline Combustion (LTGC) engines,
including Homogeneous Charge Compression Ignition (HCCI) and partially stratified variants of HCCI,
by industry. In FY 2013 they completed the following. First, an investigation of fuel composition effects
combined with early direct injection, partial fuel stratification fueling produced higher efficiencies and

Advanced Combustion Engine R&D FY 2013 Annual Progress Report
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significant increases in the maximum load for a given intake-boost level. Second, the effect of raising

the compression ratio from 14:1 to 16:1 was investigated and found to offer further improvements in
thermal efficiency. Third, progress has been made toward an investigation of how the in-cylinder thermal
stratification is affected by the piston-top temperature. Additionally, a new study has been initiated to
understand the relationship between combustion noise level and ringing intensity as metrics for acceptable
LTGC engine operation, and efforts are underway to upgrade their research engines for investigations of
spark-assisted LTGC. (Dec, SNL)

*  SNL is researching a negative valve overlap (NVO) strategy for controlling HCCI combustion. In
FY 2013 they: (1) characterized species produced during NVO reactions as a function of NVO fuel-
injection timing; (2) applied CHEMKIN simulation to identify the NVO reaction products responsible
for chemically enhancing main HCCI combustion; and (3) performed joint experiments with ORNL that
identified optimal NVO injection parameters for production of hydrogen and carbon monoxide gas in rich
NVO environments. Such onboard generation of synthesis gas could benefit gasoline engine operation
through enhanced dilution tolerance and knock avoidance. (Steeper, SNL)

*  Argonne National Laboratory (ANL) is developing and validating robust and predictive nozzle flow and
turbulence models for diesel engine applications aided by high-performance computing tools. In FY
2013 they: (1) Performed 3-D, transient, turbulent in-nozzle flow simulations. For the first time, needle
off-axis (wobble) motion has been accounted for in the simulations. For multi-hole injectors the needle
wobble is shown to have a profound influence on mass flow rate from each orifice. (2) Demonstrated grid-
convergence on diesel spray using LES turbulence models. (3) Demonstrated that LES can capture cyclic
variability and performs both qualitatively and quantitatively better than Reynolds Averaged Navier-
Stokes for spray calculations. (4) Performed engine simulations on 1,024 processors in a scalable fashion.
(5) Developed and validated a 106 species-based reduced reaction model for n-dodecane as surrogate for
diesel fuel. (Som, ANL)

* ANL is making detailed measurements of the sprays from fuel injectors using X-ray absorption.
The technique is non-intrusive, quantitative, highly time-resolved, and allows them to make detailed
measurements of the spray, even in the densely-packed region very near the nozzle. In FY 2013, ANL
completed measurements of the needle lift and internal geometry of the Engine Combustion Network
(ECN) “Spray B” injectors. They also performed parametric studies to learn the conditions that are most
and least likely to result in gas bubbles that are pulled inside of diesel injectors at the end of injection
which may be a factor in injector damage as well as unburned hydrocarbon and particulate matter
emissions. They continued to develop a new diagnostic for droplet sizing in the near-nozzle region of
sprays: Small-Angle X-Ray Scattering. With further development and validation, this may become a
unique and valuable method for studying near-nozzle spray structure, providing new data for spray model
development and validation. (Powell, ANL)

*  SNL is combining unique state-of-the-art simulation capability based on the large eddy simulation (LES)
technique with Advanced Engine Combustion R&D activities. In FY 2013 they established the first
quantitative explanation that shows a distinct gas-liquid interface does not exist for a wide range of diesel-
relevant injection conditions at high pressures, demonstrated that the classical view of jet atomization
(which is currently widely assumed) is not applicable at these conditions, and performed detailed analysis
of high-pressure injection processes using LES and real-fluid thermodynamics and compared LES with
ECN experimental target data. (Oefelein, SNL)

*  ANL is collaborating with combustion researchers within DOE’s Offices of Basic Energy Science and
Vehicle Technologies Office programs to develop and validate predictive chemical kinetic models for
a range of transportation-relevant fuels. In FY 2013: (1) A high-fidelity modeling framework has been
developed to simulate chemicophysical processes within ANL’s rapid compression machine, where
refinements to this are ongoing. This activity enhances the validation and improvement of chemical
kinetic mechanisms for transportation-relevant fuels. (2) ANL’s rapid compression machine has been
used to acquire autoignition data for additive-doped gasoline surrogate blends. Chemical kinetic models
have been assembled for these fuels with predictions compared against experimental measurements.
Improvements to the base fuel mechanisms seem to be necessary in order to adequately capture the
sensitizing effects of fuel additives. (3) Comprehensive expressions have been developed for a reduced-
order, control-oriented ignition model which cover low and high temperatures for fuels with a wide range
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of reactivity. Future work will unify these expressions across MCH/O,/N,/Ar, $=1.0, Mix #1
temperatures from 500 to 2,000 K. (Goldsborough, ANL) _ S0k 850K 800K 750K 700K
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*  Lawrence Livermore National Laboratory (LLNL) is developing
detailed chemical kinetic models for fuel components used
in surrogate fuels for compression ignition, HCCI and RCCI
engines. In FY 2013 they: (1) developed improved models for
n-propyl benzene, n-butyl benzene, and their mixtures and
validated them for ignition and flame speeds; (2) developed
a new chemical kinetic model for a-methyl naphthalene and B TV
validated it for high-temperature ignition in a shock tube and L1 LI5S 12 125 13 135 14 145 15
oxidation in a flow reactor; (3) developed a fuel surrogate model 100077, 1K
for gasoline-ethanol mixtures and validated it by comparison
to flame speeds in a flat-flame burner and intermediate heat : o . .

. . . experimental ignition data from a rapid compression
release in an HCCI engine; and (4) deyelopeq an 1'mprc?ved machine, for a stoichiometric mixture, over a range of
model for methylcyclohexane and validated it for ignition at temperatures, and at pressures of 15, 25 and 50 bar.
engine conditions and for species measurements in low-pressure (Pitz, LLNL)
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* LLNL is gaining fundamental and practical insight into HECC
regimes through numerical simulations and experiments. In FY 2013 they: (1) validated new multi-zone
scheme, and quantified accuracy and fidelity for zone strategies; (2) implemented advanced solvers with
CONVERGE™ multi-zone, yielding orders of magnitude reduction in simulation time; (3) validated
multi-dimensional simulations of isooctane Premixed Charge Compression Ignition (PCCI) using
CONVERGE™ multi-zone with detailed chemistry; (4) demonstrated computational fluid dynamics/
multi-zone applied to gasoline direct-injection spark ignition and PCCI operation; and (5) partnered with
Cummins/CONVERGE™ to integrate a graphical processing unit-based solver into multidimensional
computational fluid dynamics, developed and tested graphical processing unit combustion chemistry with
potential 8x speedup. (Whitesides, LLNL)

* LLNL is applying mathematics underpinning efficient algorithms and developing combustion software
on new computing architectures. In FY 2013 they: (1) developed a sensitivity analysis tool for use
by chemical kineticists that reduces the time to solution for a typical fuel from one week to less than
an hour; (2) created a computer processing unit-accelerated algorithm to calculate thermochemistry
functions an order of magnitude faster than the computer processing unit-based version; (3) tested and
validated the adaptive preconditioner technique for new mechanism classes key to the development
of “real fuel” surrogates; (4) extended the adaptive preconditioner technique to calculate the ignition
delay characteristics for a 39,000 species mechanism in two minutes (compared to five months using the
traditional approach); and (5) developed a reaction timescale analysis tool to aid in mechanism design.
(McNenly, LLNL)

*  Los Alamos National Laboratory (LANL) is developing algorithms and software for the advancement
of speed, accuracy, robustness, and range of applicability of the KIVA internal engine combustion
modeling—to be more predictive. In FY 2013 they: (1) developed parallel p-adaptive predictor-corrector
split using a Petrov-Galerkin finite element method for all for flow regimes, from incompressible to high-
speed compressible; (2) developed 3-D overset grid method for moving and immersed actuated parts
such as valves for robust grid movement; (3) validated KIVA multi-component particle/spray injection
algorithm into the predictor-corrector split finite element method solver; (4) validated KIVA chemistry
package into the predictor-corrector split finite element method solver; (5) validated KIVA splash, break-
up, collide and wall-film models into the predictor-corrector split solver; and (6) developed large eddy
simulation turbulence modeling for wall-bounded flows. (Carrington, LANL)

*  The University of Michigan is exploring new high-pressure lean-burn combustion strategies that
can enable future gasoline engines with 20-40% improved fuel economy. In FY 2013 (1) Two engine
models of spark-assisted compression ignition were developed. (2) Experiments and modeling studies
on stratification have shown complex behavior of burn rate when injection timing and boost pressure
are varied. (3) Optical engine studies of spark-assisted compression ignition have confirmed that
phasing changes in autoignition are the result of a relatively small amount of flame heat release, which
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is determined by a tradeoff between time available and changes in flame speed. (4) Experiments in a
Cooperative Fuel Research engine have shown that a microwave-assisted spark plug helps with early flame
kernel development but has little effect on overall burn characteristics. (5) Computational studies of the
effect of buffer gas on autoignition show significant effects on ignition delay, especially in the negative
temperature coefficient region, and on heat release, with CO, dilution resulting in the lowest peak heat
release rate. (Wooldridge, University of Michigan)

e Michigan State University is demonstrating a spark ignition HCCI dual combustion mode engine for a
blend of gasoline and E85 (85% ethanol and 15% gasoline) for the best fuel economy. In FY 2013 (1) The
engine simulation model was further improved with an updated physics-based charge mixing model
based upon the test data. (2) Multi-injection and multi-ignition capability was added to the engine control
system to enable multiple injections and ignitions during the mode transition, and the electrical variable
valve timing operational range was extended to 85 degrees to increase recompression. (3) Stable HCCI
combustion was achieved with around 2% coefficient of variance for the target single-cylinder metal
engine without external electric heater. (4) Smooth combustion mode transition was achieved between
SI and HCCI combustion within eight engine cycles. It was found that the proposed concept of using the
hybrid combustion mode during the mode transition is the key enabler for fast and smooth combustion
mode transition. (Zhu, Michigan State University)

*  Oak Ridge National Laboratory (ORNL) is developing and applying innovative strategies that maximize
the benefit of high-performance computing resources and predictive simulation to support accelerated
design and development of advanced engines to meet future fuel economy and emissions goals. In FY
2013 they initiated metamodel development for highly dilute spark-ignition combustion by launching
initial grid optimization and parameter sensitivity sweeps, developed a computational framework for job
management and component optimization, and performed initial parameter sweeps for model validation.
(Edwards, ORNL)

* ANL is optimizing the operating conditions to use low cetane fuel to achieve clean, high-efficiency engine
operation and demonstrate the use of LTC as an enabling technology for high-efficiency vehicles. In FY
2013 they achieved 1.3 bar brake mean effective pressure (BMEP) to 20 bar BMEP using only 87 anti-
knock index fuel; demonstrated the effectiveness of cetane enhancers (ethyl hexyl nitrate) in facilitating
low-load performance; and attained a 26% fuel economy improvement using LTC in a conventional
powertrain vehicle over a similar port fuel injected vehicle on the combined Urban Dynamometer Driving
Schedule and Highway Fuel Economy Test cycles in a 2007 Cadillac vehicle. (Ciatti, ANL)

*  ANL is quantifying the efficiency potential and combustion stability limitations of advanced GDI
combustion systems including lean, boosted and EGR-dilute concepts. In FY 2013 they quantified the
sensitivity of lean and EGR-dilute combustion to air/fuel ratio and combustion phasing perturbation. A
novel, Reynolds Averaged Navier-Stokes approach characterized by low numerical diffusion was applied
to qualitatively evaluate cycle-to-cycle variability and combustion stability in an internal combustion
engine. They also implemented an advanced directed energy ignition system ignition system providing
fully programmable multi-spark and sustained spark features.
(Wallner, ANL)

*  ORNL is gaining and utilizing knowledge of the recurring i}i{{': e
patterns that occur in cyclic variability in spark-ignition engines
to predict and correct for low-energy cycles such as misfires Diesel
that reduce engine efficiency at the dilution limit. In FY 2013 syorem
they experimentally quantified the effects of various engine
control parameters on combustion stability (injection and cam
timing, ignition timing, composition) and found that external
EGR affects the dynamics of cyclic variations beyond the
dilution limit imposed by combustion stability requirements.
(Kaul, ORNL)

*  ORNL is developing and evaluating the potential of High Exhaust
Efficiency Clean Combustion (HECC) strategies with Intake Air
production-viable hardware and aftertreatment on multi-cylinder
engines. In FY 2013 they attained the 2013 technical target of ORNL Mult-Cylinder RCCI Engine (Curran, ORNL)
FY 2013 Annual Progress Report Advanced Combustion Engine R&D
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developing a Reactivity Controlled Compression Ignition (RCCI) engine map suitable for use in vehicle
system drive cycle simulations, attained the 2013 technical target of demonstrating greater than 20%
improvement in modeled fuel economy with multi-mode RCCI operation as compared to a 2009 port fuel
injected (PFI) gasoline baseline, performed drive cycle estimations of fuel economy and emissions using
vehicle systems modeling with experimental data with multi-mode RCCl/conventional diesel combustion
operation, and evaluated the hydrocarbon and CO reduction effectiveness of multiple diesel oxidation
catalysts with RCCI. (Curran, ORNL)

e ORNL is defining and analyzing specific advanced pathways to improve the energy conversion efficiency
of internal combustion engines from nominally 40% to as high as 60%, with emphasis on opportunities
afforded by new approaches to combustion. In FY 2013 they: (1) demonstrated that in-cylinder non-
catalytic reforming is a thermodynamically inexpensive pathway to forming a high-octane reformate
stream rich in hydrogen; (2) successfully collaborated with SNL on quantifying chemical species
formed during NVO associated with in-cylinder non-catalytic reforming; and (3) determined that very
low concentrations of sulfur (~2 ppm) can significantly deactivate the nickel-based thermochemical
recuperation reforming catalyst, and that this is the most likely cause of the reforming degradation.

(Daw, ORNL)

*  SNL is studying the effects of continuous operation (i.e. gas exchange) on indicated thermal efficiency
and emissions of an opposed free-piston linear alternator engine utilizing HCCI combustion at high
compression ratios (~20-40:1). In FY 2013: (1) passive synchronization of the pistons was successfully
demonstrated through continuous motoring tests; (2) low equivalence ratio HCCI combustion with
hydrogen was successfully demonstrated; (3) new, low-friction pistons were designed, fabricated and
installed; and (4) extended duration (~30 sec) combustion tests have shown a path to greater than 50%
indicated fuel conversion efficiency and greater than 55% work-to-electrical efficiency. (Johnson, SNL)

*  ORNL is assessing the fuel economy and emissions benefits of VCR technology. In FY 2013 they tested
a prototype VCR engine but encountered mechanical problems with the timing chain system. (Domingo,
ORNL)

*  ANL is performing engine benchmarking to accelerate the development of high-efficiency internal
combustion engines for light-duty vehicle applications, while meeting the future emission standards, using
numerical simulations. In FY 2013 they completed engine and vehicle testing of a 2012 Audi A4 with twin
variable geometry turbochargers, direct injection and variable valve lift 2.0-liter engine for testing. They
also completed engine and vehicle testing of a 2012 Mini Cooper with a 1.6-liter turbocharged direct-
injected variable valve timing engine. (McConnell, ANL)

*  ORNL is applying the historically successful approach of developing and applying minimally invasive
advanced diagnostic tools to resolve spatial and temporal variations within operating engines and
catalysts. In FY 2013 they developed an improved multiplex laser-based exhaust gas recirculation (EGR)
probe, and improved analysis techniques. This multiplex setup allowed for simultaneous measurements
from four EGR probes positioned at various locations in the engine system. The result was a profound
increase in the efficiency of system mapping. (Partridge, ORNL)

B. Emission Control R&D

The following project highlights summarize the advancements made in emission control technologies to
both reduce exhaust emissions and reduce the energy needed for emission control system operation.

*  ORNL is coordinating the Cross-Cut Lean Exhaust Emission Reduction Simulation (CLEERS) activity
for the DOE Advanced Engine Cross-Cutting Technology Development Team. In FY 2013 they led and
facilitated CLEERS Focus teleconferences; created an initial bibliographic database for evaluation by
selective CLEERS members and established an ORNL Sharepoint site for an expanded experimental
database of engine exhaust and aftertreatment measurements and simulation algorithms and modeling
tools; continued further refinement of LNT and SCR catalyst characterization protocols in coordination
with the CLEERS Kinetics task; conducted the 2013 CLEERS Industry Priority Survey; organized the
2013 CLEERS workshop; maintained the CLEERS website; and increased utilization of models and
kinetic parameters produced by CLEERS projects in full system simulations of conventional and hybrid
advanced light- and heavy-duty powertrains. (Daw, ORNL)
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*  ORNL is collaborating with Pacific Northwest National Laboratory (PNNL) to support industry in the
development of accurate simulation tools for the design of catalytic emissions control systems that enable
advanced high-efficiency combustion engines to meet emissions regulations while maximizing fuel
efficiency. In FY 2013 they: (1) completed detailed flow reactor characterization of the BMW GDI LNT
catalyst; (2) demonstrated that NO oxidation to NO, does not play a role in the reaction mechanism for
NO SCR by NH,; (3) investigated N,O formation during low-temperature regeneration of LNT catalysts,
and identified mechanistic steps that account for observed LNT N, O trends; (4) evaluated changes in
SCR catalyst model parameters required to capture impacts of aging on catalyst functionality; and
(5) developed experimental protocols and analysis techniques for direct measurement of NH, adsorption
enthalpy as a function of coverage on zeolite SCR catalysts. (Daw, ORNL)

*  PNNL is developing improved computational tools for simulating realistic full-system performance
of lean-burn engines and the associated emissions control systems. In FY 2013 they: (1) identified an
important reaction intermediate for NH, selective catalytic reduction (SCR) with small-pore zeolite-based
Cu SCR catalysts; (2) mechanisms for Pt stability on spinel magnesium aluminate support materials in
lean-oxides of nitrogen (NOX) traps (LNTs) were determined; (3) detailed reaction kinetics measurements
of NH, SCR demonstrated the importance of intra-particle diffusion control for reactivity over a wide
temperature range: and (4) proposed a two-site SCR global kinetics model that includes NH, oxidation,
NO oxidation, and the standard SCR reaction, and provides a simple means of representing performance
changes due to aging of the copper chabazite zeolite catalyst. (Muntean, PNNL)

«  PNNL is identifying approaches to significantly improve both the high- and low-temperature performance,
and the stability of the catalytic NOx reduction technologies via pursuit of a more fundamental
understanding. In FY 2013: (1) Catalysts were characterized before and after incorporation of Cu by
X-ray diffraction, electron paramagnetic resonance and temperature-programmed reduction. (2) Baseline
reactivity measurements were performed on these catalysts in preparation for mechanistic studies of
high- and low-temperature performance loss. (3) A variety of model K-titania catalysts were prepared at
PNNL based on materials described in the open literature. (4) Detailed studies of the sensitivity to high
temperatures (required for desulfation) were conducted of these model catalysts. (Peden, PNNL)

*  PNNL is developing and demonstrating mixed metal oxide-based catalysts as a low-cost replacement for
platinum in the oxidation of NO to NO, in lean engine exhaust, an essential first step in controlling NOx
emissions. In FY 2013 they demonstrated the stability of Ce-Mn mixed oxides against high-temperature
aging, determined the effect of Mn loading on the catalyst activity, demonstrated that ceria stabilizes
Mn in a higher oxidation state leading to easier Mn reducibility and lower temperature for NO oxidation,
and Mn addition to ceria was shown to lower the energy required for oxygen vacancy formation.
(Karim, PNNL)

*  PNNL is developing a fundamental understanding of the integration of SCR and diesel particulate filter
(DPF) technologies for on-road heavy-duty diesel applications. In FY 2013 they developed improved
understanding of soot oxidation performance with a coupled active SCR process and the pathway towards
optimizing its performance for heavy-duty diesel applications; developed an understanding of SCR
processes and the nature by which improved integration with coupled soot oxidation processes can be
accomplished achieving optimum performance for both; and continued to develop the ability to accurately
predict how changes in active species concentrations will affect system performance. (Rappe, PNNL)

*  ORNL is developing emission control technologies that perform at low temperatures (<150°C) to
enable fuel-efficient engines with low exhaust temperatures to meet emission regulations. In FY 2013
they investigated an innovative Au@Cu (core@shell) catalyst for oxidation, demonstrated the synergy
of mixing of Au@Cu and Pt catalysts and the potential to overcome inhibitions, and synthesized and
evaluated new catalysts using a new support. (Toops, ORNL)

*  ORNL is assessing and characterizing catalytic emission control technologies for lean-gasoline engines.
In FY 2013 they achieved >99% NOx to NH, conversion over a three-way (TWC) at an equivalence
ratio of 0.96; demonstrated >98% NOx reduction efficiency with a TWC+SCR approach on the lean-
gasoline engine platform with a 5.6% fuel economy improvement over the stoichiometric-engine case;
and identified key SCR catalyst characteristics and operating strategies required to achieve high NOx
conversion while minimizing fuel penalty. (Parks, ORNL)
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ORNL is researching the fundamental chemistry of
automotive catalysts, identifying strategies for enabling
self-diagnosing catalyst systems, and is addressing

critical barriers to market penetration. In FY 2013 they
characterized spatiotemporal intra-catalyst performance of
a degreened commercial Cu-SAPO-34 SCR catalyst under
standard and fast SCR conditions, demonstrated application
of spatially resolved capillary inlet mass spectrometer
(SpaciMS) intra-catalyst data for developing kinetic
models, and configured Fast-SpaciMS for resolving reaction
sequences related to N,O formation mechanisms. (Partridge,
ORNL)

The University of Houston is identifying NOx reduction
mechanisms operative in LNTs and in situ SCR catalysts,
and is using this knowledge to design optimized LNT-SCR
systems in terms of catalyst architecture and operating
strategies. In FY 2013 kinetic models were developed based
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gas. (Partridge, ORNL)

on measurements for the LNT and SCR chemistries, and incorporated into reactor models for design and
optimization. These models have been successfully applied to determine the catalyst architectures and
operating conditions that result in NOx conversion and N, selectivity that achieve defined threshold levels.
(Harold, University of Houston)

ORNL is using high-fidelity neutron imaging capability to advance the understanding of two components
being employed in modern vehicles: the particulate filter and the in-cylinder fuel injector. In FY 2013 they:
(1) implemented spray chamber with a portable fluid delivery system for high-pressure fluid delivery for
diesel injectors; (2) obtained computed tomography scan of ash deposits from a continuously regenerated
particulate filter and a periodically generated one; and (3) obtained 3-D computed tomography scan of a
gasoline direct injection (GDI) injector with spatial resolution of 45 microns. (Toops, ORNL)

X-rays (100 keV) (b)

a) =
(@) 2 = Thermal neutrons e

“3Cd\
]

Aperture of Sample of .
diameter D thickness x

#—}Lf~

Source

Mirror

Mass attenuation coefficient, (cm

102 " 1) Scintillator
>

Atomic number

(a) Mass attenuation coefficients of a range of elements as a function of atomic number. Comparison
given between neutron (squares) and X-rays (line). (b) Schematic of a neutron imaging facility at ORNL.
(Toops, ORNL)

ANL is researching gasoline particulate filter filtration/regeneration mechanisms and evaluating their
performance. In FY 2013 they characterized the physical properties of GDI particulate matter emissions,
such as morphology and chemistry and found numerous small nanoparticles found only from GDI engines;
evaluated the effects of filter structures and emissions flow conditions on pressure drop in soot loading; and
developed a numerical simulation code predicting gas dynamics and soot loading in a filter. (Lee, ANL)

PNNL is developing a fundamental understanding of the factors affecting filtration efficiency and back-
pressure, in order to promote the development of optimum filtration systems for advanced gasoline
vehicles. In FY 2013 (1) Improved unit collector models have been used to explore the parameter space
relevant to the design of future gasoline particulate filtration systems. (2) The ERC Exhaust Filtration

Advanced Combustion Engine R&D

I-16

FY 2013 Annual Progress Report



I. Introduction

Analysis system was modified to allow filtration tests with a
exhaust from gasoline test engines. (3) Extensive sets of

micro X-ray computed tomography data were obtained for

five current filter substrates from two major manufacturers
which cover a range of properties. Automated computer
programs were written to extract relevant property information.
(Stewart, PNNL)

Overall distribution
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*  The Health Effects Institute is utilizing established emissions
characterization and toxicological test methods to assess
the overall safety of production-intent engine and control
technology combinations that are being introduced into n
the market during the 2007-2010 time period. In FY 2013 0 100 200 300 400 500
they: (1) completed emissions generation and exposure dva nm
characterization during chronic testing at the Lovelace
Respiratory Research Institute; (2) completed the ancillary
studies’ analyses and received three final reports; and
(3) continued analyses of health endpoints for the chronic
bioassay at the Lovelace Respiratory Research Institute in
Phase 3B (funded separately by the U.S. Environmental
Protection Agency). (Greenbaum, Health Effects Institute)

Fraction of particles arb units

0.24

Gasoline compression ignition particulate
aerodynamic diameters under one low-load condition.
(Stewart, PNNL)

C. High-Efficiency Engine Technologies

The objective of these projects is to research and develop technologies for more efficient clean engine/
powertrain systems to improve passenger and commercial vehicle fuel economy.

*  Cummins, Inc. is developing engine systems with 50% or
greater brake thermal efficiency and demonstrating a tractor-
trailer with 50% or greater freight efficiency improvement.
In FY 2013 they demonstrated in a test cell a 51% thermal
efficient engine system; this system included both exhaust
and coolant/lube waste heat recovery systems contributing in
a parallel fashion, and demonstrated the SuperTruck Demo 1
vehicle with 61% freight efficiency improvement, on a Texas
highway drive cycle route. (Koeberlein, Cummins) SuperTruck Demo 1 Vehicle (Koeberlein, Cummins)

*  Detroit Diesel Corporation is demonstrating a 50% total
increase in vehicle freight efficiency measured in ton-miles
per gallon, with at least 20% improvement through the development of a heavy-duty diesel engine capable
of achieving 50% brake thermal efficiency. In FY 2013; they demonstrated 50.0% engine brake thermal
efficiency in the laboratory. The waste heat recovery system design was completed, hardware and control
systems developed. Testing to date has demonstrated an improvement in engine brake thermal efficiency
of 2.3% via recovered exhaust and EGR energy, bringing the total engine brake thermal efficiency up to
50.0%. (Sisken, Detroit Diesel Corporation)

»  Volvo is identifying concepts and technologies that have potential to achieve 55% brake thermal efficiency
on a heavy-duty diesel engine. In FY 2013 they completed testing of combustion improvements, engine
friction, pumping loss technologies, and a waste heat recovery system in a complete powertrain system
demonstrated 48% brake thermal efficiency on a dynamometer. (Amar, Volvo)

*  Delphi is developing, implementing, and demonstrating fuel consumption reduction technologies using a
new low-temperature combustion process: gasoline direct-injection compression ignition. In FY 2013 they
continued single-cylinder testing, initiated multi-cylinder testing, and initiated building of a demonstration
vehicle with the multi-cylinder engine. (Confer, Delphi)

»  Ford Motor Company is demonstrating 25% fuel economy improvement in a mid-sized sedan using
a downsized, advanced gasoline turbocharged direct injection engine with no or limited degradation
in vehicle level metrics. In FY 2013 they completed conversion of the high feature combustion vessel;
demonstrated closed-loop control of combustion sensing (phasing and stability) on the first 3.5-L
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EcoBoost engine and developed algorithms and initiated testing of stochastic knock detection and control
on the same engine; and completed Phase 1 testing and initiated analysis of in-cylinder temperatures and
heat flux on the second 3.5-L EcoBoost engine. (Wagner, Ford Motor Company)

*  General Motors (GM) is developing an advanced lean-gasoline combustion engine and aftertreatment
system and will demonstrate 25% vehicle fuel economy improvement while achieving Tier 2 Bin 2
emissions. In FY 2013 they: (1) demonstrated Tier 2 Bin 2 capability with Spray Guided Engine version 5
(SGY) lean gasoline combustion system using a passive/active ammonia SCR system; and (2) developed
the Lean Downsize Boost combustion system that demonstrated brake specific fuel consumption
improvement of 21% compared to the 4-cylinder port fuel-injected baseline. (Smith, General Motors)

¢ Cummins, Inc. is demonstrating 40% fuel economy improvement over a baseline gasoline V-8 pickup
truck while achieving Tier 2 Bin 2 tailpipe emissions compliance. In FY 2013 the prototype engine was
acquired and installed in a vehicle. Engine testing has shown substantially higher fuel economy than the
baseline mule engine values. Tailpipe emissions demonstrated on several occasions in a chassis laboratory
environment, as well as tested on public roads, maintaining Tier 2 Bin 2 emission control over a variety
of driving conditions while demonstrating City fuel economy more than 10% better than project goals.
(Ruth, Cummins)

*  Robert Bosch LLC is improving fuel economy by 25% with minimum performance penalties while
achieving Super Ultra-Low Emissions Vehicle level emissions with gasoline. In FY 2013 they demonstrated
up to 40% brake fuel efficiency improvement against the baseline engine at frequently visited driving cycle
conditions on the ACCESS Prototype II engine, and completed vehicle simulations based on ACCESS
Prototype II engine combustion optimization data, showing greater than 25% fuel economy improvement
during the FTP-75 drive cycle over the baseline vehicle. (Yilmaz, Robert Bosch LLC)

e The Chrysler Group, LLC is demonstrating a 25% improvement in combined City and Highway Federal
Test Procedure fuel economy in a Chrysler minivan. In FY 2013 dynamometer test modeling and
simulation results show the efficiency goals are met. Development of the controls and calibrations are
underway to assure the in-vehicle testing will achieve project goals. (Reese, Chrysler)

»  Filter Sensing Technologies, Inc. is demonstrating and quantifying improvements in efficiency and
greenhouse gas reductions through improved DPF sensing, controls, and low-pressure drop components.
In FY 2013 they designed and developed alpha prototype radio frequency sensor systems, and supplied
them to project partners for testing on light- and heavy-duty engine dynamometers and heavy-duty fleet
vehicles. They also demonstrated potential for 50% to 75% regeneration-related fuel savings through on-
road fleet testing with heavy-duty vehicles equipped with radio frequency sensors. (Sappok, Filter Sensing
Technologies, Inc.)

*  GM is applying the enabling technologies of high energy,
extended duration ignition and novel intake charge boosting/
mixing system to a current GM boosted spark ignition engine.
In FY 2013 they completed the following: (1) One-dimensional
engine simulation models with conventional low-pressure
loop EGR and dedicated EGR have been constructed and
various boost/mixing system candidates have been evaluated
to determine capability of the candidate systems to supply and
cool a sufficient quantity of EGR to meet the project objectives.
(2) Vehicle simulation model of a current mid-size GM vehicle
has been evaluated to determine the operating points for the
subject engine configurations in order to generate fuel economy
projections. (3) Phase 3 turbocharged 2.0-L engine with high-
energy, extended-duration DCO™ ignition system, 11.0:1
compression ratio and low-pressure loop cooled EGR system Low-Pressure Loop EGR Systgm Packaged
testing has been completed to establish the fuel consumption ;\;?M Mid-Sized Vehicle (Keating, General
and performance of this specification compared to the baseline. otors)

(4) Design work is complete to package the Phase 4 system
defined as noted previously in the engine compartment of a
current GM mid-size vehicle. (Keating, General Motors)
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»  Eaton Corporation is demonstrating fuel economy improvement through Rankine cycle waste heat
recovery systems utilizing a roots expander in heavy-duty diesel applications. In FY 2013 they prototyped
and air tested the single-stage roots expander demonstrating greater than 60% isentropic efficiency; built
and validated organic Rankine cycle (ORC) test stand for water or ethanol usage; tested single-stage roots
expander with water as working fluid on the ORC test stand; designed multistage expander and started
procurement; selected heat exchanger vendor and completed specification; and completed packaging study
of the entire ORC system on the engine. (Subramanian, Eaton Corporation)

*  MAHLE Powertrain is demonstrating thermal efficiency
of 45% on a light-duty gasoline engine platform while Design 3 @ 5 cBTDC [ Design4 @ 5GBTDC]§  Design5 @ 5 dBTDC g
demonstrating potential to meet U.S. Environmental - ¥ -
Protection Agency emissions regulations. In FY 2013 they: & - ,’Q%
(1) completed optical and thermodynamic engine testing ; : é
of Turbulent Jet Ignition (TJI) designs; (2) analyzed data
from the optical engine to correlate jet characteristics
to TJI designs; (37) d'et'nonstrated the potenti'al of TJ‘I t‘? Optical Data @ 5 degrees before top-dead center (dBTDC)
extend the lean limit into the ultra-lean region, achieving —TJI Designs 3, 4, and 5 (Blaxill, MAHLE Powertrain)
thermal efficiency parity with previous TJI studies, and
demonstrated a path forward to achieve the project goal of
45% thermal efficiency; and (4) synthesized data from optical and thermodynamic engines to characterize
engine performance as a function of jet characteristics. (Blaxill, MAHLE Powertrain)

-

* ENVERA LLC is developing a high-efficiency variable compression ratio (VCR) engine having variable
valve actuation (VVA) and an advanced high-efficiency supercharger to obtain up to a 40% improvement
in fuel economy. In FY 2013: (1) the VVA system was projected to attain cam lift and duration values
needed for attaining engine power and efficiency targets; (2) the 4-cylinder VCR engine with advanced
supercharging was projected to achieve power and torque targets; and (3) computer-aided design of the
VCR engine was initiated. (Mendler, ENVERA LLC)

*  Robert Bosch LLC is developing an intake air oxygen (IAO2) sensor which directly and accurately
measures the oxygen concentration in the intake manifold. In FY 2013: (1) The design concept for [AO2
was completed. Focus of component design and research was on the subsystems sensor connector and
housing as well as the protection tube. (2) Development of the protection tube led to benchmark functional
performance in its design space. (3) Bench testing and endurance tests to support development work
throughout the project were developed and set up and used to steer design work. (4) Testing of IAO2
baseline sensors was completed. (5) Engine and simulation work for system evaluation and control
development was conducted. (Schnabel, Robert Bosch LLC)

¢ LANL is developing prototype NOx and NH, sensors based on mixed-potential technology. In FY
2013 they: (1) qualitatively reproduced NOx sensitivity and selectivity of a LANL bulk sensor in a
commercially manufacturable device; (2) demonstrated sensor stability for 1,000 hours in both unbiased
and biased mode with no systematic degradation in sensor sensitivity; and (3) showed that the sensor
tracks NOx concentration in engine dynamometer testing performed at the National Transportation
Research Center at ORNL. (Mukundan, LANL)

SOLID STATE ENERGY CONVERSION

Several projects are being pursued to capture waste heat from advanced combustion engines in both light-
and heavy-duty vehicles using thermoelectrics (TEs). Following are highlights of the development of these
technologies during FY 2013.

*  Gentherm is designing a TE waste heat recovery system with 5% improvement in fuel economy for
light-duty vehicles while providing a path towards commercialization at passenger vehicle volumes
of 100,000 units per year. In FY 2013: (1) The cartridge design has been advanced and validated with
physical testing. (2) Final vehicle platform/powertrain selections have been made by BMW and Ford after
extensive trade-off analysis. The vehicles have been tested to measure the exhaust outputs over the US06
Cycle. (3) Design of the TE generator assemblies is advancing rapidly and the required design tools have
been completed. (Barnhart, Gentherm)
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GM is developing a thermal comfort model and
computer aided engineering tool to predict the occupant
physiological response to localized heating and cooling
through human subject testing—key to balance distributed
heating ventilation and air conditioning (HVAC)
components and to speed execution of stratified thermal
systems. In FY 2013 they delivered the completed

Buick LaCrosse demonstration vehicle, achieved an
estimated 30% HVAC energy saving with distributed TE
components, maintained equivalent occupant thermal
comfort in the demonstration vehicle, and exceeded the
coefficient of performance target of 1.3 in cooling and
2.3 in heating with prototype TE devices. (Bozeman,

TCIndex

' 132 165 131184 125 125
06952.1182335 16790932 1.42! 307591894192209390932 05980394

52.2962.1892.77)

Thermal comfort computer-aided engineering tool validation
results for one of the spot cooling test conditions. (Bozeman,
General Motors)

General Motors)

GM is developing an overall TE generator (TEG) system

including all necessary vehicle controls and electrical systems fully integrated onto a light-duty vehicle

to demonstrate fuel economy improvement of 5% over the US06 drive cycle. In FY 2013: (1) design
specifications for the initial TEG prototype are being completed based on extensive modeling of heat
flows, thermoelectric performance, and vehicle operation; (2) TE material has been fabricated and TE
module fabrication is in progress; (3) final design of the heat exchangers, subassembly clamping schemes,
and other TEG components is underway for the initial TEG build; and (4) bench testing, data collection,
and analysis of the initial TEG will inform a redesign for the final TEG system. (Meisner, General Motors)

GMZ Energy is demonstrating a robust, thermally cyclable

TE exhaust waste heat recovery system that will provide
approximately a 5% fuel efficiency improvement for a light-duty
vehicle platform. In FY 2013: (1) a TE device has been subjected
to 1,000 thermal cycles, between 600°C and 100°C, with <1%
degradation in power output performance; (2) high-temperature
TE modules, which will be integrated into the passenger

vehicle and Bradley Fighting Vehicle TEGs, were successfully
fabricated and characterized; (3) a new TEG design concept
with a higher power output relative to the previous TEG design
has been developed; and (4) achieved the 2013 technical target
of finalizing a detailed mechanical design of a 1-kW TEG for
integration on to a Bradley Fighting Vehicle, within specified
operating parameters. (Cleary, GMZ Energy)

High-temperature thermoelectric module with the
hot-side casing removed. (Cleary, GMZ Energy)

Ohio State University is developing non-toxic TE materials

with high figure of merit (ZT)>1 using only earth-abundant elements. In FY 2013 they found that the
TE performance of the PbS system can be enhanced by means of a closely coupled phonon-blocking/
electron-transmitting approach that consists of embedding endotaxially nanostructured second phases.
By extension, they anticipate that this approach can be successfully applied to other material systems as
well. This work shows that the ZT of p-type PbS can be increased to the record high value of ~1.3 at 923
K with CdS nanostructures. Although the same strong reduction of the lattice thermal conductivity is
achieved with ZnS, CaS and SrS, the enhanced ZT of the CdS system is unique and derives from better
hole mobility. This project is now complete. (Heremans, Ohio State University)

Purdue University is developing the fundamental understanding and technology improvements needed to
make viable the efficient conversion of waste heat in automotive exhaust systems to electricity. In FY 2013
they: (1) investigated carrier relaxation rates for different filling ratio of filled-skutterudite; (2) grew PbTe,
Bi,Te,, and Ag,Te nanowires in large quantities (>10 g/batch); (3) developed new TEG designs based on a
jet impingement mechanism and developed numerical models to evaluate such designs; and (4) designed
and assembled a test bench for experimental verification of system level performance with various
configurations of hot- and cold-side heat exchangers and thermal interface materials and successfully
characterized thermal interfaces. (Xu, Purdue University)
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»  Stanford University is developing and measuring novel TE materials, including skutterudites and half-
Heusler alloys. In FY 2013 they: (1) developed and characterized the performance and reliability of carbon
nanotube (CNT)-based thermal interface materials bonded with reactive metal subjected to thermal
cycling; (2) adapted a coarse-grained molecular simulation to predict thermal transport properties of
CNT and metal nanowire arrays; (3) developed and validated in situ thermal measurement techniques
for characterization and reliability testing of TEG devices using high temperature infrared thermometry;
(4) established a complete electrodeposition apparatus for template-assisted fabrication of nanostructured
metal thermal interface materials; (5) synthesized copper nanowire arrays with tunable properties,
including lengths from 1-60 pm, diameters of 200 nm, and volume fractions from 10-50% over large
areas; and (6) designed, fabricated, and calibrated microfabricated heater/thermometer devices for thermal
characterization of metal nanowire arrays using the three-omega method. (Goodson, Stanford University)

*  Stony Brook University is developing a scalable high-throughput, non-equilibrium synthesis process
for high ZT TE materials from abundant low-cost feedstock by using thermal spray technology. In FY
2013: (1) Vacuum plasma spray (VPS) has been successfully used to synthesize magnesium silicide thick
coatings and the maximum ZT achieved 30% by the traditional hot press method using the same feedstock
powder. (2) VPS provides denser coating due to its high velocity and Hall Effect measurement showed
carrier concentration and mobility enhanced the ZT of magnesium silicide coating for VPS compared with
atmospheric plasma spray. (3) High velocity atmospheric plasma spray for filled skutterudites as quench
powder has been successfully deposited on an Al substrate without obvious oxidation or evaporation.
(4) TE functional layer as well as insulation and conducting layers have been thermal sprayed for TE
device fabrication. (Zuo, Stony Brook University)

*  Texas A&M University is synthesizing inorganic nanowires and quantum wires of both CoSb, and InSb,
and organic conducting polymer thin films, and assembling them into inorganic-organic hybrid TE
cells with sizes ranging from a few mm? to a few cm’, using conjugated linker molecules to tether the
nanowires to each other or to conducting polymer thin films. In FY 2013 they fabricated bulk TE devices
from mass-produced Zn,P, and ZnO nanowire powders, extended the nanowire composite fabrication
strategy to obtain degenerately doped zinc oxide nanowire pellets, and a phase transformation route was
developed for converting single-crystalline silicon nanowires into polycrystalline/single-crystalline metal
silicide nanowires. (Vaddiraju, Texas A&M University)

*  The University of California, Los Angeles is developing materials and interfaces for improved
thermomechanical reliability of TE vehicle exhaust waste heat harvesting devices. In FY 2013 they
fabricated and optimized Cu-ZrW O, composites in a wide range of compositions, and characterized the
Cu-Zr W,0, composites for coefficient of thermal expansion, electrical conductivity, thermal conductivity,
and microstructure. (Ju, University of California, Los Angeles)

*  The University of California, Santa Cruz is developing novel TE materials based on abundant and non-
toxic Zintl-phase magnesium silicide alloys. In FY 2013 they plan to: (1) optimize spark plasma sintering
(SPS) of n-type Mg,Si and effect on grain boundaries; (2) synthesize SPS of n-type Mg, Si with embedded
tungsten nanoparticles—characterization and transport modeling; and (3) identify bipolar thermal
conductivity as a key factor limiting thermodynamic ZT of Mg,Si,_ Sn_at high temperatures. Proposed
electron energy filtering to reduce bipolar thermal conductivity and achieve ZT>2. (Shakouri, University
of California, Santa Cruz)

*  Virginia Tech is fabricating and characterizing new TE materials grown with scalable techniques for
production of large quantities of efficient, yet non-toxic and inexpensive elements capable of long-term
operation at high temperatures over thousands of thermal cycles. In FY 2013 they: (1) manufactured
several small-scale heat exchanger modules for use in experiments to validate the numerical models for
heat transfer behavior characterization; (2) completed an experimental test facility to investigate heat
exchanger modules previously designed and manufactured; (3) created a performance map of the heat
exchanger module and the TE system over a range of operational parameters (engine speed, coolant
pumping power, etc.); (4) modeled fluid flow and heat transfer behavior inside the exhaust pipe test section
with internal fins (multi-louvered fins and wavy Herringbone fins) using computational fluid dynamics;
(5) scaled the synthesis process for the previously developed n-type magnesium silicide materials
to allow for production of over 3,000 elements/hr; (6) reduced the thermal conductivity of the ZnO
materials through nanostructuring; and (7) characterized the effect of synthesis and sintering conditions
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on the doping mechanisms on carrier concentration and power factor in the ZnO materials. (Huxtable,
Virginia Tech)

*  The University of Texas at Austin is increasing the ZT of earth abundant and low-cost magnesium silicides
(Mg,Si) and higher manganese silicides (MnSi, .., or HMS) to the level found in state-of-the-art TE
materials that contain scarce and expensive elements. In FY 2013 they: (1) obtained the TE and magnetic
properties of high-purity HMS chemical vapor transport crystals; (2) developed an approach to generate
high yields of HMS nanowires; (3) revealed the effect of (Al,Ge) double doping on the TE properties of
HMS; (4) addressed the chemical instability problem of Mg,Si-based compounds; and (4) designed and
fabricated the first generation and the improved second generation TE devices, and measured contact
resistance and power output to correlate to and validate the device model. (Shi, University of Texas at
Austin)

*  Ford Motor Company is developing a TE HVAC system to
optimize occupant comfort and reduce fuel consumption. In
FY 2013 they achieved the following: (1) zonal HVAC system
successfully packaged into the test vehicle; (2) TE devices
met project objectives of COP >1.3 in cooling and COP >2.3
in heating; (3) HVAC system annualized energy consumption
was reduced by 12% compared to baseline vehicle; and (4) cost
of TE devices tracks closely with performance and capacity
requirements. This project is complete. (Maranville, Ford Motor
Company)

TE Device Used in Zonal HVAC System
(Maranville, Ford Motor Company)
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1.3 Honors and Special Recognitions/Patents

HONORS AND SPECIAL RECOGNITIONS

1. Paul Miles, SNL: Invited speaker “Scientific and Engineering Challenges Impacting the Design of Advanced Internal
Combustion Engines,” Swedish Academy of Engineering Sciences, Stockholm, Sweden, Sept. 12, 2013.

2. Paul Miles, SNL: Invited speaker “Quantitative Measurements of Flow and Scalar Fields Supporting Predictive
Simulation for Engine Design,” International Energy Agency — Energy Conservation and Emissions Reduction Task
Leaders Meeting, San Francisco, CA, July 23, 2013.

3. Lyle Pickett, SNL: Election to SAE Fellow.

4. Scott Curran, ORNL: 2013 DOE Vehicle Technologies Office R&D Award for RCCI research.
5. Scott Curran, ORNL: Best Presentation Award 2012 ASME ICEF Conference — RCCI paper.
6. Scott Curran, ORNL: Speaking award for 2033 SAE World Congress — RCCI paper.

1

. Joe Oefelein, SNL: ILASS Americas William Robert Marshall Award, 2012 (for best paper judged to be the most
significant contribution to the ILASS 23™ Annual Conference on Liquid Atomization and Spray Systems.

8. John Dec, SNL: SAE Arch T. Colwell Award for SAE paper 2011-01-1291, SAE Int. J. Engines, 4(1): 1669-1688, 2011.

9. John Dec, SNL: Most cited article in the Proceedings of the Combustion Institute since 2008: Dec, J. E., Proc. Combst.
Inst., 32: 2727-2742, 20009.

10. David Carrington, LANL: Outstanding Innovation Award — 2011 Distinguished Licensing Award. Awarded by Los
Alamos National Laboratory Technology Transfer Division, August 9, 2012.

11. David Carrington, LANL: Outstanding Innovation Award — 2010 Distinguished Copyright Award. Awarded by Los
Alamos National Laboratory Technology Transfer Division, August 11, 2011.

12. Sibendu Som, ANL: inducted as a “Computational Fellow” at the Computational Institute at University of Chicago.

13. Bill Partridge, ORNL: 2013 R&D100 Awarded to Da Vinci Emissions Services, ORNL and Cummins in recognition
of the Da Vinci Fuel-in-Oil being one of the 100 most technologically significant new products of the year; the
commercialized DAFIO was based on DOE-funded CRADA-developed Fuel-in-Oil technology.

14. Koeberlein, Cummins: 2013 SAE International Ralph Teetor Educational Award.
15. Koeberlein, Cummins: Best paper in Journal of Automobile Engineering for 2012.

16. Xu, Purdue University: K.R. Saviers, S.L. Hodson, J.R. Salvador, L.S. Kasten, T.S. Fisher, “Carbon nanotube

arrays for enhanced thermal interfaces to thermoelectric modules,” 10th International Energy Conversion Engineering
Conference, paper # AIAA-2012-4048, July 2012. This paper was awarded 2012 Best Aerospace Power Systems Student
Paper by the AIAA Aerospace Power Systems Technical Committee.

17. Heremans, Ohio State University: Joseph P. Heremans was elected to the National Academy of Engineering

18. Kanatzidis, Northwestern University: Mercouri Kanatzidis was elected Fellow of the American Association for the
Advancement of Science.

INVENTION AND PATENT DISCLOSURES

1. SNL: U.S. Patent Application Filed: Dec, J., Ji, C., Cannella, W., and Maria, A., “A Method for Extending the High-
Load Limit of Internal Combustion Engines Operated in a Low-Temperature Combustion Mode,” DOE-S no. 132389.

2. ORNL: Szybist, J.P., Conklin, J.C., “Highly Efficiency 6-Stroke Engine Cycle with Water Injection,” U.S. Patent
8,291,872 B2, Issued October 23, 2012.

3. ORNL: J.E. Parks, W.P. Partridge “Optical Backscatter Probe for Sensing Particulate in a Combustion Gas Stream,”
United States Patent, Patent No. US 8,451,444 B2, Date of Patent May 28, 2013.

4. ORNL: US Appl. No.: 13/912,462; J.E. Parks, W.P. Partridge, J. Yoo “EGR Distribution and Fluctuation Probe Based on
CO2 Measurements,” ORNL Ref. No.: 2759.1; Filed 6-7-2013.

5. Ford Motor Company: Submitted “Compensation of IAO2 Sensor for Purge for Correct EGR”, ID No 83336561, DOE
Case No S-134,403 — 03/07/2013.

FY 2013 Annual Progress Report Advanced Combustion Engine R&D
1-23



l. Introduction

6. Ford Motor Company: Submitted “Dual Coil Ignition System with Secondary Windings Connected in Series”, ID No
83228424, DOE Case No S-134,398 — 03/07/2013.

1. Chrysler Group, LLC: Invention disclosure: “Centrifugal switch Pendulum Deactivation,” for control of start/stop
clatter in crank pendulum absorbers, joint with Michigan State University.

8. Chrysler Group, LLC: I. Glanfield, B. Geist, “Retainer — Pendulum”, patent application submitted for Chrysler IDR #
709297.

9. Chrysler Group, LLC: I. Glanfield, B. Geist, “Pendulum Anti Rattle Treatment”, patent application submitted for
Chrysler IDR # 709298.

10. Robert Bosch LLC: E. Hellstréom, A. Stefanopoulou, L. Jiang, and J. Larimore, “Predictive Modeling and Reducing
Cyclic Variability in Autoignition Engines”, Application US 13/621,539, Filed on September 17, 2012. Pending

11. Robert Bosch LLC: E. Hellstrom, A. Stefanopoulou, L. Jiang, and J. Larimore, “Dynamic Estimator for Determining
Operating Conditions in an Internal Combustion Engine”, Application US 13/621,527, Filed on September 17, 2012.
Pending

12. Robert Bosch LLC: S. Jade, E. Hellstrom, L. Jiang, and A. Stefanopoulou, “Fueling Strategy for Controlled-
Autoignition Engines”, Application US 13/621,433, Filed on September 17, 2012. Pending

13. Robert Bosch LLC: S. Jade, E. Hellstrom, L. Jiang, and A. Stefanopoulou, “Fuel Governor for Controlled Autoignition
Engines”, Application US 13/621,425, Filed on September 17, 2012. Pending

14. Robert Bosch LLC: A. Mond and L. Jiang, “Combustion Mode Switching with a Turbocharged / Supercharged
Engine”, Application US 13/679,010, Filed on November 16, 2012. Pending

15. Robert Bosch LLC: L. Jiang, and N. Ravi, “Path Planning during Combustion Mode Switch”, Application US
13/681,499, Filed on December 14, 2012. Pending

16. Robert Bosch LLC: L. Jiang, J. Sterniak, and J. Schwanke, “Combustion Control with External Exhaust Gas
Recirculation (EGR) Dilution”, Application US 13/951,658, Filed on July 26, 2013. Pending

17. Filter Sensing Technologies, Inc.: Bromberg, L., Sappok, A., Koert, P., and Parker, R., “System and Method for
Measuring Retentate in Filters,” United States Patent No. 8,384,396, Issued February, 2013.

18. Filter Sensing Technologies, Inc.: Bromberg, L., Sappok, A., and Koert, P., “Method and System for Controlling Filter
Operation,” United States Patent No. 8,384, 397, Issued February, 2013.
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l.4 Future Project Directions

COMBUSTION RESEARCH

The focus in FY 2014 for combustion and related in-cylinder processes will continue to be on advancing
the fundamental understanding of combustion processes in support of achieving efficiency and emissions
goals. This will be accomplished through modeling of combustion, in-cylinder observation using optical and
other imaging techniques, and parametric studies of engine operating conditions.

*  SNL is providing the physical understanding of the in-cylinder combustion processes needed to minimize
the fuel consumption and the carbon footprint of automotive diesel engines while maintaining compliance
with emissions standards. In the coming year they plan to examine the impact of ‘stepped-lip’ piston
bowl geometries on the mixture preparation process and compare with conventional bowl geometries,
investigate benefits of close-coupled pilot injections on combustion noise and emissions and identify the
physical processes dominating this behavior, identify and investigate multiple injection strategies suitable
for limiting cold-start hydrocarbon and CO emissions, examine induction flow processes and the ability to
accurately simulate asymmetric engine flows, and the impact of asymmetries on the combustion process.

*  SNL is developing a fundamental understanding of how in-cylinder controls can improve efficiency and
reduce pollutant emissions of advanced LTC technologies. In the coming year they plan to: (1) continue
building a conceptual-model understanding of multiple-injection processes for both conventional diesel
and LTC (multi-injection schedules deployed by industry; use optical geometry more similar to metal
engines; compare with metal engine data where possible; identify mechanisms and critical requirements
to improve emissions and efficiency); (2) determine how combustion design affects heat transfer and
efficiency (measure spatial and temporal evolution of heat transfer across range of combustion modes;
correlate to progression of in-cylinder combustion processes); and (3) continue to explore and upgrade
fuel-injection technologies (injection rate-shaping likely very important for performance, and higher load
than our current injector capability is of interest).

*  SNL is facilitating improvement of engine spray combustion modeling, accelerating the development of
cleaner, more efficient engines. In the coming year they plan to quantify soot, soot precursor formation,
and radiation heat loss at target conditions, characterize multi-hole sprays compared to axial-hole sprays,
and evaluate internal flows within transparent injectors, transitioning to near-field mixing and dispersion
at the exit of the nozzle.

*  SNL is providing the fundamental understanding (science-base) required to overcome the technical
barriers to the development of practical Low-Temperature Gasoline Combustion (LTGC) engines,
including HCCI and partially stratified variants of HCCI, by industry. In the coming year they plan
to: (1) extend evaluation of engine performance with compression ratio = 16:1 over a wider range of
conditions, with an emphasis on the high-load limits for both premixed and partial fuel stratification
fueling; (2) conduct a comprehensive study of early direct injection, partial fuel stratification to determine
the extent to which its benefits for increased thermal efficiency and load range can be applied; (3) image
fuel distributions in the optical engine to guide fuel-injection strategies for early direct injection, partial
fuel stratification performance studies in the metal engine; (4) install spark-plug cylinder heads, to
determine effects of new intake-port geometry on LTGC performance, and initiate studies of spark-
assisted compression-ignition LTGC combustion; (5) investigate the effects of piston-top temperature on
amount of thermal stratification and cold-pocket distribution; and (6) expand investigations of combustion
noise level and ringing intensity with an emphasis on understanding the fundamental differences in these
two measurements.

e SNL is researching an NVO strategy for controlling HCCI combustion. In the coming year they plan to:
(1) complete NVO sampling experiments using LBNL facilities to improve sample speciation and compare
results using gasoline in place of the surrogate fuel iso-octane; and (2) initiate new research direction on
innovative ignition sources required for advanced gasoline-combustion engines and identify industry
needs, research capabilities, and potential partners.

* ANL is developing and validating robust and predictive nozzle flow and turbulence models for diesel
engine applications aided by high-performance computing tools. In the coming year they plan to:
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(1) couple nozzle flow simulations with classical spray simulations to understand the influence of in-nozzle
flows on spray and combustion processes; (2) implement the best practices developed for LES calculations
on engine simulations with different engine geometries available in literature; (3) develop a near-nozzle
Eulerian spray modeling approach which in principle is significantly different from a classical spray
modeling approach that is Lagrangian in nature; (4) develop a two-component surrogate (n-dodecane

and m-xylene) mechanism for diesel fuel and validate against experimental data in constant volume
combustion chamber and single-cylinder engine conditions; and (5) systematically improve the fidelity of
the simulations by improving the nozzle flow, spray, turbulence, and combustion models.

*  ANL is to making detailed measurements of the sprays from fuel injectors using X-ray absorption. The
technique is non-intrusive, quantitative, highly time-resolved, and allows making detailed measurements
of the spray, even in the densely-packed region very near the nozzle. In the coming year: (1) The geometry
and fuel distribution from the “Spray G” GDI injectors will be measured using X-ray diagnostics, and
will be made available to experimental and modeling partners in the ECN. (2) They will measure the
fuel/air mixing in a GDI injection system that is being used in engine tests of advanced com