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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%.
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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
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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.
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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.

19. Filter Sensing Technologies, Inc.: Sappok, A., Smith III, R., Bromberg, L., “Advanced Radio Frequency Sensing
Probe,” United States Patent Application No. 61,897,825, Filed 2013.

20. General Motors: United States Patent US 8,309,839: “Method of improving thermoelectric figure of merit of high
efficiency thermoelectric materials” issued 13 November 2012.

21. General Motors: United States Patent US 8,443,594: “Method of controlling temperature of a thermoelectric generator
in an exhaust system” issued 21 May 2013.

22. General Motors: United States Patent US 8,554,407: “Bypass valve and coolant flow controls for optimum
temperatures in waste heat recovery systems” issued 8 October 2013.

23. General Motors: United States Patent US 8,575,788: “Method of operating a thermoelectric generator” issued 5
November 2013.

24. General Motors: Chinese Patent CN 102,235,212: “Exhaust bypass control for exhaust heat recovery” issued 16
October 2013; US patent pending.

25. GMZ Energy: Patent application number: 61/873,584, “Device for Exhaust Waste Heat Recovery,” V. Mittal, 2013.

26. Purdue University: U.S. and International Full Patent application filled: TiN/(AL,Sc)N Metal/Dielectric Superlattices
for Metamaterial Applications in the Visible Range. Gururaj Naik, Bivas Saha, Timothy D. Sands, and Alexandra
Boltasseva.

27. Texas A&M University: S. Vaddiraju, L. Brockway, M. Van Laer, Y. Kang, “Synthesis of Inorganic Nanowires and
Organic Hybrids Thereof for Electronic Elements and Devices”, US Patent Application #61/800,384, 2013.

Advanced Combustion Engine R&D FY 2013 Annual Progress Report
1-24



I. Introduction

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 combustion
strategies. The high precision spray measurements will be used to validate simulations of the engine’s
combustion process, providing these research programs with the data that are needed for high-fidelity
modeling. (3) Further studies of cavitation will be done to improve the community’s understanding of this
phenomenon and its impact on fuel/air mixing and injector internal flows. (4) Further studies of bubble
ingestion will be performed, with the goal of linking this phenomenon with injector dribble. Dribble is the
undesirable ejection of fuel after the nominal end of the injection event; the fuel is slow-moving, poorly
atomized, and likely to generate particulate matter emissions. They hope to quantify the causes of dribble,
enabling injector manufacturers to minimize its impact.

*  SNL is combining unique state-of-the-art simulation capability based on the LES technique with
Advanced Engine Combustion R&D activities. In the coming year they plan to extend development of
models and corresponding benchmark simulations to high-Reynolds-number, direct-injection processes
for both diesel and gasoline direct injection engine applications over a wide range of pressures and
temperatures.

*  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 the coming year they plan to acquire additional ignition delay
measurements for gasoline surrogate, and real fuels plus reactivity modifiers, and improve predictive
capabilities of chemical kinetic models; incorporate novel approaches for kinetic mechanism validation/
improvement, including global sensitivity analysis, as well as the use of new targets such as rate of heat
release and low-temperature heat release; test and validate the performance of a new, single-piston rapid
compression machine; and test and validate the reduced-order, control-oriented ignition under engine-
relevant conditions.

*  LLNL is developing detailed chemical kinetic models for fuel components used in surrogate fuels for
compression ignition, HCCI and RCCI engines. In the coming year they plan to: (1) continue to develop
detailed chemical kinetic models for larger alkyl aromatics including ones with more than alkyl side chain;
(2) develop gasoline surrogate fuels for fuels for advanced combustion engines (FACE) fuels; (3) develop
an additional surrogate component model to represent two-ring aromatics in diesel fuel; and (4) develop
improved chemical kinetic models for the cycloalkane chemical class in diesel fuel.

* LLNL is gaining fundamental and practical insight into HECC regimes through numerical simulations
and experiments. In the coming year they plan to: (1) increase accuracy and lower computational cost of
the multi-zone combustion model: Jacobian or other improved remap; error—bounded zoning; (2) improve
computational performance for operator-split, every-cell chemistry in computational fluid dynamics:
quasi-steady-state, partial equilibrium, perturbative methods, fully coupled chemistry/advection/
diffusion; (3) implement algorithms to optimize computational performance of species advection/
diffusion calculations; (4) perform engine simulations with LLNL parallel computational fluid dynamics
with chemistry investigating fuel effects in HCCI/PCCI engines; (5) work towards predictive diesel
engine simulations by combining computational fluid dynamics, spray, soot, diesel surrogate, and the
Pitz mechanism and compare with experiments at SNL; and (6) conduct chemical kinetics mechanism
rate optimization through the use of sensitivity analysis, HCCI engine experiments at multiple operating
points, and multidimensional HCCI simulations.
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* LLNL is applying mathematics underpinning efficient algorithms and developing combustion software on
new computing architectures. In the coming year they plan to improve the fluid transport calculation and
other simulation bottlenecks that occur now that the chemistry solver is substantially faster; continue to
create new combustion algorithms for the graphical processing unit; and explore more robust error theory
for physical models in engine simulations to ensure that accuracy is maintained in a rigorous manner
transparent to all users.

* 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 the
coming year they plan to: (1) continue developing the ip-adaptive finite element method for multispecies
flows in all flow regimes and implementing this method to perform modeling of internal combustion
engines, other engines, and general combustion; (2) continue developing comprehensive comparative
results to benchmark problems and to commercial software as part of the verification and validation of
the algorithms; (3) continue developing 3-D robust overset grid method for immersed actuated parts
such as valves, and merge overset grid method into sp-adaptive finite element method framework;

(4) continue developing the parallel solution method for the Ap-adaptive predictor-corrector split
algorithm; (5) continue developing more appropriate turbulence models for more predictive modeling;
and (6) continue to verify and validate combustion and spray models, and the local Arbitrary Lagrangian-
Eulerian in three dimensions.

*  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. This project is now complete.

*  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. This project is
complete except for the final report.

*  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 the coming year they plan to
complete development and validation of a metamodel of highly dilute spark-ignition combustion, couple
OpenFOAM" spray model to in-cylinder flow and combustion simulations, and optimize the injector
design for improved fuel economy and emissions, and transfer knowledge and methodologies to industry
partners.

* 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 the coming year they plan to continue to extend low-load operation to idle using uncooled EGR and
different injector umbrella angles for enhancing local richness in the combustion chamber; explore the
opportunity to utilize a turbocharger/supercharger combination to enhance intermediate temperature heat
release to further enhance low-load operation; analyze the particulate matter coming from LTC and study
the formation/oxidation process to relate particulate matter to engine operating conditions; and conduct
additional engine performance tests for Autonomie simulations to support LTC development as applied to
vehicles.

* ANL is quantifying the efficiency potential and combustion stability limitations of advanced GDI
combustion systems including lean, boosted and EGR-dilute concepts. In the coming year they plan to
implement detailed ignition energy measurement to allow direct, objective comparison of advanced coil-
based ignition systems, evaluate potential of laser ignition in lean, boosted and EGR-dilute operation,
expand three-dimensional computational fluid dynamics simulation to include EGR-dilute combustion,
and implement characteristics of advanced ignition systems in 3-D computational fluid dynamics
simulation to enable cycle-to-cycle variation prediction.

*  ORNL is gaining and utilizing knowledge of the recurring patterns that occur in cyclic variability in
spark-ignition engines to predict and correct for low-energy cycles such as misfires that reduce engine
efficiency at the dilution limit. In the coming year they plan to: (1) characterize sensitivity of control
parameters to data sampling quality; (2) demonstrate potential of next-cycle control strategies for
combustion stability improvements and efficiency gains; and (3) evaluate the feasibility and potential
benefits of same-cycle control strategies to prevent misfires.
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ORNL is developing and evaluating the potential of HECC strategies with production-viable hardware
and aftertreatment on multi-cylinder engines. In the coming year they plan to: (1) evaluate transient RCCI
performance including controls and stability concerns; (2) evaluate the potential of increasing combustion
efficiency through combustion optimization and engine hardware design (i.e. combustion chamber
geometry); (3) characterize aftertreatment performance (including effect on particulate matter) over the
over light-duty operating range; and (4) achieve the 2014 milestone of demonstrating 23% increase in fuel
economy over a 2009 PFI gasoline vehicle in vehicle simulation due to improved powertrain efficiency.

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 the coming year they plan to: (1) complete construction of
a new engine platform at ORNL designed to be sufficiently flexible to demonstrate proof-of-principle of
the various reforming concepts being pursued in this project on a multi-cylinder engine; (2) apply the in-
cylinder non-catalytic reforming concept to the new flexible multi-cylinder engine experiment to quantify
efficiency gains from simultaneous production and consumption of reformate in the same engine; and

(3) select, procure, and conduct flow reactor evaluations of a sulfur-tolerant thermochemical recuperation
reforming catalyst formulation for use in future engine experiments.

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 the coming year they plan to continue to perform combustion
experiments and extend run times to measure indicated thermal efficiency and emissions at various
compression ratios and equivalence ratios with hydrogen, and based on experimental results and modeling
predictions, assess the overall engine design and performance with respect to the target fuel-to-electricity
conversion efficiency of 50% at 30 kW output.

ORNL is assessing the fuel economy and emissions benefits of VCR technology. In the coming year they
plan to: (1) re-design present timing chain system to fix mechanical issues; (2) fabricate a new timing
chain system; (3) add external EGR loop to the engine; and (4) evaluate durability of new timing chain
system and functionality of external EGR loop.

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 the coming year they plan to evaluate new technologies in the Nissan
Micra (1.4 liter turbocharged direct-injected engine) and another vehicle to be identified; analyze the new
emerging technologies and how they are used; and conduct analysis on the new and emerging technologies
to determine their maximum fuel saving potential.

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 the coming year they plan to further improve the multiplex laser-based EGR probe to enable
the quantification necessary to characterize internal and external EGR partitioning and fluctuations via
backflow measurements, as well as methodology development to assess net cylinder charge composition,
temperature, and fluctuations from such measurements.

EMISSION CONTROL R&D

In FY 2014, work will continue on LNTs and urea-SCR to reduce NOx emissions. The focus of activities

will be on making these devices more efficient, more durable, and less costly. For particulate matter control,
the focus will be on more efficient methods of filter regeneration to reduce impact on engine fuel consumption.

ORNL is coordinating the CLEERS activity for the DOE Advanced Engine Cross-Cutting Technology
Development Team. In the coming year plan to: (1) continue leading the CLEERS planning and

database advisory committees; (2) continue leading the Focus Groups; (3) continue archival of expanded
experimental and modeling data in the CLEERS Sharepoint site and hiring of ORNL post-doctoral
researcher to help manage the database if continuing budget changes permit; (4) organize and conduct the
2014 CLEERS workshop in the spring of 2014; (5) continue sharing of basic data and models with DOE
Vehicle Systems projects and the ACEC Team from U.S. DRIVE; (6) continue maintenance and expansion
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of the CLEERS website; (7) continue providing regular update reports to the DOE Advanced Engine
Cross-Cutting Technology Development Team; and (8) complete and issue final public report on the 2013
CLEERS Industry Priority Survey.

*  ORNL is collaborating with 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 the coming year they plan to develop a
reaction mechanism for NO SCR by NH, over small-pore Cu zeolite SCR catalysts that is consistent with
experimental observations; determine chemical processes responsible for N,O formation during low-
temperature LNT regeneration and incorporate into a model; quantify impacts of hydrothermal aging on
energetics of NH, adsorption for a commercial Cu zeolite SCR catalyst; identify strategies for adjusting
model parameters to account for aging; and develop an experimental protocol for measuring the key
properties of hydrocarbon adsorbers required for model calibration.

*  PNNL is developing improved computational tools for simulating realistic full-system performance
of lean-burn engines and the associated emissions control systems. In the coming year they plan to
continue detailed kinetic and mechanistic studies for NO reduction over the state-of-the-art small-pore
zeolite-based Cu SCR catalysts; complete studies of K-based LNT catalysts with a focus on properties
of spinel magnesium aluminate supports; characterize current production and advanced DPF substrates
through advanced image and statistical analysis of high resolution computed tomography data; extend
the SCR global kinetic model to include fast SCR and NO, SCR reactions and validate its performance
at intermediate aging states; and perform micro-scale flow and transport simulations to assess the
accessibility of catalysts in an SCR on filter and effects of catalyst location on backpressure and filtration
efficiency.

»  PNNL is identifying approaches to significantly improve both the high- and low-temperature
performance, and the stability of the catalytic NOx reduction technologies via a pursuit of a more
fundamental understanding. In the coming year they plan to focus on the mechanisms for low- and high-
temperature performance loss as a function of operation conditions of new generation CHA-based NH,
SCR catalysts, and develop a deeper understanding of the mechanisms of NOx storage and reduction
activity, and performance degradation of materials that have been reported to show good NOx storage and
reduction performance at temperatures considerably higher than BaO/alumina-based materials.

*  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 the coming year they plan to optimize mixed metal oxide catalyst compositions and forms
for NO oxidation, to enable the noble metal content of diesel oxidation and LNT catalysts to be reduced or
eliminated; investigate the effect of the Ce-Mn mixed oxide synthesis method on the activity and stability;
perform a detailed characterization of mixed metal oxide catalysts using state-of-the-art analytical tools;
and develop reaction pathways for MnOx clusters supported on ceria and for Mn-doped ceria to determine
the nature of active centers on those catalysts; and optimize the catalyst synthesis to maximize the Mn/Ce
interaction and the number of active sites.

*  PNNL is developing a fundamental understanding of the integration of SCR and DPF technologies for on-
road heavy-duty diesel applications. In the coming year they plan to continue to interrogate passive soot
oxidation feasibility in the integrated device, including continued parametric investigations interrogating
the effect of NO,:NOx ratio, SCR catalyst loading, NH,:NOx ratio; pursue maturation of model
development activities to aid in system performance prediction and as a tool for optimizing the physical
SCR-DPF integration that achieves optimum soot oxidation and NOx conversion performance; and pursue
investigating alternative DPF substrates for inclusion in the technology, including possibly silicon carbide,
aluminum titanite, and others.

*  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 the coming year
they plan to continue investigation on Au@Cu with ceria-zirconia and other supports, include trap
materials and NOx reduction catalysts, and move from powder catalysts to washcoated cores and further
validation in engine exhaust.
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*  ORNL is assessing and characterizing catalytic emission control technologies for lean-gasoline engines.
In the coming year they plan to evaluate the potential benefits of utilizing NOx storage media on three-
way catalysts to extend lean operating time with the passive SCR approach, and analyze the impact of
oxygen storage components of the three-way catalyst on NH, production during rich-lean transitions for
the passive SCR approach.

*  ORNL is researching the fundamental chemistry of automotive catalysts, identifying strategies for
enabling self-diagnosing catalyst systems, and addressing critical barriers to market penetration. In the
coming year they plan to quantify spatiotemporal performance of a commercial Cummins SCR catalyst
under lab- and field-aged conditions.

*  The University of Houston is identifying NOx reduction mechanisms operative in LNTs and in situ
SCR catalysts, and to use this knowledge to design optimized LNT-SCR systems in terms of catalyst
architecture and operating strategies. In the coming year they plan to accomplish the following activities:
(1) further development and application of LNT/SCR dual layer model for identifying optimal catalyst
composition and structural properties such as washcoat thickness; (2) extension of serial and segmented
model LNT/SCR to include CO and propylene in the feed as reductants; (3) application of LNT/SCR
dual-layer model for identifying optimal catalyst composition and structural properties such as washcoat
thickness; (4) spatio-temporal studies of LNT-SCR serial and segmented catalysts; and (5) experimental
study of combined LNT-SCR double-layer and dual-brick catalysts with the goal to identify strategies of
profiling the active components to achieve higher conversion over a wide temperature range.

*  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 the coming
year they plan to: (1) develop a system for fluid/fuel injection with GDI; (2) probe detailed fluid dynamic
study within fuel injectors using time-resolved technique; (3) incorporate ash-laden and gasoline
particulate samples into the particulate filter study: and (4) share findings through collaboration with the
General Motors injector team that is developing a model of the injector.

*  ANL is researching gasoline particulate filter filtration/regeneration mechanisms and evaluating their
performance. In the coming year they plan to evaluate ash effects on soot oxidation kinetics, evaluate
differences of soot and filter properties in micro- and macro-scales between aged and fresh filters (catalyst
coated), and develop a multi-functional gasoline particulate filter system combined with the three-way
catalyst.

*  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 the coming year they plan the following activities: (1) filtration efficiency experiments using
the University of Wisconsin EFA system with spark ignition direct injection exhaust at temperatures
representing close-coupled filter placement; (2) apply advanced characterization methods to particulate
matter that penetrates filters; (3) attempt to correlate statistics obtained from micro-structural analysis
with pressure drop and filtration efficiency; (4) use first-principals micro-scale models to further improve
sub-grid modeling tools, such as the commonly used unit-collector; and (5) apply advanced particulate
characterization to subsequent generations of engines—Ileaner operation, higher fuel efficiency.

*  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 the market during the 2007-2010 time period. In the coming year they plan to:
(1) complete all health analyses for the Phase 3B core study at the Lovelace Respiratory Research Institute
and receive final reports on inhalation chamber exposure characterization and health outcomes; (2) peer
review and publish the final Phase 2 and Phase 3B reports, hold a stakeholder webinar to present the final
results of Phase 3B; and (3) present results at the Society of Toxicology Meeting in Phoenix, AZ in March
2014, the CRC Real World Emissions workshop in San Diego, CA in April 2014, and the Health Effects
Institute Annual Conference in Alexandria, VA in April 2014.
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HIGH-EFFICIENCY ENGINE TECHNOLOGIES

The objective of these projects is to increase engine and vehicle efficiency of both light- and heavy-duty
vehicles using advanced technology engines and advanced drivetrains. The following describe what is planned
for completion in FY 2014.

e 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 the coming year
they plan to complete the 68% freight efficiency improvement vehicle demonstration testing, analysis and
targeted testing of technologies for achievement of a 55% thermal efficient engine, and complete the build
of the 68% 24-hour freight efficiency demonstration vehicle.

*  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 the coming year they plan to complete the
following activities: (1) refinement of various engine systems will continue in 2014, to help refine their
operating characteristics in support of vehicle testing; (2) the analysis of the pathway to achieving 55%
engine brake thermal efficiency will continue, including some testing of a few components needed to
make this objective possible; and (3) build and test the final engine system in the SuperTruck vehicle to
demonstrate the improvements in the vehicle as part of the 50% vehicle freight efficiency improvement.

*  Volvo is identifying concepts and technologies that have potential to achieve 55% brake thermal efficiency
on a heavy-duty diesel engine. In the coming year they plan to: (1) use the combustion tool for the 55%
brake thermal efficiency concept engine work where they will enter new regimes and explore advanced
injection strategies; (2) continue development of the combustion tool, with focus on kinetic mechanisms
and testing of model fuels; and (3) validate on-road fuel savings of the 48% brake thermal efficiency
powertrain system and refine design requirements for next generation waste heat recovery system.

*  Delphi is developing, implementing, and demonstrating fuel consumption reduction technologies using a
new low-temperature combustion process: gasoline direct-injection compression ignition (GDCI). In the
coming year they plan to: fully map GDCI operation on performance dynamometers; debug the Phase 2
GDCI vehicle; continue development of GDCI engine control systems; calibrate the Phase 2 GDCI vehicle;
test the Phase 2 GDCI vehicle; and continue single-cylinder engine tests to refine the combustion process
and component designs.

*  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 the coming year they will demonstrate a vehicle with greater than 25% weighted
city/highway fuel economy improvement and Tier 2 Bin 2 emissions on the FTP-75 test cycle.

*  General Motors 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
the coming year they will demonstrate a passive SCR system capable of high efficiency NOx conversion
with relatively low engine-out NOx; further investigation into the 12-volt start/stop system; and thermal
management opportunities will be explored in GM’s next generation of engines.

¢ 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 the coming year they plant to
continue development and optimization of the first vehicle installation of the prototype engine, measure
emissions, and perform a vehicle demonstration.

*  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 the coming year they plan
to finalize and integrate advanced combustion control strategies into the engine control unit, demonstrate
engine and vehicle performance during transient operations including mode switches, and analyze fuel
efficiency and emission results from the vehicle, identifying commercial potentials of the proposed
technology solutions.

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 the coming year they will complete refinement and
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verification of the system controls and calibration of the Alpha 2 engine on a dynamometer and in-vehicle
to meet all performance, emissions, fuel economy and drivability targets.

»  Filter Sensing Technologies, Inc. is demonstrating and quantifying improvements in efficiency and
greenhouse gas reductions through improved diesel particulate filter sensing, controls, and low-pressure
drop components. In the coming year they plan to: (1) quantify radio frequency sensor measurement
accuracy relative to gravimetric standard over a range of engine platforms and aftertreatment system
configurations; (2) design and develop pre-production beta radio frequency sensing system meeting
manufacturer requirements, and supply systems to project partners for testing and performance
evaluation; (3) develop optimized aftertreatment control strategies, utilizing input from the radio
frequency sensor, and demonstrate potential fuel savings and reduced system costs enabled through
accurate measurement of the filter loading state and advanced low-pressure drop aftertreatment; and
(4) evaluate additional efficiency gains possible through the use of advanced combustion modes and
alternative fuels in conjunction with radio frequency aftertreatment sensing and control.

*  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 the coming year
they plan to build and test a Phase 4 GM 2.0-L turbocharged engine defined through simulation and
packaging studies.

»  Eaton Corporation is demonstrating fuel economy improvement through Rankine cycle waste heat
recovery systems utilizing a roots expander in heavy-duty diesel applications. In the coming year they
plan to build and test the multistage roots expander in an ORC system utilizing water, ethanol or a
combination of water and ethanol as the working fluid; prototype and evaluate heat exchangers, working
fluid pump, valves and fluid conveyance lines; design and build a heavy-duty diesel engine Rankine
cycle system with integrated roots expander for a John Deere 13.5-L diesel engine; and demonstrate
roots expander capability of meeting the DOE objective utilizing the developed heavy-duty diesel engine
Rankine cycle system.

*  MAHLE Powertrain is demonstrating thermal efficiency of 45% on a light-duty gasoline engine platform
while demonstrating potential to meet U.S. Environmental Protection Agency emissions regulations.
In the coming year they plan to: (1) correlate computational fluid dynamics model to experimental data
to develop quasi-predictive tool to guide TJI design refinement; (2) conduct boosted single-cylinder
thermodynamic engine experiments to achieve naturally aspirated engine peak load levels at ultra-lean
conditions; (3) explore TJI designs at the edges of the established design space to induce and understand
engine performance differences; and (4) identify optimum engine operating strategy with TJI.

*  ENVERA LLC is developing a high-efficiency VCR engine having VVA and an advanced high-efficiency
supercharger to obtain up to a 40% improvement in fuel economy. In the coming year work will be
conducted in the following areas: VCR crankcase design and manufacture, VVA development and cylinder
head installation, and advanced supercharger integration into the engine.

*  Robert Bosch LLC is developing an intake air oxygen (IAO2) sensor which directly and accurately
measures the oxygen concentration in the intake manifold. In the coming year they plan completion of
the following activities: (1) development of a control algorithm that uses the accurate IAO2 sensor oxygen
concentration measurement to maximize combustion efficiency, and improve fuel economy; (2) fabrication
of IAO2 sensors; (3) validation of first generation IAO2 sensor design (component and engine durability);
(4) identification of further improvement potential on base of component validation and cool EGR system
analysis; and (5) set up and conduct design work to incorporate lessons learned from component validation
and cool EGR system analysis.

*  LANL is developing prototype NOx and NH, sensors based on mixed-potential technology. In the coming
year they plan to: (1) demonstrate quantitative correlation of NO response of optimized sensor to Fourier
transform infrared response during engine testing; (2) demonstrate NH, sensitivity of 10 ppm in an ESL-
manufactured sensor; and (3) demonstrate >10 times NH, selectivity with respect to hydrocarbons.
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SOLID STATE ENERGY CONVERSION

Research will continue in FY 2014 on TEs for converting waste heat from advanced combustion engines

directly to electricity. Research will focus on development of practical systems that are suitable for future
production.

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 the coming year they plan to scale up the TE engine subassembly, TEG
subsystem joining technologies, and the TEG fabrication concept; complete assembly and bench testing
of light-duty vehicle TEGs; complete assembly and test of heavy-duty vehicle TEG and related system
components; and deliver heavy-duty vehicle TEG and cooling system to TARDEC.

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 HVAC components and to speed execution of stratified thermal systems. In the coming year
they plan to install, calibrate and evaluate the TE system, including carry-over TE components (from
the LaCrosse) and new seats with TE contact heating and cooling, in the Chevrolet Volt, and deliver the
completed Chevrolet Volt demonstration vehicle to DOE by March 2014.

GM is developing an overall 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 the coming year they plan to: (1) complete design and fabrication of initial TEG subunit for
bench testing; (2) analyze performance and durability of initial TEG subunit as input for redesign of the
final TEG system; (3) use vehicle level modeling to prioritize enhanced vehicle electrification schemes,
such as electrification of belt driven accessories, to ensure full use of the TEG electrical power delivered;
(4) complete vehicle level controls and integration to fully optimize vehicle performance with installed
TEG; (§5) perform extensive testing and analysis of demonstration vehicle with TEG installed, and deliver
both the results and the demonstration vehicle to DOE; and (6) complete study of cost and scale up plans
for TEG commercialization potential.

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 the coming year they plan to complete the following activities: (1) TE modules will be subjected to
extensive thermal and mechanical reliability testing; (2) the module design is also being adapted for
manufacturability; (3) fabricate the TEGs for the passenger vehicle and the Bradley Fighting Vehicle;
and (4) TEGs will be integrated onboard a vehicle platform and the vehicle will be tested before and after
TEG installation to demonstrate the improvement in fuel efficiency.

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 the
coming year they plan to complete the following activities: (1) find out how the filling ratio in skutterudite
affects the electronic band structure and energy carriers in skutterudites; (2) dope nanowire materials to
optimize the TE performance, develop hydrazine-free telluride nanowire synthesis methods, and make

a nanocrystal-coated fiber TE device; (3) develop a theoretical model to explain the origin of such high
interface thermal conductance and measurement of cross-plane electrical properties of superlattices; (4)
experimental assessment of impinging and longitudinal heat exchangers for analytical model verification,
allowing system optimization and initial TEG performance estimates; and (5) increase the maximum
operating temperature of the test rig to at least 800°C and use CNT-based interface materials to address
thermomechanical stress issues.

Stanford University is developing and measuring novel TE materials, including skutterudites and half-
Heusler alloys. In the coming year they plan to: (1) adapt the thermal and mechanical characterization
metrology developed for CNT arrays during FY 2011 and FY 2012 to perform full characterization

on metal nanowire arrays; (2) adapt coarse-grained molecular simulation tool to predict properties

in nanostructured metal thermal interface materials, including nanowire arrays, and compare to data
obtained experimentally; (3) demonstrate matrix stabilization of metal nanowire arrays to lend mechanical
integrity to metal nanowire arrays as freestanding thermal interface materials; (4) utilize high-temperature
infrared microscopy apparatus to make measurements on novel TE materials and nanostructured thermal
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interface materials at temperatures comparable to combustion exhaust streams; and (5) develop systems-
level model for a complete TE generator system integrated into an automobile exhaust stream.

*  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 the
coming year they plan to: (1) evaluate the TE properties of doped magnesium silicide using thermal spray;
(2) anneal thermal sprayed as-quenched powder to get filled skutterudite phase; (3) try cold spray for
filled skutterudite powder for better TE properties; (4) conduct a series of experiments on thermal spray
conditions to optimize the electrical conduction while suppressing heat conduction; and (5) fabricate a
complete TE working device and test its efficiency.

*  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
thermoelectrics 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 the coming year they will
evaluate the TE performance of a Zn,Sb, nanowire pellets and Zn,Sb, nanowire-copper nanoparticle
composite pellets. This system is expected to provide additional evidence that compositional disorder is
useful for enhancing the efficiencies of thermoelectrics.

*  The University of California, Los Angeles is developing materials and interfaces for improved
thermomechanical reliability of TE vehicle exhaust waste heat harvesting devices. In the coming year
they plan to further investigate flexible mechanical/thermal interfaces compatible with the TE-tailored
nanocomposites and related bonding methods.

*  The University of California, Santa Cruz is developing novel thermoelectric materials based on abundant
and non-toxic Zintl-phase magnesium silicide alloys. In the coming year they plan to finalize papers on
the latest materials synthesized and summarize the key theoretical results including the calculation of the
bipolar thermal conductivity.

*  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 the coming year they plan to:
(1) perform a sensitivity study on the performance of the system to various parameters including the
number of TEG modules, engine power, vehicle speed, etc. and find the optimum operating conditions
for the system; (2) modify design to perform optimally in the typical operating conditions; (3) develop a
prototype of the TEG; and (4) explore methods to improve the electrical conductivity in the ZnO materials.

*  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 the coming year they plan to:

(1) improve the TE properties of silicides by nanostructuring and modulation doping; (2) understand the
crystal complexity on the phonon dispersion and transport in HMS; (3) test TE devices coupled with
heat exchanger and validate the system level model; and (4) incorporate thermal and electrical contact
resistance in the system level model.
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II1 Low-Temperature Automotive Diesel Combustion

Paul Miles

Sandia National Laboratories
PO Box 969
Livermore, CA 94551-0969

DOE Technology Development Manager:
Gurpreet Singh

Subcontractor:

University of Wisconsin Engine Research Center,
Madison, W1

Overall Objectives

Provide 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

Develop efficient, accurate computational models
that enable numerical optimization and design of
fuel-efficient, clean engines

Provide accurate data obtained under well-controlled
and characterized conditions to validate new models
and to guide optimization efforts

Fiscal Year (FY) 2013 Objectives

Develop and improve diagnostic techniques that
permit the quantitative evaluation of equivalence
ratio distributions formed from injection of diesel-
like fuels

Explore the applicability of pilot injection strategies
to low-temperature combustion (LTC) techniques

Examine the impact of pilot mass, injection pressure,
ambient temperature and swirl ratio on the mixture
formed by the pilot fuel injection

Quantify the impact of ambient temperature, O,
concentration, and mixture formation on the ignition
of the pilot fuel

Evaluate the ability of computational models to
accurately capture the pilot ignition process

FY 2013 Accomplishments

The accomplishments below target the barriers
of 1) lack of fundamental knowledge and 2) lack of
a predictive modeling capability identified in the
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Vehicle Technologies Program 2011-2015 Multi-Year
Program Plan:

Characterized the photo-physics of new laser-
induced fluorescence tracers suitable for use with
diesel primary reference fuels and demonstrated
their application in engine measurements

Measured the evolution of in-cylinder mixture
distributions for pilot injections as pilot mass,
injection pressure, ambient temperature and swirl
ratio were varied

Examined the pilot ignition processes under
conventional and low-temperature diesel combustion
conditions as pilot mass and injection pressure were
varied

Assessed performance of current kinetic models for
predicting the ignition behavior of diesel fuels and
examined the ability of multi-dimensional models
to capture the impact of ambient temperature on
ignition

Future Directions

Examine the impact of ‘stepped-lip’ piston bowl
geometries on the mixture preparation process and
compare with conventional bowl geometries

Investigate the 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 (HC) and
CO emissions

Examine induction flow processes, the ability to
accurately simulate asymmetric engine flows,
and the impact of asymmetries on the combustion

process
R R
INTRODUCTION

Direct-injection diesel engines have the highest
proven brake fuel efficiency of any reciprocating internal
combustion engine technology. However, conventional
diesel combustion produces elevated emissions of
both soot and oxides of nitrogen (NO,). To address
this shortcoming, low-temperature combustion (LTC)
techniques that prevent the formation of these pollutants
within the engine are being developed. These techniques
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employ low engine compression ratios and high levels of
dilution that promote premixing and low soot and NO_
formation. However, a high degree of premixing can lead
to excessive combustion noise and elevated HC and CO
emissions.

This year, the project has focused on developing an
understanding of how pilot injection strategies can be
adapted to LTC strategies. Pilot injections are commonly
used in conventional automotive diesel combustion
systems to shorten ignition delay and control combustion
noise and emissions. By decreasing the amount of
premixing, HC and CO emissions stemming from overly
lean mixtures are reduced as is the rapid and noisy
pressure rise associated with premixed combustion.

Exploiting the potential synergy between LTC
strategies and pilot injections can be difficult. The
reduced premixing associated with pilot injections can
compromise NO,_emissions, and soot emissions nearly
always deteriorate. Moreover, with the high dilution
levels and low compression temperatures associated with
LTC, the pilot itself may over-mix and itself become
an important source of HC and CO emissions. Under
extreme conditions, the pilot may not even ignite. A major
focus of this work is thus to understand and establish an
ability to predict the mixture formation process during the
pilot ignition delay, and its subsequent impact on the pilot
ignition process as well as the emissions and combustion
performance of LTC combustion strategies.

APPROACH

The overall research approach involves carefully
coordinated experimental, modeling, and simulation
efforts. Detailed measurements of in-cylinder flows, fuel
and pollutant spatial distributions, and other thermo-
chemical properties are made in an optical engine
facility based on a General Motors 1.9-liter automotive
diesel engine. Close geometric and thermodynamic
correspondence between the optical engine and the
production engine allow the combustion and engine-
out emissions behavior of a traditional, all-metal test
engine to be closely matched. These measurements are
closely coordinated and compared with the predictions of
numerical simulations.

The experimental and numerical efforts are mutually
complementary. Detailed measurements of the in-
cylinder variables permit the evaluation and refinement
of the models used in the computer simulations, while
the simulation results can be used to obtain a more
detailed understanding of the in-cylinder flow and
combustion physics—a process that is difficult if only
limited measurements are available. Jointly, this approach
addresses both of the principal goals of this project:

1) development of the physical understanding to guide
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and 2) the simulation tools to refine the design of optimal,
clean, high-efficiency diesel combustion systems.

RESULTS

Figure 1 illustrates the impact of pilot injection
quantity on a low-load, LTC operating condition with a
near-top-dead-center injection event. In this case, without
a pilot injection the combustion is very unstable and the
combustion efficiency n_is poor. While a small (1 mg)
pilot improves the combustion significantly, increasing
the pilot quantity provides considerable additional
reductions in HC and CO emissions at both injection
pressures as well as improved combustion stability
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FIGURE 1. Engine emissions, stability (COV - coefficient of variation of

indicated mean effective pressure), and combustion noise for two different
injection pressures at a light-load, LTC operating condition.
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(coefficient of variance of indicated mean effective
pressure). Although NO_changes are negligible with
increased pilot mass, noise is increased modestly and
soot can increase significantly at the lower injection
pressure. Increased injection pressure is often cited as a
remedy for increased soot emissions when pilot injections
are employed; however, as seen in Figure 1 this can lead
to deteriorated HC/CO emissions and poorer stability.

Under the conditions of Figure 1 we find that
improvements in HC/CO and coefficient of variance
occur until the pilot mass exceeds 3 mg. Examination of
the heat release characteristics shown in Figure 2 shows
that between 2 and 3 mg, the pilot ignition transitions
to a “robust” ignition event, with a pronounced high-
temperature heat release period. We find that robust
ignition can be identified by requiring that ~40% of the
pilot fuel lower heating value be released within 25° of
crank angle of the start of pilot injection.

To investigate how the pilot ignition is impacted
by charge O, concentration, pilot mass, and injection
pressure, we examined how the minimum temperature
needed for a robust pilot ignition event changed over a
broad range of operating conditions. Example results
are shown in Figure 3. Clearly a higher temperature is
needed when the charge gas is dilute—the temperature
needed can change by ~100 K as the intake charge O,
concentration is reduced from 18% to 10%. Figure 3
also shows that richer pilot fuel-air mixtures appear to
promote pilot ignition at the low-temperature threshold
for robust ignition. Increased pilot mass or reduced
injection pressure can both be seen to result in a lower
minimum ignition temperature. Similar behavior can

Robust ignition
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FIGURE 2. Normalized apparent heat release rate associated with the pilot
injection alone, for various pilot injection quantities at an injection pressure
of 860 bar. The presence of a pronounced high-temperature heat release
peak corresponds to a “robust” ignition event.
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be observed in the measured ignition delays; under
low-temperature, dilute conditions increased pilot mass
or reduced injection pressure result in a decreased
ignition delay. In contrast, at more conventional diesel
combustion conditions (higher temperatures, lower

O, concentrations) the opposite effect is observed—
increased mass or reduced injection pressure result in an
increased ignition delay.

Simulations of the ignition of homogeneous mixtures
performed using a detailed kinetic mechanism developed
for the diesel primary reference fuels [1] shed light on
the reason for this contradictory behavior. Figure 4
shows that at each O, concentration, there is an optimum
equivalence ratio that promotes ignition. Under dilute or
low-temperature conditions, over-mixing to excessively
lean equivalence ratios will impede ignition, leading to
longer ignition delays. In this case, additional pilot mass
or lower injection pressure can be beneficial. Conversely,
under more conventional diesel operating conditions
with low dilution and generally rich mixtures at the
time of ignition, the still richer mixtures associated with
additional mass or lower injection pressure will impede
ignition.
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FIGURE 3. Impact of injection pressure and pilot injection mass on the
minimum charge gas temperature needed to obtain a robust ignition event,
for various charge gas O, concentrations.
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FIGURE 4. Variation of ignition delay with ¢ and O, at a fixed ambient
temperature of 880 K.

There are at least two potential causes for this
optimal equivalence ratio behavior. First, the chemical
kinetics of the ignition process could be changing with
¢, such that different chemical pathways lead to different
ignition propensities. Alternatively, this behavior could
also be simply related to the specific heat of the fuel-air
mixture. In this latter scenario, the most favorable ¢ for
ignition represents a balance between entraining enough
hot mixture to rapidly initiate low-temperature reactions,
but not so much as to dampen the AT associated with
low-temperature heat release. Comparison of the
mixture specific heat per unit mass of fuel, for each O,
concentration shown in Figure 4, shows that the specific
heat is nearly constant at the optimal equivalence ratio
for ignition. Consequently, the latter explanation for the
optimal equivalence ratio is likely the dominant effect.

The ignition delays predicted by the kinetic
mechanism exceed the measured ignition delays by
roughly 50%; hence, the kinetic mechanism requires
further refinement. Nevertheless, because it is mainly
independent of the kinetics, the existence of an optimal ¢
for ignition is expected to persist. However, the range of
¢ giving optimal ignition, currently ¢ ~1.0—1.6 for modest
dilution rates, may vary as the mechanism is refined.

Both the experimental results of Figure 3 and
the simulation results of Figure 4 indicate that richer
mixtures are responsible for the improved ignition
behavior as ignition mass is increased. To directly
assess this behavior, we have measured the in-cylinder
¢ distributions using a new laser-induced fluorescence
technique based on the use of 1-methylnapthalene as a
tracer compound. Figure 5 shows the resulting fuel mass
distributions. The distributions show that as the boundary
shown in Figure 2 between non-robust (2 mg fuel)
and robust ignition is crossed (3 mg fuel), a significant
amount of fuel mass moves into the equivalence ratio
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FIGURE 6. Comparison between the measured and computed minimum
ignition temperatures as O, concentration and pilot mass are varied.

range expected to promote optimal ignition: 1.0 < ¢ < 1.6.
Analogous behavior in the fuel mass distributions is
observed as the boundary between non-robust and robust
ignition is crossed when injection pressure is reduced.

If multi-dimensional simulations are to be employed
to optimize pilot injection strategies, it will be important
to capture the pilot ignition processes accurately.
Currently, reduced kinetic mechanisms appropriate for
multidimensional simulations do not exist for the diesel
primary reference fuels. Consequently, we have instead
evaluated the suitability of the lighter, gasoline primary
reference fuel mechanisms to capture the kinetics of
pilot ignition. Figure 6 compares the measured minimum
ignition temperatures against those calculated. The
simulations clearly capture the required minimum
temperature well at the higher pilot masses, and the
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reduction in the minimum required ignition temperature
with increased pilot mass is clearly seen. However, at
the smallest pilot mass, the simulation results generally
predict a higher minimum ignition temperature than is
seen experimentally, an artifact that is likely due in part
the prediction of overly lean mixtures.

CONCLUSIONS

Under LTC operating conditions, increased
pilot mass can be beneficial for reducing HC and CO
emissions, as well as cycle-to-cycle variability. One key
to obtaining these benefits is a robust pilot ignition event.
Specific findings include:

*  The minimum charge temperature needed to
obtain robust ignition is strongly impacted by O,
concentration, pilot mass, and injection pressure.

*  Simulations show that the observed ignition
behavior is fully consistent with a predicted optimal
equivalence ratio for ignition. The optimum occurs
when enough hot mixture to rapidly initiate low-
temperature reactions has been entrained, but the AT
associated with low-temperature heat release is not
dampened by excessive mixture entrainment.

*  The measured in-cylinder fuel-air distributions are
fully consistent with the measured ignition behavior
and the existence of an optimal ¢ for ignition in the
approximate range predicted by the simulations.

*  The detailed kinetic mechanism available for diesel
primary reference fuels requires refinement to
accurately predict ignition delay.

*  Multi-dimensional simulations indicate that pilot
injections will be more difficult to ignite than is
found experimentally. Accurate modeling of the
pilot ignition process is a difficult problem that will
require accurate prediction of both the mixture
formation process and the kinetics of ignition.
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Overall Objectives

This project includes diesel combustion research
at Sandia National Laboratories (SNL) and combustion
modeling at the University of Wisconsin. The overall
objectives are:

*  Develop fundamental understanding of how in-
cylinder controls can improve efficiency and reduce
pollutant emissions of advanced low-temperature
combustion (LTC) technologies

*  Quantify the effects of fuel injection, mixing, and
combustion processes on thermodynamic losses and
pollutant emission formation

*  Improve computer modeling capabilities to
accurately simulate these processes

Fiscal Year (FY) 2013 Objectives

The objectives for FY 2013 are all tied to gathering
the required data and insight into in-cylinder processes to
develop a conceptual model for multiple injections.

*  Show the in-cylinder mechanisms that affect
soot reduction by post injections at fuel-efficient
combustion phasing (SNL)

*  Determine the three-dimensional (3-D) interactions
between close-coupled post injections and residual
main-injection soot (SNL)

*  Provide 3-D in-cylinder predictions to aid optical
data interpretation for post-injection soot formation/
oxidation (SNL)

»  Evaluate efficacy and in-cylinder mechanisms of
LTC combustion efficiency improvements by post
injections (SNL)
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FY 2013 Accomplishments

*  Developed 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 3-D in-cylinder processes

*  Quantified effects of post-injection load, duration,
and dwell effects on LTC combustion efficiency
and identified in-cylinder processes responsible for
combustion efficiency improvements

Future Directions

*  Continue building a conceptual-model understanding
of multiple-injection processes for both conventional
diesel and LTC

—  Multi-injection schedules (pilot, post, split)
deployed by industry

—  Use optical geometry more similar to metal
engines (expense limit)

—  Compare with metal engine data where possible
(industry partners)

—  Identify mechanisms and critical requirements
(injector rate-shaping, dwell, duration, etc.) to
improve emissions and efficiency

¢ 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

*  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

S R S
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INTRODUCTION

Regulatory drivers and market demands for lower
pollutant emissions, lower carbon dioxide emissions,
and lower fuel consumption motivate the development
of clean and fuel-efficient engine operating strategies.
Most current production engines use a combination of
both in-cylinder and exhaust aftertreatment strategies to
achieve these goals. One in-cylinder strategy of current
interest is the use of post injections of fuel that follow a
conventional main fuel injection.

Previous work at SNL and in other studies in
the literature have shown that close-coupled post
injections, for which the dwell after the main injection
is relatively short, can reduce soot emissions and/or
increase combustion efficiency while maintaining or
improving fuel efficiency [1]. Even so, studies in the
literature are not in agreement on the mechanisms, the
magnitude, or even the direction of post-injection effects
on emissions. For instance, available data from studies
to date show large variations in soot reduction/increase
by post injections, and proposed explanations for the
effects on soot also vary widely [1]. This disagreement
in the literature shows that the injector and in-cylinder
factors that affect post-injection performance are not
well understood. The overall goal for FY 2013 is to begin
to gather the required data and insight into in-cylinder
processes to develop a conceptual model to explain
how multiple injections affect engine performance and
emissions.

APPROACH

This project uses an optically-accessible, heavy-duty,
direct-injection diesel engine (Figure 1). A large window
in the piston crown provides primary imaging access to
the piston bowl, and other windows at the cylinder wall
provide cross-optical access for laser diagnostics. For
the data included here, the engine uses a Delphi DFI-1.5
light-duty injector and support system capable of precise
delivery of small, closely spaced injections.

The experiments use a combination of engine-out
and in-cylinder optical measurements. An AVL 415S
smoke meter and a California Analytical Instruments
600 series hydrocarbon analyzer measured of the
engine-out soot (smoke) and unburned hydrocarbon
(UHC) emissions. Several in-cylinder techniques were
utilized. Figure 1 shows a generic imaging setup, with
two cameras to acquire simultaneous images from
separate techniques. To probe the first-stage ignition
processes, as well as to detect unburned fuel, planar
laser-induced fluorescence (PLIF) of formaldehyde
(H,CO), a combustion intermediate, was employed.
The second-stage ignition and concomitant completion
of combustion was revealed by PLIF of the hydroxyl
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FIGURE 1. Schematic diagram of the optically accessible direct injection
diesel engine and optical setup.

radical (OH), a combustion intermediate that is formed
when the combustion of fuel is complete (or nearly
complete) in regions of intermediate stoichiometry. In-
cylinder soot was detected with both natural luminosity
(soot-NL) imaging, which provides a two-dimensional
(2-D) projection of the 3-D soot cloud that depends on
the combustion-heated soot temperature, and planar
laser-induced incandescence (PLII), which provides
2-D mapping of laser-heated soot for which the signal
strength is independent of combustion-heated soot
temperature. OH-PLIF and soot-PLII were also utilized
simultaneously and at multiple different laser sheet
elevations below the firedeck to measure the 3-D soot
distribution in the ensemble.

RESULTS

The prime practical use of post injections has been
to reduce engine-out soot emissions while maintaining
efficiency, so this aspect is explored first, both in the
exhaust and in the engine cylinder during combustion.
Figure 2 shows a plot of measured engine-out soot
for a range of single- and post-injection durations for
engine operation at constant charge density and with
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FIGURE 2. Measured engine-out soot expressed as carbon (C)
concentration for a duration sweep of single injections (filled black squares)
and three post-injection duration sweeps (open symbols) added to three
different single-injection conditions at 18% intake oxygen fraction.

moderate exhaust gas recirculation (EGR) yielding an
intake oxygen fraction of 18%. The filled black squares
and solid trendline show how elemental carbon (C),
which is a measure of the engine-out soot, increases
with increasing engine load, quantified according to the
gross indicated mean effective pressure (gIMEP). For
three of the operating points, identified according to the
commanded duration of main injection (DOII,.) of 1,550,
1,950, and 2,350 microseconds, adding a post injection
at first decreases the engine-out soot as the engine load
increases (open symbols). As the post-injection duration
increases, the engine-out soot once again increases.
Similar behavior was observed across a wide range of
intake oxygen fractions from 21 down to 12.6% (EGR
from 0 to ~50%). Such soot reductions exceeding 60% at
comparable loads were achieved with fuel-efficient close-
coupled post injections using the light-duty common-rail
injector specifically designed for multiple injections,
which was installed in the previous FY.

The in-cylinder images from soot-NL and soot-
PLII in Figure 3 provide some insight into the in-
cylinder mechanisms that cause the observed engine-out
emissions trends. The series of soot-NL images on
the left show that the post-injection soot (outlined in
red) appears to overlap with and/or pass over the soot
remaining from the main injection (outlined in blue).
The interactions are often more apparent from visual
inspection of the dynamic soot-NL cinematographs,
which are available online [2,3]. Even in dynamic
cinematographs, however, the exact interaction is
difficult to unravel because the soot-NL images represent
a 2-D projection of a 3-D soot cloud. The uncertainties
about the depth of the soot along the camera line of sight
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FIGURE 3. Instantaneous images of soot-NL (left) and soot-PLII (right)
with the laser sheet aligned on the nominal jet axis for a post-injection
condition at 18% intake oxygen fraction. The injector is on the left of the
images (green dot) and the dotted green lines show nominal jet axes.
The bowl wall is on the right (curved green line). To guide the eye, the
approximate boundaries of the post- and main-injection soot clouds are
identified by the outlines in red and blue, respectively. The left-right pairs
are acquired simultaneously from the same cycle, but the pairs are from
different cycles.

can be resolved, at least partially, by the simultaneous
soot-PLII images on the right in Figure 3, which were
acquired with the laser sheet aligned along the jet axis.
The soot-PLII images frequently show that the post-
injection soot overlaps with the main injection soot
within the plane of the laser sheet, such as in the image at
373 crank-angle degrees (CAD) in Figure 3. The images
also often show that the post jet appears to displace the
main-injection soot away from the bowl wall, such as

the black regions devoid of soot signal on the top- and
bottom-right of the soot-PLII image at 374 CAD. Even
these data, however, do not provide a complete picture of
the 3-D interaction, especially including the distribution
of combustion zones.

The four images in Figure 4 provide more details
about key features of the 3-D soot and combustion zone
distributions. The images are composites of OH-PLIF
(false-colored green) along with simultaneous soot-
PLII (false-colored red) acquired with the laser sheet
horizontal at key elevations from firedeck as indicated

Advanced Combustion Engine R&D
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FIGURE 4. Instantaneous images of soot-PLII (red) and OH-PLIF (green)
with laser sheets horizontal at elevations below the firedeck as indicated
on the images. The soot-PLII and OH-PLIF are simultaneous in each
image, but the images are from different cycles.

on the figures. The top image at 371 CAD shows the

first appearance of combustion (green) in the post jet at
the 9-mm sheet elevation. The next image shows a more
defined diffusion-flame structure in the post jet, similar
to Dec’s conceptual model for diesel jets [4]. Another
CAD later at 373 CAD shows soot (red) across the post
jet cross-section, with a much broader distribution of OH-
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FIGURE 5. Time-integrated spatial distribution of soot formation (top) and
soot oxidation (bottom) predicted by computer models.

PLIF (green) than in the 372 CAD image. The 372 and
373 CAD images are also examples of different OH-PLIF
distributions that are observed on different cycles, with
either a black zone free of OH between the post jet and
the main-injection products (372 CAD), or a relatively
broad distribution of OH-PLIF outside the post jet (373
CAD). The bottom image shows combustion at 373 CAD
but in a lower plane, with a more defined diffusion flame
and lack of any OH-PLIF signal near the bowl wall (right
side of image), supporting the hypothesis that the post-jet
injection displaces the main-injection products to some
degree.

Computer-model simulations at the University of
Wisconsin help to complement the experimental data
by providing predictions of quantities that are difficult
to measure experimentally. After confirming that the
model replicates the engine-out soot trends shown in
Figure 2, the predictions were analyzed in more detail
to reveal the spatial distributions of soot formation and
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oxidation. Figure 5 shows examples of time-integrated
soot formation (top) and oxidation (bottom) predicted
by the model. Although experiments can measure

soot itself, separation of oxidation from formation is
currently available only through computer simulations.
Future analysis of computer-model predictions will
provide insight into how post injections affect soot
formation and oxidation processes to yield soot emissions
improvements, and will also provide insight into effects
of post injections on fuel efficiency. In this way, analysis
of the computer-model predictions will complement
experimental measurements to aid the development of a
conceptual model for multiple fuel injections.

Finally, in addition to reducing soot emissions while
maintaining fuel efficiency, post injections can improve
combustion efficiency under conditions where over-
mixed fuel does not burn to completion. Similar to Figure
2, the plot on the bottom of Figure 6 shows measured
exhaust UHC dependence on injection duration for either
a single injection (black filled circles) or a range of post-
injection durations (open blue circles) for a high-EGR
LTC condition (12.6% intake oxygen fraction). The data
show that the post injection reduces UHC by 25-30%
compared to a single injection at the same load, and with
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FIGURE 6. Plot: measured engine-out UHC expressed as concentration
of C1 (methane) for a duration sweep of single injections (filled black
circles) and a post-injection duration sweep (open blue circles) as well
as two different conditions using two post injections (red and green open
symbols) at a LTC condition with 12.6% intake oxygen fraction. Images:
Instantaneous H,CO-PLIF (red) and OH-PLIF (green) with laser sheets
oriented along the nominal jet axis for conditions with either a single
injection, one post injection, or two post injections.
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very consistent performance. Such “clean” and consistent
data were not achievable in previous work without the
precise injection system that was installed the previous
FY. Adding a second post injection (open square and
diamond) can further reduce exhaust UHC, though the
reductions are not as dramatic. The three images above
the plot for single, post, and dual-post injections show
that formaldehyde PLIF (red) is increasingly displaced by
OH-PLIF (green), indicating more complete combustion
in the formerly over-lean region near the injector, and
hence reduced UHC emissions. Even though the post
injections improve combustion efficiency by burning
more of the fuel, some unburned fuel remains both

in the exhaust and in the images (red), indicating that
further improvements might be possible with a more
optimized interaction between injections. The interaction
does not appear to simply be a matter of providing

more fuel after the main injection. The spatio-temporal
placement and rate of mixing of the post-injected fuel
appear to be important for the subsequent completeness
of combustion, which suggests that the rate-of-injection
could be tailored for further improvement in combustion
efficiency.

CONCLUSIONS

The recent research efforts described in this report
provide improved understanding of in-cylinder processes
involved with post injections required by industry
to build cleaner, more efficient, heavy-duty engines.
Specific conclusions include:

* A new conceptual framework of exhaust soot-
reduction dependencies for fuel-efficient close-
coupled post injections shows how the potential for
soot reduction increases with higher EGR, while the
range of effective injection quantities narrows

»  The post jet appears to displace main-injection soot
near the bowl wall while entraining main-injection
soot farther upstream, and such insight is a first
step to building a conceptual model for multiple
injections

»  Computer models not only replicate experimental
trends, but also show the spatial distribution of
soot formation and oxidation with and without post
injections, which provides further material for the
development of a conceptual model for multiple
injections

*  Under LTC conditions with low combustion
efficiency due to overmixing, post injections over a
wide range of injection quantities extend the range
of complete combustion over a wider spatial extent,
thereby improving combustion efficiency

Advanced Combustion Engine R&D
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Overall Objectives

Facilitate improvement of engine spray combustion
modeling, accelerating the development of cleaner, more
efficient engines.

Fiscal Year (FY) 2013 Objectives

e Lead a multi-institution, international research
effort on engine spray combustion, called the Engine
Combustion Network (ECN), with focus on diesel
and gasoline sprays.

*  Evaluated the mixing variability for direct-injection
gasoline fuel injection systems at controlled
conditions.

*  Explore the effect of ethanol fueling on vaporization
and mixing in gasoline direct injection.

FY 2013 Accomplishments

»  Expanded a comprehensive spray combustion dataset
working collaboratively with more than 10 different
experimental institutions from around the world.
Led the ECN via monthly web-meetings
and frequent exchanges. ECN experimental
targets are now the focus of engine combustion
modeling activities worldwide.

*  Applied novel diagnostics to quantify evaporation
and mixing in a multi-hole gasoline injector with
the focus of understanding stochastic variability in
direct-injection fueling systems.

*  Demonstrated how the spray collapse during the end-
of-injection phase affects mixing and evaporation in
iso-octane and ethanol fuel sprays.

Future Directions

*  Quantify soot, soot precursor formation, and
radiation heat loss at target conditions.

*  Characterize multi-hole sprays compared to axial-
hole sprays.

FY 2013 Annual Progress Report

»  Evaluate internal flows within transparent injectors,
transitioning to near-field mixing and dispersion at
the exit of the nozzle.

SR S SR

INTRODUCTION

All future high-efficiency engines will have fuel
directly sprayed into the engine cylinder. Engine
developers agree that a major barrier to the rapid
development and design of these high-efficiency, clean
engines is the lack of accurate fuel spray computational
fluid dynamic (CFD) models. The spray injection process
largely determines the fuel-air mixture processes in
the engine, which subsequently drives combustion and
emissions in both direct-injection gasoline and diesel
systems. More predictive spray combustion models will
enable rapid design and optimization of future high-
efficiency engines, providing more affordable vehicles
and also saving fuel.

APPROACH

To address this barrier, we have established a multi-
institution collaboration, called the ECN, to both improve
spray understanding and develop predictive spray models.
By providing highly leveraged, quantitative datasets
(made available online [1]), CFD models may be evaluated
more critically and in a manner that has not happened
to date. Productive CFD evaluation requires new
experimental data for the spray and the relevant boundary
conditions, but it also includes a working methodology
to evaluate the capabilities of current modeling practices.
We have organized ECN experimental and modeling
activities through frequent web conference exchanges,
and made plans for an upcoming workshop. Based on
standards laid out in the ECN, workshop organizers are
gathering experimental and modeling results to allow a
side-by-side comparison and expert review of the current
state of the art for diagnostics and engine modeling for
specific aspects of spray and combustion modeling.

In addition to many aspects related to diesel
spray combustion, this year we have made a focused
effort to characterize direct-injection gasoline sprays.
Predicting spray behavior from these injection systems
is difficult but important for minimization of wall
wetting, preventing knock, and possibly operating
in stratified-charge mode, all of which can increase
efficiency. Random fluctuations in stratified combustion
result in partial-burn or misfire, and eliminating these
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poor combustion events requires knowledge of the
source. Are they caused by engine flow, ignition, or fuel
delivery (i.c., the spray)? We measured the variability
in fuel-air mixture linked to fuel injection hardware

by experimentation in a near-quiescent pressure vessel
at high-temperature conditions representative of late,
stratified-charge injection. An 8-hole spark ignition
direct injection spray was interrogated using high-
speed schlieren and Mie-scatter imaging from multiple,
simultaneous views, to acquire the vapor and liquid
envelopes of the spray [2]. The mixture fraction of
vaporized sections of the spray was then quantified

at a plane between plumes using Rayleigh scattering.

A schematic of the vessel and experimental setup for
schlieren and Mie-scatter imaging is shown in Figure 1.

RESULTS

Figure 2 shows a snapshot in time indicating
the vapor boundary (left, schlieren), liquid boundary
from the same perspective (middle, Mie-scatter), and
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FIGURE 1. Spray chamber with combined schlieren and Mie-scattering
optical setup. Schlieren and Mie-scattering imaging paths are given as blue
and green, respectively. Mie-scattering was imaged along the schlieren
path as well.
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FIGURE 2. Images of schlieren (left), side-view (middle) and front-view
(right) Mie-scattering. Times are referenced after start of injection. Hole
numbers are indicated on the front-view Mie-scatter image at the right.

Advanced Combustion Engine R&D

simultaneous Mie-scatter from the front view (right). The
injector is orientated such that only four plumes of the
8-hole injector are visible from the side view, with the
pair of plumes that fall in line, obvious from the front
view (e.g., Plumes 2 and 7 fall behind one another). The
vapor and liquid envelopes are distinguished by the green
and blue outlines, respectively. With measurement of

the plume orientation from multiple views, it is possible
to reconstruct the three-dimensional orientation of each
plume. Other operating conditions and description of the
injector are provided at Refs. [2,3].

A composite of the liquid and vapor information
together is given in Figure 3 at different times after the
start of injection. The averaged (for a pair of plumes)
drill angles are shown in yellow, and the averaged plume
vectors are given by the red lines. At the early timing, the
liquid boundary had a similar penetration to the vapor
boundary as little vaporization has occurred. The plume
vectors aligned with the drill angles indicates a lack of
multi-hole dynamics and hole-to-hole interactions during
the early part of the injection event. During the middle of
injection, the bottom and top plume vectors deviate from
the drill angles, moving toward the injector centerline.

At the end of injection, all plumes have been noticeably
attracted to the injector axis.

This plume-plume interaction, which is difficult to
predict in current CFD modeling approaches, greatly
affects the mixture preparation and the stochastic
variability of this process. Figure 4 characterizes
the variability of finding fuel vapor at the edges of a
boundary from injection to injection by showing contours
of probability at timings after the end of injection, when
combustion is active. For instance, there is a 90% chance
of producing a fuel vapor region that is the same size
and penetrates the same distance as the blue region
but only a 10% chance of obtaining a vapor region the
size of the black region. This information is valuable
for computational models that attempt to accurately
reproduce the cycle-to-cycle variability seen in engines,
such as large eddy simulations; the modeler can overlay
their vapor boundaries on the probability contours to
verify if their model agrees with experimental variability,
but they must first analyze the vapor probability along the
same line-of-sight as the experiment.

Shortcomings associated with line-of-sight analysis
are overcome by utilizing planar mixing measurements.
An example raw Rayleigh image is shown in Figure 5 at
2.2 ms after start of injection (ASI). The image plane is
that depicted in Figure 4. Multiple images were acquired
and converted to mixture fraction and equivalence
ratio at different timings ASI, shown in Figure 6. The
inner section the spray forms a “V” shape in the earliest
images, which is expected considering the liquid sprays
form a hollow cone. But at later times, the spray no
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FIGURE 4. Vapor probability contours (10% and 90%) at 700 K, 6 kg/m*
conditions. Contours are derived from schlieren vapor envelopes. Dots
show where the vapor crossed the field of view boundary. The red asterisk
indicates the injector tip, and the red line is the laser sheet location.

longer retains this initial shape as the cone collapses as
discussed above. A vapor trail appears to emerge from
the center and becomes more prominent at later timings.

The equivalence ratio continues to decrease with
time, and the location shifts over time. In the first two
images (1,420, 1,720 ps ASI), the greatest equivalence
ratio is located near the spray center with a bias toward
the upper region. By the third image, the upper region
clearly has a higher concentration of fuel vapor, but the
fourth image shows the lower region now has a slightly
greater concentration of fuel vapor. By this time, all
plumes have merged and charge is carried mainly toward
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FIGURE 5. Raw planar Rayleigh scattering measurement. Molecular
scattering from the ambient and the fuel jet is observable in the laser sheet
area at the right.

FIGURE 6. Average equivalence ratio computed from Rayleigh scatter
imaging (calculated for 21% ambient oxygen). The 10% schlieren vapor
probability contour is shown by the green line (with dots indicating where
the vapor crossed the boundary).
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the central section, filling in the middle between plumes.
Understanding the plume dynamic as the injector closes

is really only possible through the combination of planar
measurements combined with multiple-view Mie-scatter
and schlieren imaging.

CONCLUSIONS

Research this year has shown significant advances
with respect to modeling and experimental coordination
as a part of the ECN. In addition, a new emphasis
on direct-injection gasoline sprays provides better
understanding of plume interaction and quantitative
mixing data that can be directly applied to model
comparison and improvement. The mixture field between
plumes is characterized by multi-hole and end-of-
injection dynamics that attract the plumes to each other
and toward the injection axis, resulting in a liquid-fuel-
droplet-dense central plume in the planar measurements.
Note that this type of experimentation will soon be
applied to an 8-hole gasoline “Spray G” injector donated
by Delphi as a target for the ECN. A dozen international
laboratories have agreed to use this spray (12 identical
injectors are available) as a target for future collaborative
research. Research will also continue on single- and
multi-hole diesel sprays. Collectively, this project
provides unique information needed for the development
of high-fidelity CFD models that will be used to optimize
future engine designs.
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Overall Objectives

Provide 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.

Fiscal Year (FY) 2013 Objectives

Complete investigation of the effects of the ethanol
content of gasoline on LTGC/HCCI thermal
efficiency (TE) and load.

Determine the potential of increasing the TE by
raising the compression ratio (CR) from 14:1 to

16:1 for both premixed fueling and with partial fuel
stratification (PFS).

Complete experimental design and setup

for investigations of the effect of piston-top
temperatures on thermal stratification (TS) and cold-
pocket distribution.

Initiate facility upgrade for spark-assisted LTGC
and higher gasoline direct injection (GDI) pressure,
including design and fabrication of new cylinder
heads and design of new fueling system.

Support chemical-kinetic mechanism development
at Lawrence Livermore National Laboratory
(LLNL), and modeling of thermal stratification at the
University of Michigan and General Motors (GM).

FY 2013 Accomplishments

Completed evaluation of the performance effects of
increasing the ethanol content of gasoline, from EO
= E10 = E20. (Base fuel, EO = anti-knock index,

AKI = 87, regular gasoline).

— Evaluated the effects on stability, efficiency,
high-load limit, and ability to apply PFS.
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Expanded fuels study to include investigation of:

1) E100 (pure ethanol), and 2) effects of changing the
base fuel composition to a high AKI =93 distillate
fuel (certification gasoline with zero ethanol, CF-E0).

Determined the effect of increasing the CR from 14:1
to 16:1 on the TE for both fully premixed and PFS
operation.

Optical Engine: designed and installed an aluminum
piston-top with variable air-jet cooling, and evaluated
vignetting/camera-position effects for boundary-
layer measurements.

With Cummins, designed and fabricated spark-plug
cylinder heads, and with GM, acquired ignition
systems and high-pressure GDI injectors. Designed
and acquired components for high-pressure fuel-
supply system.

Conducted an initial study comparing combustion
noise level (CNL) and ringing intensity (RI).

Supported chemical-kinetic modeling at LLNL,
and TS modeling at the University of Michigan
and GM by providing data and analysis. Initiated
collaborations with University of California,
Berkeley (UC Berkeley) for computational fluid
dynamics modeling of LTGC/HCCI.

Future Directions

Extend evaluation of engine performance with CR
= 16:1 over a wider range of conditions, with an
emphasis on the high-load limits for both premixed
and PFS fueling.

—  Analyze the potential of a Miller-cycle cam vs.
increased exhaust gas recirculation (EGR) for
maximizing the load range while preventing
overly advanced autoignition.

Conduct a comprehensive study of Early-direct
injection (DI) PFS to determine the extent to which
its benefits for increased TE and load range can be
applied.

—  Determine effects of operating conditions and
fuel-injection parameters.

— Investigate the potential of multiple injections
for more effective fuel stratification.

Image fuel distributions in the optical engine to
guide fuel-injection strategies for Early-DI PFS
performance studies in the metal engine.

Install spark-plug cylinder heads, and 1) determine
effects of new intake-port geometry on LTGC

Advanced Combustion Engine R&D



Il. Combustion Research

Dec - Sandia National Laboratories

performance, and 2) initiate studies of spark-assisted
compression-ignition LTGC combustion.

» Investigate the effects of piston-top temperature on
the amount of TS and cold-pocket distribution. Also,

investigate the potential of over-mixing to reduce TS.

*  Expand investigations of CNL and RI with an
emphasis on understanding the fundamental
differences between these two metrics.

»  Continue collaborations to support chemical-
kinetic mechanism development at LLNL and CFD
modeling of LTGC at UC Berkeley.

SR S SR

INTRODUCTION

Improving the efficiency of internal combustion
engines is critical for meeting global needs to reduce
petroleum consumption and CO, emissions. LTGC
engines, including HCCI and partially stratified variants
of HCCI, have a strong potential for contributing to these
goals since they have high thermal efficiencies and ultra-
low oxides of nitrogen (NO, ) and particulate emissions.
Furthermore, with intake-pressure boost, LTGC can
achieve loads comparable to diesel engines, as will be
discussed. Perhaps most importantly, LTGC provides a
means for producing high-efficiency engines that operate
on light distillates, thus complementing diesel engines
that use middle distillates, for more effective overall
utilization of crude oil supplies and lower total CO,
production.

Results during FY 2013 have contributed to
overcoming four of DOE’s technical barriers to the
practical implementation of LTGC/HCCI combustion
in production engines: 1) understanding fuel effects,

2) increasing the TE, 3) extending operation to higher
loads, and 4) providing an improved understanding of
in-cylinder processes. First, an investigation of fuel
composition effects combined with Early-DI PFS fueling
produced higher efficiencies and significant increases

in the maximum load for a given intake-boost level.
Second, the effect of raising the CR from 14:1 to 16:1 was
investigated and found to offer further improvements

in the TE. Third, progress has been made toward an
investigation of how the in-cylinder TS is affected by
the piston-top temperature. Additionally, a new study
has been initiated to understand the relationship between
CNL [1] and RI [2] as metrics for acceptable LTGC
engine operation, and efforts are underway to upgrade
our research engines for investigations of spark-assisted
LTGC.

Advanced Combustion Engine R&D

APPROACH

Studies were conducted in our dual-engine
LTGC/HCCI laboratory using both the all-metal and
matching optically accessible LTGC research engines
(displacement = 0.98 liters). This facility allows
operation over a wide range of conditions, and it can
provide precise control of operating parameters such as
combustion phasing, injection timing, intake temperature
(T,), intake pressure (P, ), engine speed, and mass flow
rates of supplied fuel and air. The facility also allows the
use of cooled EGR and is equipped with a full emissions
bench (hydrocarbons, CO, CO,, O,, NO,, and smoke).

The all-metal engine was used for the majority of
research in FY 2013 because this work involved studies
at very high loads, and precise measurements of TE and
fuel effects were required. Changes in fuel composition
were investigated both in terms of their fundamental
effect on the propensity for autoignition, and in terms of
their effects on overall performance. Differences in either
the required T, or the amount of cooled EGR provided a
means of quantifying changes in autoignition reactivity
between the fuels. The key performance parameters
of peak TE and maximum load were determined by
conducting knock-limited (as determined by the ringing
intensity) fueling-rate sweeps over a wide range for
the various fuels at several intake-boost pressures. By
operating at the maximum RI without engine knock
(taken to be RI =5 MW/m?’ [3]) the combustion phasing
was as advanced as possible, resulting in the highest
TE for a given fueling rate and boost level. Since our
previous work has shown that PFS produced by 100%
direct-injection fueling early in the intake stroke (Early-
DI PES) has significant advantages for increasing the TE,
knock-limited fueling-rate sweeps were conducted using
Early-DI PFS as well as premixed fueling.

In preparation for an investigation of the effect of
piston-top temperature on the development of TS, an
improved optical setup was established for laser-sheet
imaging measurements of TS through the cylinder-wall
windows in the optical engine. Also, the piston-top
window replaced with a metal piston-top instrumented
with thermocouples, and an air-jet cooling system was
developed to vary the temperature. For the facility
upgrade, we have worked with Cummins on the design
and fabrication of new cylinder heads modified to
accommodate a spark plug, and with GM on obtaining
higher-pressure GDI injectors.

RESULTS

The fuel’s autoignition reactivity and changes in
reactivity with intake boost can have a large impact
on the performance of LTGC engines in terms of

FY 2013 Annual Progress Report
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stability, TE, and high-load capability. It is well known
that ethanol addition can increase the octane rating

of gasoline, which would be expected to decrease its
autoignition reactivity at LTGC conditions. Currently,
most gasoline sold in the U.S. contains 10% ethanol,

and efforts are underway to increase the ethanol
concentration to 15% to 20%. Also, fuels containing

up to ~85% ethanol are available in some places.
Accordingly, a study was conducted on the effects of
ethanol blending up to 20% on LTGC performance.

For this study, the base fuel was a petroleum-distillate
gasoline with no ethanol (E0) and an AKI of 87,
corresponding to regular-grade U.S. gasoline. Ethanol
blends were produced by mixing this same gasoline with
10% and 20% ethanol (by liquid volume) to form E10 and
E20, respectively. This approach eliminates variations

in performance due to changes in the composition of the
base fuel, while the AKI is increased by the ethanol. A
certification gasoline with a higher AKI of 93 and no
ethanol (CF-EQ), was also investigated to understand
how decreasing the fuel’s autoignition reactivity without
ethanol compares to ethanol addition. Finally, the
performance with pure ethanol (E100) was investigated
for some conditions. Table 1 gives the Research Octane
Number (RON), Motor Octane Number (MON), and AKI
for these fuels.

TABLE 1. Fuel Octane Numbers

RON MON AKI

EO 91.0 82.7 86.9
E10* 95 86 90.5
E20* 98 87.5 92.8
E100 109 90 99.5
CF-E0 96.6 88.7 92.7

*For E10 and E20, the RON, MON and AKI are based on data in [4].

Figure 1 shows the changes in autoignition with fuel
type for fully premixed LTGC (i.e. HCCI) at 1,200 rpm.
As can be seen in Figure la, for naturally aspirated
operation (P, = 1 bar) E0, E20, and E100 have nearly
identical autoignition reactivities as indicated by their
very similar T, and T, , values, despite large differences
in their AKIs. CF-EO requires T, to be ~8°C hotter,
indicating a slight lower reactivity, in line with its AKI
being higher than that of EO. In contrast, Figure 1b shows
that for a typical boosted condition, P, = 2.4 bar, there
is a strong consistent trend of decreasing autoignition
reactivity with increasing ethanol content of the fuel, as
indicated by the reduced EGR requirement (increasing
percentage of intake oxygen) as ethanol content
increases. This trend is in agreement with the increasing
AKI of these fuels. However, it can be seen that the CF-
EO that has an AKI similar to E20 actually autoignites
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FIGURE 1. Comparison of autoignition reactivity of the fuels tested at (1a)
naturally aspirated (P,, = 1 bar) and (1b) typical boosted conditions (P, =
2.4 bar) at 1,200 rpm. In (1b), the amount of EGR is shown both by the
percentage of intake oxygen and by the amount of complete stoichiometric
products (CSP) introduced by the EGR (i.e. the combustion-product
portion of the EGR).

more easily than E10. Thus, autoignition reactivity for
boosted operation varies greatly depending on whether
the AKI is increased by adding ethanol or by changing
the composition of the base fuel.

Typical fueling-rate (load) sweeps for boosted
operation (P, = 2.4 bar) with premixed fueling are
presented in Figure 2. As can be seen, the highest TEs
occur at a moderate load for this P, of about 1,000 kPa
gross indicated mean effective pressure (IMEP,). For
higher loads, the TE drops because combustion phasing,
as measured by the 50% burn point (CA50), must be
retarded to maintain RI =~ 5 MW/m® (to prevent knock)
as shown in Figure 2b. For lower loads, the TE drops
because combustion efficiency begins to decrease rapidly
as the mixture becomes overly dilute, i.e. the fuel/charge
mass-ratio becomes too low, and combustion reactions
do not go to completion before they are quenched by
the expansion. It is interesting to note that all the fuels
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FIGURE 2. Gross indicated thermal efficiency (2a), and CA50 (2b) as a
function of IMEP atP, = 2.4 bar, RI =5 MW/m? 1,200 rpm, and T, = 60°C
except for E100, for which T, varied from 95-87°C as load was increased.

based on EO (EO, E10, and E20) have very similar TE
(Figure 2a) and CA50 (Figure 2b) curves for all points
shown. However, no E20 data are presented for loads
below IMEP, =1,150 kPa, because E20’s autoignition
reactivity is so low that these lower loads would have
required intake heating above the T;, = 60°C used for

the other fuels (except E100, as noted in the figure). Had
additional intake heat been supplied for these lower loads,
the TE would drop below that of the other fuels because
heat-transfer losses would increase. This is the main
reason for the lower TE with E100, which requires even
more intake heating than E20 due to its lower reactivity
(see Figure 1b). Thus, the TEs are similar for these fuels
only as long as they have the same required T, . Unlike
the other fuels, CF-EO has a higher TE at all loads even
though the same T;, = 60°C was used. This is because
less CAS0 retard was required to control knock as shown
in Figure 2b (most likely because CF-E0 is more sensitive
to the thermal stratification). With this advantage, CF-
EO0 gave a peak TE of 47.8%, the highest for premixed
fueling at this operating condition.

Finally, Figure 2a shows that all the fuels except
E100 have about the same high-load limit at this P, of
~1,400 kPa IMEP,, in agreement with them all having
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FIGURE 3. Comparison of gross indicated TE for Early-DI PFS and
premixed (PM) fueling as a function of IMEP_ at P, =2.4 bar and Rl =5
MW/m?, 1,200 rpm. For premixed fueling, T,,=60°C, and for Early-DI PFS,
T,, =30 0r 40°C as noted in the legend.

about the same CAS50 retard limit (Figure 2b). For E100,
the maximum load is considerably lower because poor
cycle-to-cycle stability limits CA50 retard, as shown in
Figure 2b. This high instability is the result of ethanol’s
very weak intermediate-temperature heat release as
discussed in [5,6].

As mentioned above in the Approach section and
discussed in depth in [3], Early-DI PFS offers significant
advantages for increased TE at intake-boosted conditions.
This is because with Early-DI fueling, the charge mixture
is not fully homogeneous (i.e. it is partially stratified),
and for boosted operation with most distillate gasolines,
regions of different equivalence ratio (¢) within the
charge autoignite at different rates. As a result of these
different ¢ regions autoigniting sequentially, the heat
release rate is reduced, which allows CA50 to be more
advanced while keeping RI ~5 MW/m’, yielding higher
TEs. Additionally, with 100% DI fueling, T, <60°C can
be used without concern about premixed fuel condensing
in the intake system. These lower intake temperatures
result in lower combustion temperatures, which reduce
heat-transfer losses and increase the y (cp/cv) of the
combustion products allowing more work to be extracted
during the expansion stroke. Therefore, Early-DI PFS
with reduced T, was investigated to determine its
potential for increasing the TE, and for increasing the
maximum load at a given boost pressure.

Figure 3 compares TEs for fueling-rate sweeps
using Early-DI PFS with those for the premixed sweeps
from Figure 2, for E10 and CF-E0 at P, = 2.4 bar,
RI=5 MW/m’. For both fuels, Early-DI fueling with
reduced T, gives substantially higher TEs over most of
the load range, and the peak TE is increased to 48.4%.
Further analysis shows that CA50-advance is a major
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contributor to this TE improvement, with CA50 being
advanced by 4-5° CA for E10 and by 3—4° CA for CF-EO
compared to premixed fueling. Early-DI PFS was also
found to work well with EO, but not for E20. The higher
ethanol content of E20 was found to reduce the sensitivity
of autoignition to ¢ variations, reducing the benefits from
the PFS and producing some stability problems.

To investigate the potential of increasing the CR to
further increase the TE, the piston geometry was changed
to raise the CR from 14:1 to 16:1. With this higher CR,
fueling-rate sweeps like those in Figures 2 and 3 were
acquired to determine peak TE and maximum load at
several intake-boost pressures and for naturally aspirated
operation. Figure 4 presents an example of these results
for Early-DI PFS with CF-EO at P, = 2.4 bar compared
to data at the same conditions with CR = 14:1 (from
Figure 3). As can be seen, the higher CR increases the TE
by ~0.7 thermal-efficiency percent-units across the load
range. Slightly greater gains in TE were found for other
P, , and the highest peak TE achieved increased to 49.2%
with the CR = 16:1 piston.

The effects of fuel-type and fueling strategy on
the high-load limits as a function of boost pressure are
shown in Figure 5. Starting with premixed operation
(i.e. HCCI), it can be seen that the maximum load is
increased from 16.3 to 18.1 to 20.0 bar II\/IEPg for EO,
E10, and E20, respectively. This load increase is possible
because the ethanol blending reduces the autoignition
reactivity, which reduces the amount of EGR required to
retard CA50 to maintain RI =5 MW/m’, leaving more air
available for combustion. Although this allows loads up
to 20 bar IMEPg, P, must be increased up to 3.6 bar to
achieve this. However, with Early-DI PFS, significantly
less boost is required to obtain a given load compared to
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FIGURE 4. Comparison of TEs for CR = 16:1 and CR = 14:1 as a function
of IMEPg for Early-DI PFS fueling at P, =2.4 bar and RI =5 MW/m?, T.=
30 or 40°C as noted in the legend.
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FIGURE 5. High-load limits as a function of intake pressure for premixed
(PM) and Early-DI PFS fueling for several fuels. All data are for CR = 14:1,
except those noted in the legend as CR =16, for which only CF-EQ was
used. All points have no knock (RI =5 MW/m?), and NOx and particulate
emissions well below U.S. 2010 standards.

premixed fueling, when using a fuel whose autoignition
is sufficiently sensitive to the nonuniformities in fuel
distribution, such as the CF-EO shown in Figure 5. For
example, a load of 19.4 bar IMEPg can be reached with
P, = 3.0 bar using Early-DI PFS, compared to a required
P, = 3.45 bar for premixed operation with E20. It is also
evident in Figure 5 that for any given P, >2.4 bar, CF-E0
reaches a significantly higher load with Early-DI PFS
than with premixed fueling.

Combustion-generated engine noise is an important
issue for LTGC/HCCI as well as other forms engine
combustion, and both the CNL and RI have been
commonly used to quantify it. Because the relationship
between these two metrics is not well understood, a study
was initiated to examine these two cylinder-pressure
analysis techniques, and to explain the advantages and
disadvantages of each. Toward this goal, comparisons
of the CNL and RI were made over a range of LTGC
operating conditions. The results show that the two
metrics track each other for some variations in engine
operation but not for others. In general, it was found
that RI better predicts the onset of engine knock (one
key source of noise), while the CNL appears to better
represent the overall engine-combustion noise for
non-knocking operation. As indicated under “Future
Directions,” this effort will continue in FY 2014 with
an in-depth analysis of these two methodologies to
determine how the two metrics should be applied.

CONCLUSIONS

* A comprehensive study on the effects of increasing
the AKI of gasoline (i.e. reducing its autoignition
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reactivity) by: 1) blending with ethanol up to 20%,
or 2) by changing the composition of the base fuel
showed that the two methods have quite different
effects for LTGC.

— EO0, E10, E20, and E100 all had nearly identical
autoignition characteristics for naturally
aspirated LTGC. However, for intake-boosted
operation, the autoignition reactivity was
progressively and substantially reduced with
increasing ethanol content.

— In contrast, increasing the AKI by changing
the composition of the base fuel reduced
autoignition reactivity modestly at both
naturally aspirated and boosted conditions.

—  Overall, the AKI is not a good indicator of
LTGC autoignition reactivity; however, it did
indicate trends within each class of fuels (EO,
E10, E20, and E100) or (EO vs. CF-E0).

*  For boosted operation with P, >2.4 bar and premixed
fueling, blending with ethanol up to 20% has little
effect on the TE, but CF-EO gives a slightly higher
TE because it allows CAS50 to be more advanced
without knock.

*  Blending gasoline with up to 20% ethanol is
beneficial for extending the high-load limit for
premixed operation from 16.3 to 18.1 to 20.0 bar
IMEP, for EO, E10, and E20, respectively.

—  The maximum load for E100 is considerable
lower, because it requires intake heating even
at high boost levels and poor cycle-to-cycle
stability limits CA50 retard.

»  Early-DI PFS fueling provides substantial benefits
for increased TE and load compared to premixed
fueling when the ethanol content <10%, and for
the high-AKI base fuel (CF-E0). However, with its
higher ethanol content, E20 did not work well with
PFS.

»  Using Early-DI PFS, a load of 19.4 bar IMEP, was
achieved with P, = 3.0 bar, compared to a required
P. = 3.45 bar to reach this load for premixed
operation, which is a significant advantage for
turbocharger design.

* Increasing the CR from 14:1 to 16:1 increased the TE
at all conditions investigated.

— A peak TE of 49.2% was achieved with CR =
16:1, compared to 48.4% for CR = 14:1.

—  The higher CR caused no reduction in maximum
load for intake pressures up to 2.4 bar (using
CF-EO0).

Advanced Combustion Engine R&D

* Rl appears to be a better predictor of the onset of
LTGC engine knock, while CNL better represents
engine-combustion noise for non-knocking
conditions.
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1.5 Automotive Low-Temperature Gasoline Combustion Engine

Research

Richard Steeper

Sandia National Laboratories, MS 9053
P.O. Box 969
Livermore, CA 94551-0969

DOE Technology Development Manager:
Gurpreet Singh

Overall Objectives

*  Perform fundamental engine research addressing
technical barriers to the achievement of DOE
efficiency and emissions goals for automotive
gasoline engines.

*  Develop and apply advanced diagnostics in
an optically accessible Homogeneous Charge
Compression Ignition (HCCI) engine to enhance our
knowledge of fundamental in-cylinder processes.

*  Advance the capabilities of engine simulation and
analysis tools by validating with research-engine data.

* Disseminate knowledge gained from experiments
through collaborative interaction with industry,
academic, and national lab partners.

Fiscal Year (FY) 2013 Objectives

*  Develop full-cylinder gas sampling and analysis
system for the lab’s research engine.

*  Apply sampling system to characterize the chemistry
of negative valve overlap (NVO) fueling and its
effect on compression ignition. Interpret results
using chemical kinetics modeling tools.

»  Define and execute joint experiments with Oak
Ridge National Laboratory (ORNL) to leverage
common NVO research threads.

FY 2013 Accomplishments

* A full-cylinder gas sampling technique has been
used to characterize species produced during NVO
reactions as a function of NVO fuel-injection timing.
Confirmed that acetylene is produced in sufficient
quantity to chemically enhance compression ignition
in the research engine. This work addresses engine
manufacturer requests for physical and chemical
details of strategies to control HCCI combustion
phasing.

Advanced Combustion Engine R&D

*  Applied CHEMKIN simulation to identify the
NVO reaction products responsible for chemically
enhancing main HCCI combustion.

*  Submitted proposal to Lawrence Berkeley National
Lab (LBNL) to apply photoionized molecular
beam mass spectroscopy for complete speciation
of engine gas samples and calibration of the gas
chromatograph used in the Sandia lab (see Future
Directions).

*  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.

Future Directions

*  Complete NVO sampling experiments. Use LBNL
facilities to improve sample speciation if proposal is
accepted. Compare results using gasoline in place of
the surrogate fuel iso-octane.

» Initiate new research direction on innovative ignition
sources required for advanced gasoline-combustion
engines. Identify industry needs, research
capabilities, and potential partners. Perform scoping
experiments.

R R S

INTRODUCTION

Challenges to the implementation of gasoline HCCI
combustion—including phasing control, operating-range
extension, and emissions control—all can benefit from
advanced charge-preparation strategies. Alternative
strategies such as retarded direct injection and variable
valve timing can be used to modify local charge
composition and temperatures, thereby controlling
ignition phasing, rate of heat release, combustion
efficiency, and engine-out emissions. A current focus of
our research is understanding the NVO strategy for HCCI
combustion. Partial fueling during the NVO period can
affect main combustion both thermally (NVO reactions
elevate residual gas temperature) and chemically (NVO
reformation reactions produce species that are carried
over to main combustion), and understanding these
effects is necessary in order to take full advantage of
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the strategy. Knowledge gained in this project supports
DOE’s goal of developing advanced energy-efficient,
low-emission engine technologies.

APPROACH

Multiple diagnostics are applied in our gasoline
compression-ignition engine to quantify in-cylinder
processes. Direct imaging allows assessment of
fuel injection; laser-induced fluorescence imaging
quantifies composition and temperature distributions;
chemiluminescence imaging characterizes ignition
and combustion processes; laser-absorption produces
time-resolved histories of select species; and dump
sampling provides detailed charge compositions.
Application and improvement of computational fluid
dynamics/combustion models is facilitated through
continuing collaborations with university and national lab
partners. Regularly scheduled technical exchanges with
manufacturers, national labs, and academia leverage the
knowledge gained in the research project.

RESULTS

FY 2013 research has focused on directly measuring
the chemical composition of the reaction products of
NVO fueling. To this end, the team developed a custom
sampling valve specifically suited to NVO operation.
Typically, cylinder sampling relies on microvalves
that are easy to deploy, but unable to deliver samples
representative of entire-cylinder contents. In contrast,
the dump valve developed in this project captures a large
fraction of NVO products from a single cycle. The new
valve, illustrated in Figure 1, is mounted in an unused
spark-plug port and is triggered soon after intake valve
closing (IVC), so that the collected sample is composed
of NVO gases mixed with intake air. Speciation of such
samples provides crucial details to understand variation
in NVO composition with operating conditions, and
to understand the chemical effect of NVO products on
compression ignition and combustion in the engine.

Figure 2 shows the heated manifold designed to
transfer extracted samples from the engine to an initially
evacuated sample bottle. Each sample is captured during
a single dump cycle that is triggered after establishing
steady-fired NVO-HCCI operation. The volume of
each of the samples captured in the bottle typically
represents about 30% of engine displacement, and after
performing multiple dump events, the total sample
comprises a cycle-averaged composition characteristic
of cylinder contents at IVC. Following sample collection,
the engine is stopped, and a small volume of the sample
is analyzed using a triple-column gas chromatograph
configured to quantify C,-C, hydrocarbons, hydrogen,

FY 2013 Annual Progress Report

FIGURE 1. Schematic of Sandia dump valve assembly.
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FIGURE 2. Schematic of dump valve, sample gas manifold, and gas
chromatograph.
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CO, CO,, water, and oxygen. Repeated experiments

and gas chromatograph analyses indicate an achieved
repeatability of approximately +/-10% for the majority of
measured species.

Prior experiments have provided evidence of
a chemical effect of NVO fuel-injection timing on
main combustion. To understand this effect, sampling
experiments were performed for a sweep of fuel-injection
timing ranging from 55 to 5 crank-angle degrees (CAD)
before top center of NVO. Main combustion is enhanced
by retarding NVO start-of-injection (SOI) timing, as
witnessed in Figure 3 by an increasing apparent heat
release (AHR) and an initially advancing 50% burn angle
(CAS50). Species profiles derived from these experiments
provide important details of the chemistry responsible for
this enhancement.

Several key hydrocarbon profiles are plotted in
Figure 4. Not surprisingly, iso-octane, the parent fuel in
these experiments, is present in the NVO product gases at
relatively high concentrations compared to other detected
hydrocarbons. (Note that the main fuel injection, which
normally takes place during intake, is suppressed for
the dump cycle, so that the iso-octane concentrations
plotted represent unreacted NVO fuel only.) Many
of the hydrocarbon products of NVO reactions show
only a minor dependency on NVO SOI timing, similar
to the Figure 4 trend in iso-octane data. But several
small species, represented by hydrogen, methane, and
acetylene/ethylene in Figure 4, show an abrupt increase
in concentration associated with late-N'VO injection.

The observed order-of-magnitude increase in hydrogen,
combined with known combustion enhancement due to
hydrogen, suggests that it contributes to the observed
chemical effects of NVO fueling. Based on prior seeding
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FIGURE 3. Apparent heat release and location of 50% burn point of
main combustion under low-load, lean conditions for a range of NVO SOI
timings.
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experiments, acetylene is another known promoter

of combustion, so the observed rise in acetylene
production for late NVO SOI provides evidence that

it too contributes to main combustion enhancement.
Finally, it is encouraging to note that the measured NVO
product concentrations validate previous experimental
measurements. For example, previously recorded in-
cylinder concentrations of CO using a laser-absorption
diagnostic agree very well with the current CO
measurements.

To gain further insight into chemical effects of
specific NVO products, CHEMKIN’s one-dimensional
engine simulator and Lawrence Livermore National
Lab’s (LLNL) detailed iso-octane kinetic mechanism
were used to model main combustion of the HCCI-
NVO cycle. Measured concentrations of NVO products
from early and late-N'VO fueling were used as initial
conditions for the simulations. As shown in Figure 5,

a dramatic advancement in combustion phasing and
an increase in peak heat release are predicted for the
late NVO SOI case, in agreement with experimental
trends. Furthermore, by selectively perturbing initial
concentrations of key species one at a time in the
simulation, acetylene was identified as the dominant
factor advancing combustion phasing. A significant effect
of hydrogen was also predicted (but a factor of 5 lower
than acetylene), while dimethyl ether and ethylene at
experimental concentrations were predicted to have an
insignificant effect on main combustion.

Sandia’s NVO sampling work was performed in
collaboration with General Motors, LLNL, and ORNL.
Sandia collaboration with ORNL notably included joint
experiments to leverage the impact of each lab’s project.
ORNL is currently interested in exploiting reformation
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FIGURE 4. Select species concentrations determined by dump sampling
and gas chromatography. Acetylene and ethylene are grouped due to
inability of gas chromatograph columns to separate these C, species.
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FIGURE 5. Chemical kinetics simulation of apparent heat release rate for
main combustion. The two curves represent an early and a late NVO SOI
case.

chemistry that occurs under rich NVO conditions, and
have developed a unique 6-stroke cycle that enables
sampling and analysis of NVO using technology distinct
from Sandia’s. Experiments at Sandia were conducted
using ORNL conditions, to facilitate comparison of
results. Selected species concentrations in Figure 6
illustrate the excellent agreement achieved. At the top
of the figure, the principle reformation product, carbon
monoxide, is plotted for the two experiments. Due to
many differences in the experiments including engine
geometry, load, and chemical analysis techniques,

it is not surprising to see differences in absolute
concentrations. Yet the near-linear trends in carbon
monoxide as a function of NVO fuel-injection timing
match very well. In a second example at the bottom

of Figure 6, propylene exhibits a more complex, non-
linear trend that is again captured well by both facilities.
Results of the joint experiments enhance confidence in
ORNL conclusions concerning optimization of reforming
chemistry via NVO fuel-injection timing.

CONCLUSIONS

*  Full-cylinder sampling in an HCCI-NVO engine
enables characterization of the chemical products of
NVO fueling, supporting the conclusion that late-
NVO injection of iso-octane can produce acetylene
and other reactive species in sufficient quantity to
chemically affect main combustion.

*  Chemical kinetic modeling using the current LLNL
iso-octane mechanism supports the trends observed
in the experiments during a sweep of NVO injection
timing.
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FIGURE 6. Comparison of species concentrations in NVO products
measured at ORNL and Sandia under rich NVO conditions.

*  Experiments performed with distinctly different
equipment at ORNL and Sandia have produced
very similar conclusions concerning trends in NVO
reformate composition with NVO fuel-injection
timing.
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1.6 Spray and Combustion Modeling using High-Performance
Computing Tools

Sibendu Som (Primary Contact),
Douglas E. Longman, Qingluan Xue,
Michele Battistoni

Argonne National Laboratory
9700 S. Cass Ave.
Argonne, IL 60439

DOE Technology Development Manager:
Gurpreet Singh

Overall Objectives

Development of physics-based nozzle flow and spray
models. Develop capability to perform coupled
nozzle flow and spray simulations.

Development and validation of high-fidelity
turbulence models for diesel engine applications.

Development and validation of reduced chemical-
kinetic models for realistic diesel fuel surrogates.

High-Performance Computing (HPC) tool
development on codes used by the industry for
internal combustion engine (ICE) applications.

Fiscal Year (FY) 2013 Objectives

Implement in-nozzle flow models in CONVERGE
code [1] followed by extensive validation against
experimental data accounting for needle transients
and off-axis motion.

Demonstrate the benefits of higher-fidelity
turbulence models such as large eddy simulations
(LES) vs. lower-fidelity models such as Reynolds
Averaged Navier-Stokes (RANS).

Implement advanced load-balancing algorithms to
ensure better speedup on high number of cores and
demonstrate scalability on ~1,000 processors.

Develop and validate a reduced chemical kinetic
mechanism using n-dodecane as a surrogate for
diesel fuel.

FY 2013 Accomplishments

We have performed three-dimensional, 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
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injectors, the needle wobble is shown to have a
profound influence on mass flow rate from each
orifice.

Lagrangian droplet models are widely used for
engine simulations. However, many researchers
have reported a strong dependency on the grid size.
This large grid size dependency makes it difficult
for modelers to know ahead of time what cell size
to utilize. We have recently demonstrated grid-
convergence on diesel sprays using LES turbulence
models.

LES was a major thrust area, and performance of
LES with respect to RANS calculations was assessed
in detail. It was demonstrated that LES can capture
cyclic variability and performs both qualitatively

and quantitatively better than RANS for spray
calculations. However, the computational cost of
performing LES is significantly greater than that

of RANS due to the need for multiple realizations
with LES.

Typical production-type engine simulations in the
industry are performed on 16-32 processors. We have
performed engine simulations on 1,024 processors

in a scalable fashion. These simulations were
performed with a peak cell count of 50 million cells,
which is the largest diesel engine simulation run

to date. This simulation provided unprecedented
insights into the combustion process.

We have developed and validated a 106-species-
based reduced reaction model for n-dodecane as
surrogate for diesel fuel. This mechanism is being
used by industry and academia extensively through
the Engine Combustion Network initiated by Sandia
National Laboratories [2].

Future Directions

Perform nozzle flow simulations with production
multi-hole injectors using the best-available
geometry information and needle lift profiles. Couple
the nozzle flow simulations with classical spray
simulations to understand the influence of in-nozzle
flows on spray and combustion processes.

Implement the best practices developed for LES
calculations on engine simulations with different
engine geometries available in literature. This will
provide a clear path for engine manufacturers to take
advantage of our high-fidelity computational studies.

FY 2013 Annual Progress Report
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*  Develop a near-nozzle Eulerian spray modeling
approach that, in principle, is significantly different
from a classical spray modeling approach, that is
Lagrangian in nature [3]. Dynamically couple the
nozzle flow simulations with the Eulerian approach
for near-nozzle spray simulations.

*  Develop a two-component surrogate (n-dodecane
and m-xylene) mechanism for diesel fuel and validate
against experimental data in constant-volume
combustion chamber [2] and single-cylinder engine
conditions.

*  Systematically improve the fidelity of the simulations
by improving the nozzle flow, spray, turbulence,
and combustion models. The computational cost
is likely to increase significantly due to the use of
these robust models. Develop high-performance
computing capabilities to ensure reasonable wall-
clock times with these higher-fidelity models.

SR S SR

INTRODUCTION

ICE processes are multi-scale and highly coupled in
nature and characterized by turbulence, two-phase flows,
and complicated spray physics. Furthermore, the complex
combustion chemistry of fuel oxidation and emission
formation makes engine simulations a computationally
daunting task. Given the cost for performing detailed
experiments spanning a wide range of operating
conditions and fuels, computational fluid dynamics
(CFD) modeling aided by HPC has the potential to
result in considerable cost savings. Development of
physics-based CFD models for nozzle flow, spray,
turbulence, and combustion are necessary for predictive
simulations of the ICE. HPC can play an important role
in ICE development by reducing the cost for design and
optimization studies. This is largely accomplished by
being able to conduct detailed simulations of complex
geometries and moving boundaries with high-fidelity
models describing the relevant physical and chemical
interactions, and by resolving the relevant temporal and
spatial scales. These simulations provide unprecedented
physical insights into the complex processes taking
place in these engines, thus aiding designers in making
judicious choices. The major focus of our research in FY
2013 has been towards the development and validation of
robust and predictive nozzle flow and turbulence models
for diesel engine applications aided by HPC tools.

APPROACH

During the past year, we have focused on improving
the fidelity of nozzle flow and turbulence models by using
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higher temporal and spatial resolutions to ensure grid
convergence [4]. Our approach to improved modeling
capability is highlighted here:

1. In-nozzle flow simulations are performed by
implementing a Homogeneous Relaxation Model-
based two-phase flow model within a volume-of-
fluid approach [5] in CONVERGE CFD code. The
boundary conditions for the simulations are obtained
from X-ray phase-contrast imaging at Argonne
National Laboratory, which includes the needle-lift
and wobble profiles [6]. The multi-hole geometry
information is obtained from a previous study [7].

2. A key element in our research has been to
demonstrate grid-convergence on diesel spray and
engine simulations [4] within both RANS and LES
frameworks. The following approach has been
implemented in CONVERGE code and is critical
to achieving grid convergence: adaptive mesh
refinement, fully implicit momentum coupling,
improved liquid-gas coupling, and improved
temporal and spatial liquid mass distribution.

3. LES calculations have been performed with higher
resolution compared to what is typically used in the
engine modeling literature. The finest resolution
simulated using LES involved minimum cell sizes of
about ~30 ps. Three different LES models, namely
Dynamic Structure, Smagorinsky, and no Sub-Grid
Scale (SGS), were implemented and validated against
high-fidelity experimental data [2,8].

4. In order to improve the load-balancing capability in
CONVERGE, METIS [9,10] was chosen to replace
the original algorithm. METIS is widely known for
its efficiency in partitioning complex geometries and
its capabilities to minimize the connectivity and to
enforce contiguousness between partitions.

RESULTS

Some critical findings associated with the four
objectives for FY 2013 are discussed here. Further
details can be obtained from authors’ publications in
FY 2013. Figure 1 plots the mass flow rate through each
orifice for a multi-hole injector [7] with needle off-axis
motion along the +x direction [6] and lift profile [7]. The
orientation of the holes simulated is shown in the top
image. It should be noted that the peak needle-off axis
motion occurs during low lifts, i.e., at 0.4 ms and 1.5 ms
(approximately) and at ~0.9 ms, which coincides with the
peak needle lift of ~225 pm. Hence, it is not surprising
that the largest hole-to-hole differences in mass flow rates
are observed at low needle lift positions, i.e., ~0.4 ms
and ~1.5 ms in the bottom image. At high needle-lift
position of 0.9 ms, the needle lift is high, hence it does
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FIGURE 1. Three-dimensional transient simulation of a multi-hole injector
with specified needle lift and wobble profile. The differences in mass flow

rates between different orifices are clearly observed, especially during the
needle transients.

not influence the flow development in the sac and orifice
entry region. Between 0.55 ms and 1.35 ms, the mass
flow rate predicted through each orifice is steady and on
top of each other. This time period corresponds with a
needle lift of ~100 pm and higher. The analysis above
shows that if the needle is lifted more than 100 pm, the
off-axis motion does not influence the flow development.
It should also be noted that holes 2 and 5 are mostly
affected by the needle off-axis motion and predict lower
mass flow rates compared to the other orifices.

Figure 2 plots the vapor penetration profiles
with RANS RNG k-¢ (a) and LES dynamic structure

Advanced Combustion Engine R&D

(b) models at different minimum mesh resolutions
from 1 mm to 0.03125 mm. The results are from spray
simulations performed using the grid-convergent
approach highlighted above. It is interesting to note
that both RANS and LES models can produce grid-
convergent results. However, the grid-converged
results with RANS do not match the experimental data,
whereas the grid-converged results with LES mimic
the experimental data very well. This demonstrates that
LES calculations can be more predictive than RANS
simulations.

Figure 3 presents the contour plots for temperature
inside the combustion chamber in a non-reacting
n-heptane spray experiment [2] and simulations using
different RANS and LES turbulence models described
earlier. It can be clearly seen that the RANS model
cannot capture the flow structures, whereas all the LES
models can qualitatively capture the instantaneous flow
structures quite well with a minimum resolution of
0.0625 mm. Figure 2 and Figure 3 demonstrate that both
qualitatively and quantitatively, LES performs better than
RANS under these non-reacting spray conditions.

Figure 4 presents axial velocity profiles at different
axial distances between n-dodecane non-reacting sprays
[8], compared against results using the RANS RNG k-¢
and LES dynamic structure turbulence models. Multiple
injections are performed with different random number
seeds to perturb the spray calculations with both the
turbulence models in order to mimic the cycle-to-cycle
variations observed in experiments. RANS simulations
cannot capture any shot-to-shot variations since any
perturbations in the flow-field are damped out. LES
calculations, on the other hand, capture significant cyclic
variability which is also observed in experiments [8].

It should be noted that experimental data is averaged
over 20 injections. Averaged LES results over five
injections are observed to capture the experimental
trends quite well.

The use of higher-fidelity nozzle flow, spray,
and turbulence models along with grid-convergent
resolutions significantly increases the computational
cost for simulations. While these simulation approaches
provide a path forward for predictive ICE simulations, the
computational cost could be prohibitive for engine design
and optimization applications. We are also focusing
towards developing high-performance computing tools
to effectively load-balance the simulations so that the
benefits of multi-processor simulations can be fully
realized. Towards this, in FY 2012 a load-balancing
approach was implemented in CONVERGE code which
enabled HPC simulations up to 256 processors [9].
Figure 5 presents simulations on 128—1,024 processors
for a few time-steps on the Blue-Gene machine
at Argonne National Laboratory. The simulations
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models at different minimum mesh resolutions compared against

experimental data from Sandia National Laboratories [2] using n-dodecane as a surrogate for diesel fuel.
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models at a minimum mesh resolution of 0.0625 mm compared

against experimental data from Sandia National Laboratories [2] using n-heptane as a surrogate for diesel fuel.

demonstrate that the code scales fairly well up to CONCLUSIONS

1,024 processors, beyond which the scalability is lower
than 70% of the theoretical (linear) scalability plot.
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In-nozzle flow simulations performed using
CONVERGE software can capture the mass flow
and cavitation trends very well. For the first time,
the simulations accounted for needle transients,
including the wobble. Differences in mass flow rates
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simulation run on 128-1,024 cores on a high-performance computing
cluster at Argonne National Laboratory. Linear (ideal) speedup curve is
also shown.

between different plumes were observed, especially
during the needle transients.

*  Grid-convergence was observed on several key
nozzle flow and spray calculations using the
high-fidelity turbulence models. Optimum grid
resolutions have been recommended keeping in mind
computational accuracy and wall-clock times.

*  LES simulations can qualitatively and quantitatively
capture the spray characteristics much better than

Advanced Combustion Engine R&D

RANS calculations. LES can also capture shot-to-
shot variations between different realizations that
cannot be predicted by the RANS simulations. With
the dramatic increase in computational resources

in the past decade, this study indicates that LES

is a viable alternative to RANS since it is more
predictive in nature and wall-clock times can also be
reasonable.

* Load-balancing in engine simulations was
significantly improved by the implementation of
METIS algorithm, thus enhancing computational
speedup [9]. Significant speedup was demonstrated
up to 1,000 processors for a typical engine
simulation.
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Overall Objectives

*  Study the mechanisms of spray atomization by
making detailed, quantitative measurements in the
near-nozzle region of sprays from fuel injectors.

*  Perform these measurements under conditions as
close as possible to those of modern engines.

»  Utilize the results of our unique measurements
in order to advance the state of the art in spray
modeling.

*  Provide industrial partners in the spray and engine
community with access to a unique and powerful
spray diagnostic.

Fiscal Year (FY) 2013 Objectives

*  Perform measurements of fuel density, needle
life, and nozzle geometry using the hardware and
conditions of the Engine Combustion Network
(ECN). Share these data with computational
modelers for validation and improvement of spray
modeling.

*  Develop diagnostics for fuel flow inside injectors,
including measurements of cavitation and gas
ingestion at the end of injection.

»  Explore the use of X-ray diagnostics for other
advanced combustion applications, such as droplet
sizing, fluid dynamics of sprays, and chemical
kinetics.

FY 2013 Accomplishments

* Incollaboration with Sandia’s ECN, we completed
measurements of the needle lift and internal
geometry of the ECN “Spray B” injectors. We
made precision measurements of the needle lift
and motion in three dimensions, and discovered
significant eccentric motion in the valves of some of
the injectors. The measurements are being used by
computational modelers to improve spray models
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that will speed the development of efficient, clean-
burning engines.

Several new pieces of equipment were completed in
2013. A fixture to mount the ECN gasoline direct
injection (GDI) injectors in our existing spray
chambers was completed which will enable us to
study the ECN “Spray G” injectors in FY 2014. We
also designed a new spray chamber that can be used
to perform three-dimensional tomography of sprays
at elevated pressure and temperature. This chamber
will be fabricated in FY 2014. These devices
significantly expand our capabilities for studying
modern fuel injection hardware.

In order to improve the fundamental knowledge

of sprays, we continued work started in FY 2012
making quantitative measurements of cavitating
flows. These measurements allow us to determine
the exact density distribution inside a two-phase
fuel flow. We made significant improvements to our
experimental techniques and hardware that allowed
us to carefully control the amount of air dissolved in
the fuel. These measurements are being compared to
cavitation simulations in collaboration with some of
the world’s leading cavitation modelers.

We continued our groundbreaking studies of gas
bubbles that are pulled inside of diesel injectors

at the end of injection. We performed parametric
studies to learn the conditions that are most and least
likely to result in bubble ingestion. It is believed that
these bubbles may be a factor in injector damage as
well as unburned hydrocarbon and particulate matter
emissions.

We 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.

Future Directions

The ECN is beginning a program studying gasoline
injection. The geometry and fuel distribution from
the “Spray G” GDI injectors will be measured using
X-ray diagnostics, and will be made available to our
experimental and modeling partners in the ECN.

Spray measurements will be done in conjunction
with Argonne’s Engine and Emissions Research
group. We will measure the fuel/air mixing in a GDI

FY 2013 Annual Progress Report
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injection system that is being used in engine tests of
advanced combustion strategies. The high precision
spray measurements will be used to validate
simulations of the engine’s combustion process,
providing these research programs with the data that
are needed for high-fidelity modeling.

*  Further studies of cavitation will be done to improve
the community’s understanding of this phenomenon
and its impact on fuel/air mixing and injector
internal flows.

*  Further studies of bubble ingestion will be
performed, with the goal of linking this phenomenon
with injector dribble. Dribble is the undesirable
ejection of fuel after the nominal end of the injection
event; the fuel is slow-moving, poorly atomized,
and likely to generate particulate matter emissions.
We hope to quantify the causes of dribble, enabling
injector manufacturers to minimize its impact.

SR S SR

INTRODUCTION

Fuel injection systems are one of the most important
components in the design of combustion engines
with high efficiency and low emissions. A detailed
understanding of the fuel injection process and the
mechanisms of spray atomization can lead to better
engine performance. The limitations of visible light
diagnostics in the near-nozzle region of the spray have
led us to develop X-ray diagnostics for the study of fuel
sprays. X-rays are highly penetrative, and measurements
are not complicated by the effects of scattering. The
technique is non-intrusive, quantitative, highly time-
resolved, and allows us to make detailed measurements
of the spray, even in the densely-packed region very near
the nozzle.

APPROACH

This project studies the sprays from commercially
available fuel injectors. Our approach is to make detailed
measurements of the sprays from these injectors using
X-ray absorption. This will allow us to map the fuel
distribution in these sprays, extending the existing
knowledge into the near-nozzle region. The X-ray
measurements are performed at the Advanced Photon
Source at Argonne National Laboratory. A schematic
of the experimental setup is shown in Figure 1; detailed
descriptions of the experimental methods are given in [1]
and [2]. The technique is straightforward; it is similar to
absorption methods commonly used in optical analysis.
However, X-ray radiography has a significant advantage
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FIGURE 1. Schematic of the Experimental Setup

over optical techniques in the measurement of sprays:
because the measurement is not complicated by the
effects of scattering, there is a simple relation between
the measured X-ray intensity and the mass of fuel in the
path of the X-ray beam. This allows direct determination
of the mass of fuel at any position in the spray as a
function of time. It is the goal of our work to use X-ray
radiography to measure sprays from commercial fuel
injectors at different injection pressures, ambient
pressures, and using different nozzle geometries. This
will enable us to quantify how each of these variables
affects the structure of the spray.

In the process of making these measurements, we
will collaborate with industrial partners including engine
and fuel injection system manufacturers so that they will
have access to these diagnostics for improvement of their
products. We will also collaborate with spray modelers to
incorporate this previously unknown information about
the spray formation region into new models. This will
lead to an increased understanding of the mechanisms of
spray atomization and will facilitate the development of
fuel injection systems designed to improve efficiency and
reduce pollutants.

In addition to measurements of sprays, we will
explore other applications of X-ray diagnostics for
combustion research. This includes X-ray imaging of the
internal components of fuel injectors while they are in
operation; this diagnostic allows injector manufacturers
to develop and optimize injector designs. Measurements
of cavitating flows provides unique data to improve the
fundamental understanding of this internal fuel flow and
its role in spray atomization, as well as the relationship
between injector geometry, cavitation, and nozzle
damage. Recent measurements have also evaluated the
use of X-rays as a diagnostic for shock tubes, enabling
better measurements of combustion kinetics to improve
engine modeling. We will also continue to develop X-ray
measurements of droplet sizing. These measurements can
determine the Sauter mean diameter of the fuel parcels in
the near-nozzle region, a parameter that has never before
been available for validation of primary breakup models.
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RESULTS

We have spent a significant part of our effort over the
last few years performing experiments in collaboration
with the Engine Combustion Network. This collaboration
is led by Sandia National Laboratories, who has defined
a specific set of operating conditions and procured a set
of shared identical hardware. We have used Argonne’s
unique X-ray diagnostics to study both the “Spray A”
and “Spray B” operating conditions, and have shared
these results with the ECN community [3]. The data
are now being used for validation of injector and spray
models, including models that incorporate the eccentric
needle motion when calculating fuel flow [4]. At the
ECN2 Workshop in 2012, Argonne’s data was used for
validation by at least six different spray modeling groups.
That activity has continued in 2013 with our group’s
preparations for the ECN3 Workshop; three Argonne
staff members are serving as organizers for the upcoming
meeting. Through this involvement in ECN, our data are
being actively used to improve spray models and simplify
the development of efficient, clean-burning engines.

Cavitation is an important problem in high-pressure
fuel injection systems, such as those found in modern
direct injection diesel engines. Cavitation—where fuel
in the injector vaporizes due to a drop in pressure—can
cause mechanical damage to injector components and

(a) HRMFoam Simulation

Experiment

(b) X-ray Radiography

affect fuel/air mixing and thus pollutant formation. State-
of-the-art computer models for cavitation are now being
incorporated into engine modeling software to account
for these factors. However, there is little information
available on the accuracy of these models because
cavitation is very difficult to measure experimentally.

In FY 2012 we began to develop X-ray diagnostics to
make precise and accurate measurements of cavitation

in a transparent nozzle [5,6]. Through collaboration with
modelers from both Argonne [7] and the University

of Massachusetts Ambherst [8], we determined that
dissolved gases in the fuel were playing a significant role
in our measurements and obscuring the cavitation we
were trying to measure. Through a significant redesign
of our fuel delivery system, we were able to eliminate
dissolved gas from the fuel, and repeat the measurements
of cavitation (Figure 2). University of Massachusetts
Ambherst is using the new data, along with the high
performance computing resources at Argonne, to develop
and validate high resolution computer simulations

of cavitation under similar conditions to the X-ray
experiments. The cavitation models developed at the
University of Massachusetts Amherst are widely used

in commercial engine simulations, so improvements to
those models will lead to better and more accurate engine
modeling software, as well as a broader understanding of
this complex physical phenomenon.
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FIGURE 2. Simulations of cavitating flow (left) are compared to X-ray radiography measurements done in 2012
(middle) and 2013 (right). The newest measurements show much better symmetry, with cavitation only along the
walls of the nozzle as expected. The improved measurements are being used for flow model development and

validation.
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High-speed imaging of injector operation was
developed at Argonne in order to study the motion of
steel components inside the injector, such as the valve
lift. Due to improvements in our imaging technique, we
recently developed the capability to image the motion of
gas bubbles inside production injectors. One interesting
phenomenon that was discovered is that bubbles are
drawn into the injector sac through the nozzle holes at
the end of injection (Figure 3). In FY 2013, additional
experiments and analysis quantified that the quantity
of gas in the sac after injection increases with injection
pressure and decreases with ambient pressure (Figure 4).
These bubbles inside the injector will likely have an
impact on emissions, since the bubbles will expand when

the exhaust valves open and drive any remaining fuel out

of the injector into a cold combustion chamber. Further
work will attempt to link the bubbles to injector dribble,
and explore ways to minimize their impact on engine
performance.

FIGURE 3. X-ray image through a steel injector nozzle showing bubbles
that were drawn into the sac at the end of injection. The presence of these
bubbles is likely to have an impact on emissions.

CONCLUSIONS

*  The X-ray measurements can be used to help
understand the mixing of fuel and air in the engine,
and its impact on engine emissions and performance.
Such measurements are not possible using other
imaging techniques, and represent a powerful data
set for validating computational models of fuel flow.

*  The time-dependent mass measurements provide
unique information to spray modelers, and allow
them to test their models in the spray formation
region, something that was impossible previously.
These data are crucial for the development
of accurate spray models and for the detailed
understanding of spray behavior. The quantitative
measurements that we have provided may help to
elucidate the mechanisms of spray atomization. This
could ultimately lead to the design of cleaner, more
efficient engines.

*  The impact of our work on the engine community
is shown by the expanding list of collaborators and
by the significant in-kind contributions to our work
that are being made by fuel system and engine
manufacturers.
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Small Angle X-Ray Scattering”, C.F. Powell, D.J. Duke,

A.L. Kastengren, J. Ilavsky. 25" Annual Conference on Liquid
Atomization and Spray Systems, Pittsburgh, PA, May 2013.
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Research

Joseph C. Oefelein

Sandia National Laboratories
7011 East Avenue, Mail Stop 9051
Livermore, CA 94551-0969

DOE Technology Development Manager:
Gurpreet Singh

Overall Objectives

*  Combine unique state-of-the-art simulation
capability based on the large eddy simulation (LES)
technique with Advanced Engine Combustion R&D
activities.

*  Perform companion simulations that directly
complement optical engine and supporting
experiments being conducted at the Combustion
Research Facility and elsewhere.

*  Maximize benefits of high-performance massively-
parallel computing for advanced engine combustion
research using DOE leadership computer platforms.

Fiscal Year (FY) 2013 Objectives

*  Perform detailed LES of direct injection processes
with emphasis on Engine Combustion Network
(ECN; www.sandia.gov/ecn) experiments.

»  Establish a new theoretical description that quantifies
the effects of real fluid thermodynamics on liquid
fuel injection processes at thermodynamically
supercritical pressures typical of diesel engine
operating conditions.

*  Apply to the Spray-A (n-dodecane) cases using real-
fluid thermodynamics and transport.

FY 2013 Accomplishments

»  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.

—  Knudsen-number criterion reveals that
interfacial diffusion layers develop due
to broadening vapor-liquid interfaces and
diminished intermolecular forces.
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— As pressure increases, the interface enters the
continuum regime due to increasing thickness
and significant decrease in mean molecular path.

*  Demonstrated that the classical view of jet
atomization (which is currently widely assumed) is
not applicable at these conditions.

— Distinct gas-liquid interface does not exist,
conventional spray theory not valid.

—  Lack of inter-molecular forces promotes
diffusion over atomization.

— Real fluid equations of state, thermodynamics,
and transport for multicomponent mixtures must
be considered instead.

*  Performed detailed analysis of high-pressure
injection processes using LES and real-fluid
thermodynamics and compared LES with ECN
experimental target data.

Future Directions

*  Extend development of models and corresponding
benchmark simulations to high-Reynolds-number,
direct-injection processes for both diesel and
gasoline direct injection engine applications over a
wide range of pressures and temperatures.

S S

INTRODUCTION

Recent research has provided new conceptual
insights into direct injection processes at high pressures.
Imaging has long shown that under some high-pressure
conditions, the presence of discrete two-phase flow
processes becomes diminished. Under such conditions,
liquid injection processes transition from classical sprays
to dense-fluid jets, with no drops present. When this
transition occurs, however, was not well understood. The
theory developed here is one of the first to explain and
quantify this transition, that has important implications
from the standpoint of design and related development
of predictive models. A key output from the theory are
regime diagrams for liquid injection such as the example
shown in Figure 1. Detailed analysis of the gas-liquid
interfacial structure quantifies under what conditions
“classical” spray dynamics transition to dense-fluid jets
as a function of the pressure and temperature of the
injected fuel and ambient gas. Predictions have been
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FIGURE 1. Regime diagram for n-dodecane injected at a temperature of 363 K into nitrogen suggests the presence of dense
supercritical jets under diesel engine conditions without drop formation. High-speed imaging of both a dense jet and spray
illustrates the significant transitional change that occurs at high supercritical pressures (images courtesy of L.M. Pickett,
Sandia National Laboratories, Combustion Research Facility).

corroborated using microscopic imaging to visualize the
features of dense-fluid jets (top left image in Figure 1)
and classical spray atomization processes (bottom left).

Analysis of the trends with different fuels
suggests that most high-performance combustion
devices currently operate over ranges of pressures
and temperatures in the vicinity of these transitional
regimes. The pressure-temperature diagram in Figure 1
shows results for n-dodecane injected at a temperature
of 363 K into gaseous nitrogen at varying ambient
pressures and temperatures. The classical spray regime
(highlighted in white) and diffusion-dominated mixing
regime (gray) are found using an applied the Knudsen-
number criterion (See Dahms and Oefelein, Physics
of Fluids, 25 2013). To illustrate the relevance of this
diagram, ambient gas pressure-temperature traces,
which span a range of conditions during different
diesel engine compression cycles, are shown for three
representative conditions: a) turbo-charged, b) medium-
load, and c) light-load operation. The corresponding
initial pressures and temperatures are a) 2.5 bar, 363 K,
b) 1.6 bar, 343 K, and c) 1 bar, 335 K, respectively. Fuel
injection then occurs at full compression conditions, as
indicated by the three respective points in the diagram.
Interestingly, the cylinder pressures at full compression
exceed the supercritical mixture pressure for all of the
cases considered. Only under representative light-load
operation does there appear to be a chance that classical
spray fuel spray atomization takes place. Thus, contrary
to conventional wisdom, the regime diagram suggests

Advanced Combustion Engine R&D

that classical spray phenomena do not occur at typical
diesel injection conditions. Instead, the fuel is injected as
a continuous jet with diminished interfacial structure and
surface tension forces leading to diffusion-dominated
mixing dynamics. Such mixing layers are largely affected
by non-ideal thermodynamics and transport processes
and cannot support evaporation phenomena or the
formation of liquid ligaments or drops.

APPROACH

To enhance the current understanding of the
processes described above, the theoretical findings
were combined with high-fidelity LES to gain a more
detailed view into direct injection processes at high
pressures. The experimental data provided by Pickett
et al. were used as key targets (see www.ca.sandia.
gov/ECN). The analysis is performed using a single
unified code framework called RAPTOR. Unlike
conventional LES codes, RAPTOR is a direct numerical
simulation solver that has been optimized to meet the
strict algorithmic requirements imposed by the LES
formalism. The theoretical framework solves the fully
coupled conservation equations of mass, momentum,
total-energy, and species for a chemically reacting flow.
It is designed to handle high Reynolds number, high-
pressure, real gas and/or liquid conditions over a wide
Mach operating range. It also accounts for detailed
thermodynamics and transport processes at the molecular
level, and is sophisticated in its ability to handle a

FY 2013 Annual Progress Report

11-42



Oefelein — Sandia National Laboratories

Il. Combustion Research

generalized sub-model framework. A noteworthy aspect
of RAPTOR is it was designed specifically for LES
using non-dissipative, discretely conservative, staggered,
finite-volume differencing. This eliminates numerical
contamination of the sub-models due to artificial
dissipation and provides discrete conservation of mass,
momentum, energy, and species, that is an imperative
requirement for high-quality LES.

RESULTS

Using the trends highlighted in Figure 1, a series
of LES calculations were performed using a real-fluid
equation of state, thermodynamics, and transport for
multicomponent mixtures. Emphasis was placed on the
ECN Spray-A case. Non-reacting liquid n-dodecane at
363 K was injected into a quiescent gaseous mixture at
900 K and 60 bar, which are precisely the conditions
represented by the medium-load compression cycle
shown in Figure 1 and corresponding top image. For
the present case, all of the oxygen is consumed before
injection and the composition of the gaseous ambient is
Y, = 0,Y,,=0.897,Y.,=0.065 and Y, = 0.038.
The liquid fuel was injected through a 0.09 mm diameter
nozzle injector. The peak injection velocity was 620 m/s,
that provides the same injected mass flow rate as the
experiment. A synthetic turbulent signal with a turbulent
intensity of 5% was superimposed on the bulk profile.
Measurements have shown that the vessel temperature
is almost uniform in space, which justifies the use of
adiabatic walls in the simulation. The grid spacing in the
vicinity of the injector exit was approximately 4 ps, with
the grid stretched optimally in the downstream and radial
directions.

Figure 2 shows the structure of the injected jet at
0.27 ms, which is the point of injection just prior to
auto-ignition. Also shown are the instantaneous pressure
and scalar dissipation fields along the center plane of the
jet. The high-speed compressed liquid jet stays coherent
for almost 20 diameters before starting to disintegrate.
At approximately 20 diameters downstream, the jet
exhibits self-similar behavior, which is a feature of
classical gaseous turbulent jets. This trend is correlated
with the presence of strong density gradients shown
in Figure 3. The density of the jet is slightly above
700 kg/m® when exiting the injector whereas the density
of the ambient gas is 23 kg/m’. This strong density
variation results in a high-momentum flux ratio, which
delays the destabilization of the jet. Once destabilization
of the dense core occurs, parcels of dense fluid detach
from the compressed liquid jet. These dense fragments
can still be observed 70 diameters downstream of the
injector exit. The presence of these fast-moving dense
structures enhances local turbulence as they act as
fast-moving solid objects for the surrounding gaseous
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FIGURE 2. Instantaneous structure of the Spray-A case at 0.27 ms, which
is the point of injection just prior to auto-ignition. The green iso-contour
represents the mass fraction of n-dodecane at a value of 0.5. Also shown
are the instantaneous pressure and scalar dissipation fields along the
center plane of the jet.
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FIGURE 3. Instantaneous density field along the center plane of the jet at
0.27 ms. The spatial scale is non-dimensionalized using the jet diameter
of 0.09 mm.

phase. Many vortical eddies are generated at the surface
of the liquid core, and this phenomenon significantly
affects the mixing of the fuel. After these structures are
completely diffused, the jet behavior becomes “gas-
like” and turbulent-diffusion effects become prevalent.
In the region where the dense core of the jet becomes
very corrugated and eventually breaks up at between 20
and 60 diameters, the presence of dense lumps evolving
at high speed generates significant localized pressure
variations through compression/expansion effects,. This
can be seen in Figure 2. These pressure variations modify
the flow and enhance mixing.

An interesting feature of the present case is
illustrated in Figure 4, that shows the instantaneous
Mach number field along the center plane of the jet at
0.27 ms. In this figure, one can see that the flow becomes
supersonic at various locations within the mixing layer
due to variations associated with the speed of sound.

The compressed liquid is injected at a Mach number
of 0.6 (note that the speed of sound in pure n-dodecane
at 363 K and 60 bar is 1,008 m/s). In the mixing layer

Advanced Combustion Engine R&D

11-43



Il. Combustion Research

Oefelein — Sandia National Laboratories

Mach number [-]

e
9.8e-5 2.6

FIGURE 4. Instantaneous Mach number field along the center plane of
the jet at 0.27 ms. The spatial scale is non-dimensionalized using the jet
diameter of 0.09 mm.

of the jet, non-linear thermodynamic effects lead to

a sharp increase in the ratio of specific heats and a
significant decrease of the partial derivative of pressure
with respect to density. The combined effect results in
a strong decrease of the speed of sound, which reaches
a minimum of 170 m/s in the mixing region of the jet in
the region between 30 and 70 diameters downstream.
In this area, the flow entrained by the high-speed jet
has a velocity of approximately 400 m/s, which is more
than two times the local sound speed. This remarkable
behavior is the result of near supersonic injection of

a compressed liquid at supercritical conditions. More
work is required in this area to determine the exact
consequences of these new observations.

CONCLUSIONS

Imaging has long shown that under some high-
pressure conditions, the presence of discrete two-
phase flow processes becomes diminished. Under such
conditions, liquid injection processes transition from
classical sprays to dense-fluid jets, with no drops present.
When and how this transition occurs, however, was not
well understood until recently. This research has provided
a new theoretical description that quantifies the effects
of real-fluid thermodynamics on liquid fuel injection
processes as a function of pressure at typical diesel
engine operating conditions. The implications that this
has on modeling were then investigated using the LES
technique coupled with real-fluid thermodynamics and
transport. The established theory explains and quantifies
the major differences that occur in the jet dynamics
compared to that described by classical spray theory in
a manner consistent with experimental observations. In
particular, the classical view of spray atomization as an
appropriate model at some engine operating conditions
is questionable. Instead, non-ideal real-fluid behavior
must be taken into account using a multicomponent
formulation that applies to hydrocarbon mixtures at high-
pressure supercritical conditions.
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To highlight the implications and needs related
to modeling, a sequence of studies was presented.
LES studies were extended to the Engine Combustion
Network (www.sandia.gov/ECN) Spray-A injector using
n-dodecane as the fuel. The accompanying analysis
revealed the structural characteristics of the inherent
scalar mixing and combustion processes at conditions
relevant to diesel engines. Trends demonstrate that the
mixing path associated with all local states throughout
the duration of injection never crosses the liquid-vapor
regime (i.e., the mixture is never saturated). Instead, the
fuel is injected as a compressed liquid and the interfacial
mixing layer dynamics are locally supercritical. This
implies that classical first order vapor-liquid phase
transitions (as are typically assumed) do not occur.
Instead, the injected fuel enters the combustion chamber
as a compressed liquid, not a spray, and is heated at
supercritical pressure. This implies 1) that applying the
ideal gas assumption just prior to auto-ignition in these
types of flows is not valid, and 2) the classical view of
spray atomization and secondary breakup processes as
an appropriate model is questionable at these particular
conditions. Instead, non-ideal real-fluid behavior
associated with the dense liquid jet must be taken into
account.
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SPECIAL RECOGNITIONS & AWARDS/
PATENTS ISSUED

1. 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.
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Overall Objectives

*  Collaborate with combustion researchers within
DOE’s Offices of Basic Energy Science (BES) and
Vehicle Technologies programs to develop and
validate predictive chemical kinetic models for a
range of transportation-relevant fuels.

*  Acquire ignition delay and other necessary
combustion data using Argonne National
Laboratory’s (ANL’s) rapid compression machine
(RCM) at conditions representative of today’s and
future internal combustion engines, including high
pressure (p = 15-80 bar) and low to intermediate
temperatures (T = 650-1,100 K).

Fiscal Year (FY) 2013 Objectives

*  Continue upgrades to RCM components to extend
experimental capabilities.

*  Refine reduced-order, physics-based models
necessary for novel data analysis and simulation
of RCM experiments; integrate those models into
multi-zone reactor framework to improve fidelity of
simulations.

*  Acquire ignition delay measurements for gasoline
surrogate fuels + reactivity modifiers, including
2-ethyl-hexyl nitrate (2EHN); develop and validate
chemical kinetic models for these blends.

*  Develop a reduced-order, control-oriented ignition
model covering a wide range of fuel reactivity
(e.g., Research Octane Number [RON] and octane
sensitivity) and charge dilution.

FY 2013 Accomplishments

*  Designed new heating and fuel delivery systems to
reduce experimental uncertainties.

* Improved sub-models for heat loss in the piston
crevice volume, which are now more reliable and
applicable across a range of RCM piston geometries.

Advanced Combustion Engine R&D

*  Acquired software for a multi-zone reactor model
and initiated modifications for simulations of the
RCM experiments.

*  Acquired new ignition delay measurements for
undoped iso-octane, as well as two multi-component
gasoline surrogates + 2EHN. Developed chemical
kinetic models for these blends and compared
predictions with experimental data.

*  Created an approach to account for RON and octane
sensitivities of gasoline-relevant fuels within a
reduced-order, control-oriented ignition model
covering low- and high-temperature conditions.

Future Directions

*  Acquire additional ignition delay measurements
for gasoline/diesel surrogates and real fuels along
with reactivity modifiers, and improve predictive
capabilities of chemical kinetic models.

» Incorporate novel approaches for kinetic mechanism
validation/improvement, including global sensitivity
analysis, as well as the use of new targets such as
rate of heat release and low-temperature heat release.

»  Test and validate the performance of a new, single-
piston RCM.

e Test and validate a new reduced-order, control-
oriented ignition under engine-relevant conditions.

R R

INTRODUCTION

Accurate, predictive combustion models are
necessary in order to reliably design and control next-
generation fuels and future engines which can meet
mandated fuel economy and emissions standards while
achieving reductions in development times and costs
for new configurations [1]. The imprecision of available
models prevents the adoption of detailed simulation
techniques within current design processes. Existing
engineering-scale models can achieve satisfactory
performance at some operating points; however, the
models are neither sufficiently robust to cover complete
ranges of conventional engine operation, nor when novel
or advanced combustion concepts are utilized. Toward
this, there is a critical need to improve the understanding
of the multiple physical and chemical processes that
occur within combustion engines, some of which include
chemical ignition, fluid-chemistry interactions, and
pollutant formation/decomposition. To advance these
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understandings, collaborations are necessary across
multiple disciplines, for example, between combustion
engineers within DOE’s Vehicle Technologies Office
and scientists who are supported through DOE’s BES.
Through these interactions, fundamental, engine-
relevant data can be acquired with low experimental
uncertainties, while predictive models can be developed
and validated based on these datasets.

APPROACH

RCMs are highly sophisticated, experimental tools
that can be employed to acquire fundamental insight
into fuel ignition and pollutant formation chemistry,
as well as fluid-chemistry interactions, especially at
conditions that are relevant to advanced, low-temperature
combustion concepts [2]. They are capable of creating
and maintaining well-controlled, elevated temperature
and pressure environments (e.g., T = 600 to 1,100 K,

P =5 to 80 bar) where the chemically-active period
preceding autoignition can be monitored and probed via
advanced in situ and ex situ diagnostics. The ability to
utilize wide ranges of fuel and oxygen concentrations
within RCMs, from ultra-lean to over-rich (e.g., ¢ = 0.2
to 2.0+), and spanning dilute to oxy-rich regimes (e.g.,
0, = 5% to >21%), offers specific advantages relative

to other laboratory apparatuses such as shock tubes

and flow reactors where complications can arise under
such conditions. The understanding of interdependent
chemicophysical phenomena that can occur at

some conditions within RCMs is a topic of ongoing
investigation within the combustion community, while
interpretation of facility influences on datasets is also
being addressed [2]. Approaches to implementing novel
diagnostics that can provide more rigorous constraints
for model validation compared to integrated metrics such
as ignition delay times, e.g., quantification of important
radical and stable intermediates such as H,0, and C,H,
[3,4], are under development by many combustion
researchers.

Argonne’s existing twin-piston RCM is utilized in
this project to acquire data necessary for chemical kinetic
model development and validation, while improvements
to the facility’s hardware and data analysis protocol
are continually performed to extend its capabilities and
fidelity. Collaborations are undertaken with BES-funded
scientists at ANL and other U.S. laboratories, as well as
with researchers at national and international institutions,
including complementary RCM facilities.

RESULTS

Physics-based, reduced-order models have
previously been developed for RCMs [5,6] in order
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to reduce uncertainties associated with modeling the
chemical kinetic processes within the reaction chamber.
These models take into account effects of fluid flow and
heat loss which alter the thermodynamic state of the
reacting mixture, and have cost and other advantages
relative to conventional methodologies which employ
empirical representations of the heat loss based on
experiments using analogous non-reacting mixtures (e.g.,
O, replaced by N,). Reduced-order models, as opposed
to multi-dimensional computational fluid dynamics
(CFD) approaches, are required in order to utilize large,
detailed chemical kinetic mechanisms in the simulations.
These models also have the potential to be used in

data reduction algorithms in order to derive additional
parameters from experimental measurements, such as the
temperature rise that occurs during preliminary stages
of ignition, where these can be used as new metrics for
mechanism validation purposes. Efforts this year have
focused on re-formulating existing correlations for fluid
shear and convective heat transfer within the piston
crevice volume of the RCM. Piston crevices that are
machined circumferentially typically utilize geometries
which are generally constrained by a particular RCM’s
configuration. The individual design can alter the fluid
dynamics of the gas that flows into the crevice during
an experiment, and thus affect the pressure/temperature
history of the gas in the reaction chamber during the
delay period. Existing expressions assume that the

gas flow resembles motion within the annulus of a
concentric pipe. More realistic, generalized expressions
have therefore been developed based on detailed CFD
simulations, where these are able to account for various
geometries and thus can be utilized for ANL’s existing
RCM, as well as a new single-piston machine that is
currently being fabricated, to be commissioned in FY
2014.

Additional improvement in the fidelity of RCM
simulations can be accomplished by using a stratified
reactor model to simulate the experiments [7]. With such
an approach, the reactivity within the colder boundary
layer could be taken into account, where this has been
demonstrated to be influential within the negative
temperature coefficient (NTC) regime. Further, rates of
heat release, which are affected by boundary layer effects
even for single-stage fuels, can be more realistically
simulated using a stratified reactor model. To facilitate
this, a multi-zone model was acquired from Lawrence
Livermore National Laboratory (LLNL) in the last
quarter of FY 2013, and modifications have been initiated
to adapt this software to simulations of ANL’s RCM, e.g.,
by incorporating the capability to prescribe the machine’s
piston trajectory. In FY 2014, physical sub-models for
heat loss and crevice flows in the RCM will be integrated
into the software.
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Experiments have been conducted in the RCM in
order to investigate the influence and effectiveness of
fuel additives, specifically for gasoline-relevant fuels.
Additives are useful for improving the ignition quality
of low grade fuels, especially at very small quantities,
e.g., 1 ppm to 1,000 ppm, and have been suggested as
a means to dynamically control fuel reactivity during
engine operation in order to cover a wide range of
combustion modes, including conventional and low-
temperature combustion modes [8]. Additives are
chemical compounds that contain a weak intramolecular
bond where this leads to rapid decomposition at modest
temperatures, so that in the combustion chamber, they
break down early in the combustion process, substantially
before the fuel. The decomposition process yields active
chemical species, such as alkyl radicals and nitrogen
dioxide, which stimulate fuel reactivity, e.g., through the
formation of OH. Though a number of studies have been
conducted with fuel additives in fundamental laboratory
experiments [9-16], as well as within internal combustion
engines [17-25], important questions remain, including:

*  How do additives interact with various fuel
components (e.g., parffins, branched alkanes,
aromatics) across a range of conditions?

*  What are influences of exothermicity and kinetic
pathway acceleration?

*  Can interactions and influences be reliably predicted,
along with impacts to pollutant formation, e.g.,
oxides of nitrogen?

*  Are there optimal additives that can be used across a
range of operating modes?

Mixtures of two simple gasoline surrogates have
been tested in the RCM, one a two-component blend of
n-heptane/iso-octane (primary reference fuel, PRF), and
a second that is a three-component blend of n-heptane/
iso-octane/toluene (toluene reference fuel, TRF). The
compositions of the fuels are adjusted so that the RON of
each is approximately 91. The fuels are doped with 2EHN
at levels of 0.1%, 1.0% and 3.0% liquid volume, and tests
are conducted at a pressure of 21 bar over a temperature
range from 675 K to 1,025 K. Fuel lean (¢ <1), fuel rich
(¢ >1), and stoichiometric (¢ = 1) ratios are used for the
PRF91 blends, while the TRF91 blend is tested at ¢ = 1.

Chemical kinetic models are constructed which
consist of a base fuel mechanism, a sub-mechanism
for the fuel additive, and a sub-mechanism for the
nitrogen chemistry. Two fuel mechanisms are employed
for comparison, included the LLNL detailed gasoline
surrogate model [26-28], and the University of Wisconsin
Engine Research Center MultiChem model [29]. The
sub-mechanism for 2EHN is based on ref. [30] where
2EHN decomposes in two steps. First, the interior O-N
bond is cleaved to release NO,; after this, the ethyl
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hexoxy radical B-scissions into C_H -3 and CH,O. Two
sub-mechanisms for nitrogen chemistry are utilized.

The first is a skeletal compilation that includes basic
pathways for the formation and consumption of NO, N, O,
and NO,; H-atom abstractions from the surrogate fuel by
NO,; and HONO decomposition [31]. A comprehensive
mechanism is also assembled that includes pathways
that are described in ref. [32]. A number of fuel-specific
interactions are also considered in the comprehensive
mechanism, including H-atom abstractions from, and
NO/NO, additions to, the fuel radical.

The experiment and modeling results are presented
in Figures 1-3. Figure 1 illustrates the measured and
computed ignition delay times for the PRF91 and
TRF91 blends at the ¢ = 1 condition. Also included
here for reference are data for iso-octane/“air” mixtures
(PRF100) conducted at p = 20 bar, ¢ = 1 and 21% O,;
these are the conditions specified at the 1* International
RCM Workshop [2]. The data for the PRF91 and TRF91
mixtures are seen to have measured ignition times that
are significantly longer than the PRF100 mixtures, where
this is due to the high level of dilution used in the additive
experiments (11.4% O,). Also visible in this figure is that
while the LLNL mechanism reasonably predicts the 1*
and 2™ stage ignition times for the PRF100 cases, the
predictions are generally too fast for the undoped PRF91
and TRF91 mixtures. The differences in NTC behavior
between the two fuels, however, that are seen in the
experiments are adequately predicted by the detailed
mechanism. The simulations using the University of
Wisconsin Engine Research Center mechanism are even
faster than the LLNL mechanism for the overall ignition
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FIGURE 1. Ignition delay times as function of temperature for three
undoped fuels, PRF91, TRF91 and PRF100 at 21 bar and stoichiometric
conditions; PRF91 and TRF91 conducted at 11.4% oxygen, PRF100 at
21% oxygen.
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times, though the computed 1* stage ignition times lie
close to the experimental measurements.

Figures 2 and 3 illustrate the results for the doped
experiments using PRF91 and TRF91 where the doping
effectiveness is plotted as functions of temperature, with
this defined as the ratio of ignition delay time for the
doped to undoped mixtures, i.e., R g = Tyoped/Tundopea- HETE
it can be seen that at the experimental conditions none
of the chemical kinetic mechanisms adequately predict
the effectiveness of the 2EHN additive. The detailed
model generally over-predicts the ignition sensitization,
while the reduced model generally under-predicts this
sensitization. Additional work is needed to understand
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FIGURE 2. Effectiveness of 2EHN doped into a two-component gasoline
surrogate, PRF91 at 21 bar and 11.4% oxygen.
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FIGURE 3. Effectiveness of 2EHN doped into a three-component gasoline
surrogate, TRF91 at 21 bar and 11.4% oxygen.
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the model results and improve the predictive capabilities
of these mechanisms for use in internal combustion
engine simulations. Nevertheless, it is clear that the
experiments and simulations highlight the importance of
adequately representing the base chemistry of the fuel in
chemical kinetic models to achieve proper sensitization
for the additive. Additional tests are planned for FY

2014 using the RCM to explore other fuel additives, and
additive—fuel interactions.

A reduced-order, control-oriented ignition model
is also under development within this project in order
to enhance the capability to reliably predict knock
and autoignition via model-based control algorithms.
Conventional approaches typically utilize ignition delay
correlations that are fitted to experimental or modeling
results, where a knock integral is employed to indicate
the time of ignition in the cycle. Existing correlations
cover limited engine-relevant operating ranges and levels
of fuel reactivity, e.g., RON [33]. This activity seeks
to create a universal expression that can be used for a
wide range of gasoline- and diesel-relevant fuels (RON
= 0-120), and can account for fuel-dependent, octane
sensitivities (S = RON — MON = 0-12), especially in the
NTC regime. NTC behavior has been demonstrated to
be especially important within advanced combustion
regimes [33]. During FY 2013 an approach was
formulated to develop expressions covering low- and
high-temperature regimes (T = 500-650 K, 1,450-2,000
K) for 11 TRF fuel blends. In FY 2014 these expressions
will be combined within the NTC region so that the
complete temperature range of 500 K to 2,000 K can be
covered with a unified expression.

CONCLUSIONS

* A high-fidelity modeling framework has been
developed to simulate chemicophysical processes
within ANL’s RCM, where refinements to this are
ongoing. This activity enhances the validation and
improvement of chemical kinetic mechanisms for
transportation-relevant fuels.

* ANL’s RCM 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 mechanisms and additive
decomposition rates seem to be necessary in order
to adequately capture the sensitizing effects of fuel
additives.

»  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 of reactivity. Future work will
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unify these expressions across temperatures from
500 K to 2,000 K.
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Overall Objectives

*  Develop detailed chemical kinetic models for fuel
components used in surrogate fuels for compression
ignition (CI), Homogeneous Charge Compression
Ignition (HCCI) and Reactivity-Controlled
Compression-Ignition (RCCI) engines.

»  Combine component models into surrogate fuel
models to represent real transportation fuels.
Use them to model low-temperature combustion
strategies in HCCI, RCCI, and CI engines that lead
to low emissions and high efficiency.

Fiscal Year (FY) 2013 Objectives

*  Develop detailed chemical kinetic models for larger
alkyl aromatics relevant to diesel fuels

*  Develop more accurate surrogate kinetics models for
gasoline-fueled HCCI, including ethanol

*  Develop improved chemical kinetic models for larger
alkyl-cyclohexanes

*  Develop an improved 2-component surrogate
mechanism for diesel to be used for
multidimensional computational fluid dynamics
(CFD) simulations

FY 2013 Accomplishments

*  Developed improved models for n-propyl benzene,
n-butyl benzene, and their mixtures and validated
them for ignition and flame speeds

*  Developed a new chemical kinetic model for
a-methyl naphthalene and validated it for high-
temperature ignition in a shock tube and oxidation in
a flow reactor

*  Developed a fuel surrogate model for gasoline-
ethanol mixtures and validated it by comparison to
flame speeds in a flat-flame burner and intermediate
heat release in an HCCI engine

FY 2013 Annual Progress Report
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*  Developed an improved model for
methylcyclohexane and validated it for ignition at
engine conditions and for species measurements in
low-pressure flames

Future Directions

»  Continue to develop detailed chemical kinetic
models for larger alkyl aromatics including ones with
more than one alkyl side chain

»  Develop gasoline surrogate fuels for fuels for
advanced combustion engines (FACE) fuels

*  Develop an additional surrogate component model to
represent two-ring aromatics in diesel fuel

*  Develop improved chemical kinetic models for the
cycloalkane chemical class in diesel fuel

R R

INTRODUCTION

Predictive engine simulation models are needed to
make rapid progress towards DOE’s goals of increasing
combustion engine efficiency and reducing pollutant
emissions. These engine simulation models require
chemical kinetic submodels to allow the prediction of the
effect of fuel composition on engine performance and
emissions. Chemical kinetic submodels for conventional
and next-generation transportation fuels need to be
developed to fulfill these requirements.

APPROACH

Gasoline and diesel fuels consist of complex
mixtures of hundreds of different components. These
components can be grouped into chemical classes
including n-alkanes, iso-alkanes, cycloalkanes, alkenes,
oxygenates, and aromatics. Since chemical kinetic
models cannot be developed for hundreds of components,
specific components need to be identified to represent
each of these chemical classes. Then detailed chemical
kinetic models can be developed for these selected
components. These component models are subsequently
merged together to produce a “surrogate” fuel model for
gasoline, diesel, and next-generation transportation fuels.
This approach can create realistic surrogates for gasoline
or diesel fuels that reproduce experimental behavior
of the practical real fuels that they represent. Detailed
kinetic models for surrogate fuels can then be simplified
as needed for inclusion in multidimensional CFD models.
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RESULTS

In FY 2013, the chemical kinetic models for n-propyl
benzene and n-butyl benzene were greatly improved
by including more-accurate C1-C4 base chemistry and
by updating low-temperature pathways for these alkyl
benzenes. These models were validated by comparing
simulations to experimental data on ignition in a
shock tube and a rapid compression machine (RCM) at
National University of Ireland, Galway. A comparison
for nbutyl benzene is shown in Figure 1 where the model
well reproduces the experimental data. The models
were also validated for mixtures by simulating alkyl
benzenes mixed with n-heptane. Again, the comparison
of simulations to experimental data from National
University of Ireland, Galway was good. These well-
validated alkyl benzene models are a valuable addition to
the LLNL surrogate components for diesel fuel.

In addition to single-ring alkyl benzenes, diesel fuel
also contains two-ring aromatics. To help simulate this
chemical class, a chemical kinetic model for o-methyl
naphthalene was developed by LLNL. a-Methyl
naphthalene has been selected by Mueller et al. in a nine-
compound diesel surrogate palette that well reproduces
the ignition behavior, distillation curve, molecular
structures, and density of two representative diesel fuels
[1]. Simulations using the a-methyl naphthalene model
were compared to high-temperature ignition measured
in a shock tube and intermediate species measured in
a flow reactor. A comparison of the simulations and
experimental data from the flow reactor is shown in
Figure 2. The agreement between the simulations and
experiments is reasonable and development of this
component mechanism is a significant step towards
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FIGURE 1. A comparison of ignition behavior from the chemical kinetic
model (curves) and the experiments (symbols) for n-butyl benzene. The
solid curves and closed symbols are results from the shock tube and the
open symbols and the dashed curves are from the RCM.
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representing the nine components in a peer-reviewed
diesel surrogate palette [1].

In FY 2013, LLNL development of surrogate
models for gasoline fuels has been expanded to include
ethanol. We have developed new correlations to match
the Research Octane Number and sensitivity of a target
gasoline-ethanol fuel with a surrogate fuel mixture.
Using these correlations, we have developed five-
component surrogate mixtures for 15, 50, and 85%
ethanol in gasoline. These mixtures used the same
gasoline hydrocarbon components as used in our previous
work [2]. Our gasoline-ethanol surrogate mechanism
using these three surrogate formulations was able to
reasonably match flame speeds for the corresponding
real gasoline ethanol mixtures experimentally measured
in premixed flames by Professor Egolfopoulos’s group
at the University of Southern California. Our new
model also matched reasonably well the experimental
flame speeds for neat gasoline and neat ethanol. These
new gasoline ethanol formulations and corresponding
chemical kinetic models were further tested in an HCCI
engine for 10% and 20% ethanol gasoline mixtures (E10
and E20). The predictions of the chemical mechanism
using a single-zone model compare well to HCCI engine
experiments performed at Sandia National Laboratories
for intermediate temperature heat release (ITHR). ITHR
is an important fuel behavior whose presence allows
ignition phasing to be delayed so that higher boost
operation in an engine can be achieved [3].

Gasoline FACE fuels have been developed to provide
researchers with controlled gasoline compositions
that can be used to assess the fuel effects on engine
combustion [4]. The LLNL kinetics team has formulated
gasoline surrogates to match gasoline FACE A and C

100
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FIGURE 2. Comparison of simulations from the a.-methyl naphthalene
chemical kinetic model with measurements [6] of intermediate species in
a flow reactor for an equivalence ratio of 0.5 at 1 atm. The intermediate
species shown are indene and phenylacetylene.
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FIGURE 3. Comparison of the methylcyclohexane model with experimental
ignition data from an RCM [5], for a stoichiometric mixture, over a range of
temperatures, and at pressures of 15, 25 and 50 bar.

using their mixture correlations [2]. They have used the
corresponding LLNL gasoline surrogate mechanism

to simulate their ignition behavior measured in a

shock tube at KAUST and measured in an RCM at the
University of Connecticut. The LLNL mechanism and
surrogate formulation is able to reasonably reproduce
the experimental ignition behavior and that of a
corresponding primary reference fuel 84 mixture.

The methylcyclohexane mechanism which is used
to represent cycloalkanes in gasoline fuels has been
significantly improved in its prediction of ignition and
soot precursor species. The low-temperature chemistry
of the methylcyclohexane mechanism has been improved
using first-principles rate constants computed by Sandia
National Laboratories. The critical abstraction rates of
H atoms from the fuel have been made more accurate
by using experimentally measured rate constants
from Argonne National Laboratory. The fidelity of the
treatment of unsaturated species has been enhanced so
that soot precursor species are much better predicted.
Simulations using the improved mechanism have
been compared to ignition behavior in an RCM over a
wide range of temperature, pressure and equivalence
ratio, Figure 3 [5]. An RCM mimics conditions in an
internal combustion engine. Simulations have also been
compared to experimental measurements of radicals and
intermediate species in a low-pressure flame using the
Advanced Light Source facility at Lawrence Berkeley
National Laboratory.
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CONCLUSIONS

*  Improved mechanisms for alkyl benzenes, and their
mixtures with n-heptane have been developed and
validated

* A new mechanism for a.-methyl naphthalene has
been developed to represent two ring aromatics in
diesel fuel

* A new correlation to formulate surrogates for ethanol
gasoline mixtures has been developed and used to
simulate experimental flame speeds in a premixed
flame and ITHR in an engine

*  The methylcyclohexane mechanism has been greatly
improved in its ability to simulate ignition in an
RCM and soot-precursor species needed to predict
soot emissions
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Overall Objectives

Gain fundamental and practical insight into High
Efficiency Clean Combustion (HECC) regimes
through numerical simulations and experiments

Develop and apply numerical tools to simulate
HECC by combining multidimensional fluid
mechanics with chemical kinetics

Reduce computational expense for HECC
simulations

Democratize high fidelity engine simulation
by bringing computational tools to the desktop
computer for use by engine designers and researchers

Fiscal Year (FY) 2013 Objectives

Validate and develop combustion simulation
capabilities that will enable the prediction of
performance and emissions in the development of
new vehicle powertrain technologies

Conduct detailed analysis of Homogenous Charge
Compression Ignition (HCCI) and direct-injection
engine experiments and conduct analysis of clean

and efficient diesel engines that use stoichiometric
and low-temperature combustion modes

Develop fully-parallelized multi-dimensional
computational fluid dynamics (CFD)-chemistry
solvers for analysis of non-homogeneous engine
combustion
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I1-55

Distribute advanced combustion models to U.S.
industrial and academic partners

FY 2013 Accomplishments

Validated new multi-zone scheme, quantified
accuracy and fidelity for zone strategies

Implemented advanced solvers with CONVERGE™
multi-zone, yielding orders of magnitude reduction
in simulation time

Validated multi-dimensional simulations of
isooctane Premixed Charge Compression Ignition
(PCCI) using CONVERGE™ multi-zone with
detailed chemistry

Demonstrated CFD/multi-zone applied to gasoline
direct-injection spark ignition and PCCI operation

Partnered with Cummins/CONVERGE™ to
integrate graphical processing unit (GPU)-based
solver into multidimensional CFD, developed and
tested GPU combustion chemistry with potential
8x speedup

New license agreement for advanced central
processing unit (CPU)/GPU solvers with Convergent
Science

Initiated analysis of direct-injected diesel combustion
for full engine geometry

Future Directions

Increase accuracy and lower computational cost of
multi-zone combustion model: Jacobian or other
improved remap; error—bounded zoning

Improve computational performance for operator-
split, every-cell chemistry in CFD: quasi-steady-
state, partial equilibrium, perturbative methods,
fully coupled chemistry/advection/diffusion

Implement algorithms to optimize computational
performance of species advection/diffusion
calculations.

Perform engine simulations with LLNL parallel
CFD with chemistry investigating fuel effects in
HCCI/PCCI engines (simulations with full and
reduced mechanism for RD387 [1], certification fuel,
ethanol based on Dec/Sandia experiments [2])

Work towards predictive diesel engine simulations
by combining CFD, spray, soot, diesel surrogate
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[3], and Pitz mechanism (e.g. [4]) and compare with
experiments at Sandia National Laboratories

*  Conduct chemical kinetics mechanism rate
optimization through the use of sensitivity analysis,
HCCI engine experiments at multiple operating
points, and multidimensional HCCI simulations

*  Continue technology transfer and licensing activities

S R R

INTRODUCTION

This project focuses on the development and
application of computationally efficient and accurate
simulation tools for prediction of engine combustion.
Simulation of combustion aids in development of new
high-efficiency and low-emissions engines by allowing
detailed characterization of in-cylinder engine processes
that are difficult to measure directly. Simulation also
allows exploratory investigations of new concepts, such
as new combustion chamber geometry, allowing valuable
and limited experimental resources to be focused on the
most promising strategies.

Combustion simulation is computationally
demanding because it combines three-dimensional
turbulent fluid flow with highly exothermic chemical
reactions proceeding at rates that span several orders of
magnitude. As such, simulation of an internal combustion
engine cycle with chemistry and fluid flow typically
requires access to large-scale computing resources. One
major motivation of this research is to use physical and
mathematical methods to reduce computational expense
of combustion simulation with minimal loss of accuracy.
These computationally efficient tools are applied to
understand the fundamental physical processes occurring
in engines operating with HECC strategies.

APPROACH

We use high-fidelity simulations to predict internal
combustion engine operation, seeking to maximize
computational performance by taking advantage of
physical discretization strategies, numerical methods, and
new computer architectures. Thermo-kinetic chemistry
and fluid mechanics that occurs in engine combustion
(diesel, spark ignition, HCCI, etc.) is challenging to
simulate because of the large gradients present and the
wide range of time-scales over which these processes
occur, from femtoseconds to milliseconds. We
developed a multi-zone solver that significantly reduces
the computational burden of chemistry simulation
combined with computational fluid mechanics with
little loss in accuracy. The multi-zone model solves
chemistry in a non-geometric thermo-chemical phase-

Advanced Combustion Engine R&D

space, significantly reducing the number of chemistry
calculations needed to calculate an engine cycle relative
to the standard geometric discretization.

Multi-zone chemistry modeling allows for higher
fidelity of combustion simulation through a more
effective use of available computational resources.
Combining multi-zone modeling with parallel CFD
gives increased fidelity to the fluid mechanics part
of combustion simulation along with the chemistry.
However, chemistry simulation for complex fuels is
still computationally expensive. This project is closely
coupled to two other projects at LLNL, the Chemical
Kinetics Models for Advanced Engine Combustion
project led by William Pitz [5], and the Improved Solvers
for Advanced Engine Combustion Simulation project led
by Matthew McNenly [6]. The chemical kinetics project
provides better physical models of fuel ignition, and the
solvers project allows this project to effectively use these
physical models to simulate engines.

RESULTS

This year’s effort has been focused on continued
development and application of computational tools to
effectively simulate advanced high-efficiency engine
combustion strategies. The multi-zone combustion model
has been demonstrated to be accurate and effective for
predicting HCCI and PCCI combustion using practical,
engineering levels of resolution for the fluid mechanics
with detailed chemical kinetic mechanisms [7-9].

The standard approach to solving chemical kinetics

in computational fluid mechanics codes is to solve
chemistry in every cell of the CFD grid, resulting in a
requirement to solve from tens of thousands to several
million chemical reactors. With detailed chemistry for
realistic fuels, solving chemistry in every cell requires
unreasonably long computational times, from days to
weeks for a single engine cycle simulation for even
modestly sized mechanisms with hundreds of species.

Figure 1 shows how physical models, computational
tools, and detailed experiments are being combined in
this and associated projects to study engine combustion.
Mueller et al. developed a 9-component mixture of
compounds that has been experimentally verified to
produce combustion and emissions characteristics
representative of diesel fuel [3]. The fuel chemical
kinetics project has developed chemical kinetic
mechanisms for many of the various components in
the diesel surrogate and is currently working towards
developing a comprehensive chemical kinetic mechanism
for the 9-component surrogate [1,4], which will contain
upwards of 10,000 chemical species. The combustion
numerics project has reduced computational time for
solving combustion chemical kinetics by orders of
magnitude, enabling the use of these large mechanisms in
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FIGURE 1. Schematic of the approach to advanced engine combustion simulation combining detailed chemical kinetics, advanced solvers, advanced

combustion models, and high quality experiments.

detailed chemistry solvers [10,11]. This project develops
combustion models for multi-dimensional simulations
and conducts simulations of multidimensional engine
operation. Simulations are conducted with close coupling
to high quality engine experiments.

A reactor model has been developed to test the multi-
zone combustion model zoning parameters for highly
stratified combustion. The reactor model is based on an
unsteady two-dimensional opposed flow laminar non-
premixed flame that marches to a steady state. Figure 2
shows the temperature contours for the counterflow
non-premixed laminar flame used to validate the multi-
zone model. Fuel enters on the left and air enters on
the right, both at specified temperatures and flow rates.
Combustion products exit at the top, and the bottom is a
line of symmetry. Depending on the spatial and temporal
distribution in temperature and flow rate, the fuel and air
will ignite to varying degrees and produce a temperature
rise as a function of axial distance.

Figure 3(a) shows the temperature as a function of
axial distance. The peak temperature occurs about three-
quarters of the way from the fuel inlet towards the air
inlet. For this initial case, hydrogen kinetics is used—as
this is the simplest chemical mechanism available—with
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FIGURE 2. Temperature contours for two-dimensional laminar opposed
laminar non-premixed reactor used for testing the multi-zone combustion
model.

fuel and air temperatures at 800 K. Figure 3(a) shows
calculation of temperature across the reactor for the
standard approach of calculating chemistry in every cell
(labeled nz) in the computational mesh as well as several
different multi-zone discretizations (labeled z1, z2, z3,
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FIGURE 3. (a) Temperature versus axial distance for different zoning
strategies, and (b) difference in axial temperature for different zoning
strategies relative to the every cell simulation.

and z4). Table 1 shows the discretization used for the
different cases. The multi-zone uses ranges of mixture
fraction and temperature to aggregate cells into zones.
The temperature curves in Figure 3(a) for every cell and
the different zoning strategies are essentially identical.
Figure 3(b) shows the difference in temperature predicted
by the different zone discretizations relative to the

every cell solution. The maximum absolute deviation in
temperature is about 0.4 K for the coarsest discretization.

Table 1 shows the zoning used and computational
time associated with the simulation results in Figures 2
and 3. The “nz” “every cell chemistry” case solves
chemistry in every cell of the computational mesh,
resulting in 63,680 chemical zones solved. The highest
resolution “z0” multi-zone case groups cells with
temperature within 1 K bands and cells with mixture
fractions within increments of 0.002 (0.2%). Mixture
fraction is a measure of local fuel air mixture, with
all air having a mixture fraction of zero and all fuel

Advanced Combustion Engine R&D

TABLE 1. Comparison of “every cell chemistry” to various multi-zone
configurations for the opposed laminar non-premixed flame test case.

Label AT [K] Af # of Chemistry Overall
Zones Speedup | Speedup
nz Every Cell 63,680 1 1
Chemistry

z0 1 0.002 3,773 13.2 9.6
z1 5 0.005 749 54.6 19.3
z2 10 0.01 372 91.8 22.6
z3 20 0.02 186 132.9 235

having a mixture fraction of one. The mixture fraction
definition here is atomic mixture fraction excluding
complete combustion products [12]. The “z0” multi-zone
case reduces the number of chemical zones by 17-fold
relative to the every cell simulation and reduces the
chemistry computational time by 13-fold. The overall
simulation time is reduced by a factor of nearly 10. As
the zoning becomes coarser (lager temperature and
mixture fraction bin sizes), the number of chemical
kinetic zones decreases and the computational time also
decreases. At the “z3” zoning discretization, the speedup
of the chemistry part of the simulation is more than
130-fold relative to the every cell chemistry simulation,
but the overall simulation is only slightly faster than the
“z2” simulation, though both are more than 20 times
faster than the every cell calculation. This is due to the
multi-zone model speeding up chemistry so much that
other parts of the simulation (e.g. convection, diffusion)
dominate the computational cost resulting in diminishing
returns from further reduction in chemistry cost. As
shown in Figure 3, even the coarsest multi-zone model
gives very good predictive accuracy relative to the every
cell case.

The Advanced Combustion Numerics project [6]
has developed chemical kinetic solvers utilizing GPUs
in concert with CPUs. In collaboration with Cummins
Inc., Convergent Sciences, and University of Indiana,
we worked to extend this GPU solver capability to
multidimensional engine combustion simulations.
The key observation is that GPU-based chemistry
solvers can give substantial speedup in a multi-reactor
simulation, thus significant speedup may be achievable
by simultaneously solving multiple reactors on the GPU.
This is due to the differences in architecture between
GPUs and CPUs. GPUs are most effective when a large
number of calculations are done per memory access.
Figure 4 shows computational speedup for using the GPU
in a multi-reactor combustion chemistry simulation. Fuels
of interest in engine combustion calculations typically
have between 100 and 10,000 species in their kinetic
mechanisms, and Figure 4 shows that by calculating
parts of the kinetic solution on 256 to 1,024 simultaneous
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FIGURE 4. Speedup versus number of species in a chemical mechanism for calculations of combustion chemical
kinetics on the GPU. Curves represent the number of reactors simultaneously solved on the GPU.

reactors on the GPU, we can achieve more than 8-fold
speedup in the combustion chemistry solution time. The
latest CPU and GPU based solvers have been licensed

by LLNL to Convergent Science Inc. in an extension of
our current license agreement for the multi-zone model.
CONVERGE™ is widely used in U.S. industry for engine
combustion analysis and design [13].

Ongoing work involves simulations of direct
injection diesel combustion using detailed diesel
fuel surrogate chemical kinetic mechanisms. The
CONVERGE"™ multidimensional engine CFD code is
being used to simulate combustion in the optical Heavy
Duty Fuels engine at Sandia National Laboratories.
As shown in Figure 5(a), the engine simulation
includes the full breathing features, intake runner,
exhaust runner, intake and exhaust valve events, and
combustion chamber. Preliminary simulations have
been conducted using n-hetpane as a diesel surrogate
shown in Figure 5(b), with continuing effort to update
geometry based on optical access modifications and
update the chemistry as the detailed surrogate component
mechanism are available.

CONCLUSIONS

We have made significant advances developing high
performance computing tools for simulation of advanced
engine combustion:

FY 2013 Annual Progress Report

Developing new combustion models and validation
tools

Implementing solvers combined with
multidimensional engine simulations on CPU and
GPU based architectures

Collaborating with industry, academia and national
labs to develop more predictive and efficient
simulation tools

Licensing tools to industry relevant software vendors
to allow for rapid adoption of improved capabilities

In the next year we will continue to apply these high
performance simulation tools to investigate fundamental
characteristics of advanced engine combustion regimes.
We will continue to distribute our latest models and
solvers to support the simulation efforts of our U.S.
Industry partners.
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Overall Objectives

*  Accelerate development and deployment of high-
efficiency clean-combustion engine concepts through
deeper understanding of complex fluid and chemistry
interactions.

*  Improve physical accuracy of combustion
simulations by enabling the use of large chemistry
mechanisms for real transportation fuels.

*  Reduce the time and resource cost for combustion
simulations by designing efficient algorithms guided
by applied mathematics and physics.

*  Develop truly predictive combustion models and
software that are fast enough to impact the engine
design cycle.

Fiscal Year (FY) 2013 Objectives

*  Prepare and release the LLNL combustion
software (thermochemistry library and adaptive
preconditioners) for wider-use by the engine
simulation community.

* Identify new applications and physical models
in need of acceleration to support the Advanced
Combustion Engine (ACE) subprogram research.

*  Implement the LLNL thermochemistry library on
general-purpose graphical processing units (GPUs).

»  Continue to develop, rigorously test and validate the
adaptive preconditioning concept for acceleration of
chemistry solvers without loss in accuracy.

FY 2013 Accomplishments

*  Executed 4-year license agreement with Convergent
Sciences Inc. for use of the LLNL combustion
software in CONVERGE™ CFD as requested by the

Advanced Combustion Engine R&D

memorandum of understanding’s (MOU’s) industrial
partners.

*  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.

*  Created a GPU-accelerated algorithm to calculate
thermochemistry functions an order of magnitude
faster than the computer processing unit (CPU)-
based version.

»  Tested and validated the adaptive preconditioner
technique for new mechanism classes key to the
development of “real fuel” surrogates.

»  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).

*  Developed a reaction timescale analysis tool to aid
in mechanism design.

Future Directions

*  Continue efforts to distribute the project’s new
software to industrial and academic partners, and to
the multidimensional computational fluid dynamics
(CFD) software packages they use.

*  Improve the fluid transport calculation and other
simulation bottlenecks that occur now that the
chemistry solver is substantially faster.

»  Continue to create new combustion algorithms for
the GPU.

*  Explore more robust error theory for physical models
in engine simulations to ensure that accuracy is
maintained in a rigorous manner transparent to all
users.

R R

INTRODUCTION

This project aims to fill the present knowledge gap
through substantial improvements in the performance
and accuracy of combustion models and software. The
project is focused largely on the applied mathematics
underpinning efficient algorithms, and the development
of combustion software on new computing architectures.
It is a natural complement to the other LLNL projects in
the quest to gain fundamental understanding of the new
engine modes investigated under the ACE subprogram.
Other LLNL projects include the multidimensional
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engine modeling project led by Whitesides (see 2013
ACE R&D annual report 11.7) and the high-fidelity
chemistry mechanisms developed for real transportation
fuels by Pitz (see 2013 ACE R&D annual report 11.12).
The long-term goal of this project is to develop predictive
combustion software that is computationally fast enough
to impact the design cycle and reduce the deployment
time for new high-efficiency, low-emissions engine
concepts. Toward this goal, the project developed a new
thermochemistry library and chemistry solver [1-2] that
achieves multiple orders of magnitude speedup over the
traditional approaches found in CFD codes in use like
Kiva3V [3], OpenFOAM® [4] and CONVERGE™ (v1.4
—v2.1) [S] without any loss of accuracy. Further, the new
library and solver are 15 times faster than sophisticated
commercial solvers. As a consequence of this project, it is
now possible to model high-fidelity chemical mechanisms
in multidimensional engine simulations (e.g., on the order
of a thousand species).

APPROACH

The project is focused on creating combustion
software capable of producing accurate solutions in a
short time relative to the engineering design cycle on
commodity computing architectures. The creation of fast
and accurate simulation tools can speed the deployment
of new engine combustion strategies. In the past, simply
demonstrating that it is possible to couple detailed
chemical kinetics with fluid dynamics in an engine
was a feat unto itself. As a consequence, combustion
software research was focused on combining existing
tools and models into a single code (e.g. fluid solvers,
stiff integrators, and Lagrangian spray tracking). Now
that this coupled physics capability is more common,
it is necessary to take a step back and study how the
individual code components can be made more efficient,
more accurate and better integrated.

The approach taken in this project to produce
accurate and efficient combustion software has several
facets. Major bottlenecks in the software are identified
through detailed code profiling. New algorithms
replacing the slow code sections are created from the
applied mathematical exploration of the performance.
These algorithms are developed with an emphasis
on exploiting the nature of the physical phenomenon
while maintaining mathematical consistency with
the model equations. This approach leads to efficient,
grid independent and reproducible solutions, which
are then validated against existing experimental and
computational results. Once rigorously tested, the new
models and solvers can be distributed to industrial and
academic partners as standalone libraries or coupled with
multidimensional CFD software packages.
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RESULTS

The project advanced four areas in FY 2013 to
deepen the fundamental understanding of advanced
combustion modes in support of the ACE subprogram
goals. These advances include: (i) increasing the
availability of detailed chemistry simulations for
MOU engine designers, (ii) reducing the time spent
by chemical kineticists waiting for simulation results
and debugging reaction networks, (iii) porting key
thermochemistry algorithms to the GPU for an order of
magnitude speedup, and (iv) extending and verifying
the performance of the adaptive preconditioner method
on a broader range of mechanisms and fuel component
classes.

A major achievement of the project in FY 2013 was
to increase the availability of the high-performance
combustion software developed in the previous year.

To extend the range of users of the new software, the
principal investigator of this project along with the
multidimensional engine modeling project (see 2013
ACE R&D annual report I1.7) met with the simulation
teams at several industrial partners under the MOU. The
specific goal of the meetings was to find the quickest
path to wider adoption of the new software to have the
greatest impact on the industrial engine design process.
All the industrial partners visited (Chrysler, General
Motors, Ford, Cummins and Chrysler) had independently
selected CONVERGE™ CFD by Convergent Science,
Inc. (CSI) to handle an appreciable amount of the
multidimensional CFD modeling. It was thus natural

to follow the urging of the industrial partners and build
on the previous license agreement between LLNL and
CSI. LNLL executed a new agreement in FY 2013 with
CSI to license the thermochemistry library and adaptive
preconditioner algorithms and their future GPU versions.
This high-performance software delivers orders of
magnitude reduction in the chemistry computation cost
for a realistic fuel mechanism. It also ensures that future
gains made for the GPU architecture will be available to
further accelerate the design process for the advanced
combustion engine community.

Another area advanced by this project in FY 2013
is the creation of new and accelerated computational
tools to help design large, predictive fuel mechanisms.
The high-performance software that accelerates
multidimensional CFD engine simulations offers clear
benefits to other time-consuming models. A particularly
daunting challenge faced by the advanced engine
community is the development of physically accurate,
fundamental mechanisms for real transportation
fuels. The creation of such mechanisms is the primary
focus of another LLNL project led by Pitz (see 2013
ACE R&D annual report 11.12). The promising
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combustion modes investigated in this sub-program (e.g.
Homogenous Charge Compression Ignition, Premixed
Charge Compression Ignition, Reactivity Controlled
Compression Ignition and Spark Assisted Compression
Ignition) have some portion of the operation range
dependent on kinetically controlled ignition. While
these combustion modes have demonstrated great strides
toward the efficiency and emission goals of the ACE
subprogram, the most successful computational models
to predict ignition behavior require the detailed fuel
mechanisms developed by Pitz and colleagues [6-7].
High fidelity mechanisms for real fuel components may
resolve several thousand species (e.g. 7,200 species for
2-methylalkane [8-9]). The level of complexity adds to
the challenge of mechanism design by making it difficult
to detect errors.

The new algorithms at the foundation of the adaptive
preconditioner method can also identify erroneous
kinetic rates, thermodynamic functions and reaction
pathways during the simulation process. One example
is using the Jacobian matrix information to detect
abnormally fast reaction rates in the mechanism. Figure 1
illustrates how this new tool identified the fastest
reactions by the characteristic frequency coupling two
species. In the example, an early methylcyclohexane
mechanism was found to have reactions more than ten
orders of magnitude faster than the reactions found in
the well-validated n-heptane mechanism developed by
LLNL [10].

The high-performance combustion software created
by this project aids chemical kineticists by accelerating
the models they use for mechanism development. In
FY 2013, the A-factor sensitivity calculation, identified
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FIGURE 1. The new tool identifies the fastest reaction timescales using
the Jacobian information from the adaptive preconditioner method during
a simulation to provide an extra level of error-detection in mechanism
development.

Advanced Combustion Engine R&D

as one of the most time-consuming steps in the design
process, was sped up significantly. In one particular
instance, the waiting time using the old tool was a
week. The new version reduced the wait to less than
thirty minutes with no loss of accuracy. The speedup
was achieved in two ways. First, the new solver is at
least an order of magnitude faster than other solvers

in use. Second, the new solver was parallelized to

allow the users to easily manage tens of thousands of
sensitivity calculations on multi-core desktops and
high-performance computing architectures. These
achievements along with future planned improvements
(e.g. accelerated sensitivity calculations and additional
chemical simulation models) will allow the mechanism
developers in the advanced engine community to focus
on creating new fuel component mechanisms—instead of
waiting for simulations or searching for potential errors.

This project achieved another important advance
in the development of GPU-based algorithms for
combustion models in FY 2013. GPUs have gained a
foothold in scientific computing because of their ability
to deliver an order of magnitude more performance than
traditional CPUs in terms of number of calculations per
dollar (and per Watt). Importantly, NVIDIA has made
general-purpose programming on the GPU much easier
than in the past with the development of their CUDA
library, which is a straightforward extension to the
widely used C and C++ programming languages. While
the CUDA library makes it relatively easy to convert an
existing algorithm, unlocking the full performance of the
GPU often requires considerable attention to code design.

The high-performance thermochemistry library
developed for the CPU was ported to run eight
to 10 times faster on the GPU in FY 2013. The
thermochemistry library contains all the functions
to calculate the thermodynamic state of a chemically
reacting system as well as functions for the time
evolution of the composition and heat release. Some
portions of the library, such as the algorithms for
computing the internal energy, enthalpy, and Gibbs
free energy, are well suited to the GPU. They are easily
converted to the new architecture and achieve one to two
orders of magnitude of speedup. However, the calculation
of the chemical reaction rates using the high-performance
techniques developed for the CPU requires great care just
to breakeven on the GPU.

Using a direct conversion of the code to the GPU,
the calculation of the net species production rate from the
reaction rates of progress is actually 50 times slower than
the CPU. This performance penalty is so great as to make
the GPU impractical for this application if not resolved.
Fortunately, a more suitable algorithm was found by
taking advantage of the fact that the simulations in the
greatest need of GPU acceleration have a large number of
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FIGURE 2. Comparison of the memory access patterns between the CPU
(a) and GPU-based (b) algorithms for the net species production rate o,
(blue-green) computed from the reaction rates of progress , (red-brown).
The CPU algorithm accesses the memory in an irregular, non-continuous
pattern based on the natural mechanism ordering, which is ill suited to the
GPU. The new GPU algorithm simultaneously adds multiple reaction steps
(rows) for multiple compositions (columns representing distinct fluid cells).

chemical reaction networks to evaluate together. Figure 2
illustrates the difference between the two approaches.
The new GPU algorithm is more than fifteen times faster
than the original CPU algorithm. Based on the new net
rate algorithm, this project ultimately delivered an eight
to 10-fold speedup for the calculation of time derivatives
of the thermodynamic state and composition.

The final advance to mention for this project
is the extension and verification of the adaptive
preconditioner method to previously untested classes of
molecules and mechanisms. Notable additions include:
methylcyclohexane (1,000 species [11]), a 3-component
biodiesel surrogate (3,300 species [12]), and an
automatically generated mechanism for hydrocarbons up
to C9 courtesy of Bill Green’s research group, which is
the largest tested to-date (39,000 species [13]). Figure 3
shows that the computation time for the ignition delay
calculations with these new mechanisms follows the same
linear scaling with the number of species, which stands
in stark contrast to traditional methods. The average
computation time to solve the ignition delay using the
39,000 species mechanism is about two minutes with

FY 2013 Annual Progress Report
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FIGURE 3. The computational cost of the adaptive preconditioner
technique shows near linear scaling for new molecules and mechanism
classes. Examples include: (a) methylcyclohexane (1,000 species [10]);
(b) 3-component biodiesel surrogate (3,300 species [11]); and (c) and an
automatically generated mechanism for hydrocarbons up to C9 (39,000
species [12]).

the new software, which is several orders of magnitude
faster than the estimated 150 days using the traditional
approach. This is a clear example how this project is
able to improve the pace of advanced combustion engine
development by delivering much higher fidelity in

less time.

CONCLUSIONS

In FY 2013, this project progressed toward the goal
of bringing truly predictive combustion software to the
computational level needed to impact the engine design
cycle for new high-efficiency clean-combustion operating
modes. Key achievements included:

*  Executing a 4-year license agreement with CSI
for use of the LLNL combustion software in
CONVERGE"™ CFD, which is widely used by the
MOU’s industrial partners for engine simulation.

*  Developed a sensitivity analysis tool for mechanism
developers that reduces the time to solution for a
typical fuel from one week to less than an hour.

*  Created a GPU-accelerated algorithm to calculate
thermochemistry functions that is an order of
magnitude faster than the CPU-based version.

In FY 2014, we will continue our efforts to distribute
the high performance solvers and libraries developed
by this project to industrial and academic partners, and
explore new algorithms to further accelerate the software
used throughout the advanced combustion engine
community.
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Overall Objectives

Develop 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. This
is to be accomplished by employing higher-order
spatially accurate methods for reactive turbulent
flow, and spray injection, combined with robust
and accurate actuated parts simulation and more
appropriate turbulence modeling.

To provide updated KIVA software that is easier
to maintain and is easier to add models to than the
current KIVA. To reduce code development costs
into the future via more modern code architecture.

Fiscal Year (FY) 2013 Objectives

Continue developing code and algorithms for the
advancement of speed, accuracy, robustness, and
range of applicability of the KIVA combustion
modeling software to higher-order spatial accuracy
with a minimal computational effort.

Finish developing underlying discretization to an
hp-adaptive predictor-corrector split (PCS) using a
Petrov-Galerkin (P-G) finite element method (FEM)
for all flow regimes.

Implement KIVA Spray and Chemistry in the /p-
adaptive PCS FEM solver.

Develop three-dimensional (3-D) overset grid
method for moving and immersed actuated parts
such as valves for robust grid movement.

FY 2013 Annual Progress Report

FY 2013 Accomplishments

Developed parallel ip-adaptive PCS using P-G FEM
for all for flow regimes, from incompressible to
high-speed compressible. Partially verified the /p-
adaptive (FEM) framework and PCS solver.

Developed 3-D overset grid method for moving and
immersed actuated parts such as valves for robust
grid movement.

Validated KIVA multi-component particle/spray
injection algorithm into the PCS FEM solver.

Validating KIVA chemistry package into the PCS
FEM solver.

Validating KIVA splash, break-up, collide and wall-
film models into the PCS solver.

Developing large eddy simulation turbulence
modeling for wall-bounded flows.

Future Directions

11-67

Continue developing the sp-adaptive FEM for
multispecies flows in all flow regimes. Continue
implementing this method to perform modeling of
internal combustion engines, other engines, and
general combustion.

Continue developing comprehensive comparative
results to benchmark problems and to commercial
software as part of the verification and validation of
the algorithms.

Continue developing 3-D robust overset grid
method for immersed actuated parts such as valves.
Merge overset grid method into sp-adaptive FEM
framework.

Continue developing the parallel solution method for
the Ap-adaptive PCS algorithm. Parallel structure to
be supplied by portable implementation of Message
Passing Interface with nested OpenMP paradigms.

Continue developing more appropriate turbulence
models for more predictive modeling.

Continue to verify and validate combustion and
spray models, and the local Arbitrary Lagrangian-
Eulerian (ALE) in 3-D.

Incorporate Volume of Fluid method in spray
modeling for more predictive modeling capability.

R
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INTRODUCTION

Los Alamos National Laboratory and its
collaborators are facilitating engine modeling by
improving accuracy of the modeling, and improving the
robustness of software. We also continue to improve
the physical modeling methods. We are developing and
implementing new mathematical algorithms, those that
represent the physics within an engine. We provide
software that others may use directly or that they may
alter with various models e.g., sophisticated chemical
kinetics, different turbulent closure methods or other fuel
injection and spray systems.

APPROACH

Development of computational fluid dynamics
models and algorithms relies on basic conservation
laws and various mathematical and thermodynamic
concepts and statements including calculus of variations.
The process encompasses a great many requirements
including:
1. Expertise in turbulence and turbulent modeling for
multiphase/multispecies fluid dynamics.
2. Expertise in combustion dynamics, modeling, and
spray dynamics modeling.

3. Skill at developing, implementing numerical
methods for multi-physics computational fluid
dynamics on complex domains with moving parts.

4. Careful validation and verification of the developed
code and algorithms.
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RESULTS

When considering the development of algorithms
and the significant effort involved producing reliable
software, it is often best to create algorithms that are
more accurate at a given resolution and then resolve
the system more accurately only where and when it is
required. We began developing a new KIVA engine/
combustion code with this idea in mind [1]. This
new construction is a Galerkin FEM approach that
utilizes conservative momentum, species, and energy
transport. Our system uses P-G and coupled pressure
stabilization [2].

A projection method is combined with higher order
polynomial approximation for model dependent physical
variables (p-adaptive) along with grid enrichment
(locally higher grid resolution—+#-adaptive). Overset
grids are used for actuated and immersed moving parts
to provide more accurate and robust solutions in the next
generation of KIVA. The scheme is particularly effective
for complex domains, such as engines.

The hp-adaptive FEM is at a minimum 2" order
accurate in space and 3™ order for advection terms, but
becomes higher order where required as prescribed by
the adaptive procedures [2]. The Ap-adaptive method
employs hierarchical basis functions, constructed on the
fly as determined by a stress-error measure [3].

The adaptive method, along with a conservative
P-G upwinding technique, combined with the KIVA
multi-component spray model accurately sprays. Shown
in Figure 1 are the spray penetration curves for diesel

KIVA-hpFE for Turbulent Reactive Flo
FEM P-G and pressure stabilization,
predictor corrector projection method,
with k-w closure, hp-adpatation, and

(b)

FIGURE 1. Diesel fuel injection into quiescent nitrogen at various pressures. a) Both refined and course grids results are compared, showing what is
essentially grid independence; b) the h-adapting grid during spray evolution (spray is along the axial z-direction in the center).
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injected into quiescent nitrogen. The simulations are
compared to the experimental data [4] with excellent
agreement shown over ambient pressures from

0.1 atmospheres to 50 atmospheres. The injected quantity
and initial spray velocity is given by the experimental
data.

Notice in Figure 1a, where the refined grid (shown in
Figure 1b) produces nearly the same results as the courser
grid, suggesting that once fluid and energy transport
are resolved, so too is the spray transport—it is grid
convergent. This convergence is not possible with the
finite volume method as employed by the older versions
of KIVA.

Using the FEM method with the spray models
provides a more accurate representation of the droplets
interaction with the conveying fluid and with walls than
the original finite volume method of KIVA. Because
the FEM method allows for a continuous representation
of phase-space, grid-scale accuracy can be applied
everywhere. Problems with coarse grids influencing
the spray are only related to the solution accuracy—the
spatial representation of the spray model is therefore
convergent. The KIVA multi-component spray model,

a method based the algorithm developed by Dukowicz
[5] and expanded by Torres, et. al [6] for break-up,
agglomeration, and surface films, has being installed in
the Aip-FEM PCS solver. We have implemented a new
two-way coupling between the spray droplets and the
fluid, using a successive substitution method, that is
less algebraically cumbersome than the 3-step method
previously used and usually only requires two iterations
to converge to some very small value.

Figure 2 shows flow solved using the implemented
parallel OpenMP method in the PCS adaptive FEM
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algorithm. Figure 2b demonstrates the speed-up of

the solution using OpenMP versus the serial solve.

The OpenMP system threads the solution to multiple
processors for the domain. The solutions were performed
on a Dell PowerEdge R510, with two Intel Xeon X5672
3.20 GHz processors and 128 GB memory (great deal
more memory than needed).

By nesting the OpenMP method into a domain,
decomposition of Message Passing Interface can
improve parallel solution of large systems; a 3x
speed-up for each decomposition of the domain for a
multiplier gain in efficiency. This ip-adaptive system
incorporates a method for the measurement of the error
in the discretization, and adjusts the spatial accuracy
to minimize the error or bring it under some specified
amount while minimizing the total number of nodes or
elements in the domain [3].

Testing is beginning on the system for an engine
configuration where we have created an unstructured
grid using Gambit (similar to ICEM) representing our
two-vertical valve test engine as shown in Figures 3
and 4. In Figure 3a, the initial grid is shown for the
engine at this particular crank angle and in Figure 3b, the
refined grid is shown.

Simulation results of the engery and momentum
transport for the engine is shown in Figure 4, indicating
velocity magnitude (Figure 4a) and pressure (Figure 4b)
at this crank angle along the center of the domain.

In 2013, we completed the 3-D local ALE method as
shown in Figure 5. The local ALE scheme uses overset
grids for immersed parts described by points on their
boundaries which overlays the fluid grid. The moving
parts within the fluid are not taken into account during

= == |deal

Pure OpenMP 7

Tlﬁread Number 10

FIGURE 2. Transonic flow over a 3-D National Advisory Committee for Aeronautics 0012 airfoil at 4° angle of attack using hp-adaptive PCS FEM. a)
adapted final grid; b) OpenMp speed-up as central processing units are increased (threading).
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(a)

(b)

FIGURE 3. Starting grid (a) and final refined grid (b) when simulating a 2-valve engine using hp-adaptive PCS FEM system.
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FIGURE 4. Flow in 2-valve engine simulation using hp-adaptive PCS FEM system. Velocity magnitude on center slice (a) and pressure on center slice (b).

the grid generation process. Hence, ports and cylinder
portions of the grid are continuously represented. The
overset grid method allows for computer-aided-design-
to-grid in nearly a single step, providing nearly automatic
grid generation.

The ALE system adjusts the grid locally as the parts
move through the fluid, and maintains 2™ order spatial
accuracy while never allowing the grid to tangle or
producing an element that cannot be integrated accurately

Advanced Combustion Engine R&D

[7]. Since the fluid is represented continuously, fluxing of
material through the grid, as it is moves is not required.
This need to flux through the grid is just one portion of
the error when the usual ALE method is employed with
finite volumes. Here the fluid solver remains Eulerian and
the moving grid portions are no longer entwined with
fluid solution. The slanted piston shown in Figure 5 tests
all 84 possibilities of how hexahedral elements can be
slice by moving parts. The method demonstrates 2™ order
spatial accuracy and is robust.
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(a)

(b)

FIGURE 5. Square cylinders with moving piston showing velocity vectors and piston location in the grid. a) rectilinear motion of a slanted piston; b)

rectilinear motion of two pistons moving simultaneously.

CONCLUSIONS

In FY 2013, we continue advancing the accuracy,
robustness, and range of applicability internal
combustion engine modeling algorithms and coding for
engine simulation. We have performed the following to
advance the state of the art:

Development of an Ap-adaptive PCS FEM for all for
flow regimes, with compressible flow verification
and validation.

Developed new method for immersed moving parts,
extending the 2-D method to 3-D.

Validated the KIVA spray model into the adaptive
PCS FEM solver.

Validating the KIVA reactive chemistry model into
PCS FEM solver.

Developed OpenMP parallel solution process with
the Ap-adaptive FEM.

Developing the nested OpenMP in the Message
Passing Interface parallel system.

Developing large eddy simulation turbulence
modeling for wall-bounded flows.
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Overall Objectives

Explore new HPLB combustion strategies that
can enable future gasoline engines with 20-40%
improved fuel economy.

Determine the fuel economy benefits of engines
and engine cycles designed to utilize advanced
combustion modes.

Fiscal Year (FY) 2013 Objectives

Develop a simplified system model of a spark-
assisted compression ignition (SACI) engine suitable
for refining earlier analyses of vehicle fuel economy
gains made possible by advanced, multi-mode
combustion.

Determine effects of stratification and equivalence
ratio in a boosted stratified compression ignition
engine. Develop models of autoignition applicable to
highly stratified, turbulent combustion as it applies
to gasoline Direct Injection/Homogeneous Charge
Compression Ignition (DI/HCCI) engines.

Experimentally explore flame and autoignition

heat release in SACI. Determine the effects of
composition and temperature on the critical
combustion characteristics such as heat release rate
and stability. Develop and refine computational fluid
dynamics (CFD) models of SACI combustion and
validate with experimental data. Explore microwave-
assisted ignition as it relates to SACI.

Advanced Combustion Engine R&D
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Determine the effects of fuel properties such as
octane number on HCCI combustion. Explore the
chemical kinetic effects of buffer gas on ignition and
combustion characteristics of fuels relevant to HCCI
and SACI combustion.

FY 2013 Accomplishments

Completed development of a two-zone, quasi-
dimensional model of spark-assisted (SA) HCCI for
system level simulations of engine control strategies
and vehicle fuel economy improvement, combining
an existing spark ignition flame model with a new
correlation for the autoignition heat release rate
which takes into account combustion phasing,
fraction of fuel remaining at autoignition and mixing
of internal exhaust gas recirculation (EGR).

The effects of fuel stratification in a small bore
diesel engine using gasoline in Partially Premixed
Compression Ignition (PPCI) mode have been
determined. Three distinct combustion behaviors
were observed as DI phasing was retarded from
early to late. The results are explained by a complex
interplay between residence time and autoignition
time of the evolving fuel-air mixture.

The flamelet-based combustion submodels including
the spray vaporization effect have been implemented
and validated in DI/HCCI engine conditions. The
results show that for modeling ignition of late
injection, stratified mixtures, the flamelet-based
model gives significantly better agreement with data
than current multizone approaches. This is the result
of an apparent acceleration of ignition/burn rate due
to small scale turbulence and mixing effects, not
previously well understood.

Fully-coupled CFD and chemical kinetics
simulations were performed to model partial fuel
stratification (PFS). The simulations confirmed
experimental results that showed the occurrence of
multi-stage combustion for PFS at P, = 2 bar, but
showed only single-stage combustion occurs with
P_ =1 bar. Analysis reveals that this effect is due

to the competing effects of fuel and temperature
stratification as they are affected by low temperature
heat release (LTHR).

Experiments on SACI in the fully flexible valve
actuation (FFVA) engine were continued to quantify
the effect of composition. Comparing dilution

with EGR vs. air, the results showed significant
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augmentation in the flame heat release fraction with
increasing in-cylinder oxygen concentration and a
corresponding decrease in peak heat release rate.

*  Optical engine experiments were carried out to
determine the effects of spark assist with a reference
gasoline (E0) and a blend of 30% ethanol with 70%
gasoline (E30). The results show that global ignition
of SA HCCI is dominated by autoignition, and the
heat released during flame propagation is less than
~20% of the total available. The compression heating
caused by flame propagation primarily serves to
accelerate autoignition of local sites which are
already thermally preferred, that then accelerates
global autoignition. Complementary experiments
were conducted in a spark plug-equipped Rapid
Compression Facility (RCF) using high-speed optical
and pressure diagnostics.

*  Open cycle SACI simulations using the previously
developed KIVA-CFMZ model were performed for
the geometry of the metal FFVA engine. Analysis
of the results suggests that the decrease in peak heat
release that is known to accompany higher flame
heat release is due to preferential consumption of
higher reactivity (hotter, less dilute) regions by
the flame.

* A matrix of tests was conducted on a single-cylinder
Cooperative Fuels Research (CFR) engine comparing
the microwave-assisted spark ignition mode to the
spark-only ignition mode with wet ethanol as a
fuel. The microwave-assisted spark ignition mode
allows stable engine operation in regions with higher
dilution than possible with spark-only ignition. To
assist future modeling efforts, a chemical kinetic
mechanism has been developed for methane
combustion that includes plasma reactions such
as electron impact dissociation and recombination
reactions.

*  New experiments on HCCI burn rate with lower
octane fuels were carried out in the FFVA
engine with carefully controlled composition and
combustion phasing. Over a range of engine speeds
from 1,000-2,000 RPM, primary reference fuel 40
(PRF40) burned faster and had higher peak heat
release rates than gasoline and could be retarded
further at constant coefficient of variance (COV)
of indicated mean effective pressure (IMEP),
confirming the previous reported results. This was
true even at 1,000 RPM where PRF40 exhibited
two-stage combustion with LTHR. Varying negative
valve overlap (NVO) had only a modest effect on
burn rate.

*  Computational simulations of ignition delay time
and heat release rate of isooctane, n-heptane, and
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n-butanol were used to characterize the effects of
buffer gas composition. The buffer gases considered
were argon, nitrogen, water, and carbon dioxide.
Ignition delay times and heat release rates were
found to be sensitive to the particular buffer gas,
especially in the negative temperature coefficient
(NTC) region.

Future Directions

The work of this three-year consortium has now been
completed and results documented in the final technical
report [1]. Much was learned about advanced combustion
modes, and the associated benefits and challenges. A
significant number of publications have resulted from the
work, some still in preparation. Future directions leading
from the results are:

»  Utilize the system models developed in the project to
find solutions to the control and stability issues that
arise with complex engine-vehicle systems needed to
enable advanced combustion.

*  Focus new combustion studies on factors influencing
cycle-to-cycle instabilities that have been found to be
significant in SACI mode.

*  Expand CFD work to enhance understanding of
thermal gradients and their large effect on burn rates
in advanced combustion.

*  Continue work on small scale mixing, particularly
as it relates to DI injection, and wall wetting where
concentration gradients are high.

»  Continue to investigate alternate fuels and their
ignition characteristics as they affect engine-fuel
optimization.

R R

INTRODUCTION

Low-Temperature Combustion (LTC) is a desirable
thermodynamic regime that can provide improved
fuel efficiency in gasoline engines with low emissions,
because the properties of the working fluid are best
at lower temperature, and because oxides of nitrogen
(NOx) emissions are reduced. Unfortunately, practical
and reliable combustion under these dilute conditions
has traditionally been unattainable due to spark ignition
limits. HCCI is one method to achieve good combustion;
the method works by increasing the charge temperature
to induce autoignition and by diluting the mixture to
reduce heat release rates. Because of the limited loads
possible with HCCI, advanced combustion modes such
as SACI, stratified or dual-fuel mixtures are being
considered as a way to increase achievable engine loads.
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At the same time turbocharging is another means of
improving fuel economy, by capturing some wasted
exhaust energy, but more importantly and in combination
with engine downsizing, by permitting an increase of
engine load without excessive temperatures while also
reducing the relative importance of friction.

As seen in previously reported results shown
in Figure 1, thermodynamic analysis indicates that
advanced combustion modes at high pressures can
provide significant efficiency improvement and vehicle
fuel economy gains of up to 55%, exceeding the
DOE Vehicle Technologies Office target of 20-40%
improvement. Accordingly, the goal of the consortium
is to explore how this improvement can be achieved;
in particular to look at means of enabling the required
advanced combustion under the highly dilute, boosted,
high-pressure conditions necessary for optimal engine-
vehicle fuel economy.

APPROACH

This research project, now at the end of its third year,
combines experiments and modeling at three university
research centers in order to acquire the knowledge and
technology to explore the HPLB advanced combustion
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ADV - advanced; TC — turbocharged; NA — naturally aspirated
S| — spark ignition; CR — compression ratio; BMEP — brake mean
effective pressure; n — efficiency

FIGURE 1. Brake efficiency projections for various combustion and
boosting strategies, showing advantage of advanced combustion modes,
e.g., SACI.
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regime, which is key to achieving optimal fuel economy.
To accomplish this, both single-cylinder and multi-
cylinder engine experiments are being used to investigate
direct fuel injection strategies, fuel and thermal
stratification, turbo/supercharging, advanced ignition and
combustion modes as well as the ignition characteristics
of alternate fuels and blends with gasoline.

At the same time an array of modeling tools are
being developed and refined, and brought to bear on the
specific limit problems of importance. These models
cover a range of detail from system models for engines
and vehicles, through fully coupled CFD/kinetic models,
to detailed chemical mechanisms. Our intent is to take
advantage of the broad range of capabilities of the
university partners and the collaborative relationships
among the partners and their connections with industry
and U.S. research facilities.

The overall technical approach is focused on light-
duty automotive engine application using primarily
gasoline and gasoline blends with alcohols as the fuel.
The research agenda addresses the following areas:

*  Thermodynamics of engines and engine cycles
operating in advanced combustion modes.

e Fuel and thermal stratification and its interaction
with fuel properties and heat transfer.

*  Advanced multi-mode ignition and combustion.

*  Novel fuel opportunities for improved efficiency.

RESULTS

Thermodynamics and System Models

GT-POWER" was used as a programming
environment to develop a new phenomenological model
of SACI for use in fast engine and vehicle oriented
fuel economy assessments for which the drive cycle
framework has been developed previously. The new
model is a quasi-dimensional, multi-mode combustion
formulation and employs a turbulent flame calculation
that has primary input laminar flame speed correlations
for highly dilute flames as reported previously. The
chemical kinetics in the end gas is computed, either by
an autoignition integral or by direct detailed kinetics
until autoignition occurs, after which, the remaining
heat is released with a rate determined according to an
empirical correlation derived from experimental data.
Figure 2 shows a comparison of simulation results vs.
experimental data for three sets of inlet temperature and
spark timings. The results clearly show the influence of
the flame heat release and demonstrate that spark assist
can compensate for changes in input conditions.
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FIGURE 2. Quasi-D system model shows good agreement between (a)
experimental and (b) simulation results for three cases of the SACI study
with varying proportions of flame and autoignition.

PPCI Engine Experiments

PPCI engine experiments were carried out in a
production Renault/Mitsubishi F9Q B800 common
rail diesel engine that was modified by lowering the
compression ratio to 15:1 and converted to single-
cylinder operation. A certification gasoline (Halterman
437) with Research Octane Number of 97 is used for all
experiments. To study charge stratification effects, the
engine employs two fuel injection systems that could be
used separately or simultaneously. A port fuel injector
is added at the intake runner. The fuel distribution was
changed by varying the ratio of DI vs. fuel injected in the
intake port as well as by changing the phasing of the DI
pulse.

Three distinct combustion behaviors were observed
as DI phasing was retarded from early to late and
stratification increased. Combustion phasing retards at
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FIGURE 3. Phasing behavior of PPCI showing three regimes, A, B, and
C as SOl of the DI fuel is retarded. Also shown are the compression
temperature and pressure values, representative of the charge into which
the DI fuel is injected. 1,200 rpm; 1.8 bar manifold absolute pressure;
EGR=15%; ® =0.3.

first in regime A, advances in regime B, then retards
again in regime C. In all three regimes, rate of pressure
rise is higher for earlier phasing. This is shown in

Figure 3. In regime A, the ignition event behavior with
injection retard appears to be controlled by a tradeoff
between the time available for the ignition process
(decreasing) and the rate of ignition reaction (increasing)
provided by the increasing compression pressure and
temperature. The net result is that ignition, and hence the
crank angle for 10% burned (CA10), retards with retard
of start of injection (SOI). In regime B, fuel is injected
into a much hotter and denser environment and hence the
ignition delay is shorter. Also the fuel is more stratified
here than in regime A and fuel rich regions in the high-
temperature environment have a preferentially shorter
ignition delay. The net effect of the shorter ignition delay
and later injection results in advancement of ignition

and CA10. In regime C, the ignition delay becomes very
short and the time required to physically prepare the
mixture (evaporation and mixing) overpowers the gain
in shortening the delay because of the hotter and denser
charge and because of stratification. Thus combustion is
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effectively mixing limited and the trend reverses again
with combustion retarding with SOI.

Flamelet-Based Modeling

High fidelity direct numerical simulation of
autoignition of a variety of reactant mixtures at HPLB
engine-like conditions were conducted in order to
provide fundamental insights into the ignition and
combustion characteristics influenced by different levels
of mixture stratifications. Full-cycle, multi-dimensional
CFD simulations of ignition and combustion processes
were also conducted using KIVA-3V with flamelet-based
combustion submodels. Simulations were conducted
for two parametric conditions, early injection (PPCI)
and late injection (DI). The results were compared with
those from KIVA-multizone (KIVA-MZ) calculations
as well as experimental data. While the two alternative
models yielded comparable fidelity for the early injection
condition, for later injection, the flamelet approach
showed better agreement with experimental results. The
improved fidelity for the flamelet model is attributed to
the ability to capture the subgrid scale fluctuations on
chemical reactions that reveal an apparent acceleration
of ignition/burn rate due to small-scale turbulence and
mixing effects, not previously well understood.

Modeling of Partial Fuel Stratification

Fully-coupled CFD and chemical kinetics
simulations were performed using a modified version of
KIVA-3V that computes chemistry using CHEMKIN
and with CONVERGE™ in order to provide fundamental
insights into the physical processes governing PFS.

A 96-species reduced mechanism for a 4-component
gasoline surrogate was developed for this purpose. The
simulations correctly predict the occurrence of multi-
stage combustion for PFS at P, =2 bar as evidenced by
the inflected pressure curves seen in Figure 4. In contrast
only single-stage combustion occurs with P, = 1 bar (not
shown).

Analysis of the results reveals that this effect is
due to the competing effects of fuel and temperature
stratification. Although the richer regions are initially
colder from evaporative cooling of the liquid fuel spray,
the observed LTHR occurs in the richer regions of
the mixture, increasing their temperature. This @ and
temperature distribution results in Lign being shorter
for richer regions. As such, the richer regions ignite
first followed by the leaner regions and multi-stage
combustion is observed. Conversely, at P, = 1 bar, the
richer regions are colder than the leaner regions (0.3 < ®
< 0.75) due to evaporative cooling from the liquid fuel
spray and the absence of LTHR.

Advanced Combustion Engine R&D

140 T

120

100

Pressure [bar]

D
(=]

N
o

2g30 3&0 350 360 3%0 BéO 390
Crank Angle [deg aTDC]

FIGURE 4. CFD simulations comparing in-cylinder pressure for HCCI
(solid curve) and PFS mode (dashed) at 2 bar intake pressure. Inflected
PFS pressure curves indicate two-stage burning caused by LTHR in the
richer parts of the charge and the resulting alteration in the temperature-
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Metal Engine SACI Experiments

Single-cylinder metal engine experiments were
used to investigate the burn rate, combustion limits,
performance and emissions from SACI combustion
in an FFVA NVO enabled engine. It was found that
with careful manipulation of spark advance, internal
EGR rates (via NVO), and external EGR rates the
usable load range was doubled compared to pure HCCI
combustion while maintaining high thermal efficiency.
The use of SACI permitted variable burn rates at a
constant phasing (CA50), thus addressing a major
shortcoming of conventional HCCI combustion. Under
the conditions examined, the stratification associated
with NVO was found to have little effect on the rate of
combustion. However diluent composition was shown
to have a dramatic effect on SACI burn rates. In this
case, as the mixture EGR was replaced by air (i.e., made
leaner), the temperature at intake valve closing had to
be decreased to maintain constant phasing. Despite
the lower temperatures, the rate of flame based heat
release increased. Analysis indicates that this results
from higher flame speeds and burned gas temperatures
during the flame-based heat release due to the higher O,
concentrations that accompany replacing EGR with air.

Optical Engine Experiments

Experiments were carried out to determine effects
of spark assist with an E0 reference gasoline and E30.
A range of spark timings was considered for fuel/air
equivalence ratios 0.4 < ® < 0.5. High-speed imaging
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together with concurrent in-cylinder pressure data was
used to understand connections between spark initiated
flame propagation, autoignition, and engine performance
including heat release rate, IMEP and mass fraction
burned. Cycle-to-cycle variations and time averaged
data were evaluated. Figure 5 shows a sequence of
views seen upward through the piston of a spark-assisted
autoignition.

The results show that global ignition of SA HCCI
is dominated by autoignition, and the heat released
during flame propagation is less than ~20% of the total
available. The compression heating caused by flame
propagation primarily serves to accelerate autoignition
of local sites which are already thermally preferred, that
then accelerate global autoignition. The timing of SA is a
tradeoff between (1) advancing SA and initiating flames
at colder bulk temperatures (potentially quenching the
flame or slowing flame progress) to give the flames more
time to expand and heat the remaining unburned charge
and (2) retarding SA and initiating flames at later times
when bulk temperatures are higher (yielding higher
flame speeds), leaving less time for the flames to heat
the unburned gases. Local conditions and fuel specific
flame speeds will affect the range of useful SA timing.
Regardless of spark timing, the charge must already
be sufficiently close to autoignition that compression
heating by small fractions of the fuel/air charge can have
an impact.

Rapid Compression Facility

Complementary experiments were conducted in a
spark plug-equipped RCF using high-speed optical and

351° ATDC

pressure diagnostics. Fast image processing algorithms
were coupled with pressure measurements to determine
key quantitative metrics of reaction fronts initiated

by the spark discharge and propagated into premixed
iso-octane and air. Depending on the state conditions
and composition of the mixtures, the presence of flames
accelerated ignition compared to conditions when no
flames were initiated and sustained. The predicted
adiabatic flame temperature has been identified as a good
indicator of the effect of spark on the autoignition timing.
A spark-initiated lean flammability limit was determined
for equivalence ratios of @ =0.20 to 0.99, inert to oxygen
dilution levels of 3.76:1 to 7.47:1, temperatures of 963

+ 10 K, and pressures of 8.0 = 0.3 atm. Figure 6 shows
pressure histories with and without spark, for a case in
which the flame was viable.

CFD Modeling of SACI

Open-cycle SACI simulations using the previously
developed KIVA-CFMZ model were performed with
a 156,000-cell detailed mesh corresponding to the
geometry of the metal FFVA engine described previously.
These simulations modeled the gas exchange process and
the trapping and recompression of in-cylinder residuals
during NVO operation as well as direct fuel injection and
charge preparation. Figure 7 shows the predicted heat
release from a series of runs varying spark timing while
maintaining fixed composition and CA50 by adjusting
NVO and EGR. These results are in good qualitative
agreement with the experimental results.

The figure shows an increase in flame heat release
for the earlier spark case as well as a decrease in peak

2

FIGURE 5. Sequence of SACI images from optical engine showing rapid transition from flame to autoignition.
Average chemiluminescent intensity for E30 with SA at 40° before top-dead center and ®=0.45 at 700 RPM.
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FIGURE 7. KIVA-CFMZ model predicted rate of heat release for three
SACI cases. Advancing the spark timing and decreasing NVO with fixed
CAb0 increases the fraction of flame heat release and significantly reduces
the peak rate of heat release during compression ignition.

autoignition heat release. Analysis of the results reveals
that although the flame speed decreases for the advanced
spark case, the additional time is sufficient to consume
more of the charge before autoignition occurs. Further
analysis suggests that the decrease in peak heat release
is also affected by preferential consumption of higher
reactivity (hotter, less dilute) regions by the flame.

Microwave-Assisted Spark Plug

A matrix of tests was conducted on a single-cylinder
CFR engine comparing the microwave-assisted spark
ignition mode to the spark-only ignition mode with wet

Advanced Combustion Engine R&D

ethanol as a fuel. The microwave-assisted spark ignition
mode allows stable engine operation in regions with
higher dilution than possible with spark-only ignition.
Microwave-assisted ignition can improve stability

when operation destabilizes due to charge dilution with
both air and water. The observed diminished effects of
microwave-assisted spark ignition at near-stoichiometric
conditions can be explained by elevated in-cylinder
pressures that diminish microwave effectiveness.
Combustion enhancement by microwaves appears more-
strongly dependent on pressure than temperature.

The effectiveness of a microwave-assisted spark plug
was also investigated in a constant volume combustion
chamber for initially quiescent methane-air mixtures.
High-speed schlieren imaging is used to visualize the
carly flame kernel development. While the initial flame
kernel growth was augmented with the microwave
ignition under the leanest conditions studied, overall rate
of heat release did not change between at any equivalence
ratio, initial pressure, microwave duration, or microwave
timing delay investigated in this study, indicating that the
present microwave system only affects early heat release
rates and early flame kernel growth.

Further development of practical combustion
applications implementing microwave-assisted spark
technology will benefit from predictive kinetic models
which include the plasma processes governing the
observed combustion enhancement. With this in mind,

a chemical kinetic mechanism has been developed for
methane combustion that includes plasma reactions such
as electron impact dissociation/recombination reactions,
vibrational and electronic excitation reactions, and
electron-neutral momentum transfer. A corresponding
zero-dimensional reactor model has also been developed
to include an equation for the electron energy and
associated electric field input.

Fuel Effects in an NVO Engine

Previously reported comparisons of fuel octane
number in HCCI combustion mode indicated that lower
octane number fuel resulted in shorter burn durations and
could be retarded further, enabling a higher load without
exceeding the ringing limit. These experiments were
carried out in an NVO-enabled (internal EGR) engine
without external EGR and limited intake temperature
range. As a result, definitive analysis of the results was
confounded by changes in composition and internal
EGR distribution that necessarily accompanied the NVO
variations.

New experiments have been conducted taking full
advantage of the FFVA system to more accurately control
these variables. Small changes in intake valve closing
time (independent of NVO) and intake pressure together
with external EGR and intake temperature control were
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used to maintain constant composition, fueling rate and
CAS50 over a range of NVO, fuel type, and engine speed.
Over a range of engine speeds from 1,000-2,000 RPM,
PRF40 burned faster and had higher peak heat release
rates than gasoline and could be retarded further at
constant COV of IMEP, confirming the previous results.
This was true even at 1,000 RPM where PRF40 exhibited
two-stage combustion with LTHR. Varying NVO,
which more than doubled internal EGR from ~15% to
~35% produced only a modest decrease in peak heat
release (<14%). Thus, compositional stratification due to
incomplete mixing of internal EGR appears to have only
a small effect on overall burn characteristics.

Buffer Gas Effects on Ignition

Computational simulations of ignition delay time
and heat release rate of iso-octane, n-heptane, and of
n-butanol were used to characterize the effects of buffer
gas composition. A detailed description of the approach
and results is provided in Wagnon and Wooldridge
[28]. The fuels and simulation conditions were selected
based on relevance to engine operating conditions and
previously published ignition studies. Iso-octane and
n-heptane were studied over a range of initial pressures
from 9 atm to 60 atm and for two dilution levels of
buffer gas, over a temperature range of 600-1,100 K.
All mixtures were stoichiometric. The buffer gases
considered were argon, nitrogen, water, and carbon
dioxide.

In the negative temperature coefficient (NTC)
region, the simulation results predicted changes of greater
than a factor of 2 in ignition delay time and heat release
rate as a function of buffer gas composition for n-heptane
and iso-octane. Outside the NTC region, the predicted
effects of changes in buffer gas composition were small
(<20%). The heat release rates were also sensitive to
buffer gas composition, with carbon dioxide exhibiting
relatively low levels of early and late heat release relative
to the other buffer gases.

The relationships between ignition delay time
and heat release rate were quantified for the different
diluent compositions for n-heptane. For n-heptane at
the air levels of dilution and P = 9 atm, the results show
characteristic times for heat release correlate linearly
with the autoignition times, and the composition of
the buffer gas has a larger effect on heat release at
faster ignition delay times. The effects of buffer gas
composition on heat release are amplified at higher levels
of dilution and higher pressures, with over an order of
magnitude difference between the characteristic time for
heat release for CO, and N, at P = 60 atm for the same
autoignition time. The results indicate that strategies
that fix engine autoignition phasing will yield different
combustion rates based on the buffer gas composition,
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and higher engine speeds will be affected more than
lower engine speeds.

CONCLUSIONS

The consortium has made considerable progress
toward assembling the knowledge and tools needed
to achieve the fuel economy goals of the Vehicle
Technologies Office for gasoline engines.

*  Two engine models of SACI were developed.
The first, a system level model combining
phenomenological flame model and correlations of
autoignition burn rates will be used to project engine
performance in the advanced combustion mode. The
second, a full CFD representation has been used to
provide insight into the reasons for experimentally
observed benefits of higher air vs. EGR and the
reduced peak heat release with SACI.

*  Experiments and modeling studies on stratification
(PPCI and PFS) have shown complex behavior of
burn rate when injection timing and boost pressure
are varied. The explanations involve tradeoffs
between ignition delay and available time after
injection, and the interaction of evaporative cooling,
LTHR, and ignition enhancement in richer regions of
the charge.

*  Optical engine studies of SACI have confirmed that
phasing changes in autoignition are the result of a
relatively small amount of flame heat release, which
is determined by a tradeoff between time available
and changes in flame speed. Similar optical testing in
the RCF has been used to determine the lean limit of
SACI with high dilution.

»  Experiments in a CFR engine have shown that a
microwave-assisted spark plug helps with early flame
kernel development but has little effect on overall
burn characteristics. Also the effect is diminished at
higher pressures.

*  Controlled experiments on fuel effects in an NVO-
enabled HCCI engine showed that a PRF40 fuel
exhibits higher heat release than gasoline with more
stability, confirming previous observations of higher
maximum HCCI load for the lower octane fuel.

»  Computational studies of the effect of buffer gas on
autoignition have been conducted with N, Ar, H,O,
and CO,. The results show significant effects on
ignition delay, especially in the NTC region, and on
heat release, with CO, dilution resulting in the lowest
peak heat release rate.
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Overall Objectives

»  Demonstrate a spark ignition (SI) and Homogeneous
Charge Compression Ignition (HCCI) dual
combustion mode engine for a blend of gasoline and
E85 (85% ethanol and 15% gasoline) for the best fuel
economy.

*  Develop a cost effective and reliable SI and HCCI
dual combustion mode engine.

*  Develop a control-oriented (real-time) SI, HCCI and
SI-HCCI combustion model and implement it into a
hardware-in-the-loop (HIL) simulation environment.

*  Develop model-based combustion mode transition
control strategies for smooth mode transition
between SI and HCCI combustion.

»  Utilize closed-loop combustion control to minimize
efficiency degradation with satisfactory engine-out
exhaust emissions under any blend of gasoline and
E8S.

Fiscal Year (FY) 2013 Objectives

*  Complete the HCCI combustion dynamometer tests
and determine the HCCI operational range.

*  Develop the final test plan and complete the SI and
HCCI combustion mode transition performance tests.

*  Complete the test data analysis and final project
report.

FY 2013 Accomplishments

*  The engine HIL simulation model was further
improved with an updated physics-based charge
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mixing model based upon the test data. The results
were summarized in a journal paper for the IEEE
Transaction on Vehicle Technology accepted in
late 2013.

e The target multi-cylinder metal engine was
converted into a single-cylinder setup, and
the corresponding engine control system was
reconfigured for the corresponding single-cylinder
setup.

*  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 (EVVT)
operational range was extended to 85 degrees to
increase recompression.

*  Stable HCCI combustion was achieved with around
2% coefficient of variance (COV) for the target
single-cylinder metal engine without external
electric heater.

*  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.

*  Over the past years, three journal and three
conference papers were published.

Future Directions

Complete and submit the final report of this project.

R R

INTRODUCTION

To obtain the benefit of high efficiency of
compression ignition engines and low emissions of SI
engines, there has been a rekindled interest in HCCI
engines in recent years. The major advantage of HCCI
engines is realized by eliminating the formation of flames
which results in a much lower combustion temperature
[1-5]. As a consequence of low-temperature combustion,
the formation of NOx emissions is greatly reduced. The
lean burn nature of the HCCI engine also enables un-
throttled operation to improve vehicle fuel economy. The
main challenge of HCCI engines is the accurate control
of the start of combustion and combustion duration. The
practical application of the HCCI principle to gasoline
engines is envisioned in a dual-mode combustion engine
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concept. At partial load conditions, the engine would
operate under an un-throttled HCCI combustion mode,
and at low- or high-load conditions, the engine operation
needs to transition to the conventional SI combustion
mode to avoid engine misfire or knock. The objective of
this project is to demonstrate an SI and HCCI dual-mode
combustion engine for a blend of gasoline and E85. The
operating efficiencies will be obtained through closed-
loop control, which will result in minimal efficiency
degradation when ES85 fuel or any blend of gasoline and
E8S5 are used.

APPROACH

This research activity adopts a model-based control
approach to develop control strategies for smooth mode
transition between SI and HCCI combustion with the
support from our industrial partner, Chrysler, LLC. The
model-based control methodology is used to develop the
combustion mode transition control strategies.

First, the characteristics of both HCCI and SI-HCCI
hybrid combustion processes were experimentally
studied using an optical engine under HCCI combustion.
Second, a control-oriented combustion model that unifies
SI, HCCI, and SI-HCCI combustion was developed along
with the entire engine model, and the developed model
was calibrated based upon both GT-POWER simulation
results and optical/metal engine experimental data.
Third, the calibrated control-oriented engine model was
used to study SI and HCCI combustion modes as well as
the SI-HCCT hybrid (also called the spark assistant HCCI)
combustion mode during combustion mode transition.
Finally, the feed-forward control strategy of mode
transition between SI to HCCI combustion, utilizing the
hybrid combustion mode, was developed and calibrated
through the HIL simulations and also validated on the
target metal engine. The smooth mode transition between
ST and HCCI combustion was demonstrated.

RESULTS

For HCCI combustion, mixture heterogeneity should
be considered in the control-oriented model to predict
accurate combustion phase and duration. In FY 2013, a
two-zone HCCI combustion model was developed, where
the in-cylinder charge is divided into the well-mixed
and unmixed zones as the result of charge mixing (see
Figure 1). Simplified fluid dynamics is used to predict the
residual gas fraction before the combustion phase starts
for real-time simulations, which defines the mass of the
unmixed zone. Note that the unmixed zone size not only
determines how well the in-cylinder charge is mixed,
which affects the start of HCCI combustion, but also
the resulting peak in-cylinder pressure and temperature
during the combustion process. The developed control-

FY 2013 Annual Progress Report

—Mixed-zone mass
0.39|==Unmixed-zone masg

0.3 =« Total trapped mass f; /‘"

T T T T
,,,_,. i AT sl P 0 A sl et St

! stage stage 27 stage 3
' 1
. s

0.2 p—2

Mass (a)

50C

450 500 %50 600 650 700
Crank position (deg)

0.05355 100

FIGURE 1. Simulated Charge Mixing Responses of the Turbulence-Based
Model

Only one open
intake port

Reduced
throttle
opening

One cylinder
exhaust pipe

FIGURE 2. Reconfigured Single-Cylinder Metal Engine Diagram

oriented model was validated in the developed HIL
simulation environment. The HIL simulation results show
that the proposed charge mixing and HCCI combustion
model provides better agreement with the corresponding
high fidelity GT-POWER simulation results than the
previously developed one-zone model [6,7].

The multi-cylinder engine was converted into the
single-cylinder operation (see Figure 2) to focus on
investigation of the combustion mode transition. The
single-cylinder engine configuration can be found in
Figure 2. The corresponding engine control system
was also modified to meet the single-cylinder engine
requirement. The single-cylinder engine operation was
validated in engine dynamometer with modified engine
cam phasing range.

Without any external electric heating device, smooth
HCCI combustion was achieved for the single-cylinder
metal engine, where the engine charge cooler was used to
increase the charge temperature during HCCI operations.
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Figure 3 shows the engine indicated mean effective
pressure (IMEP) and peak cylinder pressure signals over
200 engine cycles. It can be seen that the engine IMEP
fluctuation is very small with COV around 2% even
though the engine peak cylinder pressure variation is
relatively large.

From the mode transition study it was found that the
proposed 5-cycle mode transition strategy (see Figure 4)
needs to be extended to 7-9 cycles due to the increased
response time of the EVVT, where the number of hybrid
combustion cycles is increased to five. The slow cam
phasing response is mainly due to the cam valve-train
load increment from one cylinder to four cylinders.
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One of the key findings in FY 2013 is that it is
feasible to achieve smooth combustion mode transition
using the proposed hybrid combustion mode that starts
with SI combustion and ends with HCCI combustion
with the production-ready EVVT and two-step valve
lift systems. With the help of the hybrid combustion the
mode transition can be completed within eight engine
cycles (see Figure 5). The mode transition number of
cycles could be further reduced if the EVVT response
time would be reduced. Also, the air/fuel ratio over-
shoot observed in Figure 5 is consistent with simulated
response.

The proposed fast mode transition between SI and
HCCI combustion is validated in both HIL simulations
and experiments. The proposed 5-cycle mode transition
was extended to 8 cycles due to slow EVVT response
time. Furthermore, the experimental mass fraction
burned curves (see Figure 6) of the hybrid SI-HCCI
combustion during the mode transition are consistent
with the simulated curves (see Figure 4) obtained based
upon the developed control-oriented engine model. This
also confirms that model-based combustion control is
feasible for mode transition control.

CONCLUSIONS

The research conducted in FY 2013 leads to the
completion of the proposed technologies and the specific
accomplishments are listed in the following:

*  The developed control-oriented crank-resolved
engine model, implemented in the HIL simulation

FIGURE 3. 200 Cycles of the IMEP and Peak In-Cylinder Pressure Signals environment for real-time simulations, provides
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a key platform for developing and validating
combustion mode transition control strategies.

*  The simplified physics-based charge mixing model
predicts the in-cylinder pressure, temperature, and
the properties of the mixed and unmixed zones
accurately. Note that the developed real-time
model provides a solid foundation for model-based
combustion control.

e Stable HCCI combustion can be achieved without
external heater for charge air.

*  The experimental mass fraction burned curves of
the hybrid SI-HCCI combustion during the mode
transition are consistent with the simulated ones
obtained based upon the developed control-oriented
engine model. This confirms that the model-based
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combustion control is feasible for mode transition
control.

*  The key finding from this research project is that it
is feasible to have smooth mode transition using the
proposed hybrid combustion mode that starts with
SI combustion and ends with HCCI combustion with
the production ready EVVT and two-step valve lift
systems. With the help of the hybrid combustion
the mode transition can be completed within eight
engine cycles.
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Overall Objectives

»  Develop and apply innovative strategies that
maximize the benefit of high-performance
computing (HPC) resources and predictive
simulation to support accelerated design and
development of advanced engines to meet future fuel
economy and emissions goals.

»  Demonstrate potential of HPC to provide
unprecedented new information on the development
of combustion instabilities for advanced combustion
engines.

*  Development and validation of high-fidelity, multi-
processor simulation tool to accelerate design and
optimization of fuel-injector design for direct-
injection gasoline applications.

Fiscal Year (FY) 2013 Objectives

* Initiate development of metamodel for investigating
cycle-to-cycle combustion variability in highly dilute
spark-ignited (SI) engines.

*  Develop and validate supervisory framework to
automate and optimize fuel injector design.

FY 2013 Accomplishments

*  Supported two ongoing tasks with direct industry
collaboration.

* Initiated metamodel development for highly dilute
SI combustion by launching initial grid optimization
and parameter sensitivity sweeps.

FY 2013 Annual Progress Report

*  Developed computational framework for job
management and component optimization and
performed initial parameter sweeps for model
validation.

Future Directions

*  Complete development and validation of metamodel
of highly dilute SI combustion.

*  Couple OpenFOAM® spray model to in-cylinder
flow and combustion simulations and optimize the
injector design for improved fuel economy and
emissions.

*  Transfer knowledge and methodologies to our
industry partners.

*  Develop additional tasks with industry partners.

SR S SR

INTRODUCTION

This project supports rapid advancements in engine
design, optimization, and control required to meet
increasingly stringent fuel economy and emissions
regulations through the development of advanced
simulation tools and novel techniques to best utilize HPC
resources such as ORNL’s 20+ petaflop machine, Titan.
This effort couples ORNL’s leadership role in HPC with
experimental and modeling expertise with engine and
emissions-control technologies. Specific project tasks
evolve to support the needs of industry and DOE. Two
tasks were supported during FY 2013:

e Task 1: Use of highly parallelized engine
simulations to understand the stochastic and
deterministic processes that drive cycle-to-
cycle variability in dilute combustion systems.
Collaborative effort with Ford Motor Company and
Convergent Science, Inc.

e Task 2: Use of detailed computational fluid
dynamics (CFD) simulations to understand and
optimize the design of direct-injection gasoline
fuel injectors for improved engine efficiency.
Collaborative effort with General Motors.
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APPROACH

The aim of this project is to develop and apply
innovative approaches which use HPC resources for
simulation of engine systems to address specific issues
of interest to industry and DOE. The specific issues
addressed and approaches applied for the two current
tasks are described in the following.

Task 1: Dilute combustion provides a potential
pathway to simultaneous efficiency and emissions
improvements in light-duty engines. However, at
sufficiently high dilution levels, flame propagation
becomes unstable, and small changes in initial cylinder
conditions can produce complex cycle-to-cycle
combustion variability, forcing the adoption of wide
safety margins and failure to achieve the full potential
benefits of charge dilution. There is growing interest in
the use of computational simulations to understand the
physics and chemistry behind the combustion stability
limit to facilitate control of the instabilities allowing
operation at the ‘edge of stability’. A major challenge
is that many of the associated dynamical features are
very subtle and/or infrequent, requiring simulation of
hundreds or thousands of sequential engine cycles in
order to observe the important unstable events with
any statistical significance. Complex CFD simulations
with full chemical kinetic modeling can require days
of computational time for a single cycle making serial
simulation of thousands of cycles time-prohibitive. In
this task, we address these computational challenges by
replacing simulations of many successive engine cycles
with multiple, concurrent, single-cycle simulations
which exhibit statistically similar behavior. Results from
these simulations are then used to generate lower-order
metamodels which retain the key dynamic features of the
complex model but computationally are simple enough to
allow simulation of serial combustion events and detailed
studies of the parameters that promote combustion
instability.

Task 2: Multi-hole injectors utilized by SI, direct-
injection engines offer the flexibility of manufacturing
the nozzle holes at various orientations to engineer a
variety of spray patterns. The challenge is to determine
the optimal design to maximize efficiency and emissions
benefits for a given application. Detailed analytical tools,
such as CFD, can provide a cost-effective approach
to reduce the number of potential injector concepts
for a given combustion system. However, each CFD
simulation requires substantial run-time and conducting
a thorough investigation of the design and operating
parameter space to optimize injector design remains
tedious and labor-intensive. In this task, we are working
with General Motors to develop and validate a high-
fidelity, multi-processor simulation tool to accelerate
design and optimization of fuel injector hole patterns
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for direct-injection gasoline applications. Our approach
involves the use of an optimization routine (such as

a genetic algorithm) to coordinate parallel fuel-spray
and combustion simulations with different injector
geometries to hasten convergence on an optimal design.

RESULTS

Our efforts in FY 2013 have focused on development
and application of the tools and methodologies required
for each task in close collaboration with our industry
partners.

Task 1: Efforts for this task during FY 2013 were
focused on demonstration of our metamodel approach
developed in FY 2012 on a detailed CFD model of an SI
engine with high dilution due to external and internal
exhaust gas recirculation. An open engine geometry
model and experimental data provided by Ford were used
to develop and calibrate a CONVERGE™ model of the
engine cylinder and intake and exhaust flow paths.
An extensible supervisory framework was developed
to manage case setup, job creation, file handling,
progress monitoring and data post-processing on
Titan. Using the latest version of the adaptive sparse
grid sampling algorithm developed over the past year,
initial grid optimization and parameter sensitivity
sweeps were launched on Titan in mid-September,
totaling 401 parallel cases (using 6,416 cores on
Titan). These runs are being used to provide guidance
to and refine the sampling control framework which
is being used by industry partners in their related
HPC studies. Completion and evaluation of those runs
will carry over into the beginning of FY 2014.

Task 2: Efforts for this task during FY 2013 were
focused on developing and assembling the required
tools and culminated in launch of the initial set of spray
simulations on Titan. The foundation of this effort is
an injector spray model developed by General Motors
using OpenFOAM® and validated against experimental
data. The spray model was ported for use on Titan
and then validated against prior results obtained using
General Motors’s computing resources. A scaling
study was conducted and determined that 128 cores per
simulation provided optimum computational efficiency
on Titan’s architecture. A Python-based computational
framework was developed that enables implementation
of massively parallel parameter and design sweeps to
take full advantage of the high performance computing
architecture. This framework greatly accelerates the
simulation process by replacing labor-intensive, manual
generation of model iterations with automatic selection
of design parameters, generation of a computer-aided
design model, meshing, launching, and monitoring of
the models. Using this framework, we successfully
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completed the initial run of 42 parallel cases (using
5,376 cores on Titan) to validate the model against
experimental data and perform an initial set of sweeps to
determine parameter sensitivity.

CONCLUSIONS

Increasing industry interest in utilizing HPC
resources to hasten design advancements in internal
combustion engines has led to collaborative efforts
with industry stakeholders in two important areas:
understanding and controlling cycle-to-cycle variability
in dilute combustion and optimization of fuel injector
design. Early progress on these tasks is on track and
showing great promise.

FY 2013 Annual Progress Report
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Overall Objectives

*  Optimize the operating conditions to use low
cetane fuel to achieve clean, high-efficiency engine
operation.

*  Demonstrate the use of low-temperature combustion
(LTC) as an enabling technology for high-efficiency
vehicles.

Fiscal Year (FY) 2013 Objectives

*  Quantify the engine operating parameters of LTC by
using cetane enhancers to study chemical (not fluid)
characteristics upon LTC performance.

*  Optimize the engine control parameters (injection
strategy, exhaust gas recirculation [EGR], intake
temperature) for 87 anti-knock index (AKI) gasoline
fuel to achieve wide range (low-load/idle to full-
load) performance using pump gasoline.

»  Demonstrate the efficiency benefits of LTC using an
Autonomie simulation to validate higher efficiency
vehicles.

FY 2013 Accomplishments

*  Achieved 1.3 bar brake mean effective pressure
(BMEP) to 20 bar BMEP using only 87 AKI fuel.

e Demonstrated the effectiveness of cetane enhancers
(ethyl hexyl nitrate, EHN) in facilitating low-load
performance.

»  Attained a 26% fuel economy improvement using
LTC in a conventional powertrain vehicle over
a similar port fuel injected (PFI) vehicle on the
combined Urban Dynamometer Driving Schedule
(UDDS) and Highway Fuel Economy Test (HWFET)
cycles in a 2007 Cadillac vehicle.

Advanced Combustion Engine R&D

Future Directions

»  Continue to extend low-load operation to idle using
uncooled EGR and different injector umbrella angles
for enhancing local richness in the combustion
chamber.

*  Explore the opportunity to utilize a turbocharger/
supercharger combination to enhance intermediate
temperature heat release (results from John Dec’s
work at Sandia) to further enhance low-load
operation.

*  Analyze the particulate matter (PM) coming from
LTC and studying the formation/oxidation process to
relate PM to engine operating conditions.

*  Conduct additional engine performance tests for
Autonomie simulations to support LTC development
as applied to vehicles.

D T R S

INTRODUCTION

Current diesel engines already take advantage of
the most important factors for efficiency—no throttling,
high compression ratio, and low heat rejection. However,
diesel combustion creates a significant emissions problem.
Mixing or diffusion combustion creates very steep
gradients in the combustion chamber because the ignition
delay of diesel fuel is extremely short. PM and oxides of
nitrogen (NO,) are the result of this type of combustion,
requiring expensive after-treatment solutions to meet
Environmental Protection Agency emissions regulations.

The current work seeks to overcome the mixing-
controlled combustion dilemma by taking advantage
of the long ignition delay of gasoline to provide much
more premixing of fuel and air before ignition occurs.
This premixing allows for the gradients of fuel and air
to be much less steep, drastically reducing the PM-NO,
tradeoff relationship of mixing controlled combustion.

APPROACH

The intent of this project is to utilize the long
ignition delays of low cetane fuels to create an advanced
combustion system that generates premixed (but
not homogeneous!) mixtures of fuel and air in the
combustion chamber. As reported in several articles, if
the local equivalence ratio is below 2 (meaning at most,
twice as much fuel as oxidizer) and the peak combustion
temperature is below 2,000 K (using EGR to drop the
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oxygen concentration below ambient 21%, thereby
slowing the peak reaction rates and dropping the peak
combustion temperature), a combustion regime that is
very clean and yet retains reasonably high power density
is achieved.

The challenge to this type of combustion system is
the metering of fuel into the combustion chamber needs
to be precise, both in timing and amount. If too much
fuel is added too early, a “knocking” type of combustion
occurs, which creates unacceptably high combustion
noise or worse. If not enough fuel is added, ignition
may not occur at all and raw hydrocarbon exits the
exhaust. Control over the relevant operating parameters
is very important—fuel properties, injection strategy,
compression ratio and intake temperature all have large
influence upon ignition propensity.

Different injection strategies were employed this
year to extend low-load operation operating on only
87 AKI fuel and 87 AKI fuel with trace amounts of
EHN (effectively creating 84 and 75 AKI fuels using
0.2% and 0.4% EHN to keep fluid properties constant).
This was done to explore the chemical effects of fuel
characteristics on low-load operation.

RESULTS

Injection strategy was altered in an effort to
determine how much premixing is necessary to achieve
the low-load goals. First, one injection was used, with

injection timing swept from -9 deg after top-dead center
(ATDC) to -42 deg ATDC. Rail pressure was held
constant at 500 bar and 250 bar during these sweeps. Fuel
rate was adjusted at each injection timing/pressure to the
minimum allowed while maintaining a 3% coefficient

of variance (COV) of indicated mean effective pressure
(IMEP) or better for combustion stability. No EGR was
used for these tests.

As expected, there is a location of minimum
fueling that demonstrates an optimal injection timing
that produces the required local richness necessary for
ignition (see Figure 1).

Additional points were run for the Autonomie
simulations (building upon FY 2012’s work) to refine
the vehicle potential for fuel economy improvement. A
2007 Cadillac vehicle was chosen as the example vehicle
because it can be purchased with a PFI engine or the
General Motors diesel engine upon which the LTC engine
is based. With the additional points and a further refined
vehicle simulation, the fuel economy improvement was
found to be 26% based upon the combined drive cycles
for UDDS and HWFET (see Table 1).

CONCLUSIONS

A specific study was performed with the aim of
extending the low-load limit toward idle. 1.2 bar
BMEP was achieved using 87 AKI fuel, which is
significantly lower than the FY 2012 accomplishment

6 1.
Combustion:Efficiency =
| - - -5 -— e — - ey JESG
] /--@'
5 _\V/\ \'\ﬁ:}”’ 0.95
| ——BMEP - 87 AKI, 500 bar RP —
=4 | ——BMEP-87AKI, 250 bar RP 090§,
8 " |-~ BMEP - 87 AKI +0.4% EHN, 500 bar RP e
S |===CE - 87 AKI, 500 bar RP £
g = CE - 87 AKI, 250 bar RP Q::
& 3 | = CE-87 AKI+0.4% EHN, 500 bar RP 0.85 5
£ ] c
E BMEP 2]
E ] D— N £ 2
=2 L 0.80 ‘g
R f/ B 4 e TSI S —— 0.75
Minimum Fueling
0 - : : i : 0.70
-45 -35 -25 -15 -5

Start of Injection [*aTDC]

FIGURE 1. Minimum Fueling Rates for 500 bar and 250 bar Injection Pressure
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TABLE 1. Cadillac Fuel Economy Comparisons — LTC vs. PFI

Fuel Economy PFI LTC
[mpg, unadjusted]

uDDS 26.3 32
HWEFET 33.2 45.3
Combined[55/45] |29 37
Improvement over PFI 26%

of 3.5 bar BMEP—while maintaining 3% COV of
IMEP.

* Injection timing sweeps at two injection pressures
(500 bar and 250 bar) were done. Single injections
around -24 deg ATDC provided the minimum load
possible.

*  Using 250 bar rail pressure extended the low-load
limit beyond the ability of 500 bar rail pressure—
probably due to decreased mixing and enhanced
local richness for ignition.

*  The use of EHN extended the low-load range even
further and allowed for delayed injection timing,
due to increased ignition propensity from a chemical
kinetics perspective.
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Overall Objectives

*  Quantify efficiency potential and combustion
stability limitations of advanced gasoline direct
injection (GDI) combustion systems including lean,
boosted and exhaust gas recirculation (EGR)-dilute
concepts

*  Optimize lean, boosted and EGR-dilute combustion
strategies through implementation of advanced coil-
based ignition systems

*  Demonstrate the potential of R&D, non-coil based
ignition systems

*  Develop and implement three-dimensional
computational fluid dynamics (3D-CFD) simulation
models capable of predicting cyclic variability for
conventional and advanced ignition systems

Fiscal Year (FY) 2013 Objectives

»  Establish representative baseline data of a state-of-
the-art GDI engine

*  Characterize combustion stability implications of
lean and EGR-dilute combustion

*  Demonstrate ability of 3D-CFD simulation to predict
combustion stability

» Initiate quantification of potential of high-energy
spark plug and multi-spark operation

FY 2013 Accomplishments

*  Completed set up and shake-down of modular single-
cylinder GDI research engine platform that allows
for comprehensive assessment of lean, boosted and
EGR-dilute operation

*  Quantified sensitivity of lean and EGR-dilute
combustion to air/fuel ratio and combustion phasing
perturbation

* A novel, Reynolds Averaged Navier-Stokes (RANS)
approach characterized by low numerical diffusion

FY 2013 Annual Progress Report

was applied to qualitatively evaluate cycle-to-cycle
variability and combustion stability in an internal
combustion engine

*  Implemented advanced Directed Energy Ignition
System (DEIS) ignition system providing fully
programmable multi-spark and sustained spark
features

Future Directions

* Implement detailed ignition energy measurement to
allow direct, objective comparison of advanced coil-
based ignition systems

»  Evaluate potential of laser ignition in lean, boosted
and EGR-dilute operation

*  Expand 3D-CFD simulation to include EGR-dilute
combustion

*  Implement characteristics of advanced ignition
systems in 3D-CFD simulation to enable cycle-to-
cycle variation prediction

R R

INTRODUCTION

The market share of light-duty vehicles powered
by spark ignition internal combustion engines in 2010
was approximately 98%. While the Energy Information
Agency reference scenario predicts an increased market
share of flexible fuel, hybrid, plug-in hybrid, and diesel
as well as electric vehicles, more than 90% of light-
duty vehicles sold in 2040 are predicted to be (partially)
powered by a spark-ignition engine [1]. That being the
case, improvements in gasoline internal combustion
engine efficiency have immediate effect and are a critical
building block to meeting future efficiency and emissions
regulations.

Downsizing, boosting as well as dilute combustion,
in the form of lean or EGR-dilute operation, are known
to offer efficiency improvements which are in some
cases also paired with emissions benefits. However,
those operating modes are also known to deteriorate
combustion stability, and combustion systems are
currently limited by combustion stability issues [2,3].
This project aims to identify the fundamental limitations
of lean, boosted, and EGR-dilute combustion through
experimental R&D combined with advanced 3D-CFD
simulation and extending the lean and dilute limits by
combining fundamental findings with benefits offered by
advanced ignition systems.

Advanced Combustion Engine R&D
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APPROACH

This project employs a three-pronged approach
to achieving its goals where the main thrust areas
are to (1) expand the fundamental understanding of
characteristics and limitations of lean, boosted and
EGR-dilute combustion; (2) perform a technology
evaluation of advanced coil-based ignition systems on a
consistent state-of-the-art automotive engine platform;
and (3) assess the potential of advanced, non-coil-based
ignition systems (e.g., laser ignition).

The project includes experimental, as well as
simulation-focused components, to better understand
the current limitations of lean, boosted, and EGR-dilute
combustion. 3D-CFD simulation is applied to broaden
the understanding of current operating limitations. A
main component of the project also focuses on expanding
simulation capabilities to allow (1) representation of
cyclic variability with a RANS approach and (2) realistic
simulation of advanced and non-coil-based ignition
systems.

RESULTS

A basic assessment of general trends of dilute
operation on efficiency, emissions, and combustion
characteristics is summarized in Figure 1. At the
2,000 RPM, 6 bar indicated mean effective pressure
(IMEP) operating point dilution was accomplished
through EGR up 8% and lean operation up to a relative
air/fuel ratio A of 1.5. All operating points were run at
maximum brake torque (MBT) spark timing.

Starting from a baseline efficiency of approximately
37% at stoichiometric operation without EGR, efficiency
increases to approximately 39% at 8% EGR while
reducing oxides of nitrogen (NO,) emissions from over
15 g/kWh to below 3 g/kWh. However, the combustion
stability decreases from a coefficient of variance of IMEP
(COV,zp) around 2 at the baseline point to 3.5 at 8%
EGR. The moderate EGR addition also increases ignition
delay as well as combustion duration almost by a factor
of 2.

In comparison, lean operation results in a more
significant increase in indicated efficiency with a peak
at 41.7% at a relative air/fuel ratio A of 1.5. Over the air/
fuel ratio range an increase in NO_emissions compared
to stoichiometric operation is observed and only at the
A=1.5 point, NO_emissions dropped slightly below the
baseline. Lean operation also continuously degrades
combustion stability with a COV ., almost at 5 at A=1.5.
In terms of combustion stability operation at 8% EGR
is similar to lean operation at A=1.4. Both ignition delay
and combustion duration increase moderately with lean
operation.

Advanced Combustion Engine R&D
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FIGURE 1. Trends of Efficiency, NO, Emissions, Combustion Stability,
Ignition Delay, and Combustion Duration with Increasing Dilution at 2,000
RPM, 6 bar IMEP

The engine exhibits natural cyclic variability during
steady-state operation that increases with dilution. In an
attempt to identify dominant engine control parameters
affecting natural cyclic variability, a sensitivity study was
carried out wherein control parameters were intentionally
varied. The control parameters of particular interest are
ignition timing and injection duration. The sensitivity
study was carried out by first setting the steady-state
operating condition including EGR rate, average relative
air/fuel ratio, and optimal combustion phasing. Then a
binary low-high perturbation was induced on a cycle-by-
cycle basis at three levels: MBT +/-2° crank angle (CA),
+/-4°CA, +/-6°CA and injection duration +/-2%, +/-4%,
+/-6%.

Results from a sensitivity study show that COV
is far less sensitive to ignition perturbation than to
injection perturbation while the sensitivity is similar in
terms of efficiency. This is true for both lean and EGR-
dilute operation (Figure 2). However, one difference
that stands out with EGR is the sensitivity of COV .,
to ignition perturbation. Increased sensitivity to ignition
perturbation is likely the result of longer ignition delay
which is critical for early flame kernel development.

IMEP

The knowledge that ignition is critical to lean and
EGR-dilute operation motivates the study of ignition
system hardware. The most common class of modern
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FIGURE 2. Effect of Injection and Ignition Perturbation on Combustion
Stability and Efficiency in Lean (top) and EGR-Dilute (bottom) Operation

ignition systems is coil-based and there are a number of
strategies that may enhance engine performance with
coil-based ignition. Prominent examples are multi-
spark and sustained spark. With multi-spark, each spark
discharge extinguishes before more energy is added
while sustained spark requires the addition of energy
before the initial spark is allowed to extinguish.

One technology that allows the study of advanced
coil-based ignition strategies is DEIS developed by
Altronic. Preliminary results with two distinct DEIS
spark profiles are shown in Figure 3. Spark profiles that
are superimposed on the plot are based on the measured
current through the secondary ignition coil (delivered to
the spark plug). The lower energy single spark is much
like a conventional coil while the higher energy sustained
spark is an example of the aforementioned advanced
strategies. A higher energy sustained spark ignition
profile provides improved performance in terms of
COV,,,» predictability. The difference in predictability
can be seen on the plot by how well combustion stability,

COV s correlates with ignition timing. There are also
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FIGURE 3. Combustion Stability and Indicated Thermal Efficiency for Two
Distinct Spark Profiles Generated by the DEIS Ignition System

three iterations of the same operating point with MBT
ignition timing, 36.5 °CA before top-dead center, shown
as circles on the plot where three iterations are much
more consistent with higher energy sustained spark.

In addition to more predicable combustion stability,

the higher energy sustained spark provides improved
engine efficiency throughout an ignition timing sweep.
The average indicated thermal efficiency difference in
Figure 3 is 0.4% with a maximum of 39.5%.

This is a cursory look at the evaluation of advanced
coil-based ignition which is ongoing. The DEIS is
capable of controlling the output energy per discharge
event as well as spark profile which will serve to isolate
the confounding effects of total energy and spark profile.
Multi-spark and sustained spark will also be studied in
detail in dilute combustion.

Numerical simulations focused on the fundamental
understanding of combustion stability, with particular
regard to premixed combustion and lean operation.
Figure 4 shows the results for two different intake
flow configurations at 2,000 RPM, 6 bar IMEP, and
A=1.5. The case shown on the top (open swirl plate) is
characterized by higher COV ., (7%), while the case
on the bottom (closed-swirl plate) has lower COV,ygp
(4%) due to the modified in-cylinder turbulent field.

An advanced numerical approach is employed in this
study and has shown significant potential in describing
cycle-to-cycle variations and combustion stability.

The approach is RANS-based but with low numerical
diffusion in order to maintain feedback from one cycle to
the next in terms of in-cylinder turbulence. Conventional
RANS simulations are typically performed with coarse
meshes and other settings (i.e., low discretization order)
that increase numerical diffusion thus compromising

the cycle-to-cycle feedback mechanism by damping
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large-scale turbulence. With the advanced numerical
approach, however, turbulence varies from cycle to
cycle in the entire cylinder as well as in the proximity
of the spark plug, thus having a strong impact on flame
development and propagation. After 10 consecutive
cycles, results do not show convergence of the numerical
pressure traces. The latter continue to oscillate around
the average experimental pressure value and are well
within the maximum and minimum experimental
cycles. More importantly, an operating condition that is
characterized by higher measured variability (Figure 4,
top) shows large oscillation of the numerical in-cylinder
pressure while cases with lower experimental variability
(Figure 4, bottom) are characterized by much narrower
oscillation.

While many sources of cyclic variability (i.e., the
non-repeatability of the injection and ignition events)
were not yet analyzed and LES strategies are typically
more accurate in describing cycle-to-cycle variations, the
proposed RANS approach still provides good indication
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FIGURE 4. Experimental and Numerical Cyclic Variability for Two Intake
Flow Configurations at 2,000 RPM, 6 bar IMEP, and A=1.5
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of combustion stability with reasonable computational
times.

CONCLUSIONS

*  Results from a sensitivity study show that COV ..
is far less sensitive to combustion phasing than to
fueling perturbation while the sensitivity is similar
in terms of efficiency. This is true for both lean and
EGR dilute operation.

*  With EGR, the sensitivity of COV,,,.. to combustion
phasing is greater than in lean operation. This is
likely the result of longer ignition delay which is
critical for early flame kernel development.

*  An alternative ignition profile consisting of higher
energy and sustained spark versus a lower energy
single spark ignition profile shows significant
improvement in engine performance in EGR
dilute operation. COV,,, .. is more predictable as a
function of ignition timing and engine efficiency is
consistently improved.

* Analternative RANS based 3D-CFD simulation
approach with low numerical diffusion has proven
effective at predicting cycle-to-cycle combustion
variability.
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Overall Objectives

*  Characterize dynamics of cyclic variability that
limits dilution levels in spark-ignition engines

»  Evaluate potential engine efficiency gains resulting
from effective control of cyclic variations

*  Demonstrate dilution limit extension through active
control to reduce cyclic variability

Fiscal Year (FY) 2013 Objectives

*  Determine effects of external exhaust gas
recirculation (EGR) loop on cycle-to-cycle dynamics
and differences from lean- and internal-EGR
systems

»  Evaluate effects of varying engine control inputs,
including fuel injection timing and cam timing, on
high-dilution combustion stability

FY 2013 Accomplishments

»  Upgraded data acquisition system to allow for
collection of longer-duration data sets (>10,000
cycles)

»  Experimentally quantified effects of various engine
control parameters on combustion stability (injection
and cam timing, ignition timing, composition)

*  Found that external EGR affects the dynamics of
cyclic variations beyond the dilution limit imposed
by combustion stability requirements

Future Directions

*  Commission new engine control system and
implement next-cycle control based on information
from prior-cycle events

*  Characterize sensitivity of control parameters to data
sampling quality:

Advanced Combustion Engine R&D

—  Production-grade sensors and engine control
units do not provide the same resolution of data
acquisition as laboratory-grade equipment

—  Results will determine the necessary resolution
and accuracy of data to apply these control
strategies in the market

*  Demonstrate potential of next-cycle control
strategies for combustion stability improvements and
efficiency gains

»  Evaluate the feasibility and potential benefits of
same-cycle control strategies to prevent misfires

R T T S

INTRODUCTION

Operation of spark-ignition engines with high levels
of charge dilution through EGR achieves significant
efficiency gains while maintaining stoichiometric
operation for compatibility with three-way catalysts.

At high engine loads, efficiency gains of 10-15% are
achievable with current technology. Dilution levels,
however, are limited by cyclic variability—including
significant numbers of misfires—that increases in
frequency with dilution, especially at low engine loads
typical of operation on standard light-duty drive cycles.
The cyclic variability encountered at the dilution limit is
not random, but has been shown to be influenced by the
events of prior engine cycles. This determinism offers an
opportunity for dilution limit extension through active
engine control, thus enabling significant efficiency gains
by extending practically achievable dilution levels to the
edge of combustion stability.

This project is focused on gaining and utilizing
knowledge of the recurring patterns in cyclic variability
to predict and correct for low-energy cycles such as
misfires that reduce engine efficiency at the dilution
limit. In particular, the dynamics of systems using cooled
EGR loops have been elucidated for the first time, and
are somewhat different from those of lean combustion
systems for which similar background work has been
carried out in the past. This knowledge will be utilized
to develop and implement next-cycle active control
strategies for extending the dilution limit.

FY 2013 Annual Progress Report
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APPROACH

A modern, turbocharged 2.0-L GDI engine, modified
with a higher-than-stock compression ratio, has been
installed in an engine test facility at ORNL. An external-
cooled EGR loop has been installed on the engine to
allow operation with external EGR. An engine controller
with open access to parameters through INCA software
is used to control the engine to the desired operating
conditions.

Experiments have been conducted operating the
engine at steady-state EGR levels beyond the practical
dilution limit imposed by cyclic variability limits. The
dynamics of cycle-to-cycle variations at these conditions
were observed and analyzed using tools derived from
chaos theory to identify recurring patterns that indicate
non-random structure. Knowledge of these patterns will
be used to implement control strategies based on the
events of prior cycles, to stabilize combustion near the
dilution limit.

RESULTS

Symbol sequence analysis of the time series of heat
release data is a useful method for identifying recurring
patterns in the cyclic variations. In this method, the
data are binned and each bin is assigned a symbol;
sequences of these symbolized data will often elucidate
patterns that were obstructed by noise (i.e., stochastic
variations) in the raw data. This method is described in
detail by Finney, et al. [1] and by Daw, et al. [2]. A metric
called modified Shannon entropy is calculated from the
symbolized data to provide a quantitative measure of the
level of deterministic information available. This analysis
method was used to determine the optimal parameters
for symbolizing this data for control applications, and
Figure 1 shows that the minimum value in Shannon
entropy—which corresponds to the greatest level of
deterministic information—can be seen when dividing
the data into 5-7 partitions and considering 3-4 cycle
sequences. This result may help inform future controller
architecture decisions. These results were presented
at the SAE 2013 World Congress and published in the
SAE International Journal of Engines (see FY 2013
Publications/Presentations).

Experiments focused on exploring the impact of
valve timing and fuel injection timing on cyclic dynamics
of high-EGR engine operation were also completed. The
engine was operated with constant fueling and constant
EGR, and the throttle was adjusted to maintain airflow/
stoichiometry as the intake cam position was varied. The
intake manifold pressure was affected by this, but there
was no significant effect on stability or on the cyclic
dynamics beyond the stable dilution limit. The engine
was also operated with fixed fueling rate, constant EGR,

FY 2013 Annual Progress Report
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FIGURE 1. Variation of Modified Shannon Entropy with Number of
Partitions and Sequence Length for 2,000 rpm, 3.8 Bar Brake Mean
Effective Pressure Operation with 17% EGR

and constant cam and throttle positions while the fuel
injection timing was varied. This also had no effect on
engine stability at the dilution limit, nor did varying

the fuel rail pressure. The effect of the external EGR
masked the smaller effects of any of these parameters
for the conditions tested. Unfortunately, the exhaust cam
phaser on the engine was not actuating properly, so it
was not possible to explore the effects of exhaust valve
timing. It is possible that some impact would be detected
here, as the internal trapped residual fraction would be
more strongly impacted by exhaust valve timing than

by intake valve timing, but later experiments showed
that the dominant period of cyclic variations is primarily
driven by the transit time through the external EGR loop
rather than the immediate effect of the internal residual
gases, and this is expected to be the case even with slight
changes to the quantity of internal residuals.

Analysis focused on the importance of data quality
was begun with the help of a summer student. This
analysis is expected to result in several papers and yield
important information regarding the quality of sensors
and resolution of data acquisition required to implement
control approaches based on the nonlinear dynamics
analysis techniques used to detect cycle-to-cycle patterns.
While examining the data, it became apparent that some
dynamics are occurring for operation with external EGR
that had not been previously observed in studies of cyclic
variability for lean operation or other operation driven by
internal trapped residual gases [3,4].

Further experiments were conducted to better
understand the impact of the external EGR loop flow
dynamics on cyclic variability. The length of the EGR
loop was varied by replacing a section of hose indicated
in Figure 2, and the transit time through the system
was calculated compared to the half-period of a fast
Fourier transform (FFT) of the heat release time series.
A strong correlation was found between the transit time

Advanced Combustion Engine R&D
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Short 53 10.6 10.5 -200 : L 1000
Medium 36 151 15.5 0 50 100
Medium 46 12.6 12.5 Cycle
Medium 55 1 11.3
Long 40 15.2 6.4 FIGURE 3. Time Series of Heat Release and Intake Hydrocarbon (HC)
Long 54 124 5.2 Concentration
The correlation is excellent for the short (standard from cycles that do not burn fully, recirculating around
length) and medium (addition of approximately 50% and effectively reducing the dilution level for a few
to the exhaust-side EGR loop) lengths of hose. For the cycles, until the excess fuel is exhausted. The exhaust
longest hose, which doubled the length of the exhaust- recirculated from these cycles, which burned well,
side EGR loop, the correlation breaks down as the contains little unburned fuel, and results in misfires or
dynamics of the system are pushed to a different fixed- very poor combustion. A fast hydrocarbon detector was
point with more rapid variations. The fundamental installed in the intake runner for one cylinder, and the
physics causing this direct correlation between the hydrocarbon concentration was compared to the resulting
EGR loop transit time and the cyclic variability of the heat release for each cycle. As seen in Figure 3, there
engine are driven by the excess unburned fuel and air is a strong correlation between the intake hydrocarbon
Advanced Combustion Engine R&D FY 2013 Annual Progress Report
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concentration and the resulting heat release, confirming
that this is the driving mechanism behind these
variations. These results have been written up in a paper
and submitted to the 2014 SAE World Congress.

CONCLUSIONS

»  Experiments were conducted to characterize the
effects of external EGR flow loop dynamics on the
cyclic variability of dilute combustion. Transit time
through the EGR loop was shown to be dominant.

»  Experiments were conducted to evaluate the effects
of various control inputs on cyclic variability.
Compared to dominant external EGR transit time
effect, the effects of all other inputs were negligible.

*  Modified Shannon entropy analysis of experimental
data helped to determine the best parameters for
symbolizing the data for control purposes.

»  Analysis of the effects of data quality on control
parameters was begun, and will be continued in the
next year.

*  Preparations were begun for upgrading engine
control system to allow next-cycle control based on
information gained this year.

FY 2013 Annual Progress Report
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Overall Objectives

Develop and evaluate the potential of High
Efficiency Clean Combustion (HECC) strategies
with production viable hardware and aftertreatment
on multi-cylinder engines.

Expand the HECC operational range for conditions
consistent with real-world drive cycles in a variety of
driveline configurations (conventional, down-sized,
and hybrid electric vehicle/plug-in hybrid electric
vehicle).

Improve the fundamental thermodynamic
understanding of HECC in order to better identify
the opportunities, barriers, and tradeoffs associated
with higher efficiency combustion concepts.

Characterize the controls challenges including
transient operation and fundamental instability
mechanisms which may limit the operational range
of potential of HECC. This includes the development
of low-order models for prediction and avoidance of
abnormal combustion events.

Understand the interdependent emissions and
efficiency challenges including integration of exhaust
aftertreatment for HECC and multi-mode operation.

Support demonstration of DOE and U.S. DRIVE
efficiency and emissions milestones for light-duty
diesel engines.

Fiscal Year (FY) 2013 Objectives

Develop a Reactivity-Controlled Compression
Ignition (RCCI) combustion map on a multi-cylinder
engine suitable for light-duty drive cycle simulations.

Advanced Combustion Engine R&D

The map will be developed to maximize efficiency
with lowest possible emissions with production
viable hardware and biofuels.

Demonstrate improved modeled fuel economy

of 20% for passenger vehicles solely from
improvements in powertrain efficiency relative to a
2009 port fuel injection (PFI) gasoline baseline.

Quantify the effectiveness of diesel oxidation
catalysts on particulate matter (PM) destruction with
RCCI for steady-state operation.

FY 2013 Accomplishments

Attained the 2013 technical target of developing a
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 PFI gasoline baseline.

Performed drive cycle estimations of fuel economy
and emissions using vehicle systems modeling
with experimental data with multi-mode RCCI/
conventional diesel combustion (CDC) operation.

Evaluated the hydrocarbon (HC) and CO reduction
effectiveness of multiple diesel oxidation catalysts
with RCCI.

Collaboration with Pacific Northwest National
Laboratory (PNNL) on RCCI campaign.

Collaboration with Los Alamos National Laboratory
on NO sensor.

Partnership with MAHLE to get piston blanks for
RCCI piston effect studies in the future.

Completed RCCI noise investigation and published
study.

Completed RCCI PM study with paper submitted for
2014 SAE World Congress.

Subcontract in place and progress made on
RCCT hybrid collaboration with University of
Wisconsin, Madison.

Invited talks on HECC research.

Future Directions
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Evaluate transient RCCI performance including
controls and stability concerns.
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»  Evaluate the potential of increasing combustion process. Previous research and development at ORNL
efficiency through combustion optimization and has demonstrated successful implementation of RCCI
engine hardware design (i.e., combustion chamber on a light-duty multi-cylinder engine over a wide range
geometry). of operating conditions with a focus on identifying

the translational effects of going from a combustion
concept to a multi-cylinder engine with production-
viable hardware. Initial drive cycle modeling of RCCI/
diesel multi-mode operation demonstrated at least a 15%
improvement in fuel economy over a 2009 PFI baseline
using vehicle systems simulations. The objective of this
activity is first to develop and then use an experimental

*  Characterize aftertreatment performance (including
effect on PM) over the over light-duty operating
range. Data will also be used with a vehicle model
to simulate emissions performance over the light-
duty drive cycle to determine aftertreatment needs
for meeting Tier 2-Bin 5 and Tier 2-Bin 2 emission

regulations. RCCI engine map in vehicle systems simulations to

* 2014 Milestone of demonstrating 23% increase model fuel economy and emissions over a variety of
in fuel economy over 2009 PFI gasoline vehicle drive cycles. Within this activity, the interdependency of
in vehicle simulation due to improved powertrain fuel economy and emissions performance including the
efficiency. performance of exhaust aftertreatment is investigated for

advanced combustion.

SR S SR

APPROACH
INTRODUCTION . . .
A 4-cylinder General Motors 1.9-L diesel engine
Advanced combustion concepts have shown promise installed at ORNL was modified to include a port fuel

in achieving high thermal efficiencies with ultra-low injection system using conventional gasoline injectors
oxides of nitrogen (NO, ) and PM emissions. RCCI makes ~ and pistons that were designed for RCCI operation. A
use of in-cylinder blending of two fuels with differing schematic of the system is shown in Figure 1. A flexible
reactivity for improved control of the combustion microprocessor-based control system allowed for full

Gasoline ‘ PFI Fuel Rail PFI

Fuel Injectors
System
-
Diesel :
Fuel I DI Fuel Rail ]
System
DI
Injectors
Turbo i
I ey
Exhaust
CAC- charge air cooler I nta ke Ai r

FIGURE 1. ORNL Multi-Cylinder RCCI Engine
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authority of both fueling systems and other engine
operating parameters. Experimental steady-state RCCI
operating points on the modified RCCI engine using an
in-house methodology for RCCI combustion were used
to develop a speed/load map consistent with a light-
duty drive cycle with sufficient detail to support vehicle
simulations. The engine map was developed using a 30%
ethanol blend and certification-grade diesel fuel. The
potential fuel economy of RCCI operation was evaluated
using vehicle systems simulations with experimental
steady-state engine maps compared to representative
2009 gasoline PFI engines ranging from 1.8-L to 4.0-L
as a baseline for comparison. The simulations used a
multi-mode RCCl/diesel operating strategy where the
engine would operate in RCCI mode whenever possible
but at the highest and lowest engine operating points,
the engine would switch to diesel mode as shown in
Figure 2. All simulations were carried out in Autonomie
using a 1,580 kg passenger vehicle (mid-size sedan, i.e.,
Chevrolet Malibu) over numerous U.S. federal light-duty
drive cycles. RCCI fuel economy simulation results were
compared to the same vehicle powered by each of the
2009 PFI gasoline engines over multiple drive cycles.
Engine-out drive cycle emissions were compared to
CDC and observations regarding relative gasoline and

300
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diesel tank sizes needed for the various drive cycles are
also summarized.

RESULTS

Multi-mode RCCI/CDC operation was shown
through vehicle system simulations using experimental
engine data to have the potential to offer greater than
20% fuel economy improvement over a 2009 gasoline
PFI baseline over all hot drive cycles examined (no
warm-up portion) as shown in Figure 3. The peak
efficiency from the RCCI operating map was found to be
within the region that is relevant to the federal light-duty
drive cycles, unlike CDC whose peak efficiency is well
outside the drive cycles. However, the current range of
the experimental RCCI engine map does not allow full
coverage of many light-duty drive cycles. RCCI fuel
economy improvements were observed despite lack of
complete drive cycle coverage. The results here showed
that engine-out NO,, emissions are dependent on the
drive cycle coverage of RCCI. Fuel usage over the drive
cycles showed that nearly equal amounts of gasoline and
diesel fuel would most likely be needed to be carried on
board for RCCI multi-mode operation. During RCCI-only
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FIGURE 2. RCCI Coverage of Various Drive Cycles with Engine Speed and Load Points Overlain
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FIGURE 3. Drive Cycle Fuel Economy for PFI, CDC and Multi-Mode RCCI
Operation

operation, fuel usage was found to be between 57.6% and
66.7% gasoline.

Modeled drive cycle emissions results showed
between a 16% and 19% reduction in NO, with multi-
mode RCCI as compared to diesel-only operation on
both city and highway driving cycles. However, HC
and CO emissions increased with RCCI by a factor of
2 to 3 compared to CDC. The increased HC and CO
emissions along with reduced exhaust temperatures
will be a challenge for exhaust aftertreatment. The
combination of high CO and HC emissions with low
exhaust temperatures will be a significant challenge due
to the limited effectiveness of current oxidation catalysts
at low temperatures. No information on PM was collected
for the mapping study for use in the vehicle systems
simulations due to the difficulty in measuring RCCI PM
as previously reported [1].

Previous ORNL RCCI PM research has shown that
despite RCCI having a near-zero smoke number, there is
still measureable PM as measured by filter or scanning
mobility particle sizer after a Particle Measurement
Program-style dilution system [1]. To better understand
the character and composition of what is hypothesized
to be condensed semi-volatile proto-soot from RCCI,

a collaborative campaign was conducted with PNNL
and their Single Particle Laser Ablation Time-of-
Flight Mass Spectrometer (SPLAT). This technique is
insightful for physically and chemically characterizing
individual particles and gives a complete picture of the
particle emissions from an engine. The combination of
SPLAT and the advanced engine and fuel technologies
at ORNL produced an unprecedented examination of
exhaust emissions from RCCI under a variety of light-

FY 2013 Annual Progress Report

duty operating conditions including the effect of a diesel
oxidation catalyst on measured PM.

CONCLUSIONS

Advanced combustion techniques such as RCCI
can increase engine efficiency and lower NO, and soot
emissions over the engine map. Furthermore, an RCCI/
CDC multi-mode approach has been shown to allow
greater than 20% fuel economy improvement over a 2009
PFI gasoline baseline in a mid-size passenger vehicle.
This activity has shown the importance of taking a
comprehensive engine systems approach to help meet
Vehicle Technologies Program goals and milestones.

*  Multi-mode RCCI operation can allow greater than
20% improvement in modeled fuel economy as
compared to a 2009 PFI gasoline baseline.

* In-cylinder blending of two fuels with different fuel
reactivity (octane/cetane) allows increased control
over combustion compared to single fuel advanced
combustion techniques.

* Increased HC/CO emissions will be a challenge
and will require progress in low temperature
aftertreatment.
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Overall Objectives

*  Define and analyze 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.

*  Implement critical measurement and proof of
principle experiments for the identified pathways to
stretch efficiency.

Fiscal Year (FY) 2013 Objectives

*  Parametrically investigate in-cylinder non-catalytic
fuel reforming and the possibility of thermochemical
recuperation (TCR) using a direct injection strategy
during negative valve overlap (NVO).

e Determine the effects of parent fuel composition
on reformate products using the in-cylinder,
non-catalytic fuel reforming process.

»  Establish the cause of catalyst performance
degradation from the TCR reforming catalyst used
in a prior California Energy Commission-funded
project by the Gas Technology Institute (GTI) and
Cummins.

FY 2013 Accomplishments

*  Demonstrated that in-cylinder non-catalytic
reforming is a thermodynamically inexpensive
pathway to forming a high-octane reformate stream
rich in hydrogen.

*  Successfully collaborated with Sandia National
Laboratories (SNL) on quantifying chemical species
formed in the NVO associated with in-cylinder non-
catalytic reforming.

*  Determined that very low concentrations of sulfur
(~2 ppm) can significantly deactivate the nickel-

FY 2013 Annual Progress Report

based TCR reforming catalyst, which is the most
likely cause of the reforming degradation observed
by GTI and Cummins.

Future Directions

*  Complete construction of a new engine platform
at ORNL designed to be sufficiently flexible to
demonstrate proof-of-principle of the various
reforming concepts being pursued in this project on a
multi-cylinder engine.

*  Apply the in-cylinder non-catalytic reforming
concept to the new flexible multi-cylinder engine
experiment to quantify efficiency gains from
simultaneous production and consumption of
reformate in the same engine.

*  Select, procure, and conduct flow reactor evaluations
of a sulfur-tolerant TCR reforming catalyst
formulation for use in future engine experiments.

R R

INTRODUCTION

In conventional internal combustion engines,
unutilized fuel energy ends up in the form of waste heat.
Waste heat cannot be utilized directly by the piston, but
it can be converted into other forms that can be recycled
and used to boost piston output. The goal of this project
is to identify and demonstrate strategies that enable waste
heat recuperation and transformation into forms that
can boost the thermodynamic efficiency of single-stage
engines.

Our approach to improving internal combustion
engine efficiency is based on developing a better
understanding of thermodynamic losses in current
engines as revealed by both 1™ and 2™ Law analyses
and then developing ways to mitigate them. Previous
studies of internal combustion engine thermodynamics
conducted in collaboration with Professors Jerald Caton
(Texas A&M University) and David Foster (University
of Wisconsin) identified combustion irreversibility as the
largest single contributor to fuel exergy loss. In addition,
these studies revealed that thermal exhaust exergy is not
directly usable by the piston unless it is first transformed
into a more suitable state. As a result, our efforts have
focused on novel concepts that transform and recuperate
thermal exhaust exergy and improve dilute combustion.
We are guided by combined input from industry,
academia, and national labs, such as that summarized
in the recently published report from the Colloquium on
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Transportation Engine Efficiency held in March 2010 at
the United States Council for Automotive Research [1]. In
previous years we identified three promising approaches
for improving engine efficiency: counterflow preheating
of inlet fuel and air with exhaust heat [2], TCR [3],

and chemical looping combustion [4]. Of these, TCR
appears to have the greatest near-term potential, and we
are pursuing TCR through fuel reforming through two
pathways.

APPROACH

We are actively pursuing thermochemical
recuperation through (1) a non-catalytic, in-cylinder
reforming approach that thermally reforms the fuel
in a hot, oxygen-deficient NVO portion of an engine
cycle, and (2) a catalytic reforming of fuel in an oxygen-
deficient exhaust gas recirculation (EGR) stream. Both
approaches aim to use waste exhaust heat to drive
endothermic reforming reactions to produce a mixed
reformate and EGR stream that is rich in H, and CO.

In FY 2013, a novel 6-stroke engine cycle that
was developed to isolate NVO reformate was used
to parametrically investigate the effect of operating
conditions and parent fuel composition on the extent of
reforming and reformate composition. The results from
this study were independently validated in a different
experimental engine at SNL in collaboration with Dick
Steeper. To better understand the reforming process,
experimental results were also modeled using a detailed
chemical kinetic mechanism in CHEMKIN.

A series of flow reactor experiments were used
to identify potential deactivation mechanisms for the
GTI TCR catalyst. The experiments were designed to
replicate the rapid performance degradation observed

during TCR experiments conducted on a Cummins
natural gas engine. Three potential degradation pathways
were evaluated: coking during steam reforming, catalyst
oxidation during startup or shutdown, and exposure to
low sulfur concentrations.

RESULTS

To investigate the reforming chemistry that occurs
under in-cylinder, non-catalytic reforming conditions, a
6-stroke engine cycle was developed to isolate reformate
from the remainder of the engine cycle. It should be noted
that the purpose of this engine cycle is research; it is not
being proposed as a production-intent engine cycle. In
the engine cycle, a 4-stroke Otto cycle sets up an NVO
event in which fuel is injected. In this hot, recompressed,
oxygen-deficient environment, the fuel undergoes
non-catalytic reforming. The engine cycle is shown in
Figure 1, and complete experimental details and results
can be found in publications 4 and 5 of the FY 2013
Publications list.

Experimental measurements of the results of
in-cylinder reforming were made for four single-
component fuels at five NVO durations and six NVO
injection timings with three different residual exhaust
compositions at the start of NVO. The major finding is
that the fuel injection timing is the primary controlling
factor for the amount of H, and CO formed during the
reforming process. NVO duration, oxygen availability
during the NVO, and NVO recompression temperature
were much less important. These trends are shown in
Figure 2. That fuel injection timing, which primarily
affects the timescale for reforming, is the controlling
variable indicates that the in-cylinder reforming process
is kinetically slow, which is in agreement with reference
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FIGURE 1. The 6-stroke engine cycle that has been developed to research NVO chemistry.
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FIGURE 3. Comparison of ORNL and SNL experimental measurements of H, and CO generation as a function of fuel injection timing at comparable engine

operating conditions.

[5]- The NVO duration, a variable which showed very low
sensitivity for reforming, primarily affects in-cylinder
temperature and pressure conditions without changing
the timescale.

In collaboration with Dick Steeper at SNL, a subset
of the ORNL experimental results were replicated in
order to confirm their applicability to different engine
architectures and operating conditions. As shown in
Figure 3, H, and CO production results were in excellent
trend-wise agreement between the two experiments, with
both sets of experiments showing a linear dependence

FY 2013 Annual Progress Report

on the start of injection timing, again indicating that
in-cylinder reforming is a kinetically slow process.
This shows that despite the numerous experimental and
analytical differences between the two experiments, the
same reforming chemistry is observed in both systems.
Further, energy balances from the two experiments
show that the reforming process is thermodynamically
inexpensive, meaning that while the chemical energy
has changed form, it remains available for use during

a subsequent combustion event. Complete results are
presented in publication 5.

Advanced Combustion Engine R&D
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An attempt was made to model these same
conditions using detailed reaction kinetic mechanisms
and a zero-dimension engine model in CHEMKIN.
Surprisingly, the simulations did not agree with the major
experimental finding that the reforming process was
kinetically slow and that earlier fuel injection timing led
to an increase in the extent of reforming. Instead, the
H, and CO production were predicted to be relatively
constant with fuel injection timing, as shown in Figure 4.
This suggests that the available kinetic mechanisms
over predict key reforming reaction rates and thus do
not accurately reflect the importance of reaction time.
Complete details of the modeling effort are presented in
publication 4.

The flow reactor experiments on the GTI TCR
catalyst showed that neither coking nor catalyst oxidation
result in significant loss in reforming performance. In
fact, air exposure actually results in a temporary increase
in H, production, followed by a decay back to prior
performance (Figure 5). Exposure to low concentrations
of sulfur (as 2 ppm SO,) during the reforming process,
however, results in rapid catalyst deactivation. This
deactivation is magnified by subsequent exposure to
air, as might be observed after system shutdown. While
the GTI TCR catalyst was run on a natural gas engine
with essentially zero fuel-borne sulfur, ppm-levels of
SO, are expected due to lubricant oil consumption.
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FIGURE 4. Comparison of experimental and simulated H, and CO
formation as a function of fuel injection timing.
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Thus, the most likely cause of the GTI TCR catalyst
deactivation during engine operation is sulfur exposure.
Unfortunately, the sulfur loading on the engine-operated
catalyst samples is lower that what can be detected
through standard analytical techniques. Regardless, it is
clear that a more sulfur-tolerant catalyst formulation will
be required for operation in engine exhaust streams.

Based on these findings, we are developing a
multi-cylinder engine experiment with a sufficiently
flexible design to investigate both in-cylinder and
EGR-loop reforming strategies. When investigating
the in-cylinder reforming process, one cylinder will
produce reformate gas, which will then be consumed
in the remaining cylinders. By doing this on a multi-
cylinder engine, we will be able to measure brake system
efficiency. By building this experimental platform with
a fully hydraulic variable valve actuation system for
the reforming cylinder, we will be able to interrogate
a broader range of reforming conditions than would be
accessible with a cam-based system. Additionally, we
will be able to operate this cylinder with conventional
valve timings to investigate EGR-loop reforming for
back-to-back comparisons. The modified engine cylinder
head and custom valve cover for this modified engine
platform is shown in Figure 6, and the engine is on track
to be operational during the 2™ quarter of FY 2014.

o
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FIGURE 5. H, generation over the GTl catalyst for TCR as a function of
time for the fresh catalyst, after exposure to O,, in the presence of SO,,
and after exposure to SO, followed by O,.
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FIGURE 6. Cylinder head and custom valve cover for flexible ORNL multi-
cylinder engine experiment that will be completed during FY 2014.

CONCLUSIONS

Two pathways are being pursued to boost efficiency
through TCR. The first, non-catalytic, in-cylinder
reforming, has been shown to be thermodynamically
inexpensive, and experiments in FY 2013 have
established that this process is kinetically slow. In the
second pathway, catalytic EGR-loop reforming, sulfur
sensitivity was identified as a major limitation on our first
reforming catalyst candidate.

Moving forward, both paths will continue to be
pursued in such a way as to apply them on a multi-
cylinder engine to demonstrate brake thermal efficiency
gains. To this end, a flexible multi-cylinder engine
experiment is being developed at ORNL capable of
both in-cylinder, non-catalytic reforming and EGR-loop
reforming. The engine is expected to become functional
during the 2™ quarter of FY 2014.
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Overall Objectives

Study the effects of continuous operation (i.e. gas
exchange) on indicated thermal efficiency and
emissions of an opposed free-piston linear alternator
engine utilizing homogeneous charge compression
ignition (HCCI) combustion at high compression
ratios (~20-40:1)

Concept validation of passively synchronizing the
opposed free pistons via the linear alternators,
providing a low cost and durable design

Proof of principle of electronic variable compression
ratio control, allowing optimized combustion timing
and fuel flexibility, by means of mechanical control
of bounce chamber air pressure

Provide a research tool to explore the free-piston
engine operating envelope across multiple inputs:
boost level, equivalence ratio, alternative fuels

Fiscal Year (FY) 2013 Objectives

Motor the engine continuously for tens of seconds to
minutes at a time to assess piston synchronization,
thermal response, and compression ratio control

Perform combustion experiments and measure
indicated thermal efficiency and emissions at various
compression ratios and equivalence ratios with
hydrogen

Characterize a new design for the pistons intended
to reduce frictional losses and improve overall
efficiency

Based on experimental results and modeling
predictions, assess the overall engine design and
performance with respect to the target fuel-to-
electricity conversion efficiency of 50% at 30 kW
output

Advanced Combustion Engine R&D

FY 2013 Accomplishments

*  New lubrication system and valve plates installed

*  Numerous motoring tests at ~10 sec duration
demonstrate passive piston synchronization to within
4 mm over the 220 mm stroke

*  Motoring tests show work-to-electrical efficiency
of ~50%

» Initial single-shot experiments show viability of
HCCI with low equivalence ratios of 0.024 to 0.1

»  First combined motoring/combustion experiment
with ~10 sec duration at equivalence ratio of 0.036

*  New pistons installed with redesigned compression
rings for reduced friction and increased efficiency

* A number of combustion experiments have been
carried with 15-30 sec durations over a range of
equivalence ratios from 0.1 to 0.24 and compression
ratios from 30:1 to 70:1

»  First tests with greater fuel energy input than air
drive energy

* Indicated fuel conversion efficiency increase
with fuel load demonstrated up to 50% with 0.24
equivalence ratio and compression ratio of 33:1

*  Demonstrated work-to-electrical efficiency of 55%
during several combustion experiments

Future Directions

»  Continue to perform combustion experiments and
extend run times to measure indicated thermal
efficiency and emissions at various compression
ratios and equivalence ratios with hydrogen

*  Based on experimental results and modeling
predictions, assess the overall engine design and
performance with respect to the target fuel-to-
electricity conversion efficiency of 50% at 30 kW
output.

R

INTRODUCTION

As fuel efficiency of the typical American
automobile becomes more important due to
hydrocarbon fuel cost and availability issues, powertrain
improvements will require smaller output engines
combined with hybrid technologies to improve efficiency.
In particular, the plug-in hybrid concept will require

FY 2013 Annual Progress Report

I1-112



Johnson - Sandia National Laboratories

Il. Combustion Research

an electrical generator of approximately 30 kW output.
Unfortunately, current crankshaft spark-ignition internal
combustion engines with optimized power outputs of 30
kW have thermal efficiencies of less than 32%.

The free-piston generator of this project has a
projected fuel-to-electricity conversion efficiency of
50% at 30 kW output. The project has progressed by
conducting idealized combustion experiments, designing
and procuring the linear alternators required for control
and power conversion, and conducting computational
fluid dynamics design of the inlet/exhaust processes.
The current proof-of-concept engine was designed and
fabricated based on this initial work. As it has been
experimentally evaluated, the engine design has been
improved to enable further evaluation of motoring
control and eventually combustion efficiency.

APPROACH

By investigating the parameters unique to free-
piston generators (linear alternator, opposed piston
coupling, uniflow port scavenging) as separate entities,
each piece can be used at its optimum design point. More
importantly, upon assembly of a research prototype for
performance demonstration (the goal of this project),
understanding of the pieces in the device will allow the
proper contribution of each component to the combined
performance of the assembly.

Demonstration of the research prototype has been
carried out in stages. First, synchronous starting of
the opposed pistons was demonstrated followed by
synchronous motoring. Modeling has been used to
guide design modifications and experimental procedures
leading to combustion.

RESULTS

Figure 1 shows the Sandia FPEG research
prototype. Bounce chamber cylinders, air injection
valves, vent manifolds, and pistons were all obtained
and fully assembled in FY 2011 except for the magnets.
Instrumentation and data acquisition systems were also
installed in FY 2011 and described in the FY 2011 report.
The permanent magnet arrays for the linear alternator
were assembled on backirons and integrated with the
pistons in FY 2012. In addition, most of the air injection
and bounce chamber vent system was redesigned and
replaced in FY 2012. This effort was described in the FY
2012 report.

In late FY 2012, these various system improvements
resulted in short duration motoring tests. In early FY
2013, two more modifications enabled motoring duration
to rapidly increase from one second in November to
13 seconds by February. The first of these was a new

FY 2013 Annual Progress Report

FIGURE 1. Sandia FPEG Research Prototype

lubrication distribution system. The new system enabled
continuous lubrication and much finer control over

oil injection to the combustion and bounce chamber
cylinders which improved friction and minimized
combustion of oil vapor. The second modification was
the culmination of a series of bounce chamber valve plate
designs which resulted in robust operation.

As shown in Figure 2, these longer duration tests
demonstrated that the passive piston synchronization
concept works. The graph shows piston synchronization
error for five of the longest duration tests. This error is
the relative difference in the piston positions with respect
to the engine centerline. For many tests this error is just
a few mm, compared to the 220 mm travel of each piston
that occurs every half cycle at about 30 cycles per second
and at a maximum velocity of up to 20,000 mm/sec.
Based on simulation results, asynchronous motion
is initiated by a difference in friction between the
two pistons. However, as the separation grows, the
electromagnetic drag on the pistons works to restore
synchronous motion. Importantly, this data shows that
the FPEG system can be operated without complex active
controls to keep piston motion in sync. Other data has
shown that good synchronization is necessary for high
efficiency. For example, a synchronization error of 11
mm results in a 25% reduction in the electrical output of
the linear alternators.

Figure 3 shows an energy balance for 16 of the
longest duration motoring tests. The results indicate that
about 50% of the input energy, which is calculated from
the bounce chamber pressure-volume (P-V) integral,
is converted to electrical output that is calculated from
measured current and known load resistances. The
remaining 50% is split among a number of loss terms, the
largest of which is frictional loss. Combustion chamber
P-V integrals show losses assumed to be primarily
thermal, but potentially due to gas blowby as well.

This term is on the order of 10%, but varies test to test.

Advanced Combustion Engine R&D
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FIGURE 3. Output Energy Distribution from Motoring Tests of the FPEG

Losses to resistive heating in the linear alternator coils
and lead wires are fairly small at a few percent. Eddy
current losses in the alternators are not measured, but
assumed by bounding the alternator efficiency between
85 and 95%. These bounds give two values for alternator
losses; ~9% if efficiency is low or ~2% if efficiency is
high. Since friction cannot be measured, it is taken as
the remainder of the energy balance. Thus, there are two
values shown for friction for each test as well. For low

Advanced Combustion Engine R&D

alternator efficiency, friction estimates range from 22 to
32%, for high alternator efficiency, friction losses vary
from 29 to 39%. Note that this analysis was performed
using the original pistons.

Hydrogen combustion experiments were initiated in
December, 2012 with single-shot experiments that were
carried out to exercise the hydrogen injection system and
to verify that compression ignition of low equivalence
ratio mixtures would occur at reasonable compression
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ratios. Following the successful completion of those
tests, integrated combustion and motoring experiments
were pursued. Early tests were carried out with a very
lean fuel/air mixture (equivalence ratio of .024). Several
tests were run with this mixture and the results showed
inconsistent combustion that lasted for just a little over
a second. The fuel load was then increased by 50% to
an equivalence ratio of 0.036. The resulting test ran for
significantly longer, ~10 seconds, and showed fairly
consistent cycle to cycle values for combustion energy.

These initial hydrogen combustion experiments,
although limited, were encouraging. However, before
pursuing combustion further, the pistons were replaced
with a new design. Due to the high frictional losses that
were found with the original pistons, new pistons were
designed and fabricated as discussed in the FY 2012
report and the decision to replace the pistons was made
in March 2013. Figure 4 shows the new pistons. The
primary modifications to reduce frictional losses were
integrated rider rings and thinner compression rings
on combustion and bounce chamber ends. Single-shot
and motoring tests were run with the new pistons to
assess friction. While lower friction force was estimated
from this data, unfortunately the reduction was not as
significant as expected based on FY 2012 tests.

Following the friction evaluation of the new pistons,
combustion experiments were resumed. Over the next
couple of months, a number of longer duration (14-27 sec)
tests were run with increasingly higher fuel loads with
equivalence ratios from 0.036 up to 0.16. In order to
accommodate the higher combustion energy, the air

New Combustion End
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FIGURE 4. New Piston Design Incorporates Rider Rings and Thinner
Compression Rings
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drive energy was reduced by increasing the bounce
chamber vent pressure. This was done by controlling a
butterfly valve on the bounce chamber exhaust piping.
With the butterfly valve fully open, the bounce chamber
vent pressure reaches a steady value of about 120 kPa
(17.4 psia). For the highest fuel-air mixtures tested,

the vent pressure was brought up as high as 235 kPa
(34.1 psia).

Figure 5 shows an example of the data from one of
these longer duration combustion tests. The plot shows
calculated energy values for each cycle of the ~900 cycle
test (27 sec). Combustion chamber and bounce chamber
energy is calculated using P-V integrals while alternator
energy is calculated based on measured currents. This
test was initiated with the fuel injectors set to deliver
5 mg of H, per cycle. This value was then increased to
6 mg/cycle and then stepped up to 9 mg/cycle in 1 mg
steps. Each fuel load was maintained for about 5 sec.
between steps. Initially, the bounce chamber vents to
vacuum to enable start up which results in high bounce
chamber energy. This value drops quickly to less than
600 J/cycle as the vent pressure increases to a steady
value of about 235 kPa by cycle 100. The steps in fuel
can be seen in the combustion chamber energy which
increases from about 300 J/cycle to almost 600 J/cycle.
Alternator energy output stays fairly constant over the
duration of the test at about 470 J/cycle. In addition to the
energy values, compression ratio and operating frequency
are shown on the same axis by scaling them by a factor
of 10. Compression ratio is initially very high at over
80:1 but drops with bounce chamber energy to between
35:1 and 38:1 for most of the test. Operating frequency is
nearly constant over the test duration at about 34 Hz.

Several tests like the one shown in Figure 5 were
run with slight differences in bounce chamber vent
pressure and drive pressure that resulted in a range
of bounce chamber input energy. Figure 6 shows two
plots that examine the data sets as a whole. The top plot
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FIGURE 5. Energy Balance During Example Combustion Experiment
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FIGURE 6. Efficiency Trends From Combustion Experiments

shows how indicated fuel conversion efficiency (ratio of
net combustion chamber energy to hydrogen chemical
energy) varies with fuel load. As more hydrogen is
injected per cycle, the thermal and pressure losses
become a smaller fraction of the combustion energy
which results in a higher net indicated efficiency. The
bottom plot shows how electrical output efficiency varies
with the net input energy. Work-to-electrical efficiency is
the ratio of the alternator energy to the sum of the bounce
chamber and combustion chamber energies (net input
energy). It was found that this efficiency increased with
decreasing net input energy up to a maximum value of
55% and 850 J/cycle net input energy.

Advanced Combustion Engine R&D

The next steps for the FPEG are to extend
combustion run times even further, further increase
fuel loading, and make emissions measurements. Up
to this point, only manual control of fuel load and
bounce chamber vent pressure has been used. For
extended run times with higher fuel loading, automated
feedback control will be required. This capability
has been put in place, but has not yet been exercised.
Longer run times will be necessary to make meaningful
emissions measurements since the analyzers require
at least 30 seconds of continuous gas flow to stabilize.
However, piston temperatures may limit the duration of
experiments. During the 27 sec test shown in Figure 5,
piston temperature increased from 25°C to over 50°C.
The permanent magnets can be damaged by temperatures
exceeding 100°C, so run times may be limited to less
than 90 seconds.

CONCLUSIONS

*  Passive synchronization of the pistons was
successfully demonstrated through continuous
motoring tests

*  Low equivalence ratio HCCI combustion with
hydrogen was successfully demonstrated

*  New, low-friction pistons were designed, fabricated
and installed

»  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

FY 2013 PUBLICATIONS/PRESENTATIONS

1. T.A. Johnson and M.T. Leick, “Free-Piston Engine”, 2013
DOE Hydrogen and Vehicle Technologies Merit Review
(Washington, DC; May 2013).
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I1.23 Variable Compression Ratio (VCR) Assessment to Enable Higher

Efficiency in Gasoline Engines

Norberto Domingo

Oak Ridge National Laboratory (ORNL)
2360 Cherahala Boulevard
Knoxville, TN 37932

DOE Technology Development Manager:
Roland Gravel

Subcontractor:
ENVERA, Los Angeles, CA

Overall Objectives

*  Under subcontract with Envera LLC, design,
prototype, and deliver to ORNL one VCR engine
with gasoline direct injection (GDI) engine with
combined direct fuel injection and port fuel injection
(PFI) capabilities. Conduct high-load dynamometer
testing prior to delivery to ORNL to validate
functionality of all mechanical systems.

*  Setup VCR engine at ORNL and quantify the fuel
economy benefit of VCR engine technology to a
modern GDI engine, and the impact on emissions.

*  Map VCR engine performance and emissions over
multiple control variables, including compression
ratio (CR), spark timing, and cam phasing.

»  Utilize experimental engine maps as inputs to drive
cycle simulation software to estimate the real-world
fuel economy and emissions impact.

Fiscal Year (FY) 2013 Objectives

*  Deliver all engine components to Automotive
Specialist in Concord, NC, for engine assembly.

*  Demonstrate custom VCR engine functionality
at Automotive Specialist by running a series of
dynamometer tests with the prototype engine.

»  Conduct a post-test inspection of engine components
by Automotive Specialist and reassemble engine for
delivery to ORNL.

*  Setup VCR engine at ORNL engine dynamometer
facility.

»  Generate an experimental baseline of the prototype
engine performance at ORNL.

FY 2013 Annual Progress Report

FY 2013 Accomplishments

* The ENVERA VCR engine was delivered,
assembled, and first tested at Automotive Specialists
in December 2012.

*  After a number of mechanical problems were
addressed, additional VCR engine tests were
conducted in February 2013 at light loads, from idle
speed to 5,000 rpm, at CRs of 9:1 and 15:1. One low-
speed point was carried out at 19:1 CR. Overall run
time for these tests was 30 minutes. The engine was
disassembled, inspected, and reassembled. No visual
wear was observed during teardown.

*  The engine was shipped to ORNL and installation
at the ORNL engine dynamometer test facility was
completed in mid-September 2013.

Future Directions

Re-design present timing chain system to fix
mechanical issues

»  Fabricate a new timing chain system

*  Add external exhaust gas recirculation (EGR) loop to
the engine

*  Evaluate durability of new timing chain system and
functionality of external EGR loop

S R S

INTRODUCTION

Basic thermodynamics dictate that the efficiency
of internal combustion engines is proportional to CR.
However, CRs of modern gasoline engines are relatively
low from a thermodynamic standpoint, in the range
of about 8.5 to 12.5, because of practical constraints
at higher CR such as engine knock, increased friction
work, and increased heat transfer. It is only the knock-
prone conditions (low speed, high load) that constrain
the engine CR. The efficiency of most part-load engine
conditions can be increased by raising the CR, and it
is these part-load conditions that have the most direct
impact the real-world fuel economy.

Recent trends in fuel economy improvements have
illustrated that downsizing and down-speeding is a path
forward to higher efficiency and lower fuel consumption.
However, to meet torque and power requirements, a
smaller engine needs to do more work per stroke. This

Advanced Combustion Engine R&D

-117



Il. Combustion Research

Domingo — Oak Ridge National Laboratory

is typically accomplished by boosting the incoming
charge with either a turbocharger or supercharger so that
more energy is present in the cylinder per stroke to do
the work. With current production engines the degree

of engine boosting (which correlates to downsizing) is
limited by engine knock at high boost levels. Engine
knock or detonation can be prevented by lowering

the CR and using premium octane fuel, but as stated
earlier, lowering CR reduces engine efficiency and using
premium fuel increases customer cost.

VCR technology eliminates the limitation of
engine knock at high loads by reducing CR to ~8.5:1
(or whatever level is appropriate) when high boost
pressures are needed and regular grade fuel is used.
By reducing the CR during high load demand periods
there is increased volume in the cylinder at top-dead
center which allows more charge (or energy) to enter the
cylinder without increasing the peak pressure. Cylinder
pressure is thus kept below the level at which the engine
would begin to knock. When loads on the engine are
low the CR can be raised (to as much as 18:1) providing
high engine efficiency. It is important to recognize that
for a well designed VCR engine cylinder pressure does
not need to be higher than found in current production
turbocharged engines. As such, there is no need for a
stronger crankcase, bearings and other load bearing parts
within the VCR engine.

APPROACH

We propose to investigate the effect of VCR on
engine efficiency at the maximum brake torque spark
timing over the engine map with a VCR research engine
designed and built by Envera LLC. This state-of-the-art
engine will combine a production cylinder head utilizing
direct fuel injection, cam phasers, and a custom engine
block containing the VCR mechanism. Specifications for
the engine are shown in Table 1.

Engine experiments will combine parametric sweeps
of spark timing, CR, and cam phasing to determine the
optimal efficiency at each engine speed/load operating
condition. Emissions from the engine will also be
measured.

The experimental data of engine performance and
emissions will be used to generate composite engine
maps of engine efficiency and emissions (i.e. at best
efficiency, constant CR, lowest emissions, etc). The
engine maps can then be used as inputs for computer
simulations of vehicle drive cycles using the PSAT
software to determine the real-world impact of variable
CR on fuel economy and emissions.

Advanced Combustion Engine R&D

TABLE 1. ORNL Envera GDI-VCR Engine Specifications

Cylinders Inline 4-cylinder
Displacement 1.886-L
Bore/Stroke 81.0/91.5 mm

Variable Compression Ratio
Maximum: 18:1 (18.95:1 as measured)
Minimum: 8.5:1 (9.92:1 as measured)

Crankcase Material A356 aluminum

Cooling Electric water pump
Oil Pump External (not engine driven)
Valvetrain 16-valve dual overhead camshaft
Phase Shifters Intake and exhaust camshafts
Fuel Delivery Port fuel injection, Gasoline direct injection
Aspiration Naturally aspirated
RESULTS

The Envera VCR engine was assembled with a
PFI head on December 2012 at Automotive Specialists
in Concord, NC. Figure 1 shows the VCR engine setup
at the Automotive Specialists dynamometer stand. The
engine was started using a MoTeC engine controller
and ran for a few minutes but a number of mechanical
problems were encountered almost immediately into the
tests, some more serious than others. Among the most
serious problems were timing chain tensioning, failure
of the original equipment manufacturer (OEM) exhaust
cam phaser, oil supply obstruction to the cylinder head
valvetrain, and EGR flow path obstruction. Failure of
the exhaust cam phaser resulted in damage to the timing
chain and supporting guide as shown in Figure 2. One

FIGURE 1. VCR Engine at Automotive Specialists Dynamometer Stand

FY 2013 Annual Progress Report
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FIGURE 3. Oil Passage Mismatch between ENVERA Engine Block and
OEM Cylinder Head Gasket

FY 2013 Annual Progress Report

probable cause for the exhaust cam phaser failure may
have been due to the lack of oil supply to its internal
rotor because the valvetrain was not being supplied with
oil. The lack of oil to the valvetrain was attributed to

a mismatch between the oil ports in the custom short
block and the OEM cylinder head. Figure 3 shows that
the oil passages on the ENVERA engine block were

not designed correctly to match the OEM cylinder

head gasket. A similar mismatch situation, as shown in
Figure 4, was noted between the inside EGR passages in
the OEM cylinder head and the block. Consequently, the
EGR passages on the OEM head had to be plugged, thus
disabling engine EGR. Some mechanical problems were
corrected. Oil to the cylinder head was corrected by tapping
into an oil passage in the block and running hoses to the
cylinder head as shown in Figure 5. Other mechanical
problems, like the timing chain system and EGR system
will require re-design. The engine was re-assembled and
tested again with the PFI cylinder head in February 2013
at Automotive Specialists. About an hour of testing was
carried out at various operating points. Demo tests were

FIGURE 4. Internal EGR Passage Mismatch between ENVERA Block and
OEM Head Gasket

Advanced Combustion Engine R&D

11-119



Il. Combustion Research

Domingo — Oak Ridge National Laboratory

L supply Line to =

‘Cylinder Head

FIGURE 5. Added Oil Supply Line from Engine Block to Cylinder Head

conducted at light loads, from idle speed to 5,000 rpm.
Runs were carried out at compression ratios of 9:1 and
15:1. One low-speed point was carried out at 19:1 CR.
Following these tests, the engine was disassembled,
inspected, and reassembled. No visual wear was observed
during the teardown.

The engine was shipped to ORNL and installation
in the ORNL engine dynamometer test facility
was completed in mid-September 2013. Figure 6
shows the VCR engine setup at the ORNL engine
dynamometer facility.

Using a MoTec engine controller, baseline tests
were initiated. With minimal engine operation at ORNL
(~4 hours) the timing chain failed. This failure caused
significant damage to the chain guides. Figure 7 shows
the timing chain system with guides as installed on
the engine prior to failure. This unconventional guide
mechanism is supposed to move up and maintain chain
firmness as the chain rotates clockwise during operation.
There is no tensioning device. Figures 8 and 9 show
deep grooves and chain wear to the guides and one of the
support plates that holds the guides. Groove depth on the
guides was measured to be 0.080” to 0.120”. Fortunately,
there was no damage to the valves because the engine
was running at a low CR setting at the time of failure.
It is evident that the timing chain design on this engine
is unreliable and needs to be modified. One obvious
problem is that the system lacks a tensioning device to
maintain tautness on the chain during operation. We plan
to re-design the timing chain system and evaluate its

Advanced Combustion Engine R&D

FIGURE 7. VCR Engine Timing Chain System

durability over a long operating period during FY 2014.
Also an external EGR loop will need to be added due to
the fact that the internal EGR ports on the OEM head
had to be plugged because a mismatch exists between the
ENVERA engine block and OEM cylinder head gasket.
Internal EGR cannot be added to this engine without

a complete redesign of the ENVERA engine block.
Therefore an external EGR loop is the best option.

FY 2013 Annual Progress Report
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FIGURE 9. Chain Rub and Damage to Guide Support Plate

CONCLUSIONS

Under the current project, Envera delivered a
prototype VCR engine compatible with both PFI
and direct injection cylinder heads. The engine was
assembled and its functionality was validated at
Automotive Specialist. The engine was then shipped and
installed at the ORNL dynamometer test facility. During
shakedown tests at ORNL, the engine timing chain failed
causing significant damage to the timing chain guides
and supporting mechanism. ORNL is evaluating the root
cause of this failure and what design modifications need
to be made to the timing chain system to fix this problem

and produce a reliable and durable VCR engine platform.
FIGURE 8. Damaged VCR Engine Timing Chain Guides

FY 2013 Annual Progress Report Advanced Combustion Engine R&D
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I.24 Engine Benchmarking CRADA Annual Report

Steve McConnell (Argonne National
Laboratory), David Lancaster (General Motors),
Tom Leon (Ford), John Opra (Chrysler)

Argonne National Laboratory
9700 South Cass Avenue
Argonne, I1 60439

United States Council for Automotive Research (USCAR)
1000 Town Center Drive

Suite 300

Southfield, M1 48075

DOE Technology Development Manager:
Gurpreet Singh

Subcontractor:
David Gian, FEV, Auburn Hills, MI

Overall Objectives

* Identify state-of-the-art engine and vehicle
technologies currently in production, such as 2-stage
lift exhaust valves, advanced turbochargers, spray-
on engine liners and advanced engine controls

*  Quantify the benefits of the state-of-the-art vehicle
technologies currently in production

*  Optimize vehicle performance using advanced
vehicle level modeling such as Autonomie® and the
performance maps advanced technologies evaluated
in this Cooperative Research and Development
Agreement (CRADA)

»  Accelerate the development of high-efficiency
internal combustion engines for light-duty vehicle
applications, while meeting the future emission
standards, using numerical simulations

*  Support DOE with data and analysis of advanced
vehicle technologies

Fiscal Year (FY) 2013 Objectives

* Identified and procured two vehicles with multiple
advanced technologies for testing

*  Supplied five data sets from the engine
benchmarking database to United States Driving
Research and Innovation for Vehicle efficiency and
Energy sustainability (U.S. DRIVE) goal setting

»  Currently testing two vehicles and evaluating the
advanced technologies within each vehicle

Advanced Combustion Engine R&D

FY 2013 Accomplishments

»  Attained the 2012 Audi A4 with twin variable
geometry turbochargers, direct injection and variable
valve lift 2.0 liter engine for testing:

—  The vehicle level testing is complete and the
vehicle has been torn down for engine level and
component testing.

—  The engine level testing is complete with an
emphasis on speed/load areas where the variable
geometry turbocharger and variable valve lift
are operated.

»  Attained the 2012 Mini Cooper with a 1.6 liter
turbocharged direct-injected variable valve timing
engine:

—  Vehicle- and engine-level testing is complete.
Final reports were supplied by the end of
November 2012.

*  Supplied vehicle data sets from the BMW 5304,
Toyota Prius, and Toyota Auris to the vehicle
systems group for the U.S. DRIVE goal setting
exercise.

*  Obtained two Nissan Micra (1.4 liter turbocharged
direct-injected engine) vehicles. One for vehicle-
level testing and one for engine-level and component
testing. The relatively low cost of the vehicles allows
for parallel testing and faster delivery of the data.

Future Directions

»  Evaluate new technologies in the Nissan Micra
(1.4 liter turbocharged direct-injected engine) and
another vehicle to be identified

*  Analyze the new emerging technologies and how
they are used

*  Conduct analysis on the new and emerging
technologies to determine their maximum fuel
saving potential

R

INTRODUCTION

The goal of this engine benchmarking CRADA is
to accelerate the development of high-efficiency internal
combustion engines for light-duty vehicle applications,
while meeting the future emission standards, using
numerical simulations. The CRADA will support this

FY 2013 Annual Progress Report
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goal by gathering engine and engine component data for
use in DOE’s programmatic efforts.

APPROACH

The CRADA partners continuously research
current and future model engines and vehicles with new
features to assist the USCAR and Laboratory members in
selecting vehicles for investigation, CRADA will provide
a brief one-page summary of published specifications and
features for each vehicle under consideration.

Once procured, the vehicle baseline testing will
then be conducted followed by instrumentation and the
vehicle level investigation. The vehicle investigation
may include electronic control unit (ECU) mapping to
determine calibration settings. The testing will document
the engine controller features, inputs and outputs with
an ECU analysis report. The powertrain will then be
removed from the vehicle and prepared for engine
dynamometer testing. The engine, in the as-installed
vehicle configuration, would be installed in an engine test
cell for full load performance and a full engine map to
investigate emission characteristics, fuel consumption,
performance and implementation of engine control
hardware. As an option, additional motored stripped-
down engine tests could be conducted to analyze friction
losses following the thermodynamic investigations. The
final step in the engine investigation will be a detailed
design analysis and documentation of all of the engine
components. The entire engine will be disassembled and
the parts will be documented and described in detail with
regard to their function and geometry.

RESULTS

* Attained the 2012 Audi A4 with twin variable
geometry turbochargers, direct injection and variable
valve lift 2.0 liter engine for testing:

—  Vehicle- and engine-level testing is complete.
Final reports were be supplied by the end of
November 2012.

FY 2013 Annual Progress Report

»  Attained the 2012 Mini Cooper with a 1.6 liter
turbocharged direct-injected variable valve timing
engine:

—  Vehicle- and engine-level testing is complete.
Final reports were supplied by the end of
November 2012.

*  Supplied vehicle data sets from the BMW 5304,
Toyota Prius, and Toyota Auris to the vehicle
systems group for the U.S. DRIVE goal setting
exercise.

*  Obtained two Nissan Micra (1.4 liter turbocharged
direct-injected engine) vehicles. One for vehicle-
level testing and one for engine-level and component
testing. The relatively low cost of the vehicles allows
for parallel testing and faster delivery of the data.

*  Supplied data from the 2012 Audi A4, 2012 Mini
Cooper, BMW 5301, Toyota Prius, and Toyota Auris
to the vehicles systems group for the Government
Performance Results Act evaluation.

CONCLUSIONS

*  Engine maps provided by this CRADA aided the
U.S. DRIVE goals setting team in developing
its goals by showing the possibilities of various
technologies and their effects on engine efficiency.

*  Engine maps provided by this CRADA have been
used to support the Government Performance
Results Act study so that DOE managers can tailor
their portfolio of research technologies. The state-
of-the-art engine maps help establish the baseline
performance for present technologies and give a
better idea of where the technology could evolve.
This is done by simulating low-, medium- and high-
technology cases from 2015 out to 2045.

*  Engine maps provided by this CRADA have aided in
the goal setting and research roadmap development
for the Advanced Combustion and Emissions Control
Tech Team at USCAR.

Advanced Combustion Engine R&D
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I1.25 Cummins-ORNL Combustion CRADA: Characterization and

Reduction of Combustion Variations

Bill Partridge' (Primary Contact),

Sam Geckler?, Jon Yoo', Anthony Perfetto’,
Rodrigo Sanchez-Gonzalez', Jim Parks',
Maggie Connatser', Vitaly Prikhodko'

'Oak Ridge National Laboratory (ORNL)

2360 Cherahala Blvd.

Knoxville, TN 37932

*Cummins, Inc.

DOE Technology Development Manager:
Ken Howden

Overall Objectives

» Improve engine efficiency through better combustion
uniformity

*  Develop and apply diagnostics to resolve
combustion-uniformity drivers

*  Understand origins of combustion non-uniformity
and develop mitigation strategies

*  Address critical barriers to engine efficiency and
market penetration

Fiscal Year (FY) 2013 Objectives

*  Develop multiplex laser-based exhaust gas
recirculation (EGR) probe

*  Apply improved EGR probe to Cooperative Research
and Development Agreement (CRADA) and
SuperTruck projects to assess specific hardware,
validate and improve numerical design tools, and
gain fundamental insights into performance drivers

*  Measure cylinder-residual backflow and distinguish
from external-loop EGR

FY 2013 Accomplishments

*  Multiplex laser-based EGR probe developed and
demonstrated:

—  Simultaneous measurements from four EGR
probes

— Faster, linear and more sensitive response

—  Simultaneous pressure and temperature
information in addition to concentration

Advanced Combustion Engine R&D

EGR probe applied to CRADA and SuperTruck
measurement campaigns in Columbus, IN

Numerical design tools assessed based on EGR
probe measurements:

—  Tuned model predicts shape, phase, frequency
and amplitude of EGR measurements

EGR probe acquisition software improved to allow
monitoring range of transients from crank-angle to
tens-of-minutes timescales

EGR probe measurements distinguish between
cylinder-residual backflow and external-loop EGR-
air charge

U.S. patent granted on DOE-sponsored CRADA-
developed Fuel-in-Oil technology licensed to Da
Vinci Emissions Services and commercialized as the
DAFIO

DAFIO received a 2013 R&D100 Award,
recognizing it as one of the 100 most technologically
significant new products of the year

Future Directions

11-124

Advance EGR probe for quantification and
distinguishing of exhaust and intake temperature
CO, and simultaneous temperature measurement

Apply improved EGR probe to monitor cylinder-
charge components and their fluctuations

Develop methodologies to monitor net cylinder-
charge composition, temperature and flucutations

Apply improved EGR probe with CRADA
partners to development of next-generation engine
efficiencies:

—  Assess hardware performance

— Assess performance of numerical design tools
—  Assess advanced control strategies

Improve EGR probe to achieve CRADA goals:

—  Exhaust temperature applications

—  Fast temperature and pressure measurements
and corrections

Identify and develop diagnostics for addressing
efficiency barriers

S S

FY 2013 Annual Progress Report
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INTRODUCTION

A combination of improved engine and
aftertreatment technologies are required to meet
increased efficiency and emissions goals. This CRADA
section focuses on engine and combustion-uniformity
technologies, while a parallel section (NO, Control
and Measurement Technology for Heavy-Duty Diesel
Engines) focuses on emissions and catalyst technologies.
Improved efficiency, durability and cost can be realized
via combustion-uniformity improvements which
enable reduction of engineering margins required
by nonuniformities; specifically, these margins limit
efficiency. Specific needs exist in terms of reducing
cylinder-to-cylinder and cycle-to-cycle combustion
variations. For instance, combustion variations mandate
system-calibration tradeoffs which move operation away
from optimum efficiency points. Combustion variations
are amplified at high EGR conditions which are expected
in advanced engine systems. Advanced efficiency engine
systems require understanding and reducing combustion
variations. Development and application of enhanced
diagnostic tools is required to realize these technology
improvements, and is a major focus of this CRADA.

APPROACH

The CRADA applies the historically successful
approach of developing and applying minimally invasive
advanced diagnostic tools to resolve spatial and temporal
variations within operating engines and catalysts.
Diagnostics are developed and demonstrated on bench
reactors and engine systems (as appropriate) at ORNL
prior to field application at Cummins.

Diagnostics are applied at ORNL and Cummins to
study the nature and origins of performance variations.

For example, this may be manifested in cylinder-to-
cylinder CO, variations due to nonuniform fueling, air
and/or EGR charge, fuel spray, component tolerance
stacking, or other variations. Detailed measurements
are used to assess the performance of specific hardware
designs and numerical design tools, and identify
nonuniformity origins and mitigation strategies; e.g.,
hardware and control changes.

RESULTS

Development of an Advanced Multiplex Laser-Based
EGR Probe

A major accomplishment for FY 2013 was
development and applicati