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Disclaimer 
This report was prepared as an account of work sponsored by an agency of the United States government. 
Neither the United States government nor any agency thereof, nor any of their employees, makes any warranty, 
expressed or implied or assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the Unites States government or any agency thereof. The views and opinions 
of authors expressed herein do not necessarily state or reflect those of the United States government or any 
agency thereof.  
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Acronyms 
0D, 0-D zero-dimensional 
1D, 1-D one-dimensional 
2D two-dimensional 
3D, 3-D three-dimensional 
6AT 6-speed automatic transmission 
8AT 8-speed automatic transmission 
AC alternating current 
ACI advanced compression ignition 
ADT articulated dump truck 
AFIDA Advanced Fuel Ignition Delay Analyzer 
AFR air-to-fuel ratio, air–fuel ratio 
AFRL Air Force Research Laboratory 
AHRR apparent heat release rate 
AJT alcohol to jet 
Al aluminum 
AM additive manufacturing 
AMR adaptive mesh refinement 
AMReX publicly available software framework designed for building massively parallel block-

structured adaptive mesh refinement (AMR) applications 
ANL Argonne National Laboratory 
ANN artificial neural network 
APC active pre-chamber 
APP accelerator pedal position 
APS LABS Advanced Power Systems Research Center at Michigan Technological University 
Ar argon 
ARC-M1 Army Research Combustor 
ARCP auxiliary resonant commutated pole 
ASC ammonia slip catalyst 
ASME American Society of Mechanical Engineers 
ASOI, aSoI after the start of injection 
ASTM ASTM International, formerly American Society for Testing and Materials 
AT aftertreatment 
atdc, aTDC, 
ATDC 

after top dead center 

aTDCf after firing top dead center 
atm atmosphere(s) 
atSAC thermally durable single-atom catalyst 
a.u. arbitrary units 
BD1090 burn duration from 10 mass fraction burned to 90 mass fraction burned 
BEV battery electric vehicle  
bhp brake horsepower 
BMEP brake mean effective pressure 
BP budget period 
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BPF bandpass filter 
BPP brake pedal position 
BSFC brake specific fuel consumption 
BSI boosted spark ignition 
BSNOx brake specific oxides of nitrogen 
BTDC, bTDC before top dead center 
BTE brake thermal efficiency 
C carbon 
C Celsius 
Ca calcium 
CA California 
CA crank angle 
CA50 crank angle at 50% mass fraction burned 
CAC charge air cooler 
CAD crank angle degree(s) 
CAD computer-aided design 
CAE computer-aided engineering 
CAH charge air heater 
CAN controller area network 
CARB California Air Resources Board 
CCD charge-coupled device 
CDA cylinder deactivation 
Cdc direct current (DC) bus capacitor 
CDC conventional diesel combustion 
Ce cerium 
CE combustion engine 
C-EGAI controlled end-gas autoignition 
CET columnar to equiaxed transition 
CFD computational fluid dynamics 
CFR Cooperative Fuel Research 
CH4 methane 
C3H6 propene 
C3H8 propane 
CHA chabazite 
CI compression ignition 
cm centimeter(s) 
CMOS complementary metal-oxide sensor 
CMPC center mount prechamber 
CN cetane number 
CO Colorado 
CO carbon monoxide 
CO2 carbon dioxide 
CONVERGE computational fluid dynamics software package 
Co-Optima Co-Optimization of Fuels and Engines 
COTS commercial off-the-shelf 
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COV, CoV coefficient of variation 
COVID-19 coronavirus disease 2019 
CPT cyclopentane 
CPU central processing unit 
Cr resonant circuit capacitor 
CR, cr compression ratio 
CRADA cooperative research and development agreement 
CRC Coordinating Research Council 
CRZ central recirculation zone 
CS cooled spray 
CSA cross sectional area 
CSI Convergent Science Inc. 
CSLA constant speed load acceptance 
CSU Colorado State University 
CT Connecticut 
CT computed tomography 
CTL compact track loader 
Cu copper 
CV continuously variable 
CVT continuously variable transmission 
CVVD continuously variable valve duration 
CVVT continuously variable valve timing 
cyl cylinder 
d day 
DAR diluent–air ratio 
DBI-EI diffuse back-illumination extinction imaging 
DC District of Columbia 
DC direct current 
DCCO deceleration cylinder cut off 
DCN derived cetane number 
DEF diesel exhaust fluid 
deg degree(s) 
DFI ducted fuel injection 
DFT density functional theory 
DG degreened 
DI direct injection 
DIB disobutylene 
DIJ direct injection 
DISI direct injection spark ignition 
DME dimethyl ether 
DMF dimethylfuran 
DNS direct numerical simulation 
DOC diesel oxidation catalyst 
DOCF diesel oxidation catalyst loaded onto a diesel particulate filter 
DOE U.S. Department of Energy 
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DORMA Decarbonization of Off-Road, Rail, Marine, and Aviation 
DOT U.S. Department of Transportation 
DPF diesel particulate filter 
DRIFTS diffuse reflectance infrared Fourier transform spectroscopy 
DSD droplet size distribution 
DSF® Dynamic Skip Fire 
DSL dimpled stepped-lip 
DSM dynamic system modeling 
DTNA Daimler Trucks North America 
E10 10% ethanol, 90% gasoline blend 
E30 30% ethanol, 70% gasoline blend 
E85 85% ethanol, 15% gasoline blend 
E100 neat ethanol 
eADT electrified articulated dump truck 
EB embedded boundary 
ECM electric control module 
ECN Engine Combustion Network 
ECU engine control unit 
E-EGR enhanced exhaust gas recirculation  
EERE U.S. Department of Energy Office of Energy Efficiency and Renewable Energy  
e.g. exempli gratia, “for example” 
EGR exhaust gas recirculation 
EGT exhaust gas temperature 
e-HVAC electronic heating, ventilation, and air conditioning  
EID electronic injector definition 
EIVC early intake valve closing 
eIVT electric infinitely variable transmission 
eLS electronic load sensing 
E/N reduced electric field, the ratio of electric field to concentration of neutral particles 
ENWM enrichment wall model 
EOCP electronic open circuit pump 
EPA U.S. Environmental Protection Agency 
EPR electron paramagnetic resonance 
EREV extended-range electric vehicle 
et al. et alii (Latin, meaning and others) 
etc. et cetera (Latin, meaning and the rest) 
ETMS electrification thermal management system 
eV electron volt 
EVC exhaust valve closing 
EVO exhaust valve opening 
EXAFS X-ray absorption fine structure 
EXP, Exp  experiment; experimental 
FACE Fuels for Advanced Combustion 
FAF fresh air flow 
Fe iron 
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FE fuel economy 
FE freight efficiency 
FEA finite element analysis 
FF feedforward 
FID flame ionization detector 
FIS fuel injection system 
FL focal length 
FLIR forward-looking infrared 
FOA funding opportunity announcement 
FP fluid power 
FSN filter smoke number 
FT Fischer–Tropsch 
ft3 cubic feet  
FTE freight ton efficiency 
FTIR Fourier-transform infrared spectroscopy 
FTP Federal Test Procedure 
FUP fuel injection pressure 
FWHM full width at half maximum 
FY Fiscal Year 
g gram(s) 
gal gallon(s) 
GCI gasoline compression ignition 
GDI gasoline direct injection; gasoline direct injector 
GEM Greenhouse Gas Emissions Model 
Gen generation 
GHG greenhouse gas  
GHRR gross heat release rate 
GHSV gas hourly space velocity 
g/kWh gram(s) per kilowatt-hour 
GM General Motors 
GPS global pathway selection 
GREET Greenhouse gases, Regulated Emissions, and Energy use in Technologies model 
GT Gamma Technologies 
GTE gross thermal efficiency 
h hour(s) 
H hydrogen 
H2 diatomic hydrogen 
H2D2 heavy-duty hybrid diesel  
H2-ICE hydrogen internal combustion engine 
H2-TPR hydrogen temperature programmed reduction 
HATCI Hyundai America Technical Center, Inc. 
HC hydrocarbon 
H/C hydrogen-to-carbon ratio 
HCCI homogeneous charge compression ignition 
HCF high cycle fatigue 
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HD heavy-duty 
HDV heavy-duty vehicle 
He helium 
HECM hydraulic–electric control module 
HEFA hydroprocessed esters and fatty acids 
HER electro-hydraulic remote 
HEV hybrid electric vehicle 
HEX hydraulic excavator 
HFCH high-flow cylinder head 
HHDDT heavy heavy-duty diesel truck driving cycle 
HHEA hybrid hydraulic–electric architecture  
HIL hardware-in-the-loop 
HO2 hydroperoxyl radical, hydrogen peroxide 
H2O water 
HOV, HoV heat of vaporization 
hp horsepower 
HP high pressure 
HPFP high-pressure fuel pump 
HPSC high-pressure spray chamber 
hr hour(s) 
HRR heat release rate 
HSFW high-speed flywheel 
HSS hybrid with stop-start 
HSSL high-speed serial link 
HT hydrothermal 
HTA hydrothermally aged, hydrothermal aging 
HT-LT high temperature–low temperature 
HV high volatility 
HV high voltage 
HVAC heating, ventilation, and air conditioning 
HVO hydrotreated vegetable oil 
HW hardware 
Hz Hertz 
IAT intake air throttle 
ICE internal combustion engine 
ICEF Internal Combustion Engine Fall Technical Conference 
ICME integrated computational materials engineering 
ICN indicated cetane number 
ICP inductively coupled plasma 
ICP-AES inductively coupled plasma atomic emission spectroscopy  
IDT ignition delay time 
i.e. id est, “that is” 
IL Illinois 
ILA, ILB, ILC Phase A, B, and C output current from ARCP inverter 
IMAP intake manifold air pressure 
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IMEP indicated mean effective pressure 
IMEPg, IMEPg gross indicated mean effective pressure 
IMEPn net indicated mean effective pressure 
in inch(es) 
IN Indiana 
Inc. Incorporated 
I/O input/output 
IQT Ignition Quality Tester apparatus at National Renewable Energy Laboratory 
IR infrared 
ISCO indicated specific carbon monoxide emissions 
ISFC indicated specific fuel combustion 
ISFCn net indicated specific fuel consumption 
ISHC indicated specific unburned hydrocarbon emissions 
ISNOx indicated specific oxides of nitrogen 
ISO International Organization for Standardization 
ISPM indicated specific particulate matter (soot) emissions 
ITE indicated thermal efficiency 
IVC intake valve closing 
IWI incipient wetness impregnation 
J joule(s) 
K Kelvin 
k-ε turbulence 
kg kilogram(s) 
kHz kilohertz 
kJ kilojoule(s) 
KL soot optical thickness 
km kilometer(s) 
kV kilovolt(s) 
kW kilowatt(s) 
kWh, kW-hr kilowatt-hour(s) 
L, l liter(s) 
LBNL Lawrence Berkeley National Laboratory  
LBO lean blow off 
lbs. pounds 
LCA life cycle analysis 
LD light-duty 
LDRD Laboratory Directed Research and Development office at Sandia National Laboratories 
LE Lagrangian–Eulerian 
LECM large engine control module 
LED light-emitting diode 
LES large eddy simulation 
LEV III low-emission vehicle III 
LEVO late exhaust valve opening 
LHV lower heating value 
Li lithium 
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LiDAR light-detection and ranging 
LIVC late intake valve closing 
LLC Limited Liability Company 
LLCF low life-cycle carbon fuels 
LLNL Lawrence Livermore National Laboratory 
LNG liquefied natural gas 
LOL lift-off length 
LO-SCR light-off selective catalytic reduction 
LP low pressure 
LPG liquefied petroleum gas 
LPPSC low-pressure precision sand casting 
Lr resonant circuit inductor 
LS load sensing 
LTC low-temperature combustion 
LTC-D low-temperature combustion (diesel) 
LTGC low-temperature gasoline combustion 
LTHR low-temperature heat release 
LTP low-temperature plasma 
LV low volatility 
LWL large wheel loader 
m meter(s) 
m2 square meter(s) 
m3 cubic meter(s) 
MARAD U.S. Department of Transportation Maritime Administration 
max maximum 
MC main chamber 
MCC mixing-controlled combustion 
MCCI mixing-controlled compression ignition 
MCE multi-cylinder engine 
MCTE multi-cylinder test engine 
MD medium-duty 
MERRA-2 Modern-Era Retrospective Analysis for Research and Applications, Version 2 
MFB mass fraction burned 
mg milligram(s) 
M/G motor/generator 
MGU motor-generator unit 
mi mile(s) 
MI Michigan 
min minimum 
min minute(s) 
MJ megajoule(s) 
MJI MAHLE pre-chamber turbulent jet ignition  
mm millimeter(s) 
MM multimode 
MN Minnesota 
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mol mole(s), molar 
mol% mole fraction 
MON motor octane number 
MOSFET metal oxide semiconductor field effect transistor 
MP multi-pressure 
MPa megapascal(s) 
MPC model predictive control 
mpg, MPG mile(s) per gallon 
MPH, mph mile(s) per hour 
MPR multi-pressure rail 
MPRR max pressure rise rate 
ms millisecond(s) 
MS mass spectrometer, mass spectroscopy 
MTU Michigan Technological University 
MZ-WSR well-stirred reactor model with multi-zone 
N Newton(s) (unit of force) 
N nitrogen 
NARAC National Atmospheric Release Advisory Center 
NASA National Aeronautics and Space Administration 
NC North Carolina 
ND North Dakota 
n.d. no date 
Nd:YAG neodymium-doped yttrium aluminum garnet 
NETL National Energy Technology Laboratory 
NG natural gas 
NH3 ammonia 
NHV noise, vibration, and harshness 
NI National Instruments 
NJFCP National Jet Fuels Combustion Program 
nm nanometer(s) 
N-m, Nm Newton-meter(s) 
NM non-methane 
NMEP net mean effective pressure 
NMOG non-methane organic gases 
NMR nuclear magnetic resonance 
NNSPM neural-network species prediction model 
NO nitric oxide 
NO2 nitrogen dioxide 
N2O nitrous oxide  
N2O2 dinitrogen dioxide 
NOx oxides of nitrogen 
NREL National Renewable Energy Laboratory 
ns nanosecond(s) 
NSFC net specific fuel consumption 
NVO negative valve overlap 
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O atomic oxygen 
O1, O2, O3 Objective 1, Objective 2, Objective 3 
O2 diatomic (molecular) oxygen 
O3 ozone 
OC oxidation catalyst 
OEM original equipment manufacturer 
OHC oxidation half cycle 
OME oxymethylene ethers 
OP opposed piston 
Opt GRs optimum gear ratios 
ORC organic Rankine cycle 
ORNL Oak Ridge National Laboratory 
ORZ outer recirculation zone 
OSC oxygen storage capacity, oxygen storage components 
OSU Ohio State University 
P pressure 
Pa Pascal(s) 
Pa paladium 
PAH polycyclic aromatic hydrocarbon 
PC pre-chamber 
PC personal computer 
PC-MCC prechamber-enabled mixing-controlled combustion 
PCP peak cylinder pressure 
Pd palladium 
PD photodiode 
PDF probability density function 
P-DRGEP plasma specific extension to the directed relation graph method with error propagation 
PFI port fuel injection 
PFI-DI port fuel injection/in-cylinder direct injection 
PF-PLIF photo-fragmentation planar laser-induced fluorescence 
PFR plasma flow reactor 
PGM platinum group metal 
PHC polyhedral ceria 
PI principal investigator 
PISO Pressure-Implicit with Splitting of Operators algorithm 
PLIF planar laser-induced fluorescence 
PM particulate matter 
PM permanent magnet 
PMAC permanent magnet alternating current 
PNNL Pacific Northwest National Laboratory 
P.O. Post Office 
POLA Port of Los Angeles 
POME polyoxymethylene ether 
P2P pin to pin 
PPC passive pre-chamber 
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PPCI partially premixed compression ignition 
ppm part(s) per million 
PRF primary reference fuel 
PRF Powertrain Research Facility at Argonne National Laboratory 
Pro-E Pro-Engineer model created using Creo Software 
PSM Particle Size Mimic 
Pt platinum 
PTO power take-off 
PWM pulse width modulation 
PXIe peripheral component interconnect extensions 
Q1 first quarter (Q2 second quarter, Q3.... etc.) 
RANS Reynolds-averaged Navier–Stokes 
R80B20 a low-net-carbon blend of 80 vol% renewable diesel with 20 vol% biodiesel 
RCM rapid compression machine 
R&D research and development 
RDD&D research, development, demonstration, and deployment 
Rh rhodium 
RHC reduction half cycle 
RMCSET Ramped Modal Cycle Supplemental Emissions Testing  
ROI rate of injection 
ROI region of interest 
RON research octane number 
rpm, RPM revolution(s) per minute 
RR Rosin–Rammler 
RSM Reynolds Stress Model 
RTD resistance temperature detector 
rtp real-time transport protocol 
RVP Reid vapor pressure 
s second(s) 
S sulfur 
SA spark-assisted 
SAC single-atom catalyst 
SAE SAE International, formerly the Society of Automotive Engineers 
SAF sustainable aviation fuel 
SATF synthetic aviation turbine fuel 
SB stroke brake 
SC2 SuperComm 2 Database 
SCE single-cylinder engine 
SCR selective catalytic reduction 
SD spray dried 
SEM spectral element method 
SET supplemental engine test 
SG Scapegoat hardware 
SHA single-hole atomizer 
Si silicon 
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SI spark ignition, spark ignited 
SIMPLE Semi-Implicit Method for Pressure-Linked Equations algorithm 
SISO single input single output 
SL stepped-lip 
SMD Sauter mean diameter 
SMPC side mount prechamber 
S-N stress–life 
SNL Sandia National Laboratories 
SOC state of charge 
SoI, SOI start of injection 
SOx sulfur oxides 
Spaci-MS spatially variable mass spectroscopy analysis 
SPK synthetic paraffinic kerosene 
SRM stochastic reactor model 
SSWM shear stress wall model 
SSZ-13 aluminosilicate zeolite 
ST1 SuperTruck 1  
ST2 SuperTruck 2 
Std standard 
SULEV super ultra-low emissions vehicle 
SV space velocity 
SVF soot volume fraction 
T temperature 
T silicon carbide MOSFET in ARCP inverter power circuit 
TBC thermal barrier coating 
TBD to be determined 
TC turbocharger 
TCO total cost of ownership 
Td Townsend 
TDC top dead center 
TGDI turbocharged gasoline direct injection  
THC total hydrocarbons 
TJI turbulent jet ignition 
TKE turbulence kinetic energy 
TN Tennessee 
TOR turnover rate 
tPDF transported probability density function 
TPR temperature-programmed reduction 
TQ torque 
Tr silicon carbide MOSFET in resonant circuit 
TWC three-way catalyst 
UCF University of Central Florida 
UDDS Urban Dynamometer Driving Schedule 
UDP/IP user data protocol/internet protocol 
UHC unburned hydrocarbon 
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UHP ultra-high pressure 
UIUC University of Illinois at Urbana-Champaign 
ULEV ultra-low-emission vehicle  
U.S. United States 
US06 U.S. Environmental Protection Agency high-acceleration aggressive drive cycle 
U.S. DRIVE United States Driving Research and Innovation for Vehicle efficiency and Energy 

sustainability 
U.S. Std. Atm. U.S. Standard Atmosphere 
UT Austin University of Texas at Austin 
UV ultraviolet 
UVA University of Virginia 
V volt(s) 
V6 six-cylinder piston engine in which the cylinders share a common crankshaft and are 

arranged in a V configuration 
V8 eight-cylinder piston engine in which the cylinders share a common crankshaft and are 

arranged in a V configuration 
VCF velocity–composition–frequency 
Vdc direct current (DC) bus voltage 
VNT variable nozzle turbine 
VoF volume of fluid 
vs. versus 
VTO U.S. Department of Energy Vehicle Technologies Office 
W watt(s) 
WA Washington 
WG wastegate 
WHR waste heat recovery 
WI Wisconsin 
WLTP Worldwide Harmonised Light Vehicle Test Procedure 
WSR well-stirred reactor 
WSRMZ well-stirred reactor model with multi-zone 
wt% weight of the component divided by total sample weight, multiplied by 100 
WV West Virginia 
WVU West Virginia University 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
Z zeolite 
Zero-RK Zero-Order Reaction Kinetics combustion software package 
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List of Symbols 
° degree(s) 
°ATC degrees above top center 
°ATDC degree(s) after top dead center 
°bTDC degree(s) before top dead center 
°C degree(s) Celsius 
°CA crank angle degree(s) 
°F degree(s) Fahrenheit 
> greater than 
ϕ angular position 
< less than 
µg microgram(s) 
µJ microjoule(s) 
µm micrometer(s) 
µs microsecond(s) 
% percent 
φ fuel/air equivalence ratio 
ηc combustion efficiency (= chemical energy released / chemical energy injected) 
ηf fuel-conversion efficiency (= work per cycle / chemical energy injected) 
χξ scalar dissipation rate 
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Executive Summary 
On behalf of the Vehicle Technologies Office (VTO) of the U.S. Department of Energy, we are pleased to 
introduce the Fiscal Year 2022 Annual Progress Report for the Decarbonization of Off-Road, Rail, Marine, 
and Aviation Program. In support of VTO’s goal of economy-wide decarbonization by 2050, the Office will 
play a leading role in decarbonizing the transportation sector and addressing the climate crisis by driving 
innovation and deploying clean transportation technologies, all while maintaining transportation service 
quality and safety. The Program supports research, development, and demonstration of new propulsion and 
vehicle technologies in applications that will reduce greenhouse gas (GHG) emissions and achieve a net-zero-
GHG economy by 2050. These technologies include optimization of high-efficiency engines and emission 
control systems that can use low-GHG, renewable fuels such as advanced biofuels, hydrogen, and e-fuels, and 
the integration of electrified and hybrid powertrains into vehicles to further reduce GHG emissions.  

The Program supports a multi-laboratory initiative, in close collaboration with industry and academia, to 
achieve goals for decarbonization of the non-road sector. The Program will apply the unique facilities and 
research capabilities at the national laboratories to develop innovations and data that industry can use to 
improve non-road powertrains, providing efficiency improvements and GHG and criteria emission reductions. 
The Program coordinates with and uses expertise from other agencies, DOE offices, and VTO subprograms as 
needed. 

This report highlights progress achieved by the Decarbonization of Off-Road, Rail, Marine, and Aviation 
Program during Fiscal Year 2022. The nature, current focus, and recent progress of the Program are described 
in this report, and summaries of current national laboratory, industry, and university projects provide an 
overview of the exciting work being conducted to address critical technical barriers and challenges to 
decarbonizing the non-road sector. 

While the Program, formerly known as the Advanced Engine and Fuel Technologies Program, had 
traditionally focused research and development (R&D) on on-road vehicles and engines, in Fiscal Year 2022, it 
transitioned to support R&D focused on reducing GHG and criteria emissions from non-road vehicles and 
engines, including engines used for off-road, rail, marine, and aviation applications, while improving their 
ability to utilize renewable fuels. Since these difficult-to-electrify transportation sectors will continue to use 
internal combustion engines for several decades, reducing their contribution to greenhouse gas emissions is 
increasingly important. 

Gurpreet Singh, Program Manager, Decarbonization of Off-Road, Rail, Marine, and Aviation Program  
Vehicle Technologies Office  

Siddiq Khan 
Vehicle Technologies Office 

Kevin Stork  
Vehicle Technologies Office 
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Vehicle Technologies Office Overview  
Vehicles move our national economy. Annually, vehicles transport 18 billion tons of freight—about $55 
billion worth of goods each day1—and move people more than 3 trillion vehicle-miles.2 Growing our economy 
requires transportation, and transportation requires energy. The transportation sector accounts for 
approximately 30% of total U.S. energy needs3 and the average U.S. household spends over 15% of its total 
family expenditures on transportation,4 making it, as a percentage of spending, the most costly personal 
expenditure after housing. Transportation is critical to the overall economy, from the movement of goods to 
providing access to jobs, education, and healthcare. 

The transportation sector has historically relied heavily on petroleum, which supports over 90% of the sector’s 
energy needs today,5 and, as a result, surpassed electricity generation to become the largest source of CO2 
emissions in the country.6 The Vehicle Technologies Office (VTO) will play a leading role to decarbonize the 
transportation sector and address the climate crisis by driving innovation within and deployment of clean 
transportation technologies. 

VTO funds research, development, demonstration, and deployment (RDD&D) of new, efficient, and clean 
mobility options that are affordable for all Americans. VTO leverages the unique capabilities and world-class 
expertise of the National Laboratory system to develop new innovations in vehicle technologies, including:  
advanced battery technologies; advanced materials for lighter-weight vehicle structures and better powertrains; 
energy-efficient mobility technologies and systems (including automated and connected vehicles as well as 
innovations in connected infrastructure for significant systems-level energy efficiency improvement); 
combustion engines to reduce greenhouse gas and criteria emissions; and technology integration that helps 
demonstrate and deploy new technology at the community level. Across these technology areas and in 
partnership with industry, VTO has established aggressive technology targets to focus RDD&D efforts and 
ensure there are pathways for technology transfer of federally supported innovations into commercial 
applications.  

VTO is uniquely positioned to accelerate sustainable transportation technologies due to strategic public–
private research partnerships with industry (e.g., U.S. DRIVE, 21st Century Truck Partnership) that leverage 
relevant expertise. These partnerships prevent duplication of effort, focus DOE research on critical RDD&D 
barriers, and accelerate progress. VTO advances technologies that assure affordable, reliable mobility solutions 
for people and goods across all economic and social groups; enable and support competitiveness for industry 
and the economy/workforce; and address local air quality and use of water, land, and domestic resources. 

Annual Progress Report 
As shown in the organization chart (below), VTO is organized by technology area: Batteries R&D; 
Electrification R&D; Materials Technology R&D; Decarbonization of Offroad, Rail, Marine, and Aviation; 
Energy Efficient Mobility Systems; and Technology Integration. Each year, VTO’s technology areas prepare 
an Annual Progress Report (APR) that details progress and accomplishments during the fiscal year. VTO is 
pleased to submit this APR for Fiscal Year (FY) 2022. The APR presents descriptions of each active project in 
FY 2022, including funding, objectives, approach, results, and conclusions. 

 

1 Bureau of Transportation Statistics, DOT, Transportation Statistics Annual Report 2020, Table 4-1, https://www.bts.gov/tsar. 
2 Davis, Stacy C., and Robert G. Boundy. Transportation Energy Data Book: Edition 39. Oak Ridge National Laboratory, 2021, 
https://doi.org/10.2172/1767864. Table 3.8 Shares of Highway Vehicle-Miles Traveled by Vehicle Type, 1970-2018.  
3 Ibid. Table 2.2 U.S. Consumption of Total Energy by End-use Sector, 1950-2018. 
4 Ibid. Table 11.1 Average Annual Expenditures of Households by Income, 2019. 
5 Ibid. Table 2.3 Distribution of Energy Consumption by Source and Sector, 1973 and 2019. 
6 Environmental Protection Agency, Draft U.S. Inventory of Greenhouse Gas Emissions and Sinks, 1990-2019, Table 2-11. 
Electric Power-Related Greenhouse Gas Emissions and Table 2-13. Transportation-Related Greenhouse Gas Emissions.  

https://www.bts.gov/tsar
https://doi.org/10.2172/1767864
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Decarbonization of Off-Road, Rail, Marine, and Aviation 
(DORMA) Program Overview 

Introduction 
The Decarbonization of Off-Road, Rail, Marine, and Aviation (DORMA) Program supports the U.S. 
Department of Energy (DOE) Vehicle Technologies Office’s goals of transportation decarbonization, 
increasing domestic energy security through fuel diversification, improving internal combustion engine 
efficiency, reducing greenhouse gas and air pollutant emissions, and reducing vehicle initial and operating 
costs for consumers and businesses. The Program supports research, development, and demonstration of new 
propulsion and vehicle technologies that will reduce greenhouse gas (GHG) emissions in difficult-to-
decarbonize transportation applications and enable achievement of a net-zero-GHG economy by 2050. These 
technologies include optimization of high-efficiency engines and emission control systems that can use low-
GHG, renewable fuels such as advanced biofuels, hydrogen, and e-fuels (aka electro-fuels, i.e., fuels 
synthesized from zero-carbon feedstocks, typically facilitated with renewable electricity), and the integration 
of electrified and hybrid powertrains into vehicles to further reduce GHG emissions. 

The Program utilizes unique capabilities and expertise at the national laboratories and collaborates closely with 
academia and industry to strengthen the knowledge base for the next generation of higher-efficiency, ultra-
low-emissions combustion engines for non-road vehicles. In addition, a science-based understanding of how 
renewable fuels affect engine efficiency and emissions and how engines can be modified to take advantage of 
desirable fuel properties could enable further efficiency improvements.  

The DORMA Program focused on the following research areas in Fiscal Year 2022: off-road, rail, marine, and 
aviation technologies along with legacy on-road projects (Figure 1). Projects competitively selected and 
awarded through funding opportunity announcements are fully funded through the duration of the project in 
the year the funding is awarded. Directly funded work at the national laboratories is subject to change based on 
annual appropriations. 

 

Figure 1 Fiscal Year 2022 research areas within the DORMA Program 
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Goals  
The off-road, rail, marine, and aviation sectors, the focus areas of this program, contribute 26% of U.S. 
transportation GHG emissions, as shown in Figure 2. As passenger and commercial vehicles become 
electrified, the goal of this Program will be to support research and development (R&D) focused on reducing 
GHG and criteria emissions from non-road heavy-duty vehicles, including engines used for off-road, rail, 
marine, and aviation applications, while improving their ability to utilize renewable and low-carbon fuels. 
Since these difficult-to-electrify transportation sectors will continue to use internal combustion engines for 
several decades, reducing their contribution to GHG emissions is increasingly important. 

 

Figure 2 Sources of U.S. GHG emissions in 2019. Total 2019 U.S. GHG emissions with transportation and mobile sources 
breakdown. Data derived from the U.S. Environmental Protection Agency’s Inventory of U.S. Greenhouse Gas Emissions 
and Sinks [1] (mapping mobile sources of emissions to off-road transportation vehicles). Aviation and maritime include 

emissions from international aviation and maritime transport. Fractions may not add up to 100% due to rounding. 

Status of Current Technology 
While on-road transportation is making the transition to electrification, technologies for electrifying non-road 
transportation are available for limited applications and the infrastructure to support those technologies is not 
yet in place. However, GHG and criteria emissions reductions can be achieved in the near term by using 
renewable fuels in internal combustion engines in these applications owing to recent significant advances in 
engine efficiency, exhaust emission reduction, and cost reduction for these technologies. Integrated with 
hybrid and plug-in hybrid electric vehicle powertrains, internal combustion engines can be operated at fuel-
efficient speed–load conditions. Next-generation hybrid engine–electric drivetrains for non-road applications 
could offer cost-competitive and fuel-efficient options as the U.S. transportation sector transitions to full 
electrification.  
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Off-Road 
Off-road vehicles account for approximately 10% of the total transportation energy use in the United States. 
There are a wide range of engine sizes, duty cycles, and vehicle applications within this sector. Unlike most 
highway vehicles, off-road vehicles typically provide the conveyance function of mobile equipment, with the 
engine’s power used both to propel the vehicle and to perform auxiliary work, such as digging or harvesting. 
Different applications in the off-road sector have specific and primary requirements for ruggedness, durability, 
and operational factors, and the priorities for features can differ between applications. 

One common attribute of off-road vehicles is the use of compression-ignition diesel engines because of their 
durability, low-speed torque, and fuel efficiency. Engine efficiency can be increased through combustion 
system improvements, integration with advanced powertrains (including electrification), waste heat recovery, 
efficient air handling and accessories, and improved idle efficiency. Many of these technology areas have been 
commercialized for engines used in on-road vehicles and can also be applied to common off-road engines, 
particularly to engines with less than 15 L displacement. However, experts state it is critical that engine design 
and specification be performed with knowledge of the expected operational conditions. 

Off-road equipment is often reliant on hydraulic fluid power systems for actuation of implements due to the 
high load operation and challenging and harsh environments. Hydraulic systems have inherently low efficiency 
since they use throttling for control, but there is potential for further improvements. 

Vehicle efficiency should be viewed from the whole-system level, rather than at the level of the individual 
components. A deeper understanding of real-world operation is needed to further optimize not only the engine 
and fluid power components but also the overall system. At the system level, there are opportunities for 
improved energy efficiency through automation and electrification. Electro-hydraulic architectures combine 
the benefits of electric motors and hydraulics, improving energy efficiency by eliminating throttling losses, 
while maintaining the power density of hydraulic actuation and managing the system cost of motors and 
batteries. For vehicles that make many repetitive movements, there are opportunities for energy recovery. 
Onboard energy storage and hybridization can help smooth transients in engine operation and allow for engine 
downsizing, both of which increase the vehicle efficiency. Depending on vehicle usage and availability of 
charging infrastructure, full battery electric vehicles may be an appropriate solution to increase efficiency. 

Rail 
The vision for rail decarbonization laid out in the U.S. National Blueprint for Transportation Decarbonization 
[2] includes battery electrification, hydrogen fuel cells, hydrogen-fueled internal combustion engines, and 
sustainable fuels for locomotives. While the rail industry is open to embracing any technologies that would 
lead them to decarbonization, they have highlighted major underlying challenges for both battery electric and 
hydrogen fuel cell technologies for locomotive applications. The industry, however, is eager to use sustainable 
or renewable fuels in their locomotives. This will help them reduce the emissions from their existing 
locomotives while next-generation decarbonization technologies are developed and readied for deployment. 
This strategy has been widely supported by most stakeholders with whom the Program has consulted while 
developing the research needs for rail decarbonization, including the Federal Railroad Administration (FRA). 

While rail transportation carries 40% of U.S. shipments, much more than any other developed country, it is a 
relatively small source of GHG emissions, accounting for only about 2% of U.S. transportation energy use and 
GHG emissions [3], as shown in Figure 2. Freight rail overwhelmingly dominates rail energy use, consuming 
more than 90% of U.S. rail energy, while passenger and commuter rail consume a fraction of the energy [4], as 
shown in Figure 3. 

https://www.energy.gov/eere/us-national-blueprint-transportation-decarbonization-joint-strategy-transform-transportation
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Figure 3 Rail energy consumption in the United States in 2019 [4] 

Rail transportation consumes around 3.5 billion gallons of diesel per year in North America, which could result 
in about 90 billion pounds of CO2 emissions [5]. In the U.S, 52% of all rail freight consists of agriculture and 
energy products, and the other 48% consists of consumer goods and other miscellaneous products. Rail freight 
carries the most non-containerized cargo (coal) and liquid bulk, notably oil deliveries, and the share of box 
cargo is also increasing [6]. Intermodal cargo will likely see high growth, further increasing its share of rail 
shipments [7]. A 2018 report from the Center for Climate and Energy Solutions (C2ES) estimated that ton-
miles for freight transportation via rail were projected to increase 27% from 2017 to 2050, as industrial output 
increases [8]. As high fuel prices have greater cost impacts on road trucks than rail, rail’s share of freight 
shipments is also likely to increase with increases in fuel prices.  

Freight trains are, on average, 3–4 times more efficient at moving freight than trucks [9]. The energy intensity 
of Class I (defined as railroads with revenues exceeding $900 million per year) freight transportation has 
slowly but steadily improved from 350 Btu per ton-mile in 2000 to under 300 Btu per ton- mile in 2019 [10], 
as shown in Figure 4. When freight switchers and passenger trains are included, the resulting figure drops as 
low as 270 Btu per ton-mile, based on 2015 data. As freight trucks continue to increase their efficiency and 
reduce GHG impact through electrification, freight rails need to further their efficiency and reduce carbon 
footprint to maintain their competitive advantage over trucks. 
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Figure 4 Energy intensity of Class 1 freight railroads [10] 

Marine 
The marine sector emits approximately 3% of U.S. transportation-affiliated GHG emissions1. Almost all 
marine vessels currently use fossil fuels, but there are significant opportunities to diversify energy sources used 
to power marine vessels, including widespread hybridization, use of alternative liquid fuels (such as methanol 
and ammonia), judicious use of hydrogen fuel cell powertrains, and battery-electrification of select 
applications. Large, ocean-going vessels are typically powered by enormous low-speed, two-stroke, cross-head 
compression ignition engines running on low-sulfur fuel, either distillate or heavier marine fuel oils. As these 
vessels are long-lived, major capital assets, it is generally impractical to re-power existing vessels of the largest 
size (such as tankers and container ships), so the realistic options for decarbonization by 2050 are limited to 
ultra-low-carbon fuels. Commercial harbor craft and inland vessels are primarily driven by medium-speed, 
four-stroke compression ignition engines running on diesel fuel. Recreational vessels are typically powered by 
four-stroke spark-ignited engines fueled with gasoline. 

Diversity of vessel types and a dearth of quality data on operations and fuel use are typical of the marine 
sector. While this considerably complicates a comprehensive strategic approach to decarbonizing the sector, 
there are some likely opportunities to decarbonize some high-profile and high-exposure applications, such as 
electrification of passenger ferries and use of renewable fuels on U.S. cruise ships and inland marine vessels. 

By far, the greatest marine source of energy use and GHG emissions is represented by international shipping. 
Moreover, projections of growth in global shipping emissions between now and 2050 run as high as 50%. As 
such, a critical aspect to decarbonizing the marine sector in the United States involves making low-carbon 
fuels available to visiting container and other cargo ships. These ships are almost entirely owned and flagged 
outside of the United States. The United States does not have a commercial large-ship construction industry, 

 

1 This figure includes international marine transport. 
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which limits opportunities for U.S. companies to directly benefit from technology breakthroughs applicable to 
these ships. 

The DORMA Program is, therefore, focused on fuels issues for the largest ships. For medium-sized vessels, 
such as fishing vessels, ferries, tugboats, tow boats, service boats of various kinds, and so on, the Program 
considers engines operating on low-carbon fuels, fuel cells, hybrid systems, and battery electrification. In 
considering data on fuels, emissions, and technologies applicable to recreational boats, the DORMA Program 
follows U.S. Environmental Protection Agency emissions inventory classifications and groups these vessels 
with off-road vehicles. 

Aviation 
The principal strategy for decarbonization of aviation, at least through 2050, is likely to be increased use of 
sustainable aviation fuel (SAF). Commercial jets are long-lived technologies with unique requirements, chief 
of which is the ability to refuel internationally with compatible fuel. Thus, the international standards for 
aviation fuel (Jet A and Jet A-1) have tight specifications, and any SAF fuel blends must retain backwards 
compatibility with flying stock. The SAF Grand Challenge, the roadmap for which was published in the fall of 
2022, seeks to develop 35 billion gallons of drop-in SAF by 2050, with an intermediate target of 3 billion 
gallons by 2030. While this drop-in fuel will be backwards compatible for use in current aircraft, there remain 
significant end use research opportunities to which the DORMA Program can contribute. For example, a 
significant amount of the global warming forcing function appears to be related to contrails formed in jet 
exhaust. DOE research can help improve understanding of factors contributing to the formation of contrails 
and other pollutant emissions (which can have a significant impact on air quality near airports). Federal 
Aviation Administration certifications for jet turbine engines, which prioritize aircraft safety, are organized 
around ASTM standards, and the resultant certifications are valid only for the fuel specified. For all 
commercial jet engines, the fuel used for certification is Jet A/A-1, as defined in ASTM D1655. While this 
standard was originally developed for petroleum-derived fuel, there is an allowance for synthetic fuels (e.g., 
not petroleum-derived fuels) to be treated as Jet A/A-1, meaning that they are a drop-in fuel.  

Currently, ASTM D7566 lists seven drop-in SAFs that are approved for use, and all are primarily 
hydrocarbons with only trace levels of oxygenates or heteroatoms permitted. These SAFs can differ from 
petroleum-derived Jet A/A-1 in relative content of n-paraffins, iso-paraffins, cyclo-paraffins, and aromatics as 
well as the individual constituents. The drop-in terminology applies to the blended fuel (SAF blended with Jet 
A/A-1), as nearly all currently available SAFs are non-drop-in as neat fuels. An ASTM task force was formed 
in 2021 with an effort to modify the ASTM D7566 drop-in standard to allow 100% SAF.  

Developing a better understanding of the relationship between fuel composition and engine performance and 
predictive modeling capability, along with an understanding of infrastructure impacts, is a key objective of the 
nascent DOE SAF end use R&D effort. This can be seen as, in part, an extension and continuation of the 
National Jet Fuels Combustion Program initiated in 2014, and complementary to research already supported by 
the Federal Aviation Administration, NASA, and others. Specific areas to which the DORMA Program 
anticipates making contributions include: 

1. Small-volume screening of candidate SAF blendstocks. 

2. Transferability of laboratory results to full-scale and next-generation combustors.  

3. Blending impacts of multiple different SAFs, and criteria pollutant impacts of using SAF blends. 

4. Improving understanding of fuel injection and mixing under sub-critical, trans-critical, and 
supercritical conditions. 
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5. Understanding effects of SAF properties on different figures of merit, including lean blowout, high-
altitude relight, etc. 

6. Developing data, knowledge, and computational tools and transferring them to industry. 

Fiscal Year 2022 Technical Focus Areas and Objectives  
The DORMA Program supports R&D to improve the understanding of the combustion and emissions control 
processes of off-road, rail, marine, and aviation applications and their optimization with renewable fuels. The 
Program also explores the potential for electrification and hybridization to further reduce GHG and criteria 
emissions. Leveraging the unique facilities and capabilities at the national laboratories and collaborating 
closely with academia and industry, the Program conducts cutting-edge research to strengthen the knowledge 
base and technical expertise in high-efficiency, advanced combustion engines and fuels, generating the insights 
needed by non-road vehicle manufacturers to improve the efficiency of engines and reduce emissions. 

The Program’s objectives in 2022 were as follows: 

• Develop science-based understanding of how engine efficiency and emissions are impacted by 
renewable fuel properties and, conversely, how engines and emissions controls can be modified to 
take advantage of desirable fuel properties to meet future emissions regulations. 

• Reduce the fuel use penalty and improve the effectiveness and durability of emissions control (exhaust 
aftertreatment) devices used with renewable fuels. 

• Further advance engine technologies such as turbomachinery, flexible valve systems, advanced 
combustion, and fuel system components for renewable fuels. 

• Develop a hardware-in-the-loop engine research facility for system-level and drive-cycle technology 
development to enable net-zero-carbon fuel efficient designs for hydrogen (H2) internal combustion 
engines and fuel cells for off-road and marine applications. Optimize hybrid powertrains for off-road 
vehicles.  

• Explore trans-critical phenomena of SAFs through high-fidelity simulations at relevant conditions.  

• Develop predictive computational fluid dynamics capabilities for the analysis of ignition performance 
of SAFs at high altitude. 

The Program maintained close collaboration with industry through several working groups and teams to utilize 
these networks in identifying and addressing critical issues, setting goals, adjusting research priorities, and 
tracking progress. These working groups include a broad range of stakeholders representing vehicle and engine 
manufacturers, energy companies, biofuel producers, manufacturers of catalysts and emissions control 
systems, fuel distributors and retailers, national laboratories, and universities.  

Technical Highlights 
Off-Road 
University of Minnesota is conducting research to develop a systematic method and tools to optimize and 
evaluate energy savings for connected and autonomous off-road vehicles. The project will develop systematic 
optimization and control strategies for connected and autonomous off-road vehicles to achieve significant 
energy savings (20%–40%) with improved productivity, as well as develop a hardware-in-the-loop (HIL) 
testbed to evaluate the energy savings of connected and autonomous off-road vehicles in a time-efficient, safe, 
and cost-effective fashion. In Fiscal Year (FY) 2022, the project developed the communication system, 
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determined a solution of optimization for both 
transport and digging phases, and constructed an 
HIL testbed. (Sun I.1) 

Purdue University is demonstrating the 
advantages of its proposed multi-pressure rail 
(MPR) system when applied to agricultural 
tractors and their implements. In FY 2022, the 
project team (1) formulated and implemented a 
supervisory controller suitable for operating the 
hydraulic functions through the MPR system, 
(2) validated the simulation model of the MPR 
system and its supervisory controller based on 
the results of the standalone test rig built during 
the previous fiscal year, (3) formulated and 
simulated layouts for compatible MPR 
solutions for an MPR tractor coupled with a 
non-MPR implement and vice versa, (4) 
procured components and a data acquisition 
system to implement the MPR solution on the 
reference vehicles, (5) modified the reference vehicles to implement the MPR prototypes, (6) performed 
field tests on significant duty cycles with the MPR prototypes and measured system performance 
parameters, (7) and confirmed the model prediction for the MPR system on the reference vehicles based on 
the field test. (Vacca I.2) 

Michigan Technological University is electrifying the 
propulsion and fluid power systems of a Pettibone 204i 
off-road material handler to demonstrate at least 20% 
reduction in real-world fuel consumption without 
negatively impacting emissions, performance, 
operability, noise, vibration, harshness, etc. In FY 2022, 
the project partners created a design palette of viable 
commercial off-the-shelf electrification components and 
defined a short list of electrification architectures with 
the highest probability of meeting the project goals using 
reduced-order, first-principles analysis techniques. The 
team conducted a full-cycle simulation of the identified 
potential electrification architectures using the detailed 
Simcenter Amesim model, completed an engineering 
decision analysis of the simulation results with the intent 
of selecting an architecture and specific components, and 
completed the engineering and design effort required to 
integrate the electrification components. (Worm I.3)  

University of Wisconsin–Madison is conducting research with the goal to enable a greater than 10% increase 
in efficiency of off-road vehicles by integrating electric machines and advanced internal combustion engines 
through systematic assessment of the benefits and drawbacks of electrification for the off-road sector, 
developing a hybrid powertrain capable of improving efficiency by over 10% in a wheel loader application, 
and using electrification to enable downsizing. In FY 2022, it performed system-level experiments to test the 
engine with an electrified powertrain, designed components for vehicle-level testing, and performed system-
level analysis to compare multiple architectures for hybrid off-highway vehicles. (Kokjohn I.4) 

Figure 5 Optimal vehicle trajectory during the transport phase 
(Sun, I.1) 

Figure 6 Engine brake work distribution (composite 
cycle) (Worm I.3) 



FY 2022 Annual Progress Report 

Decarbonization of Off-Road, Rail, Marine, and Aviation (DORMA) Program Overview 11 
 

University of Minnesota is developing and demonstrating a fully 
electric compact track loader (CTL) with high efficiency using a 
system architecture that leverages hydraulic actuation to reduce the 
size and cost of the electric components. The target is to reduce 
electricity (and battery) usage by 40%, as compared to the standard 
strategy of replacing the current machine’s diesel engine with an 
electric motor. In FY 2022, the team designed and optimized the 
system architecture to be prototyped, designed and developed 
hardware-in-the-loop laboratory testbeds for the work and propel 
circuits, and generated potential soft-switching valve concepts to 
minimize throttling loss during pressure-rail transitions. (Li I.5)  

John Deere Intelligent Solutions Group is conducting research, 
development, and validation of a hybrid-powertrain-enabled 

articulated dump truck (ADT) testbed potentially capable of ≥25% fuel savings and ≥25% greenhouse gas 
(GHG) and criteria pollutant reductions when compared to a conventional ADT vehicle with a 9 L engine. In 
FY 2022, the project conducted dynamic system modeling (DSM, described further below) of the following 
major components needed for fabrication of the diesel–electric hybrid powertrain to be integrated in the 310E 
model of the eADT: 6.8 L engine; 250 kW, 700 V dual inverter; 700 V battery pack; 15 kW, 700 V/48 V direct 
current (DC)-to-DC converter. (Singh I.6) 

University of Minnesota is developing a methodology for improving the efficiency of high-power, off-road 
mobile machines that takes advantage of electrification without the need for very high power or costly electric 
components. It will develop a system architecture that marries the comparative advantages of hydraulic 
actuation and electrical actuation. In FY 2022, the team experimentally validated the motion control strategy 
on a high-pressure hardware-in-the-loop testbed, prototyped the proposed integrated hydraulic–electric power 
conversion machine, and characterized the power conversion machine’s performance. (Li I.7) 

Caterpillar Inc. is designing and demonstrating a high-
efficiency power system with a heavy-duty hybrid diesel 
engine system for use in off-road machine applications. 
In FY 2022, the project validated the complete power 
system in a transient cell in the Phase 2 hybrid engine 
system and performed technoeconomic analysis to 
address cost barriers and provide total-cost-of-ownership 
value assessment. (McDavid I.8) 

Eaton Corporation is researching, developing, and 
validating engine and aftertreatment (AT) system 
technologies for significantly reducing nitrogen oxides 
(NOx) and greenhouse gas (GHG) emissions for off-road 
powertrains over multiple duty cycles spanning the 
segment’s diverse applications, while maintaining 
affordability and robustness to ensure economic viability. 
In FY 2022, the project determined system definition and 
performance metrics, built a baseline and aged the AT system using hydrothermal aging, designed and built the 
base future engine, designed the modular AT system, and assessed the baseline GHG correction compared to 
the modular AT system architecture. (McCarthy I.9) 

Marquette University will demonstrate a heavy-duty engine that can use any blend of gasoline and ethanol and 
develop the prechamber-enabled mixing-controlled combustion (PC-MCC) concept for gasoline/ethanol blends 
for heavy-duty engines. In FY 2022, chemical-reacting computational fluid dynamics (CFD) simulations of a 

Figure 7 Compact track loader to be 
electrified (Li, I.5) 

Figure 8 Phase 2 concept engine with SuperTurbo 
assembled (McDavid, I.8) 
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1.6 L single-cylinder, heavy-duty engine were conducted 
to determine the minimum required prechamber (PC) 
volume for robust ignition and an acceptable range for 
passageway size to ensure proper PC breathing and PC 
jet flame penetration. Detailed packaging studies were 
conducted to determine appropriate mounting locations 
for the PC igniter and direct injector in both single-
cylinder and multi-cylinder heavy-duty engines. 
(Dempsey I.10) 

In FY 2022, Pacific Northwest National Laboratory is 
applying advanced imaging techniques to a diesel 
particulate filter (DOCF) to characterize washcoat effects 
on the physical characteristics of the filter and the 
resulting impact on flow uniformity (or lack thereof) and 
catalyst usage. Researchers completed and commissioned 
SpaciMS (spatially resolved capillary inlet mass 
spectroscopy) capability for testing DOCF structures 
under various conditions, and preliminary data sets have 
been generated for modeling calibration. The engine 
testing capability is nearing completion with 
instrumentation to support chemical and thermal DOCF assessment under different exhaust environments. In 
addition, the DOCF modeling capability was completed and is ready for calibration with the laboratory’s 
kinetic calibration efforts and SpaciMS data. (Rappe I.11) 

Sandia National Laboratories is working to establish a comprehensive understanding of the in-cylinder 
processes associated with in-cylinder mixture formation and its impact on engine performance, emissions, wall 
heat loss, and coupling with advanced ignition systems. In FY 2022, the research team applied laser and 
imaging diagnostics in an optical, heavy-duty engine equipped with a medium-pressure hydrogen direct 
injector to assess the impact of injection timing and injection pressure on in-cylinder mixture formation and 
associated engine performance. The team also established a framework to study hydrogen pre-ignition 
mechanisms decoupled from each other under controlled conditions and validated the framework by 
characterizing the hot-spot pre-ignition mechanism. (Srna I.12) 

Sandia National Laboratories is providing the scientific understanding needed to design, optimize, and 
calibrate the next generations of off-road compression-ignition engines that comply with increasingly stringent 
pollutant emissions regulations while achieving thermal efficiencies exceeding 50%. In FY 2022, researchers 
(1) quantified the fuel efficiency and pollutant emissions benefits of a second-generation DSL piston, (2) 
characterized the sources of unburned hydrocarbons (UHCs) during catalyst-heating operation, quantifying the 
contribution of each injection event to the total tailpipe UHC emissions, (3) applied a laser-based extinction 
technique in an optically accessible exhaust runner to investigate the spatiotemporal origins of formaldehyde in 
catalyst-heating operation, (4) explored new strategies to mitigate pollutant formation and maximize exhaust 
enthalpy for optimum catalyst-heating operation, (5) assessed the effects of fuel’s autoignition reactivity 
(cetane number) and distillation characteristics (boiling range) on engine cold-start performance, and (6) 
demonstrated an advanced wireless telemetry system for on-board engine data acquisition and a novel heat-
flux micro-sensor to provide time-resolved heat-flux data. (Lopez-Pintor I.13) 

Sandia National Laboratories is working to glean a fundamental understanding of the impacts of SAFs on 
flame stabilization combustion dynamics using high-fidelity simulations and performing statistical analysis of 
the data to evaluate, develop, and improve combustion models. In FY 2022, they performed high-fidelity 
simulations of spray flames under gas turbine operating conditions, verified spray injection modeling strategies 
using experimental data, identified chemical mechanisms capable of predicting flame stabilization at high 

Figure 9 Prechamber enabled mixing-controlled 
combustion (Dempsey, I.10) 
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pressures and moderate temperatures, and identified mixing and mixture reactivity effects on flame 
stabilization dynamics. (Chen I.14) 

Sandia National Laboratories will enhance the fundamental and practical 
understanding of ducted fuel injection (DFI) to facilitate its successful 
and rapid commercial implementation to reduce net-carbon and criteria 
pollutant emissions from difficult-to-decarbonize, heavy-duty 
applications. In FY 2022, they determined whether DFI can be used to 
curtail soot emissions at full-load conditions with a low-net-carbon fuel, 
continued advancing the fundamental understanding of key physical 
processes governing DFI performance, and assembled a consortium of 
industry stakeholders to assist in further developing DFI for successful 
commercial application. (Mueller I.15)  

Sandia National Laboratories utilized a research diesel injector of special 
design to understand the interaction between separate fuel spray plumes, 
with diagnostics performed within optically accessible spray chambers. 
In FY 2022, researchers characterized the spray, combustion, and 
sooting behavior of a four-hole Engine Combustion Network diesel 
injector and measured the limits of soot-free diesel combustion using 
oxymethylene ethers, including detailed mixture fraction, upstream 
formaldehyde, and high-temperature combustion. They also assessed 
liquid penetration, ignition, and combustion for methanol diesel sprays 

and led a multi-institution, international research effort on engine spray combustion called the Engine 
Combustion Network. (Pickett I.16) 

Lawrence Livermore National Laboratory identified a need to develop accurate fuel chemistry models for use by 
industry designers in difficult-to-decarbonize markets such as off-road, rail, marine, and aviation. In FY 2022, 
researchers worked to develop predictive kinetic models for the combustion of low-life-cycle carbon fuel 
components and mixtures that span near-term to long-term decarbonization goals, as well as predictive kinetic 
models for emissions, such as soot and NOx, from the combustion of low-life-cycle carbon fuels. (Wagnon I.17) 

Pacific Northwest National Laboratory (PNNL) is advancing aftertreatment catalyst technology with high 
durability and low-temperature activity applicable to internal combustion engine exhaust systems. Researchers 
are focused on developing the fundamental information that clarifies current barriers to aftertreatment 
materials and enables the pursuit of pathways to mitigate or circumvent those barriers through materials 
design. In FY 2022, PNNL developed new classes of thermally stable single-atom catalysts to reduce the use 
of platinum group metals for low-temperature oxidation and improved the performance and stability of next-
generation oxidation catalysts so that engines with dramatically enhanced fuel efficiencies can be implemented 
while still meeting future U.S. Environmental Protection Agency emissions regulations. (Wang I.18) 

Pacific Northwest National Laboratory is working to understand the function of aftertreatment devices at the 
atomic-, nano-, and micro-scales and to predict the integrated performance of system designs considered. In 
FY 2022, the team demonstrated and established the structure-function relation of next generation selective 
catalytic reduction (SCR) catalyst technologies with superior SCR performance and hydrothermal stability and 
developed the necessary fundamental and applied understanding of barriers faced by current-generation SCR 
materials so that their function can be accurately predicted through full useful life. (Wang I.19) 

Pacific Northwest National Laboratory (PNNL) is working to characterize high-mileage field-aged catalysts 
from Cummins to provide guidance in developing complex aging protocols, develop characterization tools to 
monitor the dynamic changes upon progressive aging, identify the cause of degradation, and develop 
procedures to simulate real-world aging of selective catalytic reduction (SCR) catalysts. In FY 2022, PNNL (1) 
revealed gaps between real-world and laboratory-accelerated aging via detailed kinetics studies, (2) used in situ 

Figure 10 Image acquired through a 
window in the piston of an optical 

engine, showing a conventional diesel 
combustion spray on the left, producing 
a cloud of incandescent soot particles, 
and ducted fuel injection on the right, 

producing no soot. (Mueller, I.15) 
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X-ray photoelectron and electron paramagnetic resonance (EPR) spectroscopies to reveal the nature of sulfur 
poisoning and elucidate possible mechanisms, (3) used operando EPR spectroscopy to elucidate 
transformations of SCR active Cu during real-world and laboratory-accelerated aging, and (4) developed real-
world sulfur aging models that accurately describe the aging behavior of catalysts. (Gao I.20) 

Oak Ridge National Laboratory is addressing emissions 
control challenges associated with running rail, marine, 
and off-road engines on low lifecycle carbon fuels 
(LLCFs) through measurement of the fuel chemistry 
effects of LLCFs on a commercial emissions control 
catalyst and evaluation of potential alternative emissions 
control solutions to handle the unique emissions from 
promising LLCFs. In FY 2022, researchers measured the 
catalytic reactivity of alcohol LLCFs and their aldehyde 
partial oxidation products over a commercially relevant, 
aged diesel oxidation catalyst and published results from 
prior investigations of Co-Optima blendstock fuel 
reactivity on emissions control catalysts. (Sinha 
Majumdar I.21)  

Argonne National Laboratory (ANL) is enabling net-
zero-carbon, fuel-efficient design for hydrogen internal 
combustion engines (ICEs) for off-road and marine 
applications using hardware-in-the-loop (HIL) simulation 
for system-level and drive-cycle-appropriate technology 
development. In FY 2022, ANL commissioned a new 
Vieletech test cell control system, commissioned an HIL 
powertrain test cell control system, and developed a 
LabVIEW interface with Autonomie/RoadRunner. 
(Biruduganti I.22) 

Rail 
Westinghouse Air Brake Technologies Corporation 
(Wabtec) is providing critical dimensional scaling 
guidance for ducted fuel injection (DFI) and cooled spray (CS) technologies and demonstrating more than 75% 
particulate matter reduction over a range of operating conditions using CS technology. In FY 2022, researchers 
evaluated at least three CS configurations in a Wabtec metal engine, quantified the performance impacts of CS 
components over the engine operating map, demonstrated at least 50% soot reduction for some operating 
conditions using CS, and compared conventional diesel combustion to DFI in the optical engine at higher loads 
with larger injector orifices than previously demonstrated. (Klingbeil II.1) 

Argonne National Laboratory is developing and evaluating the performance of a dual-fuel technology in the 
Progress Rail 1010J single-cylinder, four-stroke locomotive engine (1010J-SCE) using methanol and dimethyl 
ether (DME) fuels. In FY 2022, the team recommissioned the Progress Rail 1010J-SCE four-stroke locomotive 
engine, prepared the facility and recommissioned all the 1010J-SCE subsystems, and performed engine 
shakedown tests to assess the engine’s condition. (Elhannouny II.2) 

Argonne National Laboratory (ANL) is developing and validating computational tools for combustion of low-
carbon fuels, with a focus on hydrogen, in heavy-duty rail engines for use in evaluating different technologies 
and fuel injection options to enable up to 100% operation on hydrogen and low-carbon fuels for rail engines. In 
FY 2022, ANL developed an accurate tool for modeling dual-fuel combustion in locomotive engines, 

Figure 11 (a) Non-methane organic gases (NMOG) 
conversion of a C10 diesel surrogate and LLCF alcohols 
such as methanol (purple), ethanol (red), and isobutanol 

(orange) with (b) corresponding Fourier transform 
infrared (FTIR) aldehyde traces over an aged commercial 

diesel oxidation catalyst under lean conditions. (Sinha 
Majumdar, I.21) 



FY 2022 Annual Progress Report 

Decarbonization of Off-Road, Rail, Marine, and Aviation (DORMA) Program Overview 15 

quantified accuracy of the tool through comprehensive validation studies, and evaluated the effect of 
turbulence and combustion models on model accuracy. (Ameen II.3) 

Argonne National Laboratory (ANL) is enabling efficient engine operation in rail applications via the use of 
low lifecycle carbon fuels such as biodiesel and renewable diesel and identifying the necessary modifications 
to the 1010J-SCE engine and injection system to allow use of these fuels while meeting Tier 4 emission 
regulations. In FY 2022, ANL recommissioned the 1010J-SCE engine test facility and developed baseline 
models for high-fidelity nozzle flow simulations. (Xu II.4) 

Oak Ridge National Laboratory (ORNL) is developing 
solutions for the use of low lifecycle carbon fuels and 
low-emissions technologies for locomotive engines, 
including port-fuel-injection retrofit hardware 
configurations and operating strategies for dual-fuel 
operation, as well as direct injection hardware 
configurations and operating strategies for near-complete 
fuel substitution while maintaining engine performance 
and emissions compliance. In FY 2022, the team 
executed an agreement between ORNL and Wabtec and 
began installation of the Wabtec single-cylinder research 
engine, subsystems, and low lifecycle carbon fuels 
infrastructure. (Edwards II.5)  

Marine 
Argonne National Laboratory is developing predictive 
computational capabilities for the analysis and design of 
advanced internal combustion engines for off-road 

applications through development of predictive models for the simulation of low-carbon-fuel off-road internal 
combustion engines, as well as through modeling best practices to efficiently design off-road engines using 
low-carbon fuels. In FY 2022, researchers finalized the scope of work to address DOE/industry priorities for 
off-road sector decarbonization and defined the technical scope and legal terms of the cooperative research and 
development agreement (CRADA) before submitting the CRADA documents for approval. (Scarcelli III.1) 

Oak Ridge National Laboratory is developing engine technologies to displace the maximum amount of diesel 
fuel with methanol (up to 100%), in collaboration with a major marine engine manufacturer, while maintaining 
or improving engine performance, efficiency, durability, and emissions relative to the current diesel baseline. 
In FY 2022, the team established support for a multi-year CRADA with a major marine engine original 
equipment manufacturer to pursue marine engine decarbonization with methanol, develop a scope of work, and 
submit the CRADA document for approvals. Additionally, the team solicited project input and support from 
the U.S. Department of Transportation Maritime Administration for the CRADA project. (Szybist III.2) 

Aviation 
Argonne National Laboratory is assessing fuel behavior through a validated two-phase flow model based on X-
ray data and appropriate combustion, turbulence, chemical kinetics models, and best practices. In coordination 
with the U.S. Department of Energy’s Bioenergy Technologies Office, the fuels and fuel properties will be 
determined and evaluated both experimentally and computationally for use by industry. Research will be 
performed under four major tasks: (1) X-ray measurement for model development, (2) computational fluid 
dynamics simulations and validation to model the behavior of sustainable aviation fuels in a combustor, (3) 
rapid compression machine adaptation for fuels and operating conditions modeling, and (4) high-fidelity 
simulations of a combustor toward direct numerical simulation capability to capture flow and flame dynamics. 
(Som IV.1) 

Figure 12 Wabtec single-cylinder locomotive research 
engine and dynamometer at the ORNL National 
Transportation Research Center (Edwards, II.5) 
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Sandia National Laboratories is investigating the 
characteristics of spray combustion at conditions relevant 
to modern aero-engines across the main, yet challenging 
operating points. In FY 2022, the custom injection 
system based on the single-hole atomizer was used to 
inject different types of liquid jet fuels, including 
sustainable aviation fuels, in a constant-volume pre-burn 
chamber where ambient conditions were set to mimic 
representative thermodynamic conditions that can be 
found in real aero-engine combustors. Flame stabilization 
and associated fundamental mechanisms under 
conditions relevant to aero-engine combustion were 
investigated, using formaldehyde planar laser-induced 
fluorescence and excited hydroxyl radical 
chemiluminescence. The data acquired with these two 
diagnostic techniques were combined with diffuse back-
illumination extinction imaging measurements to 
investigate differences in soot formation between the 
fuels. (Manin IV.2)  

Lawrence Livermore National Laboratory is developing a 
chemistry model that captures significant trends in particle size and number of the formation and destruction of 
water–ice particles, creating a method to couple soot and ice formation models with existing cloud 
microphysics models to predict the initial evolution of sustainable aviation fuel contrails. The captured trends 
and predictions will be used to release updates onto the combustion solver software library Zero-RK for the 
stakeholders to access combustion and contrail modeling tools. In FY 2022, the team established access to 
atmospheric thermodynamic data at flight conditions relevant to the contrail formation and evolution 
processes, verified that the current fuel chemistry and soot formation models will produce stable simulations, 
and identified additions to expand the fuel combustion model to include atmospheric chemistry, ice nucleation, 
and other cloud microphysics models. (Wagnon IV.3) 

Crosscutting 
Lawrence Livermore National Laboratory is advancing the state of the art in low lifecycle carbon fuels (LLCF) 
combustion simulation through the development of fast and accurate models, as well as collaboration with 
industry partners to prove capability and impact of combustion software. In FY 2022, the team created fuel 
surrogate and reduced kinetic models for LLCF combustion research and developed neural-network species 
prediction models that accelerate computational fluid dynamics simulations containing detailed reaction 
models by reducing the number of kinetic species that need to be resolved. (Whitesides V.1) 

National Renewable Energy Laboratory (NREL) is creating unique experimental capabilities for measuring 
critical properties of conventional jet fuel and synthetic aviation turbine fuel (SATF) over the full range of 
turbine engine operating conditions, developing an improved ignition delay metric for jet fuels, utilizing 
NREL’s existing flow reactor and constant volume combustion chamber capability to inform development of 
reduced kinetic models for current and future forms of sustainable aviation fuel, and simulating and 
investigating the impacts of fuel properties on the performance of a single-nozzle flame tube and uncertainty in 
fuel property measurements on the simulation results. In FY 2022, researchers identified and acquired 
instruments to measure density and viscosity over the full temperature and pressure range, identified an 
instrument to measure surface tension over the full temperature and pressure range, and demonstrated that the 
Advanced Fuel Ignition Delay Analyzer can measure cetane numbers for jet fuels and SATF that are identical 
to those measured by other methods. (McCormick V.2) 

Figure 13 Measured peak soot mass for all conditions 
and fuels: a nominal reference Jet A fuel (A-2), an 

alcohol-to-jet fuel containing highly branched dodecane 
and hexadecane type components (C-1), a blend made 
of 40% C-1 and 60% iso-paraffins ranging from 9 to 12 
carbon atoms (C-4), and an advanced bio-derived cyclo-

alkane fuel (BCH)  (Manin, IV.2) 
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Legacy On-Road 

Combustion 
Auburn University is advancing the predictive capabilities of low-temperature plasma (LTP) ignition sub-
models for the optimization of fuels and multimode engines to support the development of LTP ignition 
technologies to enable multimode engine concepts and to contribute to the overarching goal of developing 
more efficient engines with sustainable future fuels. In FY 2022, researchers (1) developed a plasma-specific 
kinetic mechanism for ethanol oxidation and pyrolysis, (2) simulated LTP ignition of ethylene–air mixtures 
using the AMReX library1 and newly developed high-fidelity models, and (3) integrated circuit dependence in 
a discharge model to estimate discharge efficiency and implement fuel dissociation via electron impact in 
VizGlow. (Tsolas VI.A.1) 

Purdue University is radically improving the predictive accuracy and efficiency of turbulent combustion sub-
models for turbulent jet ignition (TJI) through the development of a hierarchically informed engineering model 
for turbulent combustion in TJI. The hierarchically reduced model will ensure predictive accuracycomparable 
to that produced by high-order models but with a significantly reduced computational cost. In FY 2022, the 
team developed a high-fidelity predictive large-eddy simulation (LES) solver for the entire cycle of TJI 
combustion, validated the high-fidelity LES combustion solver by using a model TJI rig, and simulated the 
Argonne National Laboratory engine with conventional combustion models to verify the model validation 
framework. (Wang VI.A.2) 

Stanford University is developing improved physical 
submodels and examining multimode combustion 
regimes to support the Office of Energy Efficiency and 
Renewable Energy Co-Optima program through (1) 
development of accurate submodels for predicting 
multimode combustion regimes, wall-heat transfer, non-
equilibrium plasma ignition, and combustion-mode 
transition; (2) validation of the computational submodels 
against experiments and direct numerical simulation data 
in conjunction with sensitivity analysis; (3) support of the 
direct transition of the resulting submodels into other 
engine simulation tools through the development of self-
contained modules; and (4) examination of complex 
combustion regimes in multistage ignition and high-
pressure spray combustion. (Ihme VI.A.3)  

Hyundai America Technical Center, Inc., is co-optimizing a multimode-capable engine with fuel formulation 
to improve vehicle fuel economy by 15% over the baseline, attain a power target of at least 150 hp, meet or 
exceed LEV III emission targets, demonstrate multimode combustion control, validate computational fluid 
dynamics (CFD) models, populate a spray and combustion database, and produce a CFD mesh and models for 
spray and engine data. In FY 2022, the research team (1) refined a multimode rapid prototyping controller for 
the multimode engine control, (2) developed a combustion strategy for low temperature combustion mode, (3) 
evaluated strategies for rated engine operating conditions, (4) confirmed the overall combustion strategy for 
the multimode engine through engine testing, (5) demonstrated combustion mode switching, (6) completed 
engine testing for fuel formulation effects and fuel optimization for the multimode engine, (7) validated a CFD 
model for multimode engine and different fuels, and (8) confirmed fuel economy improvement with the 
proposed multimode engine. (Zhu VI.A.4) 

Oak Ridge National Laboratory is co-optimizing the combustion chamber geometry, injector geometry, and 
fuel physical properties for two diesel fuel chemistries, conventional diesel and hydrotreated vegetable oil 
(HVO), subject to emissions and mechanical limit constraints for improved engine thermal efficiency. In FY 
2022, researchers defined significant fuel property ranges for conventional diesel and HVO, coupled and tested 

Figure 14 Velocity (left, mirrored) and temperature (right) 
fields on the deforming rapid compression machine 

quarter domain of the short ignition case at three time 
instances (Ihme, VI.A.3) 
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an optimizer with CAESES and CONVERGE computational fluid dynamics engine models to establish 
workflow, defined operating conditions of interest for optimization, and discretized piston bowl shape 
geometry for automatic geometry generation. (Chuahy VI.A.5) 

Argonne National Laboratory is quantifying the effects of fuel volatility as an independent fuel property on 
low-temperature heat release (LTHR), both experimentally and numerically, and proving or disproving the 
hypothesis that preferential evaporation of volatile components in direct ignition engines produces reactivity 
stratification such that the less reactive volatile components govern the overall reactivity. In FY 2022, the 
team developed and blended a set of fuels designed to test the hypothesis that preferential evaporation of 
volatile fuel components in direct ignition engines produces reactivity stratification such that the less 
reactive volatile components govern the overall reactivity and conducted a series of a priori computational 
fluid dynamics simulations to test the differences between single- and multi-component evaporation models 
on LTHR. (Som VI.A.6) 

Alternative Fuel Engines 
Cummins Inc., is developing and 
demonstrating a Dynamic Skip Fire® 
(DSF)-enabled, heavy-duty (HD) 
natural gas (NG) engine capable of 
diesel-like performance and efficiency 
while maintaining the capability to meet 
emissions standards. In FY 2022, the 
project team developed the engine 
overhead layout; designed overhead and 
cylinder deactivation components; and 
designed, analyzed, and simulated 
engine models to define control system 
requirements and drive cycle 
simulation. The focus was on hardware 
design of the overhead components, 
development of the control system requirements and interfaces, and engine model development for simulation. 
The engine model was used to simulate engine operation with DSF to assess the impact of DSF on base engine 
controls, as well as to develop algorithms. Baseline engine data for the HD NG engine was used to develop the 
initial DSF firing frequency map. (Shah VI.B.1)  

Colorado State University is addressing fundamental limitations to achieving near-diesel efficiencies in heavy-
duty on-road liquefied petroleum gas (LPG) engines. The focus is on the Cummins 15-L heavy-dutyengine 
platform. The main project goal is to increase the peak torque efficiency of a 15-L LPG engine to 44%. FY 
2022 efforts included fabrication and delivery of a Cummins X15 custom cylinder head for LPG direct 
injection, production and spray imaging of prototype LPG direct injectors, incorporation of the LPG spray 
model into a CONVERGE computational fluid dynamics model and generation of initial simulation results, 
and LPG port fuel injection baseline testing on the Cummins X15 single cylinder engine. (Olsen VI.B.2) 

Oak Ridge National Laboratory is developing and demonstrating direct-injected liquified petroleum gas (LPG) 
stoichiometric spark-ignition engine technologies to achieve fuel efficiency and torque parity with current 
medium-duty diesel engines. The objective is to provide experimental data that demonstrates technologies and 
approaches to achieve a cycle efficiency of 41% in the supplemental emissions test steady-state cycle while 
meeting all applicable 2027 criteria emissions regulations. In FY 2022, the team optimized a long-stroke 
stoichiometric propane spark-ignition engine platform using advanced simulation tools and developed a 
fundamental understanding of the particular fuel properties of LPG that promote its stability under exhaust 
dilution using direct numerical simulations and high-fidelity engine simulations. (Splitter VI.B.3) 

Figure 15 Head and overhead assembly (Shah, VI.B.1) 
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WM International Engineering LLC is developing a state-of-the-art fuel system that operates with mixtures of 
propane and DME to improve the efficiency of a light-duty engine while providing significant emission 
reductions. In FY 2022, researchers completed fuel system modeling of the electro-hydraulic fuel system and 
developed calibration maps of the first interim design for operation with diesel and the propane–dimethyl ether 
(DME) mixture. Fuel bench testing was designed and built for (1) performance, validated with diesel and 
propane–DME, and (2) durability, tested with propane–DME for spray visualization experiments with the base 
hardware. The team completed the advanced fuel system design and issued manufacturing drawings for 
machining and also completed engine performance modeling to demonstrate that the use of a propane–DME 
mixture supports the efficiency and CO2 targets of the project. (de Ojeda VI.B.4) 

University of Wisconsin–Madison is enabling a 15% reduction in CO2 emissions compared to current diesel 
engines by developing an MCCI combustion strategy capable of operating on blends of propane and dimethyl 
ether (DME). To achieve this goal, researchers will develop and demonstrate a high-efficiency mixing-
controlled combustion engine suitable for operation on propane and propane–DME blends. In FY 2022, the 
team designed and adapted a propane–DME fuel system to the target medium-duty test engine, set up a test 
cell to enable combustion system development, and evaluated predictive ability of propane–DME reaction 
mechanisms. (Kokjohn VI.B.5) 

 

Figure 16 Combustion at rated power (Lutz, VI.B.6) 

Cummins Inc., is researching, developing, and validating a next-generation, combustion-system-equipped, 
heavy-duty natural gas engine that utilizes high tumble charge motion, building upon a proven high-cylinder-
pressure-capable heavy-duty base engine platform in the 10-L displacement range. In FY 2022, researchers (1) 
created simulation models to predict engine performance based on other models developed for spark-ignition 
engines; (2) used these models to determine the engine architecture and path to reach program efficiency 
targets; (3) began the design of a new cylinder head with pent roof, tumble intake port geometry, and 
optimized combustion deck cooling; (4) began design of the port-injected fuel system, including injector 
installation, fuel rail, fuel filter, fuel regulator, and sensors; and (5) began optimization of the combustion 
system using computational fluid dynamics simulation. (Lutz VI.B.6)  

Emission Control 
Washington State University is demonstrating vehicle federal test procedure, US06 test performance, and 
highway fuel economy test performance comparable to a baseline system with a reduction in platinum group 
metal (PGM) content by a factor of 2–4. The FY 2022 objective focused on technology transfer and validation 
by incorporating the powder formulation into a slurry-based washcoat and applying it to a suitable ceramic 
catalyst support. Researchers conducted simulated engine tests and baseline with current BASF three-way 
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catalysts, with the specific goal of meeting or exceeding the BASF baseline catalyst performance (SULEV30) 
with a factor of 2–4 reduction in PGM content. (Wang VI.C.1) 

 

Figure 17 Temperatures required to reach 50% conversion for (a) CO, (b) hydrocarbon (HC), and (c) NO. Upper panels (Run 
4 I/O) were generated after sweeping to rich conditions, lower panels (Run 2 I/O) were generated before sweeping to the 
rich conditions. Catalyst testing conditions: gas hourly space velocity = 70,000 hr-1, oscillating feed (1 s lean – 1 s rich), 

feed contains CO, H2, O2, HC (C3, C3=), NO, CO2, H2O. (Wang, VI.C.1) 

General Motors LLC is enabling new technologies to reduce platinum group metal (PGM) use in the U.S. 
gasoline vehicle fleet by 50% while meeting future emission regulations, thereby reducing three-way catalyst 
(TWC) cost by 50% with no loss of performance or reliability over the baseline TWC system and enhancing 
the competitiveness of the U.S. automotive industry. In FY 2022, the team optimized Pd and Rh catalyst 
formulations at the powder level for equivalent performance and improved aging resistance at 60% less PGM 
loading, optimized Pd and Rh catalyst synthesis techniques at the core-sample level for equivalent performance 
and simplicity for large-scale production, and performed advanced characterization and a reaction kinetics 
study to gain insights into the deactivation mechanism. (Li VI.C.2) 

West Virginia University is developing and validating the simulation tools that enable virtual coupling of 
engine combustion with aftertreatment systems so that original equipment manufacturers and the research 
community can use the simulation tools to simulate the real driving emissions from heavy-duty diesel 
trucks, further optimizing heavy-duty diesel engines and aftertreatment systems for near‐zero exhaust 
emissions. In FY 2022, the team (1) examined engine combustion, emissions, and aftertreatment system 
performance under steady-state operating conditions; (2) developed a computational fluid dynamics model 
capable of simulating heavy-duty diesel engine combustion and emissions; (3) developed aftertreatment 
system component models; (4) developed a one-dimensional engine simulation model; and (5) developed a 
urea injection model. (Li VI.C.3) 

University of Wisconsin–Madison is developing an integrated simulation of combustion and aftertreatment 
systems to enable control optimization, thermal management optimization, insulation strategies, etc., while 
ensuring that conversion efficiencies of the components are improved. In FY 2022, researchers (1) developed 
the Zero-D Velocity–Composition–Frequency transported Probability Density Function (0DVCF-tPDF) 
combustion model and validated it against computational fluid dynamics simulations; (2) built and calibrated 
the baseline engine model, a digital twin of a heavy-duty diesel engine; (3) developed the baseline 
aftertreatment models for each component device; (4) experimentally evaluated the baseline engine and 
aftertreatment system for model validation with engine experiments; (5) performed laboratory aging of catalyst 
samples, and measured properties of the diesel oxidation catalyst and selective catalyst reduction (SCR) 
materials using a synthetic exhaust flow reactor; and (6) recalibrated the Oak Ridge National Laboratory SCR 
model to predict the performance of the SCR material. (Strzelec VI.C.4) 
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Advanced Engine Technologies 
Volvo Group North America is refining its SuperTruck 2 model to demonstrate greater than 100% 
improvement in vehicle ton-miles per gallon compared with a best-in-class 2009 truck, 55% brake thermal 
efficiency (BTE), and technologies that are commercially cost-effective in terms of a simple payback. In FY 
2022, the project team finalized the fuel-efficient engine installation, completed the vehicle demonstrator build 
and commissioning, demonstrated 55% BTE on an engine dynamometer, and field tested the demonstrator. 
(Bond VI.D.1) 

Cummins Inc., is working to design, develop, and 
demonstrate a very high-efficiency engine optimized 
around the drive cycle that will strongly increase vehicle 
freight efficiency and maintain compliance with the 
current heavy-duty-diesel emissions regulation for line 
haul vehicles, while the vehicle system will remain 
compliant with the current greenhouse gas regulatory 
requirements. In FY 2022, the project team achieved 
freight efficiency of the demonstration truck in excess of 
125% improvement over the 2009 baseline from the 
original SuperTruck project, demonstrated 55% brake 
thermal efficiency, installed and calibrated the Cummins 
powertrain and completed assembly of the demonstrator 
vehicle, including the interior cabin improvements, and 
the trailer was prepared for installation of solar panels 
and fairings. (Dickson VI.D.2) 

Navistar, Inc., is working under the SuperTruck 2 project to research, develop, and demonstrate a heavy-duty 
engine that can meet 2010 federal emission standards and achieve 55% BTE demonstrated in an operational 
engine at a 65 mph cruise point on a dynamometer and contribute to greater than 100% improvement in 
vehicle freight efficiency relative to a 2009 baseline. Navistar is also working toward development of engine 
technologies that are commercially cost-effective. In FY 2022, researchers evaluated a newly designed high-
flow cylinder head for BTE improvement, optimized an organic Rankine cycle waste heat recovery system that 
contributes to achieving 55% BTE, and completed technologies assessments for their respective commercial 
viability. (Zukouski VI.D.3) 

Daimler Truck North America SuperTruck 2 research focuses on development and demonstration of a Class 
8 long-haul truck that can meet prevailing federal emissions standards, satisfy applicable safety and 
regulatory requirements, and achieve 115% improvement in vehicle fuel economy relative to a 2009 
baseline, exceed 55% BTE, and be cost-effective. In FY 2022, the project team finished building the final 
demonstrator, optimized the final vehicle feature integration into the demonstrator, performed dyno testing 
of the engine, and completed vehicle tests to demonstrate 115% improvement in fuel economy. (Villeneuve 
VI.D.4)

PACCAR Inc., is conducting research, development, and demonstration of a Class 8 long-haul tractor–
trailer combination that meets prevailing federal emission standards and applicable safety and regulatory 
requirements while achieving greater than 100% freight efficiency relative to a 2009 baseline, 55% BTE, 
and cost-effectiveness. In FY 2022, the team demonstrated waste heat recovery of 4% BTE, engine build 
and testing at 51% BTE, mild hybrid powertrain validation and integration, and vehicle design freeze. 
(Meijer VI.D.5) 

General Motors is a partner in a collaborative project with Oak Ridge National Laboratory (ORNL), The 
Ohio State University (OSU), Michigan Technological University, and ECK Industries Inc., to develop an 
advanced medium-duty truck engine. This engine is to be equipped with advanced materials and combustion 

Figure 18 Cummins / Peterbilt SuperTruck II 
freight efficiency demonstrator vehicle 

(Dickson, VI.D.2) 
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technologies capable of achieving ≥10% fuel 
efficiency improvement and ≥15% engine weight 
reduction when compared to the Model Year 2015 
GM L96 VORTEC 6.0 L V8 engine, compliant with 
applicable U.S. Environmental Protection Agency 
emission standards, with performance demonstrated 
via simulation coupled with engine dynamometer 
testing. In FY 2022, the Phase 2 engine design was 
completed with incorporation of the advanced 
combustion and materials technologies developed 
in Phase 1 for the proposed medium-duty truck 
engine capable of meeting efficiency 
requirements. (Wang VI.D.6)  

Ford Motor Company is combining advanced 
combustion system technologies, thermal 
management strategies, and advanced materials to 
demonstrate a turbocharged gasoline engine with 

peak efficiency exceeding the best of today’s hybrid electric vehicle engines to develop engine-efficiency and 
weight-saving technologies that enable competitive, profitable internal combustion engines, targeting the 
highest production-volume powertrains. In FY 2022, researchers continued single-cylinder engine 
dynamometer studies supporting calibration optimization; completed fabrication, assembly, and test prep of the 
first multi-cylinder engine; and completed evaluation of the weight savings in addition to studying additional 
weight-reduction actions. (Shelby VI.D.7) 

Achates Power, Inc., is advancing the cost-effectiveness of high-efficiency, low-emissions engines by 
experimentally validating simulation models of a three-cylinder, six-piston and a novel two-cylinder, four-
piston opposed-piston engine with electrified air handling components, as well as simulating the performance 
of a four-cylinder, eight-piston engine. In FY 2022, the project team simulated and optimized two-cylinder 
opposed-piston performance in baseline vehicle drive-cycles to verify >10% miles per gallon improvement; 
developed baseline three-cylinder, opposed-piston engine datasets for model predictive control optimization; 
performed build, shakedown, and baseline of a novel two-cylinder opposed-piston engine; and validated novel 
1D and 3D air-handling optimization models and a 3D computational fluid dynamics combustion bowl 
geometry optimization model on a two-cylinder engine with experimental results. (Redon VI.D.8) 

Achates Power, Inc., is demonstrating advanced opposed-piston (OP) two-stroke technology for heavy-duty 
commercial vehicles with hybridization that significantly improves energy efficiency and reduces emissions 
over conventional engines in the 2025–2030 timeframe. This heavy-duty hybrid powertrain project is 
demonstrating the ability to beat the California Air Resources Board’s Clean Truck criteria emissions 
standards for NOx and particulate matter while also reducing CO2 emissions by 13%–20% compared to a non-
hybrid OP baseline, which is already 7% lower CO2 compared to Model Year 2021 conventional engines. In 
addition, zero- or near-zero-emissions capability of the OP engine will be investigated through the use of 
hydrogen fuel. In FY 2022, research focused on engine performance, engine-out, and tailpipe-out emissions for 
hybrid powertrain model development; hydrogen combustion computational fluid dynamics simulation; and 
single-cylinder OP engine adaptation for hydrogen combustion. (Redon VI.D.9) 

  

Figure 19 Complete Phase 2 engine system (Wang, VI.D.6) 
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Patents and Invention Disclosures 
1. Song, X., and A. Paramasivan. 2022. “Systems and Methods for Autonomously Optimizing the 

Management of Worksite Machinery.” U.S. provisional patent application filed, February 2022. 
(Sun, I.1) 

2. Song, X., S. Yu, and Z. Sun. 2022. “Systems and Methods for Predicting Resistive Forces 
Encountered by Industrial Machines.” U.S. provisional patent application filed, July 2022. (Sun, I.1) 

3. Sun, Z., C. Edson, G. Zhao, and J. Yao. 2022. “Control System for Automated Wheel Loader.” 
Invention disclosure filed. (Sun, I.1) 

4. Li, P.Y. 2021. “Device having hybrid hydraulic-electric architecture.” U.S. Patent 11,060,539. (Li, I.7) 

5. Sandia Invention Disclosure SD-16000: Mueller, C. J. and C.W. Nilsen. 2021. “Techniques for Further 
Mixing Enhancement with Ducted Fuel Injection.” Sandia National Laboratories. (Mueller, I.15) 
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Project Introduction 
This project is to develop a systematic method and tools to optimize and evaluate energy savings for connected 
and autonomous off-road vehicles. Unlike on-road vehicles, off-road vehicles work in a controlled 
environment (worksite) and are operated by professional drivers. This offers distinct advantages to bring 
connectivity and automation to off-road vehicles to save energy and improve productivity. However, there are 
two unique challenges for connected and autonomous off-road vehicles. One is the diversity of off-road 
vehicles and applications. There are many different types of construction and agriculture vehicles used in 
different applications. Without a systematic and cost-effective method, optimizing and evaluating their energy 
savings is time-consuming and costly. The second is the complex fluid-power-based powertrain architecture, 
which includes both work and drive circuits. Co-optimization of the vehicle dynamics (vehicle and work-tool 
motion trajectories) and the powertrain operation (engine and hydraulic circuits) in real time is challenging. 

Existing studies on energy-efficient operation of off-road vehicles using connectivity and automation are 
limited. First, the majority [1], [2], [3], [4] focused on enabling autonomous function rather than improving 
energy efficiency; second, some work investigated the variations among different drivers and revealed the 
potential for energy savings, but without optimal control strategies; third, some studies were mainly for offline 
analysis without real-time optimization, did not consider the interactions with other on-site vehicles using 
connectivity and did not extend the control to both driving and working functions. In general, there was no 
systematic method to co-optimize the vehicle dynamics and powertrain operation in real-time to achieve 
significant energy savings and productivity improvement for connected and autonomous off-road vehicles, 
which is the major contribution of this project. 

Objectives 
The objective of this project is to develop a systematic method and tools to optimize and evaluate energy 
savings for connected and autonomous off-road vehicles. The outcome includes a real-time optimization and 
control system that can intelligently operate the connected and autonomous off-road vehicles to achieve 20%–
40% energy savings with improved productivity, a reconfigurable hardware-in-the-loop (HIL) testbed that can 
precisely measure the fuel consumption and emissions for various types of off-road vehicles in different 
operation scenarios, and HIL-based testing to evaluate the energy savings of the developed optimization and 
control system. 

mailto:zsun@umn.edu
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Overall Objective 
• Develop systematic optimization and control strategies for connected and autonomous off-road 

vehicles to achieve significant energy savings (20%–40%) with improved productivity. 

• Develop an HIL testbed to evaluate the energy savings of connected and autonomous off-road 
vehicles in a time-efficient, safe, and cost-effective fashion. 

Fiscal Year 2022 Objectives 
• Development of communication system 

• Solution of optimization for both transport and digging phases 

• Construction of an HIL testbed. 

Approach 
University of Minnesota will lead the project with two partners, Texas A&M University and CNH Industrial. 
University of Minnesota will develop and validate the full vehicle model for a wheel loader (including the fluid 
power system), build the HIL testbed, implement the co-optimization control, and evaluate energy savings 
using the HIL testbed. Texas A&M University will develop and validate the reduced order model, construct 
the worksite simulation, and develop the co-optimization of vehicle dynamics and powertrain operation. CNH 
Industrial will define the representative off-road vehicle applications, coordinate actual vehicle testing at CNH, 
and provide industrial feedback on the testing and optimization results. 

For the task of optimization and control of off-road vehicles, the control system will perform co-optimization 
of vehicle speed and tool motion, the fluid power system, and the engine through automation. To formulate the 
model-based optimization problem, the target off-road vehicle model will be developed. Efficient numerical 
methods will be applied to solve the optimization. For the task of HIL testbed development, an HIL testbed 
will be developed to evaluate energy savings of the control and co-optimization system. The HIL testbed has 
an actual engine loaded by a hydrostatic dynamometer (dyno) based on real-time simulation of work and drive 
circuits of the target off-road vehicle. For the final task, the HIL testbed will be used to evaluate the fuel 
economy and emissions benefits of the optimization and control with laboratory instruments and will 
benchmark with baseline field data. The performance of the optimal control system will be evaluated at 
different levels of automation for the selected off-road application. 

Results 
All the objectives for Fiscal Year 2022 have been achieved. The main achievements include development of 
the communication system, solution of optimization for both transport and digging phases, and HIL testbed 
construction. Detailed technical results are presented in this section. 

I. Development of Communication System 
• Review of communication systems for off-road vehicles. 

• Setup and evaluation of communication system in the lab. 

Based on the laboratory testing, the communication system is capable of transmitting messages at various time 
intervals (<1 s) across different distances (1 m to 22 m). 

II. Solution of Optimization for Both Transport and Digging Phases 
• A joint optimization that seamlessly integrates the transport phase and the digging phase has been 

formulated. 

• A systematic approach has been set up to numerically solve the joint optimization in real time. 
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A model-based optimization that includes both the transport phase and the digging phase has been formulated. 
In this optimization, the transition between the transport phase and the digging phase has been explicitly 
modeled to improve the overall system efficiency. The optimization allows the user to set different tradeoffs 
between energy efficiency and productivity. The solution of the optimization shows 36% improvement in 
energy efficiency relative to human drivers. The computational time for the optimization is about 72% of the 
cycle time of the wheel loader, which enables its application in real-time operation. Figure I.1.1 and Figure 
I.1.2 show the optimal vehicle trajectory during the transport phase and the optimal bucket trajectory during 
the digging phase, respectively. 

 
Figure I.1.1 Optimal vehicle trajectory during the transport phase 

 
Figure I.1.2 Optimal bucket trajectory during the digging phase 
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III. HIL Testbed Construction  
• An HIL testbed to evaluate connected and autonomous off-road vehicles has been designed. 

• The HIL testbed has been constructed and integrated in the lab. 

The HIL testbed uses a hydrostatic dynamometer to motor or load an engine as if the engine is driving an off-
road vehicle. The speed and load of the engine are calculated using the well-calibrated model including both 
the driving and working circuits. The hydrostatic dynamometer is then controlled to ensure the engine is 
operating at the appropriate conditions in real time. The architecture of the overall HIL testbed is shown in 
Figure I.1.3. The system includes three parts: the hydraulic system and accessories, the test engine and 
accessories, and the control system. Based on the design, the HIL testbed has been constructed in the lab. The 
picture of the HIL testbed is shown in Figure I.1.4. The testbed uses a production engine from a commercial 
wheel loader. Laboratory instruments can be used to measure the fuel consumption and emissions. 

 
Figure I.1.3 Architecture of the HIL testbed 
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Figure I.1.4 Picture of the HIL testbed 

Conclusions 
This is the second year of the three-year project. All major objectives for the fiscal year have been achieved.  

• A communication system has been developed and evaluated.  

• Real-time solution for the joint optimization that includes both the transport and digging phases has 
been developed. The optimal solution shows 36% improvement in energy efficiency by automation 
relative to human drivers.  
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• An HIL testbed for evaluating connected and autonomous off-road vehicles has been designed and 
constructed. The HIL testbed can be used to evaluate different automation levels as well as their 
impact on energy efficiency and productivity of off-road vehicles. 

Patent and Invention Disclosures 
1. Song, X., and A. Paramasivan. 2022. “Systems and Methods for Autonomously Optimizing the 

Management of Worksite Machinery.” U.S. provisional patent application filed, February 2022. 

2. Song, X., S. Yu, and Z. Sun. 2022. “Systems and Methods for Predicting Resistive Forces 
Encountered by Industrial Machines.” U.S. provisional patent application filed, July 2022. 

3. Sun, Z., C. Edson, G. Zhao, and J. Yao. 2022. “Control System for Automated Wheel Loader.” 
Invention disclosure filed. 
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Project Introduction 
Agricultural vehicles are a major contributor to diesel consumption and greenhouse gas emissions. Tractors 
and their implements (planters, seeders, bailers, etc.) strongly rely on fluid power (FP) technology to achieve 
their main functions, as FP offers advantages in terms of cost, flexibility, power-to-weight ratio, and durability 
in harsh conditions. Today’s tractors use highly efficient FP technology, such as hydromechanical power splits 
for the propulsion system and load sensing systems for functions including hitches, steering, and suspension. 
These functions can be actuated with an energy efficiency well above 50%. However, for most of the high-
power implements that a tractor can operate, the combined energy efficiency of the tractor-implement system 
drops dramatically to values well below 25%. This occurs due to excessive energy losses caused by regulation 
conflicts between the control valves present in the circuits of both the tractor and the implement. The goal of 
this project is to develop and demonstrate a new highly efficient design concept for the hydraulic control 
system of both agricultural tractors and their implements. This design concept is based on a solution referred 
to as Multi-Pressure Rail (MPR). Compared to the state-of-the-art technology, the proposed MPR solution 
can provide the following benefits: 

• Double the existing energy efficiency for the overall hydraulic control system of the tractor and 
implement. For planters, this will increase the efficiency from about 25% to about 50%. 

• Reduce heat generation and therefore the cooling power requirement of the tractor FP system. This 
is expected to lower the need of the FP system 15%–20% when powering implements.  

• Meet and exceed the control accuracy requirements of current agricultural implements. 

• Reduce complexity, and cost, of the overall system by eliminating redundancy of the hydraulic control 
valves, which are currently present in both the tractor and the implement. 

• Maximize commercial success by formulating a solution that preserves compatibility across different 
brands and technology levels. An MPR tractor must operate a non-MPR implement and vice versa. 

• Lower the energy consumption of the in-tractor FP functions (such as suspensions, hitches, and 
steering) by 15% or more, by extending the MPR concept to the whole tractor circuit. 

With tasks that include both simulation and experimental activities, the project demonstrates the benefits 
outlined above by using a cash crop high tractor (of a power greater than 300 hp) and a 16-row planter as a 
reference. These machines represent a substantial portion of the domestic farm equipment market; therefore, 
proof of concepts on such vehicles can easily impact the U.S. market of vehicles most strongly affecting fuel 
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consumption and greenhouse gas emissions in agriculture. The project team is composed of Purdue University 
(A. Vacca); Bosch Rexroth, a leader in the fluid power components and systems industry (E. Busquets); Case 
New Holland, a leading original equipment manufacturer in the off-road vehicle market (G. Kassen); and the 
National Renewable Energy Laboratory (K. Kelly). 

Objectives 
Overall Objectives 
To accomplish the main project goal of demonstrating the advantages of the proposed MPR system applied to 
agricultural tractors and their implements, the following three main project objectives have been identified. 

• Objective 1 (O1): MPR Configuration. Determine the best configuration of the proposed MPR system 
in terms of ease of implementation, cost, and maximization of energy efficiency. O1 includes 
formulating the layout architecture, identifying the electro-hydraulic components, and determining the 
control strategies that optimize energy efficiency. 

• Objective 2 (O2): MPR Compatibility. Determine the MPR configuration and the control strategy that 
allow compatibility between MPR machines and non-MPR machines. O2 also quantifies the fuel 
savings in all possible configurations: MPR tractor–MPR implement, MPR tractor–standard 
implement, and standard tractor–MPR implement. 

• Objective 3 (O3): Technology Demonstration. Demonstrate the advantages of the proposed technology 
through actual experiments. This experimental activity includes (i) the development of a standalone 
test rig to test the MPR components and related control strategies and (ii) test on a cash crop high 
tractor (>300 hp) and a 16-row planter, which are chosen as a representative high-power agricultural 
tractor implement combination. 

Fiscal Year (FY) 2022 Objectives 
Related to the main project objectives O1, O2, and O3 above, the following objectives were reached during FY 
2022. 

• Formulate and implement a supervisory controller suitable to operating the hydraulic functions through 
the MPR system. (O1) 

• Validate the simulation model of the MPR system and its supervisory controller based on the results of 
the standalone test rig built during the previous fiscal year. (O1) 

• Formulate and simulate layouts for compatible MPR solutions for both the cases of an MPR tractor 
coupled with a non-MPR implement and vice versa. (O2) 

• Procure components and a data acquisition system to implement the MPR solution on the reference 
vehicles (tractor and planter). (O3) 

• Modify the reference vehicles to implement the MPR prototypes. (O3) 

• Perform field tests on significant duty cycles with the MPR prototypes and measure system 
performance parameters, including velocity tracking of each hydraulic function and overall system 
efficiency. (O3) 

• Confirm the model prediction for the MPR system on the reference vehicles based on the field test, 
demonstrating the claimed energy-efficiency performance. (O3) 
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Approach  
The team accomplished the above objectives through a research approach that included analytical design 
studies, numerical simulations, and intensive experimentation. 

The simulation models for the reference vehicles in their stock configuration (which were developed in the 
previous budget period) were used as a reference to estimate the behavior of the MPR system. As a result, 
simulation models for the MPR tractor and the MPR planter were created in Simcenter Amesim to identify the 
best specifications for the hydraulic components, including the supply pumps and the hydraulic control valves. 

Such models were also used to estimate the energy-efficiency performance and the dynamic behavior of 
different formulations of the MPR controller. The MPR controller consists of a supervisory controller (which 
determines the instantaneous configurations of the whole system, in terms of connections of each function with 
the pressure rails) and low-level controllers (which regulate the supply pumps and the hydraulic control 
valves). This controller has been implemented in Simulink and used in co-simulation with the above Amesim 
models to replicate the behavior of the vehicles during the reference drive cycles. 

The most time-consuming tasks of FY 2022 were dedicated to the preparation and testing of the MPR vehicle 
prototypes. The same vehicles used for collecting the baseline measurements, a New Holland T8 tractor and a 
Case IH Early Riser 16-row planter, were modified to accommodate the electro-hydraulic components that 
implement the MPR solution. For this purpose, the team used electronic-controlled pumps (a version not yet 
commercially available) specifically configured for this application, and customized hydraulic control valves. 
A data acquisition and control system was installed to both vehicles to control the new hydraulic actuation 
system and measure the most important parameters to evaluate energy consumption and dynamic behavior of 
the controlled functions. Field tests were executed using the prototype vehicles on the same Purdue University 
farm that was used for the baseline tests in the previous fiscal year. The field tests followed the same drive 
cycles identified during 2021.  

The team also put effort into simulating the in-tractor functions (steering priority and hitch) with the vision of 
estimating the opportunities of extending the MPR system to these functions. Additional tasks were dedicated 
to the formulation and the simulation of a solution that can guarantee compatibility across vehicles of different 
technologies (MPR tractor connected to a non-MPR implement and vice versa). 

Finally, tasks were also dedicated to evaluating the return on investment cost for the proposed technology. 

Most of these tasks were performed at the Maha Fluid Power Research Center of Purdue University (Maha), 
which has led all the conceptual and simulation activities related to the MPR technology. The Purdue team also 
implemented all the prototype vehicles at Maha and performed the field tests at a Purdue-owned farm. The 
contribution of both industry partners was essential to the FY 2022 project outcomes. Engineers at Bosch 
Rexroth put effort into providing the electro-hydraulic pumps modified for this application, as well as sensors 
and control valves to implement the prototype vehicles. Case New Holland worked intensively with the Purdue 
team to properly modify the vehicle, identify a proper metric to assess the dynamic performance of the system, 
and perform the field tests. Case New Holland also assisted in the formulation of the compatibility solutions 
and in the cost analysis task. 

National Renewable Energy Laboratory’s contribution during FY 2022 was limited due to staff change. 
National Renewable Energy Laboratory worked on the MPR system models to evaluate the applicability of 
data-driven approaches that can ease application of the MPR technology to different types of implements. 

Results 
The project made significant progress during FY 2022 toward meeting the project objectives O1, O2, and O3 
stated above. The following paragraphs detail the major accomplishments. 
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Accomplishments Related to O1 – MPR Configuration 
• A control logic for hydraulic control systems using MPR technology was formulated and implemented 

in Simulink. The logic for the reference vehicles is schematically represented in Figure I.2.1. 

• The proposed control logic for the MPR system was tested and simulated on the standalone test rig 
developed at Maha to verify its performance before implementation on actual vehicles. This allowed 
validation of the simulation approach used to model the MPR system and its control (Figure I.2.2). 

Accomplishments Related to O2 – MPR Compatibility 
• The team deeply investigated solutions that enable compatibility across different technologies. It was 

concluded that an MPR tractor can power a traditional implement without modifications to the system. 
In this case, energy-efficiency gains can be achieved by controlling the pressure levels of the rails. 
The team estimated efficiency improvements in the range of 40% for this configuration. 

The case of a traditional tractor connected to an MPR implement is more delicate. In this case, 
compatibility can still be guaranteed with no modifications by using the power-beyond connection 
usually present in tractors. Depending on the tractor technology (electronic load sensing or 
conventional), energy-efficiency improvements can be achieved. A conventional tractor can ensure the 
same performance as the baseline, while an eLS tractor can achieve performance closer to that of the 
full MPR solution. 

 
HP – high pressure; MP – multi-pressure 

Figure I.2.1 Overall structure of the MPR controller 
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Figure I.2.2 Left: Standalone test rig for MPR testing. Right: Example of simulation vs. measurement during a harsh 

transient (i.e., change in command and load) on the system with three hydraulic functions. 

• Simulation models and International Organization for Standardization (ISO) schematics for compatible 
solutions that will be tested on the reference vehicles in 2023 were developed. 

Accomplishments Related to O3 – Technology Demonstration 
• The reference vehicles (a New Holland T8 tractor and a 16-row Case IH planter), previously used for 

baseline measurements of energy consumption in 2021, were modified in 2022 by installing electro-
hydraulic components that can implement the MPR technology. Several of these components were 
custom made for the application. Figure I.2.3 shows the simplified schematic of the tractor 
configuration, along with a significant picture of the experimental setup. The data acquisition and 
control system implemented in the vehicles permits running the vehicles in typical in-field operation 
while also measuring the main performance parameters. 

 
CE – combustion engine; LS – load sensing; LP – low pressure; EOCP – electronic open circuit pump;  

HER – electro-hydraulic remote; PTO – power take off 

Figure I.2.3 Left: Reference vehicle modifications, installation of ePumps. Right: Simplified ISO schematic of the MPR 
tractor prototype. 
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• A test campaign was performed at a Purdue University-owned farm (Figure I.2.4) to verify the 
performance of the MPR solution with different settings of the control system. Thirty-five different 
tests were considered to reflect all typical operating conditions of the tractor-planter system as well as 
two different settings of the MPR controller (fixed and variable high pressure [HP]). Results for power 
savings are above expectations, as summarized in Table I.2.1. Measurements demonstrate more than 
doubled energy efficiency of the HP system of the tractor (from measurements of power taken at the 
pump supply) for the most typical operating conditions (velocity <6 mph). The test campaign also 
permitted demonstration of control tracking of the function velocity in line with the baseline 
technology.  

 
Figure I.2.4 Picture taken during the test campaign of the prototype vehicles with MPR technology  

Table I.2.1 Measured Power Reduction and System Efficiency of the MPR Solution vs. Baseline 

Operating Condition Pump Power 
Reduction (%) 

System Efficiency - 
Pump Outlet (%) 

Percent System 
Efficiency Increase (%): 

Solution: Fixed hp Var. hp Fixed hp Var. hp Fixed hp Var. hp 

1,500 RPM, 6 MPH 50.91 52.14 39.36 39.26 114.66 114.11 

1,800 RPM, 6 MPH 50.33 54.18 38.62 39.13 122.56 125.55 

2,100 RPM, 6 MPH 48.50 53.38 35.60 38.54 113.93 131.60 

1,800 RPM, 10 MPH 38.92 47.38 33.46 36.76 78.63 98.28 

2,100 RPM, 10 MPH 35.32 45.49 29.04 33.86 56.14 82.06 

hp – horsepower; RPM – revolutions per minute; MPH – miles per hour 

Conclusions  
• The project has formulated and demonstrated a technology that doubles the energy efficiency of the 

tractor-implement hydraulic control system. The technology is referred to as the MPR system, and it 
reduces throttling losses by using a pressure-based control method suitable for multi-actuator systems 
powered by hydraulic remotes. 

• A cash crop high tractor (>300 hp) and a 16-row planter were used both for baseline measurements 
(FY 2021) as well as for measurements of MPR prototypes. 
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• The team formulated a control methodology for controlling MPR systems while guaranteeing proper 
velocity tracking of the controlled functions (as in conventional systems). This control methodology 
was validated on standalone tests before actual vehicle implementation.  

• Tests on the MPR vehicle prototypes demonstrated relative incremental improvements in energy 
efficiency always above 80%. A doubled efficiency (or more) is found in most of the tested operating 
conditions. 

• Solutions for compatible technology have been formulated and modeled. Tests on compatible 
technology will be performed in FY 2023. A compatible technology is key for commercialization in 
the agriculture sector. 
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Project Introduction 
Historically, product development criteria for off-highway equipment have focused on intended task execution, 
reliability, longevity, operator ergonomics, and cost. Factors such as energy efficiency were secondary to these 
functional factors. However, a significant amount of diesel fuel is consumed in off-highway equipment, such 
that a significant savings opportunity exists. A distinct subset of off-highway fuel utilization is in material 
handling (loading and unloading rail cars and trucks and moving materials around processing facilities). Off-
road material handling machines spend a significant portion of operating time at zero or very low load (e.g., 
tactical movements of the machine or material engagement apparatus), making them a prime candidate for 
electrification. Furthermore, some of the usage scenarios for this category of machine include moving heavy 
material from an elevated to a ground height (unloading material from rail cars, for example), thus providing 
opportunity for gravimetric potential energy recovery. 

Through this project, Michigan Technological University’s Advanced Power Systems Research Center (APS 
LABS), in partnership with Pettibone (original equipment manufacturer of off-road material handling 
machines) and relying upon established Tier 1 suppliers, will electrify the propulsion and fluid power system 
of a Pettibone 204i off-road material handler. 

The overarching goal of this project is to apply electrification and demonstrate a real-world fuel consumption 
reduction of at least 20% in a Pettibone Cary-Lift 204i off-road material handler while maintaining compliance 
to Tier 4 final emissions regulations. Performance in all other areas—lift and carry operation; controllability; 
and noise, vibration, and harshness (including engine restart)—will not deteriorate. This goal directly supports 
the U.S. DOE Energy Efficiency and Renewable Energy mission to achieve net-zero greenhouse gas emissions 
by 2050. 

To date, 1.5 budget periods of the project have been completed. Standard operating cycles have been 
developed, a high-fidelity model of the machine has been developed and validated, a detailed analysis of the 
energy flow of the baseline machine is complete, and the electrification architecture has been determined. 

Objectives 
The project goal to demonstrate at least 20% reduction in real world fuel consumption without negatively 
impacting emissions, performance, operability, noise, vibration, harshness, etc., will be achieved through 
several objectives. 

Overall Objectives 
The overall project objectives are the following: 

mailto:jjworm@mtu.edu
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• Develop an instrumentation package and integrate it on the production machine to support baseline 
testing (test course and in-field). 

• Quantify baseline machine performance, including fuel consumption, acceleration, top speed, actuator 
speeds, lift capacity, noise, vibration, harshness, etc. 

• Synthesize the baseline data (test course and in-field) into standard operating cycles that can be used 
throughout the remainder of this project and into the future for original equipment manufacturers, 
researchers, etc.  

• Develop a configurable vehicle model (representing both the propulsion and fluid power systems) in 
Simcenter Amesim where the electrification architectures can be evaluated. 

• Create a design palette of viable commercial off-the-shelf electrification components and define a 
short list of electrification architectures with the highest probability of meeting the project goals using 
reduced-order, first-principles analysis techniques. 

• Conduct a full-cycle simulation of the identified potential electrification architectures using the 
detailed Simcenter Amesim model. 

• Complete an engineering decision analysis of the simulation results with the intent of selecting an 
architecture and specific components based on fuel consumption, performance, cost, risk, etc. 

• Complete the engineering and design effort required to integrate the electrification components 
(mounting, coupling, cabling, etc.). 

• Fabricate new hardware as needed and assemble the prototype electrified machine. 

• Develop the supervisory and component-level controls as needed. 

• Calibrate the control system. 

• Demonstrate the project goals have been achieved through both the test course and in-field testing. 

Fiscal Year 2022 Objectives 
As a subset of the overall project objectives listed above, the subset of objectives that have been worked on 
during Fiscal Year 2022 are the following: 

• Create a design palette of viable commercial off-the-shelf electrification components and define a 
short list of electrification architectures with the highest probability of meeting the project goals using 
reduced-order, first-principles analysis techniques. 

• Conduct a full-cycle simulation of the identified potential electrification architectures using the 
detailed Simcenter Amesim model. 

• Complete an engineering decision analysis of the simulation results with the intent of selecting an 
architecture and specific components based on fuel consumption, performance, cost, risk, etc. 

• Complete the engineering and design effort required to integrate the electrification components 
(mounting, coupling, cabling, etc.). 

Approach 
This project was envisioned to occur over a three-year period. However, the project had significant 
COVID-19-related delays to some elements on the critical path, including manufacture and subsequent access 
to the production machine. As such, the project timing has been pushed back by 18 months through no cost 
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time extension. That said, the project will consist of two technical phases encompassing three budget periods. 
Phase 1 will focus on analysis, design, component evaluation, and subsystem laboratory testing. Phase 2 will 
focus on vehicle integration, controls development and calibration, systems-level testing, validation, and 
demonstration. 

High-level workflow through Phase 1 includes both an experimental and analytical parallel path. The 
experimental path is to instrument the machine, establish baseline performance using a test course developed at 
APS LABS and through field testing at customer locations, develop standardized operating cycles, and 
produce measurements as needed to support modeling efforts (model parameterization, calibration, and 
validation). The analytical path through Phase 1 involves developing a detailed model incorporating both 
propulsion and fluid power systems and applying the model as part of an engineering decision analysis to 
identify the most appropriate architecture and hardware set based on project objectives, risk, etc. Phase 2 will 
include the engineering (both hardware and software) required to fully integrate the electrification system, 
associated fabrication and physical integration, calibration of the control system, and finally demonstration 
through real-world testing that the project goals have been achieved. 

Successful completion of this body of work will require close collaboration between the prime (Michigan Tech 
APS LABS) and the sub (Pettibone, the machine manufacturer). Although Michigan Tech will take the lead in 
all tasks and activities, Pettibone’s support will be absolutely critical and cannot be overstated. This is 
especially true in the engineering and design aspects of electrification system integration, which is on the 
critical path in Phase 2. Additionally, Pettibone is crucial in providing the overall voice of the customer, 
program constraints and requirements, and otherwise-hard-to-obtain parameters. 

Results 
Fiscal Year 2022 has produced several results in this project. The most significant results are summarized here: 

• All baseline experiments are complete, including on the test course that was constructed at APS LABS 
as well as two end-user facilities (see Figure I.3.1). 

 
Figure I.3.1 Baseline testing at an end-user facility 

• The high-fidelity model of the baseline machine has been fully validated through experimental data 
independent of the data used to calibrate the model. The cumulative fuel consumption over a time-
weighted standardized operating cycle matches within 2% between experimental and simulated 
results, with only a 0.4% difference for the load cycle in particular (Figure I.3.2). This time-weighted 
composite cycle is made up of sub-cycles including material load, material unload, machine transport, 
and idle. The time weighting was determined through field testing at multiple end-user facilities. 
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Figure I.3.2 Comparison between experimental and simulated results 

• The validated model was used to analyze the distribution of engine brake work in the baseline 
machine during the individual and composite drive cycles. This is shown in Figure I.3.3 for the 
composite drive cycle. Here, it can be seen that 19% of engine brake work goes into the cooling fan 
(the fan is always coupled to the engine and sized for 57°C ambient temperature) while a total of 39% 
goes into drivetrain and torque converter losses (even when the machine is stationary, there are losses 
in the torque converter and transmission when it is shifted to neutral). 

 
Figure I.3.3 Engine brake work distribution (composite cycle) 

• A Pugh-style engineering decision analysis was completed to determine the electrification architecture 
to implement in the prototype demonstration machine. The Pugh analysis incorporated 27 weighted 
performance attributes (e.g., fuel consumption, material lift speed, machine top speed, and production 
cost) and examined 59 architecture permutations. The architecture permutations were intended to 
cover a wide range of options, from a simple stop–start function to a full battery electric vehicle 
(BEV).  

• The third round of the analysis revealed two architectures as optimal: a relatively simple system 
utilizing low-voltage stop–start and an electric cooling fan, and a more sophisticated extended-range 
electric vehicle (EREV) with a downsized engine and electrified hydraulics. 
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• The simple electrification architecture employing low-voltage stop–start functions was shown (using 
the validated model) to provide a 9.8% reduction in fuel consumption over the weighted composite 
cycle. The absolute difference in energy for an eight-hour shift is shown in Figure I.3.4. The addition 
of an electric fan was estimated to bring the total fuel-consumption reduction to over 20%. 

 
Figure I.3.4 Energy consumption difference due to low-voltage stop-start over the weighted composite cycle 

• Figure I.3.5 shows the lifetime CO2 emissions for several architectures of interest compared to the 
baseline machine. These are not necessarily the highest-ranked architectures (in fact, BEV scored 
rather low overall for various reasons) but do provide an interesting comparison. Here, it is shown that 
the EREV resulted in the lowest CO2 emissions with a 42% reduction from baseline. 

 
Figure I.3.5 Lifetime CO2 emissions comparison for six architectures of interest from the second round Pugh analysis 

• Once all analysis was complete, the team felt that although the stop–start scenario with an electric fan 
was the most practical choice (it met the project’s fuel-consumption targets while being low-risk and 
low-cost), the EREV architecture was more in line with the spirit of the project, as it will push the 
bounds of innovation and provide even greater energy and CO2 reductions. 
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Conclusions 
The following conclusions can be drawn from the work conducted in Fiscal Year 2022. 

• All baseline experimentation is complete. 

• A high-fidelity model has been developed, calibrated, and validated. 

• An electrification architecture has been identified (namely, EREV) that will exceed project targets and 
provide a 42% reduction in lifetime CO2 emissions compared to the baseline. 

Key Publications 
1. Goodenough, B. 2022. “Off-Road Fuel Savings Greater than 20%.” Presented at SAE International 

COMVEC 2022, Indianapolis, IN, September 22. 

2. Goodenough, B., D. Robinette, J. Worm, and A. Czarnecki. Forthcoming. “Reducing Fuel 
Consumption on a Heavy-Duty Nonroad Vehicle: Conventional Powertrain Modifications.” Submitted 
to SAE International World Congress Experience 2023.  
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Project Introduction 
Modern off-road equipment will increasingly rely on electrified implements that will deliver precision control 
with a smaller footprint than hydraulics. The primary energy converter, however, will be an onboard 
reciprocating internal combustion engine because of the power density of hydrocarbon fuels in comparison to 
electrical energy storage and the remote locations where much of this equipment is deployed. Adding energy 
storage and electric machines creates opportunities to improve efficiency while reducing emissions. The goal 
of this work is to evaluate how the extra flexibility that an enhanced electrical system provides can be best 
used to enable high-efficiency, low-emissions combustion technologies. The proposed system includes 
consideration of hybridization of both the torque application and air-handling systems to maximize efficiency 
while minimizing cost. 

Objectives 
The overall goal of this project is to enable a greater than 10% increase in efficiency of off-road vehicles by 
integrating electric machines and advanced internal combustion engines. The powertrain system to be 
developed in this work will include an advanced internal combustion engine, a high-voltage (700 V) traction 
motor, and an electrified air-handling and thermal-energy-recovery system. The system development effort 
will combine multi-fidelity simulations of the engine and electric machines, control system development, 
system (vehicle) testing, and techno-economic analysis to evaluate the merits of hybridization as a pathway to 
improve efficiency, reduce engine-out emissions, and reduce aftertreatment cost and complexity of off-road 
vehicles. The primary objective of the current budget period was to develop the tools necessary to analyze and 
compare relevant architectures.  

Overall Objectives 
• Systematically assess the benefits and drawbacks of electrification for the off-road sector. 

• Develop a hybrid powertrain capable of improving efficiency by over 10% in a wheel loader 
application. 

• Utilize electrification to enable downsizing. 

Fiscal Year 2022 Objectives 
• Perform system-level experiments to test the engine with an electrified powertrain. 

• Design components for vehicle-level testing. 

mailto:Kokjohn@wisc.edu
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• Perform system-level analysis to compare multiple architectures for hybrid off-highway vehicles. 

Approach 
The outcome of the project will be a detailed understanding of the potential emissions and efficiency benefits 
of coupling electric machines and internal combustion engines for off-road vehicle applications. The effort will 
include implementation and testing of the developed engine system in a wheel loader application. The target 
efficiency improvement of greater than 10% will be achieved through a combination of extreme downsizing 
enabled through the addition of a high-voltage traction motor that allows for regeneration and electrical energy 
storage, an optimized combustion process, advanced supervisory control, and electrified air handling. Key 
efforts include:  

• Computational analysis to develop and optimize an engine system that takes advantage of 
electrification for off-highway vehicle applications 

• Supervisory control system development for hybrid electric powertrain systems in off-highway 
vehicles 

• System testing of transient operation using electrically assisted intake boosting and hybridization on-
engine and in-vehicle 

• A comparative assessment of the potential for mild and heavy hybridization in the off-road sector 

• Techno-economic analysis of the cost–emissions–efficiency tradeoffs. 

Results 
The following key technical achievements were made in Fiscal Year (FY) 2022: 

• Demonstrated functionality of hybrid air system operation over transient operating conditions, 
including implementation of a single-input–single-output (SISO) controller. 

• Completed design of a hybrid vehicle, including an electrified air system and high-voltage energy 
storage and traction motors. 

• Performed a system-level analysis of hybrid architecture to assess performance and emissions, and 
developed optimized engine calibration that takes advantage of hybrid architecture to reduce fuel 
consumption and emissions.  

Figure I.4.1 shows the baseline and electrified systems. The baseline configuration is a 6.8 L engine in a series-
hybrid arrangement without energy storage. System-level modeling has shown that the engine can be 
downsized to a 4.5 L configuration using a BorgWarner eBooster® to enable low-speed torque, along with a 
high-voltage battery to enable torque shaving and energy recovery.  

Testing of the SISO controller was performed to evaluate its effectiveness at controlling the air–fuel ratio 
(AFR) and exhaust gas recirculation (EGR). Experiments were conducted by applying a ramped load to the 
engine and allowing the SISO controller to respond to the load change with the eBooster control. The load 
profile used begins with steady engine operation at 100 Nm; a ramped 800 Nm/s load increase is then applied 
until the engine load reaches 500 Nm. Figure I.4.2 shows sample data acquired with and without the SISO 
eBooster control. 
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PMAC – permanent magnet alternating current 

Figure I.4.1 (top) Baseline powertrain used in the John Deere 644K wheel loader and (bottom) powertrain evaluated in the 
present project 

Turbine

Engine

PMAC
Generator

PMAC
Motor

Power Electronics
Inverter

Baseline Powertrain
(6.8 L Engine without energy storage)

Engine

eBooster

48 to 700 V Battery

Proposed Powertrain
(4.5 L Engine with energy storage)



Decarbonization of Off-Road, Rail, Marine, and Aviation (DORMA) 

46 Off-Road 

 

 
Figure I.4.2 Comparison of engine response with and without eBooster at 1,600 rpm with an 800 Nm/s slew rate 

For the baseline case, the engine speed droops as the engine attempts to meet the air and fuel requirements for 
the applied load. The EGR mass flow drops as the EGR valve is closed to divert more enthalpy to the 
turbocharger. As a result, the diluent–air ratio (DAR) also falls from the reduced EGR flow. DAR is defined as 
the ratio of total diluent mass present to the total intake charge mass present. The AFR decreases because of a 
significant increase in fueling to meet the load requirement then steadily climbs as the air requirements are met 
by the spooling turbocharger. At 6.0 s, it is also notable that the AFR peaks locally after the load application, 
then slowly settles to its setpoint, indicating the engine control unit may have overcompensated with airflow 
during the transient period. With the eBooster enabled, the engine response is similar; however, the magnitude 
and recovery time of the dips are reduced. Recovery time is defined as the time required from the start of the 
load application to when the measurement recovers to within 5% of the target steady-state setpoint. Engine 
speed droop is reduced by 7.9% and is recovered 67.7% faster; the DAR dip is reduced by 35.3%, and EGR 
and DAR recovery times are decreased by 47.9% and 12.3%, respectively. The dip in AFR is reduced by 7.9%, 
and the recovery time is improved by 35.4%. The overcompensation of airflow causing a post-transient AFR 
peak is also highly reduced with eBoosting. Throughout active eBoosting, the AFR remains above the target 
AFR. 

System-level analysis was performed to assess model predictability and perform optimization to take 
advantage of the electrified powertrain. A machine-learning-based emissions model was developed using 
supplied test data for the architecture. The model was then embedded into GT-POWER engine simulation 
software to enable accurate predictions of nitrogen oxides (NOx) and soot over a wide range of operating 
conditions. The validated model was exercised to recalibrate the engine to minimize brake-specific fuel 
consumption (BSFC) while staying under emissions constraints. From the comparison of the optimized EGR 
and start of injection (SOI) results to the corresponding base calibration targets shown in Figure 3 (left), one 
can notice the substantial increase in EGR targets. The increase is on the order of 10%–15% for the optimized 
calibration and is most substantial at low-load conditions. Using the derived maps for EGR, SOI, and exhaust 
throttle position, the simulated comparison of BSFC and peak cylinder pressure (PCP) to the base calibration 
values is illustrated in Figure I.4.3 (right). It is seen that up to a 16% reduction in BSFC results from the use of 
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the optimized calibration at low load across all engine speed conditions, and up to a 6% reduction carries 
through into medium–high load conditions at high-speed conditions. However, at these peak power conditions 
where the most advanced injection timings take place, the BSFC benefit comes with a tradeoff of increased 
PCP. Up to a 20% increase in PCP is observed in this high-power operating region, with increases also seen at 
low-load high-speed conditions in which SOI and EGR were significantly modified.  

 
Figure I.4.3 (left) Comparison of base engine EGR and SOI calibration to the optimized calibration maps enabled by utility of 
the eBooster. (right) BSFC and PCP map comparison between optimized calibration and base calibration shows significant 

BSFC reduction at low load conditions and increased PCP at peak power conditions. 

The optimized calibration allows substantial reductions in fuel consumption due to the higher EGR levels and 
advanced SOI timings enabled by the eBooster. One concern with using higher EGR levels is transient 
response; accordingly, to ensure transient response was suitable, constant speed load acceptance (CSLA) 
simulations were performed. Figure 4 shows CSLA results at two engine speeds. Addition of the eBooster to 
the optimized calibration allows the transient response of the optimized configuration to be better than the 
baseline (non-eBooster) engine. It can be seen that both NOx and soot are also controllable over the load step, 
with the optimized eBooster configuration typically showing improved performance compared to the baseline 
configuration. Furthermore, Figure I.4.4 shows the importance of the eBooster when additional EGR is used. 
That is, without the eBooster, the transient response is much slower than the baseline case, and transient soot 
emissions increase substantially.  
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Figure I.4.4 CSLA results comparison for engine speeds of 1,400 rpm and 2,000 rpm. Two different engine calibrations for 

EGR and SOI are simulated with and without eBooster power delivery. 

Test vehicle design and fabrication was undertaken in FY 2022. Component placement design has been 
completed for the prototype vehicle. High-voltage batteries and power electronics are on either side of the 
vehicle behind and below the cab. Low-voltage power electronics are distributed in and under the cab. Figure 
I.4.5(a) shows the final system-level design for the test vehicle. Fabrication and installation of components 
were completed. Figure I.4.5(b) shows the vehicle build nearing completion. Preliminary proof-of-concept 
testing began late in FY 2022. Figure 5(c) shows the vehicle operating during shakedown testing at John Deere 
testing facilities. The vehicle is currently functional, and supervisory control implementation and proof-of-
concept testing experiments are planned for FY 2023. 
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Figure I.4.5 (a) Location of electrical components on test vehicle. (b) Test vehicle build. (c) Test vehicle operating at testing 

facility.  

Conclusions 
• Electrification of air handling enables the engine to be reoptimized, thanks to the improved control 

over airflow, resulting in a BSFC reduction of up to 16% with improved transient emissions. 

• Engine testing with the electrified air-handling system showed 8% less speed droop over a load 
transient compared to the baseline, non-electrified air system.  

• Vehicle-level design and fabrication are complete, and preliminary vehicle-level testing is under way.  

Key Publications  
1. Mazanec, J., and S.L. Kokjohn. Forthcoming. “Enabling Off-Highway Diesel Engine Downsizing and 

Performance Improvement Using Powertrain Hybridization and Electrically Assisted Turbocharging.” 
International Journal of Engine Research. 

2. Babu, A., R.M. Hanson, and S.L. Kokjohn. Forthcoming. “Comparison of Intake Boosting and 
Cylinder Deactivation as Enabling Strategies for Gasoline Compression Ignition.” SAE 23PFL-0232, 
Paper submitted to 2023 SAE World Congress.  
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Project Introduction 
Commercial off-road vehicles such as excavators and loaders are typically powered by a diesel engine and 
actuated using hydraulics. In general, they are not very fuel-efficient, with only about 20% of the engine work 
making it to the useful output work. To reduce the greenhouse gas (GHG) footprint of such vehicles, these 
machines need to be significantly more efficient. Moreover, many municipalities (especially in Europe) are 
beginning to restrict and regulate the use of diesel engines within their cities. It would be useful to make the 
machines fully electric-powered. As the electric grid relies less on fossil fuel and more on renewable energy 
sources, electrification is a path towards lowering these machines’ GHG footprint. 

With the inefficient existing actuation system, simply replacing the diesel engine with an electric motor and 
battery would be prohibitive in terms of cost and space. Moreover, the high-power nature of off-road machines 
can also make electrification challenging because direct electrification requires that each degree of freedom be 
powered by an electric machine capable of the full power of that degree of freedom. As electric actuation is 
much less power-dense than hydraulic actuation, this increases the cost and size of the machine. 

A previous project (DE-EE0008384) studied a novel system architecture that combines hydraulic actuation and 
electric actuation in a complementary fashion. The hybrid hydraulic–electric architecture (HHEA) was found 
capable of saving 50%–80% of the energy input for the work circuit of a variety of off-road vehicles 
performing representative duty cycles [1], [2], [3]. Moreover, the electric machines are significantly smaller if 
the electro–hydrostatic actuator approach is used. The goal of this project is to demonstrate the feasibility of 
using the HHEA as the basis for a high-efficiency, fully electric-powered compact track loader (CTL). 

Objectives 
The goal of the proposed project is to demonstrate the feasibility, performance, and potential cost of a fully 
electric-powered, functional, and highly efficient CTL. The target performance is the machine’s requiring 40% 
less battery power than if the stock machine were electrified by simply replacing the diesel engine with an 
electric motor and battery. It is expected that with such a machine, the GHG footprint would be reduced by 
80%, even if only 50% of the electricity is generated from non-fossil-fuel resources. 

The HHEA will be applied to both the CTL’s work circuit and propel circuit (which is new) to reduce energy 
use, downsize the electrical components, and reduce the cost of electrification. Figure I.5.1 shows the stock 
CTL to be modified. 
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Figure I.5.1 CTL to be electrified 

Overall Objectives 
• Develop and demonstrate a fully electric-powered CTL with high efficiency using a system 

architecture that leverages hydraulic actuation to reduce the size and cost of the electric components. 
The target is to reduce electricity (and battery) usage by 40%, as compared to the standard strategy of 
replacing the current machine’s diesel engine with an electric motor. 

• Compare the life cycle GHG emissions of the fully electric-powered CTL and one with a downsized 
internal combustion engine. 

• Evaluate the feasibility of a high-speed soft-switching valve for pressure-rail-switching applications to 
reduce switching losses by 50%. 

Fiscal Year 2022 Objectives 
• Design and optimize the system architecture to be prototyped. 

• Design and develop hardware-in-the-loop laboratory testbeds for the work and propel circuits. 

• Generate potential soft-switching valve concepts to minimize throttling loss during pressure-rail 
transitions.  

Approach 
The proposed HHEA is illustrated in Figure I.5.2, both for the linear actuators used for lifting and tilting the 
arm and bucket and for the two rotary actuators used for propulsion. A set of multiple common pressure rails is 
used to provide the majority of power, and small electric motors are used to modulate that power to meet the 
demand of the duty cycle. For each degree of freedom, there are n2 combinations of pressure rails (n being the 
number of common pressure rails; n=3 in Figure I.5.2) to connect to either side of the linear or rotary actuators. 
They represent n2 discrete options of force or torque that can be provided by the common pressure rails. By 
using the electric motors to buck/boost the pressure on one side of the linear actuator or to directly add or 
subtract torque to the rotary actuator, the exact desired force and torque can be achieved with a combination of 
the hydraulic and electric actuations. Since the electric motors are used to modulate the force/torque between 
the force/torque levels provided by the pressure rails, their torque/power requirements can be quite modest. 
Efficiency of the HHEA is high because (1) energy can be regenerated either electrically or hydraulically, 
(2) all hydraulic machines operate at fixed displacement (making them efficient), and (3) on/off valves are 
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used (instead of metering valves) so that throttling can be avoided except when the on/off valves are partially 
open during transitions. 

 
Figure I.5.2 HHEA for linear and rotary degrees of freedom 

The research team consists of the University of Minnesota (with expertise in fluid power and control), the 
University of Wisconsin (with expertise in electric motors and drives), Case New Holland (a leading original 
equipment manufacturer [OEM] in CTLs), and Danfoss Power Solutions and Parker Hannifin (both Tier 1 
suppliers of hydraulic and electric machines). The team will optimize the HHEA system architecture to be 
implemented on the CTL in Figure I.5.1 and develop real-time control strategies for both optimizing energy 
use and ensuring smooth and precise motion as demanded by the operator. Finally, since the HHEA relies on 
the rapid and efficient transition between common pressure rails, a soft-switching concept will be studied to 
reduce the energy loss during pressure rail transitions. 

Results 
• An optimal-energy-savings analysis tool has been adapted for the CTL to evaluate the different design 

options. The tool uses a dynamic programming method to compute the optimal selection of common 
pressure rails and to determine the energy-savings potential of each design for each representative 
duty cycle.  

• A static system model of the stock machine has been created to evaluate the required energy 
consumption and fuel input to understand the performance of the stock machine. The model utilizes 
manufacturers’ provided performance maps of the existing components. 

• Preliminary analysis of the HHEA’s potential to save energy has been performed. Representative 
drive cycles provided by the OEM partner have been analyzed using both the optimal-energy-savings 
analysis tool and the stock machine’s static model. Results for one typical mission duty cycle are 
shown in Figure I.5.3, indicating 37% energy savings in engine work if the HHEA is adopted 
compared to the stock machine architecture. The percentage of energy savings for the work circuit is 
86%, while that for the propel circuit is 10.4%. This level of energy savings is in line with the target of 
40%, especially since additional energy savings are expected when the prime mover’s operation is 
considered. 

• Throttling losses in the switching valves have been analyzed. It was found that, with conventional 
switching valves, throttling losses account for about 15% of the total losses in a system that utilizes 
the HHEA. Simulation studies also suggest that, while decreasing the switching valves’ transition time 
can decrease throttling, a portion of the losses cannot be removed by increasing the speed of the 



FY 2022 Annual Progress Report 

Off-Road 53 
 

switching valves. This residual loss is due to the compressibility of the fluid. Soft-switching strategies 
are currently being devised to minimize these compressibility-related losses. 

 
Figure I.5.3 Energy distribution chart of a CTL utilizing the proposed HHEA 

Conclusions 
• Preliminary analysis has confirmed the feasibility of the 40% target efficiency improvement with the 

use of the proposed HHEA for both the propel and work circuits of a compact track loader. 

• Analysis of the throttling losses in the switching valves for pressure rail switching have confirmed the 
potential usefulness of the “soft-switch” concept to minimize the portion of the switching losses that is 
due to fluid compressibility.  
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Project Introduction 
An articulated dump truck (ADT) handles the construction material and works alongside an excavator and/or 
wheel loader. This equipment (the excavator and/or wheel loader) fills the dump body on the ADT, and then 
the ADT transports the construction material to the worksite. This is a cyclic process, and most of the time the 
engine in the ADT idles, resulting in significant fuel burns and unnecessary greenhouse gas (GHG) emissions.  

This project brings together expertise in wide-bandgap power electronics systems, 700 V lithium-ion battery 
packs, and vehicle power management to develop an integrated diesel–electric hybrid powertrain for ADTs. 
This hybrid powertrain will be integrated in the 310E model of a John Deere ADT. This prototype vehicle will 
be called an electrified ADT (eADT). Compared to a conventional 310E model of the ADT (a non-electrified 
vehicle with a hydrostatic powertrain), the prototype 310E model of the eADT will provide significant fuel 
savings and a reduction in GHG and criteria pollutants.  

Objectives 
The objective of this project is to research, develop, and validate a hybrid-powertrain-enabled ADT testbed 
potentially capable of ≥25% fuel savings and ≥25% GHG and criteria pollutant reductions when compared to a 
conventional ADT vehicle with a 9 L engine. 

Overall Objectives 
• Demonstrate >25% fuel savings by eADT compared to a conventional ADT. 

• Downsize the engine from 9 L (330 kW) in a 310E conventional ADT to 6.8 L (224 kW) in the 310E 
eADT. The dual path of power flow from engine to vehicle traction system will optimize eADT 
performance and productivity compared to a conventional model with a similar payload. 

• Use an optimum size of Li-ion battery pack rated ~80 kWh or less and 700 V pack voltage. 

• Demonstrate improved performance and productivity. 

• Demonstrate better shift quality and a smoother driving experience for the vehicle operator. 
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Fiscal Year 2022 Objectives 
• The project team conducted dynamic system modeling (DSM, described further below) of the 

following major components needed for fabrication of the diesel–electric hybrid powertrain to be 
integrated in the 310E model of the eADT: 

o 6.8 L engine 

o 250 kW, 700 V dual inverter 

o 700 V battery pack 

o 15 kW, 700 V/48 V direct current (DC)-to-DC converter  

• The project developed specifications of all major components of the hybrid powertrain (partially 
completed). 

Approach 
Learning from recent past successes [1], [2], [3], [4], [5], this project is driven by customers’ needs and 
feedback from construction-vehicle fleet owners (Figure I.6.1), who have been asking Deere & Company for 
electrified vehicles. Deere has introduced a diesel-series-electric powertrain in the JD 644K and 944K hybrid 
loaders, and customer requests are about hybrid and electric versions of an ADT. Therefore, the project 
approach is driven by technology needs in Deere & Company and enterprise aspirations to reduce the overall 
carbon footprint in construction and mining companies. The proposed diesel–electric hybrid powertrain that 
will be developed through this project will result in ≥25% fuel savings and engine downsizing from 9 L 
(330 kW) to 6.8 L (224 kW). 

 
TCO – total cost of ownership 

Figure I.6.1 Proposed eADT with a novel electric infinitely variable transmission (eIVT)-based powertrain 

Project activities spread over three budget periods (BPs), BP1 to BP3. In BP1, the project will develop 
specifications for components needed to fabricate the hybrid powertrain, followed by component design. These 
tasks will use John Deere’s DSM simulation platform. BP1 elements of research include development of 
power-conversion technologies such as a soft-switched SiC inverter carried out by the University of Arkansas; 
the aspiration would be a scaled-up power rating of the SiC inverter to 250 kW. This inverter will be 
applicable to the direct interface and integration of the 700 V Li-ion battery pack. Additionally, the 15 kW, 
700 V/48 V DC-to-DC converter also has elements of research and development led by North Carolina State 
University, such as a power-dense magnetic circuit and efficiency enhancement. 
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In BP2, components designed in BP1 will be thoroughly tested for operating conditions associated with the 
310E model of the eADT. Component testing will include both benchtop testing and back-to-back motor 
dynamometer-based characterization of the diesel–electric hybrid powertrain.  

In BP3, the developed and prototype version of the hybrid powertrain will be integrated into the 310E model 
of the ADT, and the vehicle will be tested for fuel-economy gains and an assessment of GHG reductions.  

Led by the principal investigator at John Deere Intelligent Solutions Group in Fargo, North Dakota, the project 
team will design and select diesel–electric hybrid powertrain components, and test verification will occur in 
the power electronics research and development building (also at the Fargo site). The powertrain will be test-
verified in the power lab at John Deere Coffeyville Works. Vehicle system integration of the powertrain will 
occur at John Deere Dubuque Works, followed by demonstration at that location’s vehicle proving ground. 

Results 
Accomplishments include the following:  

• DSM of the eIVT-based diesel–electric hybrid powertrain of the eADT developed [6]. 

• Down-selection of the auxiliary resonant commutated pole (ARCP) inverter topology. 

• PLECS® simulation resulting in DC-to-DC converter specifications. 

• Estimate of >25% fuel economy improvements through eliminating idling. 

• Projected engine downsizing, due to fuel savings, from 9 L (330 kW) to 6.8 L (224 kW). 

• Estimate of over 10,000 metric tons of GHG reductions due to the fuel savings from powertrain 
deployment and engine downsizing. 

Figure I.6.2 through Figure I.6.6 illustrate the outcomes of BP1 Quarter 1 results and findings. 

 
Pro-E – Pro-Engineer model created using Creo Software 

Figure I.6.2 DSM simulation at the top layer of an eIVT-based 310E model of eADT 

 



FY 2022 Annual Progress Report 

Off-Road 57 
 

DSM work is complete, including entering a model of the eADT with engine, eIVT powertrain, and Li-ion 
battery. DSM blocks are illustrated in Figure I.6.2.  

Project activities led by the University of Arkansas resulted in down-selection of the ARCP topology of the 
soft-switched inverter. The ARCP inverter will be simulated in BP1 design of the resonant circuit. Simulation 
work will be followed by prototype design and fabrication of the 10 kW 700 V DC bus ARCP inverter. The 
ARCP inverter is shown in Figure I.6.3.  

 
Key: 
Vdc: DC bus voltage  
Cdc: DC bus capacitor 
Tr: silicon carbide MOSFET in resonant circuit 
Lr: resonant circuit inductor 
T: silicon carbide MOSFET in ARCP inverter power circuit  
Cr: resonant circuit capacitor 
ILA, ILB, and ILC: Phase A, B, and C output current from ARCP inverter 

Figure I.6.3 ARCP topology of soft-switched inverter 

The task/activities related to the SiC/Si DC-to-DC converter (based on a metal–oxide–semiconductor field-
effect transistor, or MOSFET) are led by North Carolina State University. The North Carolina State University 
team has produced preliminary specifications of the DC-to-DC power converter, as indicated in Figure I.6.4. 

 
Figure I.6.4 PLECS®/MATLAB®/Simulink® simulation of the SiC/Si DC-to-DC converter 
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The John Deere team has collected field data from a conventional (mechanical drive) 310E ADT model. As 
shown in Figure I.6.5, the ADT operates under idling conditions for a significant time, leading to unnecessary 
fuel consumption. These data will be used to size the Li-ion battery pack. 

 
Figure I.6.5 JDLink™ [7] data indicating that the non-electrified 310E model spends nearly 15% of its drive cycle in braking 

(retardation) mode. With electrification using a diesel–electric hybrid powertrain, significant energy can be captured, 
resulting in fuel savings and GHG reductions. 

The project has worked on the eADT. Figure I.6.6 illustrates the 310E ADT model purposed for early 
prototyping. 

 
Figure I.6.6 310E ADT model of an early eADT prototype, purposed for data collection 

Conclusions 
Field data collected from a fleet of 310E model ADTs indicate that idle fuel consumption is excessively high, 
as high as 10 liters of diesel per hour while the vehicle is doing no work. Therefore, deployment of the diesel–
electric hybrid powertrain will enable the engine-off condition, resulting in over 10,000 metric tons of GHG 
emissions avoided over the fleet’s lifetime using the 310E model of eADTs. 
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Project Introduction 
Most off-road mobile machines, such as excavators, wheel loaders, agricultural combines, etc., are 
hydraulically actuated because of hydraulics’ unsurpassed power density. However, due to the use of throttling 
control, the inability to reuse energy from overrunning loads, and the hydraulic components being inefficient at 
partial load, the average efficiency from the engine output to the useful work performed is only 21% [1]. Yet, 
mobile hydraulic machines consume a significant portion (0.4%–1.3%) of the total energy consumed in the 
United States. Thus, improving energy efficiency of such machines is important. 

As in the on-road automotive sector, there is also a trend for mobile hydraulic machines to be electrified to 
take advantage of the potential benefits of better efficiency and faster and more precise control. A common 
approach is for the work circuits (e.g., the arm of the wheel loader instead of the propulsion function) to be 
controlled using electric motors and drives via the electro-hydraulic actuators. While this is quite feasible for 
lower-power machines, the cost, size, and weight of the electric motors, drives, and batteries can be prohibitive 
for high-power machines. This is because the electric components need to provide the full power required by 
the machine.  

The goal of this project is to develop a methodology for improving the efficiency of high-power, off-road 
mobile machines that takes advantage of electrification without the need for very high power or costly electric 
components. Our general idea is to develop a system architecture that marries the comparative advantages of 
hydraulic actuation and electrical actuation. In particular, the majority of power would be delivered by the 
power-dense hydraulic, which would then be modulated by small but highly controllable electrical actuation. 

Objectives 
Overall Objectives 

• Develop an actuation system architecture that combines the benefits of hydraulic and electric 
actuations and that is applicable to a wide range of multi-degree-of-freedom mobile machines. 

• Develop a tightly integrated, efficient, powerful, and compact hydraulic–electric power conversion 
machine for use with the system architecture. 

• Demonstrate that the proposed system architecture can achieve a target efficiency of greater than 65% 
or an energy savings of greater than 40% over the baseline system in a typical off-road machine 
platform while maintaining or surpassing the control performance expected of current machines. 
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Fiscal Year 2022 Objectives 
• Experimentally validate the motion control strategy on a high-pressure (300 bar) hardware-in-the-loop 

(HIL) testbed. 

• Prototype the proposed integrated hydraulic–electric power conversion machine and characterize its 
performance. 

Approach 
The proposed hybrid hydraulic–electric architecture (HHEA) is shown in Figure I.7.1. It makes use of a set of 
common pressure rails at different pressure levels that serve all degrees of freedom of the system. Each degree 
of freedom is controlled by a hydraulic–electric control module (HECM), which combines hydraulic power 
from the common pressure rails and electric power from the direct-current (DC) bus or battery. The HECM 
consists of a set of on/off valves that select which pressure rails are to be used for a given time and a tightly 
integrated electric motor and hydraulic pump/motor that serve to modulate the hydraulic power. This 
architecture is envisioned for efficiency since it does not use throttling for control and can regenerate energy 
from overrunning loads. Moreover, electric components are only needed to modulate the total power for each 
degree of freedom so they do not need to be capable of very high power, thus keeping them reasonably small 
and cost-effective. 

 
Figure I.7.1 Hybrid Hydraulic–Electric Architecture 

In Fiscal Year (FY) 2019, FY 2020, and FY 2021, the energy-savings potential of the HHEA has been 
analyzed for a 20-ton wheel loader, a 22-ton medium-sized excavator, and a 5-ton mini-excavator using 
original-equipment-manufacturer-supplied representative duty cycles. The analysis in FY 2021 has included 
switching losses that were neglected in earlier years. The architecture was found to save 50%–80% of input 
energy compared to baseline load-sensing systems. It was also found that the torque requirements for the 
electric machines can be downsized to 10%–20% of the sizes if directly electrified using an electro-hydraulic 
actuator approach. A motion control algorithm that mitigates the pressure-rail switching effect and provides 
precise motion was experimentally validated on a medium-pressure-capable (20 MPa) HIL testbed. A high-
pressure (30 MPa) HIL testbed was designed but not yet constructed. An optimized high-efficiency, high-
power-density hydraulic–electric conversion machine has been designed. A prototype of the machine was 
manufactured and tested. Along with the prototype being very compact, it was estimated that the more efficient 
hydraulic–electric conversion would save an additional 10% of energy. 

In FY 2022, the motion control strategy was further validated in the high-pressure setting. To this end, the 30-
MPa-capable HIL testbed was constructed and the control performance was evaluated on the testbed. 
Furthermore, the prototype of the proposed power-dense hydraulic–electric conversion machine was also 
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completed, and performance characterizations were carried out experimentally, first as individual hydraulic 
and electric machines before testing them as an integrated unit. 

Results 
• The 30 MPa HIL testbed was completed and commissioned (see Figure I.7.2). The system is capable 

of mimicking the controlled external load of representative duty cycles. 

• The nonlinear backstepping nominal control and the least-norm transition control algorithms were 
successfully validated on the 30 MPa HIL testbed.  

o In the absence of pressure-rail switching, the backstepping controller can maintain a trajectory 
tracking error of less than 5 mm with or without load variation. Figure I.7.3 shows a sample result 
where the external load is varying. 

o With the use of the least-norm transition controller (together with the nominal backstepping 
controller), the same tracking error of less than 5 mm is achieved even with pressure-rail switches. 
Figure I.7.4 illustrates a case where pressure-rail switches occur at 35 s and 60 s but the transition 
controller is able to mitigate the effects of the switches so that the tracking error is not affected. 

 
Figure I.7.2 High-pressure (30 MPa) hardware-in-the-loop test bed 

 
Figure I.7.3 Tracking control performance with load force variation 
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Figure I.7.4 Tracking control with transition control in the presence of pressure-rail switching at 35 s and 60 s 

• Manufacture of a high-power-density hydraulic–electric power conversion machine was completed, 
consisting of a radial hydrostatic piston hydraulic pump/motor and an axial-flux electric motor. Figure 
I.7.5 and Figure I.7.6 show the assembled unit.  

• The ratings of the machine are a peak power of 20 kW, maximum speed of 12,500 rpm, maximum 
torque of 15.8 Nm, peak efficiency of 88%, and an active mass power density of 6.8 kW/kg. The 
machine is among the highest power density machines utilizing conventional materials. 

• When testing the radial hydrostatic piston hydraulic machine, the pistons were damaged due to charge 
pump failure. The pistons had to be redesigned several times to improve their robustness and 
manufacturability.  

• Experimental testing of the hydraulic machine alone revealed larger than expected volumetric losses 
due to an out of specification pintle-cylinder gap. A mechanical efficiency map was also obtained. 

• Experimental testing of the electric machine on a dynamometer (capable of a max speed of 6,000 rpm 
and max power of 5.6 kW) shows that various electric system characteristics such as peak torque, 
torque constant, inductances, and resistances are close to the calculated values. Efficiencies were 
measured, modeled, and extrapolated to the full range of operating conditions.  

• Controllability of the machine was tested by demonstrating the electric machine’s ability to control 
torque. It was shown that the electric machine running as a generator can faithfully track the desired 
torque profile determined from representative duty cycles (see Figure I.7.7 for an example). 

• Running the integrated machine as a generator (with the hydraulic machine working as a pump and 
the electric machine working as a generator) successfully produces the expected three-phase back-
electromotive-force profile. 

• Further testing on the integrated machine was halted due to an accident caused by loss of charge 
pressure, leading to the machine being damaged. The machine must be disassembled and repaired 
before testing can continue. 

• Although the integrated machine cannot be fully tested, individual characterizations of the electric and 
hydraulic machines can be combined to predict the integrated machine’s performance. The integrated 
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machine would have a power density of 6.1 kW/kg (active material mass), exceeding the project target 
of 5 kW/kg. The analytical models of the integrated machine predicted an efficiency of 85%. The 
predicted efficiency based on hardware measurement is 63%. The difference is due to an excessive 
leakage gap between the cylinder block and pintle as well as slightly larger than expected stator 
resistance, iron losses, and air-gap viscous losses. 

 
PM – permanent magnet 

Figure I.7.5 Integrated hydraulic–electric machine with an axial flux motor and a radial piston pump 

 
Figure I.7.6 Integrated hydraulic–electric conversion machine on the test stand 

 
Figure I.7.7 Tracking of the desired torque profile  
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Conclusions 
• The proposed HHEA approach can provide 50%–80% energy savings compared to the baseline load-

sensing system for a variety of off-road machines and duty cycles. By using hydraulics to transmit the 
majority of power, the architecture’s required electric motor sizes can be 85% smaller than if an 
electro-hydraulic actuator approach is used. 

• The performance of a control algorithm, consisting of a backstepping nominal control and a least-
norm transition control, has been experimentally demonstrated on a high-pressure (30 MPa) HIL 
testbed to be able to precisely control the motion of the machine. These tests show the controller can 
successfully mitigate the potentially harmful effect of pressure-rail switching, which is fundamental to 
the system architecture. 

• A high-power-density, high-efficiency integrated hydraulic–electric power conversion machine has 
been designed, prototyped, and characterized. It has the potential to be one of the most power-dense 
machines. 
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Project Introduction 
This project aims to design and demonstrate a high-efficiency power system with a 13-L concept engine 
(downsized from 18 L) for use in off-road machine applications. Hybrid power and energy systems will be 
added to enable transient load assist to maintain machine productivity, energy recovery, and start/stop (or anti-
idle). The power system will have a hybrid front-end accessory drive that incorporates a high-speed flywheel 
(HSFW), a mechanical-drive turbocharger (SuperTurbo), and a motor-generator unit (MGU). 

Objectives 
• Research, develop, and demonstrate a heavy-duty hybrid diesel (H2D2) engine system for off-road 

applications (see Figure I.8.1).  

• Demonstrate the following performance targets: 

o 17% (+/-2) more fuel efficient than current Tier 4 diesel engine. 

o Equivalent transient response versus baseline diesel engine. 

o Tier 4 Final exhaust emissions levels. 

 
Figure I.8.1 Three target off-road machine applications 

Approach 
• Phased Approach: 

o Concept design and simulation completed in 2020. 

o Systems-level modeling of hybrid power system concept. 

o Defined concept trade-offs and provided performance predictions. 
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o Major subsystem analysis and specification completed in 2021. 

o 1D and 3D thermofluid, structural, and dynamic simulations. 

o Addressed durability, performance, and modularity. 

o Phase 1 concept demonstrator engine completed in 2021 to validate engine-only performance 
predictions. 

o Phase 2 hybrid engine system validation of the complete power system in a transient cell to be 
completed in late 2022. 

o Technoeconomic analysis to address cost barriers and provide total-cost-of-ownership value 
assessment to be completed in late 2022. 

Results 
System Simulation  

• Final Concept 2a selected (see Figure I.8.2). 

o The “a” denotes the electric drive for the 
HSFW. 

o Concept 2a preferred for the best transient 
response, complete HSFW-to-engine 
decoupling, and flexible packaging. 

• System simulation (engine + hybrid systems) 
continued to be refined in 2022. 

o The transient hybrid strategy evolved with 
system maturity. 

o Ranges in brake specific fuel consumption (BSFC)/efficiency improvement stem from application 
and cycle variation (see Figure I.8.3). 

 
EGR – exhaust gas recirculation 

Figure I.8.3 Summary of predicted BSFC improvement (versus the baseline 18-L engine) as a function of hybrid 
configuration and machine application 

CVT – continuously variable transmission 

Figure I.8.2 Schematic of finalized hybrid 
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Concept Engine and Aftertreatment 
• Test-to-simulation (pre-hardware predictions) efficiency ranges were confirmed (Figure I.8.4a). 

• Phase 2 build and test cell installation was completed (Figure I.8.4b). 

 
(a) (b) 

Figure I.8.4 (a) Core engine test versus simulation BSFC prediction error and (b) Phase 2 concept engine with SuperTurbo 
assembled 

• Validation testing is underway. 

• Initial thermal barrier coating (TBC) test data obtained (Figure I.8.5). 

 
ISFCn – net indicated specific fuel consumption; ISNOx – indicated specific oxides of nitrogen 

Figure I.8.5 Thermal barrier coating efficiency results 
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• Cooling package benefits derive from more efficient core engine (Figure I.8.6). 

 
Figure I.8.6 Predicted reduction in cooling system parasitic loading derived from more efficient engine 

SuperTurbo Device  
• Turbocompound performance was simulated. 

• Calibration was optimized. 

• Flow and sizing selection were completed. The prototype turbine and housing were completed with 
five nozzle rings for flow adjustment (Figure I.8.7). 

 
(a) (b) 

Figure I.8.7 (a) Delivered SuperTurbo device and (b) predicted BSFC changes with SuperTurbo 

• Preliminary transient engine response and SuperTurbo tuning were completed (Figure I.8.8). 
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IMAP – intake manifold air pressure; ECM – electronic control module; FARC – fuel–air ratio control;  

ST – SuperTurbo 

Figure I.8.8 Preliminary SuperTurbo testing demonstrated acceptable performance to begin the validation testing 
campaign. 

o 1,200 rpm 

o 20%–80% load 

Hybrid System - Controls and Systems Integration  
• Hybrid device and driveline losses were mapped. 

• HSFW and electric drive capability were confirmed. 

o +110 kW discharging and -130 kW charging power. 

o +12,000 Nm/s discharging at engine input. 

• 48 V MGU capability was confirmed (Figure I.8.9). 

o +20 kW discharging and -25 kW charging power. 

o 1,366 Nm/s discharging at engine input. 
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Figure I.8.9 Torque, speed, and power measurements confirming HSFW and electric drive capability 

• Start/Stop Analysis 

o Completed key machine analysis. 

o Hundreds to thousands of hours of data with 10%–35% machine idle time. 

o Fuel savings model was generated with deterioration factors for debounce and recharge 
efficiency. 

o Fuel Saving Factor (FSF) model was developed and applied to machine applications (assuming 10 
second debounce, 300 second max idle off, 4 kW hotel load) (Figure I.8.10). 

o 745AT (Articulated Truck): 0.6%–2.6% fuel savings 

o 988K (Wheel Loader): 0.8%–3.5% fuel savings 

o 390F (Hydraulic Excavator): 0.6%–2.8% fuel savings. 
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SC2 – SuperComm 2 Database; LWL – large wheel loader; HEX – hydraulic excavator 

Figure I.8.10 Start/stop analysis process summary and results 

Conclusions 
2022 Summary 

• Engine 

o The smaller concept engine was built, is on track to deliver the predicted efficiency 
improvements, and accounts for the majority of the system efficiency gains. 

o Significant engine downsizing and efficiency improvements are partially enabled by the transient 
response assist capabilities of the hybrid devices. 

• Hybrid Aspects 

o The HSFW and MGU performance was validated. 

o The SuperTurbo was completed with successful integration and preliminary performance 
assessment. 
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Based on the concept down-selection simulations, the Phase 1 single- and multi-cylinder engine testing, and 
the hybrid-only system physical validation performed so far, Table I.8.1 has been updated to show the current 
predictions of the efficiency gains from the various elements of the hybrid power system over the three target 
off-road machine applications (shown in Figure I.8.1). A clear line of sight toward the program goal of 17% ± 
2 efficiency improvement still remains. 

Table I.8.1 Current predictions of high-level efficiency contributions over the baseline 18-L engine power 
system 

7.6%–12.9%  9.0%–12.6% 13-L concept engine 

1.5%–2.5%  0.3%–1.1% SuperTurbo turbo-compounding 

1.5%–2.0%  0.5%–1.9% HSFW and 48-V MGU 

0.5%–2.0% TBC 

0.6%–3.5% Start/stop implementation 

TBD Advanced engine controls (real-time optimizer) 

2.0%–3.0% Reduced cooling parasitic 

13.5%–24.1% Current Total 

The project successfully passed Go/No-Go Milestones 1 and 2 as reported in the 2021 annual project report. 

Future Work 
• Finalize the engine-only and full-system hybrid validation testing. The hybrid-only testing was 

completed and now the engine-only testing is in progress. The combined hybrid system will be 
brought together and tested. 

• Document steady-state and transient performance, emissions, and efficiency. 

o Steady-state engine and system performance will be mapped. Tailpipe emissions, efficiency, and 
heat rejection and typical durability measurements will be completed. 

o Transient operation will include machine work cycles, load response tests, and non-road transient 
cycle and rapid compression machine certification cycles for Tier 4 Final emissions compliance. 

• Complete the technoeconomic analysis leveraging the validation data. A total-cost-of-ownership 
analysis will be completed based on the bill of materials and the measured performance. 
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I.9 Simultaneous Greenhouse Gas and Criteria Pollutants 
Emissions Reduction for Off-Road Powertrains (Eaton 
Corporation) 

Dr. James E. McCarthy, Jr., Principal Investigator 
Eaton Corporation 
26201 Northwestern Highway 
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Project Introduction 
The objective of this project is to research, develop, and validate engine and aftertreatment (AT) system 
technologies for significantly reducing nitrogen oxides (NOx) and greenhouse gas (GHG) emissions for off-
road powertrains. The system will be tested over the regulatory cycles and select field cycles.  

A future off-highway 13 L engine is being developed in combination with an advanced modular AT system to 
meet the NOx and GHG targets. The advanced engine has reduced parasitic loads in combination with cylinder 
deactivation and an exhaust gas recirculation (EGR) pump. The advanced AT system has provisions for a 
light-off selective catalytic reduction (SCR) followed by a primary AT system (similar to the production 
system today with the addition of a diesel particulate filter [DPF]). Electric heaters upstream of all SCRs in 
combination with a fuel burner upstream of the primary AT are options that will be investigated. 

Objectives 
The project objective is to research, develop, and validate AT system-level strategies capable of ≥10% GHG 
reduction and ≥90% NOx reduction for off-road powertrains over multiple duty cycles spanning the segment’s 
diverse applications, while maintaining affordability and robustness to ensure economic viability.  

Overall Objectives 
Budget Period 1 

• Determine system definition and performance metrics. 

• Establish baseline NOx and GHG emissions based on the Tier 4 final architecture. 

• Design, build, and commission future engines. 

• Design, fabricate, and commission a modular AT system. 

• Adjust baseline GHGs to be comparable with the modular AT system architecture. 

Budget Period 2 

• Evaluate a future engine with multiple AT architectures for meeting NOx and GHG targets. 

• Define optimal configuration for final testing. 
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• Demonstrate progress to the NOx and GHG targets by reducing emissions above a straight line from 
point A (>90% NOx and >3.5% GHG reductions) to point B (>50% NOx and >7% GHG reductions). 

Budget Period 3 

• Build and commission optimized testbed. 

• Quantify performance achieved. 

• Provide final assessment. 

Fiscal Year 2022 Objectives 
• Determine system definition and performance metrics. 

• Build baseline and age the AT system using hydrothermal aging prior to testing. 

• Design and build the base future engine. 

• Design a modular AT system. 

• Assess baseline GHG correction compared to the modular AT system architecture. 

Approach 
The program approach is to optimize a 13 L off-road engine for better efficiency using multiple engine 
technologies and couple this with a modular AT system that involves multiple catalysts and exhaust heating 
devices for the purpose of NOx and GHG reduction. The engine is a Fiat Powertrain 13 L that will be equipped 
with Eaton cylinder deactivation and EGR pump systems. The AT system catalyst design was specified by Fiat 
Powertrain and Johnson Matthey. The exhaust heating devices include a fuel burner designed by Tenneco and 
Eaton along with electric heaters designed by Corning and Vitesco. The modular AT system is designed with 
project partners along with Tenneco for design, layout, and future fabrication. The AT systems will be aged 
using the hydrothermal protocol at Southwest Research Institute. Engine testing will start at Fiat Powertrain in 
Burr Ridge, Illinois, while the engine and AT testing will be optimized at Oak Ridge National Laboratory.  

Results 
Key accomplishments for Fiscal Year 2022 include:  

• Developed a complete program management plan for Budget Period 1. 

• Defined the engine as the 13 L model rated at 407 kW at 2,100 rpm for use in a Case IH Steiger four-
wheel drive tractor application. 

• Procured baseline Tier 4 final engine and AT system. The AT system is at Southwest Research 
Institute ready for aging using a hydrothermal profile. 

• Assessed GHG impact for comparing the baseline system to the modular AT system. Results show 
that fuel consumption increases by 1% for every 100 mbar of added backpressure. These results will 
be applied to the three regulatory cycles and five field cycles in the next reporting period. 

• Designed the modular AT system in a flexible architecture capable of evaluating a variety of AT and 
exhaust thermal management alternatives. Specific catalyst formulations and sizes have been 
defined. The AT “canning” details have been established. Figure I.9.1 shows the modular AT system. 
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DOC – diesel oxidation catalyst; DEF – diesel exhaust fluid; ASC – ammonia slip catalyst; LO-SCR - light-off 

selective catalytic reduction 

Figure I.9.1 Modular AT system layout 

• Commissioned the fuel burner system to be added to the modular AT system. 

• Built and received two of the six electric heaters to be added to the modular AT system. 

• Expanded the program scope, remaining budget neutral, to include two different sizes of SCR 
monoliths, both for the LO-SCR and main downstream SCR. This setup will provide evidence for 
understanding trade-offs such as necessary catalyst size (i.e., catalyst cost) relative to performance 
metrics. 

• Defined speed/torque versus time for the three regulatory cycles (including the new low-load cycle) 
and five field cycles (heavy tillage, planting, air seeder, scraper, and trailer grain cart). 

• Readied the base portion of the future engine to add the systems below: 

o 48 V and 24 V EGR pumps 

o Cylinder deactivation system. 

Conclusions 
• Designed the modular AT system in a flexible architecture capable of evaluating a variety of AT and 

exhaust thermal management alternatives. 

• Defined and built the base future engine. 

• Building associated engine systems including the EGR pump and cylinder deactivation systems. 
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I.10 Development of a Flex-Fuel Mixing Controlled Combustion 
System for Gasoline/Ethanol Blends Enabled by Prechamber 
Ignition (Marquette University) 
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Project Introduction 
The proposed project will demonstrate a heavy-duty engine converted from using diesel fuel to a flex-fuel 
engine that can use any blend of gasoline and ethanol. The combustion system is an innovative concept that 
allows very low cetane fuels to be used in a conventional mixing-controlled combustion (MCC) strategy 
without auxiliary heating, changes to the basic engine structure, or advanced controls. This allows the engine 
to maintain the operational characteristics of a diesel engine, such as excellent snap torque response, high 
torque at low speed, high efficiency, knock-free operation, and combustion robustness.  

As shown in Figure I.10.1, this concept uses an actively 
fueled prechamber (PC) and high-pressure direct injector, 
both utilizing the same fuel. The PC is fueled during the 
compression stroke. The PC charge is ignited by a spark 
plug near top dead center, ejecting hot jet flames into the 
main chamber in the vicinity of the direct injector. The 
high-pressure direct injector delivers most of the fuel 
(>90%) shortly after the PC has been ignited. The direct-
injection (DI) fuel sprays interact with the PC jet flames 
and ignite readily, regardless of fuel cetane number. Thus, 
this combustion strategy can be fuel agnostic while 
achieving MCC [1].  

In this project, the engine will use gasoline/ethanol 
blends—up to and including pure ethanol, with no 
change in engine hardware or calibration—and deliver 
diesel-engine performance. This is attractive to engine 
original equipment manufacturers, as the use of 
renewable fuels is increased via increased ethanol 
blending ratios, with little to no change to the engine. 
Ethanol is an extremely successful, domestic renewable 
fuel that is widely available as gasoline/ethanol blends. 
Ethanol has been unable to be used in heavy-duty engines due to its low cetane number and the fact that heavy-
duty applications struggle to be converted to spark-ignition engines.  

Figure I.10.1 Prechamber enabled mixing-controlled 
combustion 
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Objectives 
The objective of this project is to develop the prechamber enabled mixing-controlled combustion (PC-MCC) 
concept for gasoline/ethanol blends for heavy-duty engines. The goal is to use simulations and experiments to 
design the hardware, operating strategy, and control strategy. 

Overall Objective 
• The proposed PC-MCC concept is expected to deliver a 10% to 50% reduction in life-cycle CO2 

emissions compared to diesel fuel when operating on E15 (15% ethanol/85% gasoline blend) and 
E100 (100% ethanol), respectively. 

• The high-level goal of the project is to optimize the PC igniter and the DI mixing-controlled 
combustion system for gasoline/ethanol blends in heavy-duty engines. Actively fueled prechambers 
have historically not been used in this manner, and thus the system design parameters and global 
operating strategy must be determined.  

• The final project demonstration will be a multi-cylinder John Deere 9 L engine running in a laboratory 
environment as a flex-fuel engine. It will be shown that the engine can cover the entire baseline diesel 
engine operating space when running on gasoline/ethanol blends from E10 to E100, while maintaining 
mixing-controlled combustion and diesel-like performance characteristics. 

Fiscal Year (FY) 2022 Objectives 
The first two quarters of the project took place in FY 2022, and the following summarize the goals of the 
project during this time. 

• Chemical-reacting computational fluid dynamics (CFD) simulations of a 1.6 L single-cylinder, heavy-
duty engine were conducted to determine the minimum required PC volume for robust ignition and an 
acceptable range for passageway size to ensure proper PC breathing and PC jet flame penetration. It is 
critical the PC igniter’s geometric properties be determined before manufacturing a prototype for testing.  

• Detailed packaging studies were conducted to determine appropriate mounting locations for the PC 
igniter and direct injector in both single-cylinder and multi-cylinder heavy-duty engines. It was shown 
that the PC igniter’s geometric characteristics can be modified to accommodate various mounting 
locations in the cylinder head. 

• Optical rapid compression machine (RCM) experiments were conducted to measure the sooting 
tendency of gasoline/ethanol blends as a function of equivalence ratio. In turn, reacting CFD modeling 
was conducted to validate chemical kinetic and soot formation models used in the CFD simulations. 

Approach 
This technology development project includes a combination of fundamental combustion experiments, applied 
CFD modeling, prototype design and fabrication, engine experiments, and a technology assessment for various 
off-road vehicle applications. Figure I.10.2 illustrates a high-level development plan for flex-fuel PC-MCC. 
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Figure I.10.2 Overall project approach and high-level tasks completed by each project partner 

Results 
The key accomplishments for this project in FY 2022 are summarized below. 

• Completed optical RCM experimental characterization of the sooting tendency of E10, E30, E85, and 
E100 fuels under homogenous fuel-rich conditions. The critical equivalence ratio for forming soot 
increases with ethanol content. 

• RCM CFD modeling results show that the empirical Hiroyasu two-step soot model and the detailed 
Particle Size Mimic (PSM) soot model both underpredict the soot formed during the RCM 
experiments. The current focus is to understand how these models can be tuned and altered to more 
accurately predict the sooting tendency of gasoline/ethanol blends.  

• Engine CFD modeling with pure ethanol fuel (E100) has demonstrated that the mounting location of 
the PC igniter is of very little consequence. Essentially, designing a location into the cylinder head 
where the PC igniter can fit is the priority. Then the PC igniters’ geometric characteristics can be 
determined to ensure sufficient ignition assistance.  

• Design studies have shown that packaging the actively fueled PC igniter into the cylinder head of a 
Caterpillar C9.3B diesel engine and a John Deere 9 L diesel engine is plausible with redesign of the 
casting to eliminate port breaches and challenging sealing surfaces. The details of this work will not 
be shown here due to confidentiality but will hopefully be shared in a future annual report.  

The optical RCM experiments use a single-pass laser extinction diagnostic to measure the soot formed in the 
homogeneous, fuel-rich autoignition event that takes place in the RCM. The experimental setup and example 
data are shown Figure I.10.3a. The RCM combustion chamber is created with a creviced piston, which is 
shown from the CFD model in Figure I.10.3b; this figure also shows the predicted temperature distribution in 
the RCM combustion chamber shortly after ignition. Figure I.10.3c shows results comparing the experiments 
to the CFD predictions for soot formed as a function of the equivalence ratio of the mixture. The default 
settings for the Hiroyasu and PSM soot models underpredict the amount of soot formed at a given equivalence 
ratio. Both models can be “tuned”—more so for Hiroyasu than PSM. For Hiroyasu, the pre-exponential 
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constant and the activation energy on the soot formation rate can be tuned, and for PSM the pre-cursor species 
can be altered to tune its behavior. Figure I.10.3c shows that the agreement can be improved considerably 
when the models are tuned for E30 fuel, but the amount of soot formed with E100 is still dramatically 
underpredicted. Future work will continue to refine the approach to predict soot formation of gasoline/ethanol 
blends more accurately, such that computational tools can be used to design mixing-controlled combustion 
engines using these blends. 

 
BPF – bandpass filter; PD – photodiode; FWHM – full width at half maximum; TDC – top dead center 

Figure I.10.3 (a) Optical RCM laser extinction experimental setup and example results, (b) RCM CFD modeling of the 
creviced piston geometry, and (c) results comparing the experiments and CFD modeling 

CFD modeling of a single-cylinder Caterpillar C9.3B engine has been conducted to design the appropriate 
mounting location for the PC igniter that provides sufficient ignition assistance of the direct-injected fuel while 
meeting packaging constraints in the cylinder head. Figure I.10.4a shows the operating condition that was 
studied, which was a high-speed, low-load condition where ignition assistance is needed the most. Two 
different PC mounting locations were investigated: a center mount prechamber (Figure I.10.4b) and a side 
mount prechamber (Figure I.10.4c). Both of these configurations have shown to be plausible in terms of 
packaging in the engine cylinder head, with the side mount being the most practical packaging arrangement. 
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ATDC – after top dead center 

Figure I.10.4 (a) Operating condition studied in CFD simulations, (b) center mount prechamber (CMPC) configuration, and 
(c) side mount prechamber (SMPC) configuration 

Figure I.10.5 shows the interior details of the PC igniter used in 
these CFD simulations and the PC geometric parameters that 
were varied. The CMPC igniters always used six nozzle holes and 
varied the PC orifice diameter and the PC volume. The SMPC 
utilized two, three, and four nozzle holes, and varied the PC 
orifice diameter and PC volume. 

Figure I.10.6 shows the general operating strategy for PC-MCC 
and how it differs from conventional diesel combustion. During 
the compression stroke, the PC is fueled with 3–6 mg of fuel, 
depending on the operating strategy and intake pressure. The goal 
is to create an ignitable mixture in the PC at spark timing. 
Approximately 10–15 crank angle degrees (CAD) before direct 
fuel injection, the PC is sparked, which ejects PC jet flames into 
the main combustion chamber to serve as the ignition source for 
the direct-injected ethanol fuel. Without the ignition assistance 
from the PC jet flames, the directed-injected ethanol fuel would 
completely misfire.  

Figure I.10.7 shows CFD simulation results from varying the PC 
orifice size for the SMPC and CMPC configurations. As the 
orifice size is varied for the CMPC configuration, the main 
chamber ignition delay and combustion process is essentially 
unaffected. This is due to the proximity of the PC and the DI 
injector, and thus PC jet flame penetration plays very little role in 
the ignition assistance process. However, for the SMPC, as the 
PC orifice size is increased the PC jet flame penetration increases 
and the main chamber ignition delay is reduced. For the SMPC configuration, the largest PC orifice size is 
required to have ignition delays that are like conventional diesel combustion.  

MJI – Mahle jet ignition; CSA – cross 
sectional area 

Figure I.10.5 Details of simulated PC igniter. 
and PC geometric parameters investigated 
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Figure I.10.6 Fuel injection strategy for a conventional diesel engine and the PC-MCC concept with pure ethanol fuel (left). 

In-cylinder temperature visualization (in Kelvin) of three-hole SMPC with pure ethanol fuel (right). 

 
HRR – heat release rate 

Figure I.10.7 Comparison of CFD combustion simulations varying the PC orifice size for (left) SMPC and (right) CMPC, both 
with pure ethanol fuel 

As can be seen from the engine CFD simulations, the PC-MCC strategy with a CMPC igniter results in 
ignition delays for ethanol fuel that are even shorter than for diesel fuel. This is excellent, and, although not 
shown here, the ignition can be controlled with the PC spark timing and PC fueling. The SMPC can be 
designed to be a good ignition assistance device if the PC orifices are large enough to ensure adequate PC jet 
flame penetration towards the direct injector. With large PC orifices, the SMPC can achieve ignition delays 
that are similar to diesel fuel and achieve mixing-controlled combustion, which is the objective with this low 
cetane fuel. 

Conclusions 
• The CFD soot models were shown to underpredict the soot formation as compared to the RCM 

experiments. The goal is to ultimately tune and validate the soot models to accurately predict soot 
formation in the RCM for gasoline/ethanol fuel blends, such that, when the engine is modeled under 
mixing-controlled combustion conditions, accurate predictions of the soot emissions can be expected. 
Thus, the project team needs to focus on improving the CFD soot models to capture the RCM 
experiments more accurately for gasoline/ethanol blends. 
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• Although not shown in this report due to confidentiality, it has become clear that the side mount 
prechambers are the most appealing from a packaging perspective. The center mount prechambers 
may be packageable in larger engine bores, but in the ~9 L engine platforms targeted in this study, the 
side mount prechambers will be the likely path for testing and demonstration in hardware. 

• As outlined here, the side mount PC igniters provide sufficient ignition assistance if designed correctly 
with large enough PC orifices to ensure adequate PC jet flame penetration. 

• The primary focus of this project in FY 2023 is to fabricate a prototype side mount prechamber for 
single-cylinder testing with gasoline/ethanol fuel blends in the single-cylinder Caterpillar C9.3B 
engine. 

Key Publications 
This project only completed two quarters in FY 2022. Thus, there were no publications associated with this 
project funding in FY 2022. Several publications have been submitted and are under review. These 
publications will be reported in future DOE annual reports.  
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Project Introduction 
Aftertreatment systems supporting advanced engines have several unit operations in series, each of which is a 
complex system requiring dedicated sensor and diagnostic infrastructure to monitor performance. A diesel 
oxidation catalyst loaded onto a diesel particulate filter (DOCF) can significantly benefit advanced 
aftertreatment systems without the side effects observed in other multifunctional aftertreatment embodiments 
[1]. DOCF technology will be advanced in this project to enable a more thermally responsive aftertreatment 
system with reduced complexity and decreased platinum group metal (PGM) usage compared to current final 
Tier 4 emission configurations. This promising technology offers the potential to provide a more compact and 
thermally responsive aftertreatment solution and the potential to be core architecture in upcoming systems with 
low nitrogen oxides (NOx). 

The integration of diesel oxidation catalyst and diesel particulate filter components into a single DOCF device 
offers significant potential benefits in terms of cost, efficiency, and system size. However, there are barriers to 
the successful widespread deployment of this technology. Regarding efficient management of soot, questions 
remain that require a more thorough understanding through advanced modeling. Additionally, a lack of 
information exists regarding the impacts of typical poisons (ash and fuel-born, e.g., sulfur) that need to be 
better understood. Therefore, an in-depth inquiry into DOCF performance capability is warranted, and 
significant opportunities exist to further improve its function and utility while reducing PGM requirements. 

In Fiscal Year (FY) 2022, advanced imaging techniques were applied to the DOCF to characterize washcoat 
effects on the physical characteristics of the filter and the resulting impact on flow uniformity (or lack thereof) 
and catalyst usage. Pacific Northwest National Laboratory researchers completed and commissioned SpaciMS 
(spatially resolved capillary inlet mass spectroscopy) capability for testing DOCF structures under various 
conditions, and preliminary data sets have been generated for modeling calibration. The engine testing 
capability is nearing completion with instrumentation to support chemical and thermal DOCF assessment 
under different exhaust environments. In addition, the DOCF modeling capability was completed and is ready 
for calibration with the laboratory’s kinetic calibration efforts and SpaciMS data. 

Objectives 
Overall Objectives 

• Develop DOCF technology for combined carbon monoxide (CO), hydrocarbon, and particulate matter 
(PM) emissions control to enable a single device capable of meeting regulatory compliance targets in 
a more compact and thermally responsive aftertreatment configuration that employs 40% less PGM 
when compared to current systems compliant with the Tier 4 Stage V off-road emissions standard.  
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• Identify an advanced DOCF washcoat design that enables fast CO and hydrocarbon light-off for 
efficient pollutant conversion and active regeneration efficiency and necessary nitrogen dioxide (NO2) 
production, with broad coverage axially to manage soot via passive oxidation.  

• Identify a front-zone washcoat design that enables fast CO and hydrocarbon light-off with minimum 
PGM usage and that capitalizes on the wall-flow device configuration. 

• Identify a DOCF design that facilitates reduced cold-start CO, hydrocarbon, and NOx emissions; 
enable cost-effective PM management (i.e., filtration and oxidation) with reduced fuel penalty; and 
predict and mitigate the adverse impact of ash deposits on device performance. 

Fiscal Year 2022 Objectives 
• Develop modeling capabilities with high accuracy for predicting DOCF performance in various 

configurations and conditions. 

• Complete development and commission spatially resolved intra-channel gaseous analysis (i.e., 
SpaciMS) to enable high predictive model accuracy. 

• Complete development of engine testing capability for validating DOCF modeling results. 

• Support predictive model accuracy with advanced device catalyst, aging, and ash characterization. 

Approach 
This project will develop and implement highly accurate advanced modeling strategies for DOCF simulation 
based on realistic conditions. A two-dimensional (2D) modeling approach will be used for modeling the 
DOCF. Multiple bench- and engine-scale test capabilities will be utilized to support the modeling activity by 
measuring DOCF performance across the array of relevant test conditions. This includes engine-scale 
accelerated ash-aging employed to optimize DOCF designs against ash-related excessive pressure drop and 
catalytic activity loss. This project will also advance the SpaciMS analytical technique developed for flow-
through catalysts and apply it to wall-flow devices. The result will be an analytical tool and technique enabling 
unprecedented efficiency and accuracy of modeling and accelerated development of complex multifunctional 
aftertreatment devices. The resulting tool will have the potential for impacts on technologies far past DOCF. 

This project will also pursue the integration of advanced mixed metal oxide materials in washcoat design with 
the goal of reduced PGM usage or improved PGM utilization as a means of enabling a more sustainable and 
versatile DOCF washcoat design. Researchers will study mixed metal oxide design structures that enable 
greater nitric oxide (NO) oxidation—not subject to CO or hydrocarbon self-limitation—during CO and 
hydrocarbon light-off.  

Results 
Advanced DOCF Imaging and Characterization 
In FY 2022, the project analyzed and characterized a degreened John Deere DOCF device and an ash-aged 
commercial DOCF to inform on the digital microstructure of the device and to enable flow simulations within 
the device microstructure. These efforts provide information about the microstructural characteristics of the 
device filter wall to be captured in the modeling efforts. Results also enable flow simulation within the wall to 
inform on flow uniformity and effective catalyst usage. Accomplishments are as follows: 

• The degreened John Deere developmental DOCF device was characterized with ultra-high-resolution 
X-ray computed tomography (CT) and a numerical approach whereby the catalyst washcoat was 
observed from the entire part scale (~50 µm resolution) and specific structural/washcoat information 
was obtained from single wall scans (~1 µm resolution). This multiscale analysis technique provided 
3D datasets, which were analyzed via VGStudioMaxTM and Avizo software platforms. These efforts 
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yielded porosity, pore size distribution, and pore geometry information that will support accuracy of 
the device-scale modeling efforts. 

• High-resolution CT scans were made at several axial and radial locations from within the sample to 
characterize the washcoat variations in Zones 1 and 2 of the DOCF device. By way of advanced 
segmentation algorithms, the catalyst washcoat was spatially characterized in the high-resolution CT 
data. An Avizo software program was used to run a computational fluid dynamics (CFD) simulation 
within the digital microstructure whereby pressure and fluid flow were resolved within the complex 
microstructure. In addition, the system permeability was calculated. 

• Figure I.11.1 shows the pressure magnitude from CFD simulation in a 2D cross-section view through 
the substrate thickness in Zone 1 with thicker washcoat. This figure shows pressure gradients 
throughout the substrate and demonstrates less uniform flow versus Zone 2. 

• Figure I.11.2 shows the results of CFD modeling in the DOCF Zone 1 with the thicker washcoat and 
is presented with color-coded velocity magnitudes. This cross-section, taken from Zone 1 of the 
device, shows flow constrictions, likely due to narrowing of pore throats as a result of the thicker 
washcoat.  

 
Figure I.11.1 Pressure magnitude from CFD simulation through DOCF washcoat Zone 1 showing pressure gradients 

throughout thickness of substrate. 

 
Figure I.11.2 Flow field with color-coded velocity magnitudes in DOCF cross-section taken from DOCF Zone 1 with thicker 

washcoat; red areas show flow constrictions, likely due to narrow pore throats from the thicker washcoat. 

Bench-Scale Performance of Advanced DOCF 
SpaciMS testing (spatial chemical and temperature measurement) of a John Deere DOCF device was 
conducted in FY 2022, following commissioning of the capability, and continues into FY 2023. Preliminary 
spatial performance information, generated via SpaciMS in FY 2022, shows the temperature and species 
concentrations and concentration gradients in the inlet and outlet channels of the DOCF device as a function of 
axial position. Figure I.11.3 below shows an example of a data set collected at 35,000 gas hourly space 



FY 2022 Annual Progress Report 

Off-Road 89 
 

velocity (GHSV) (hr-1) and 180°C inlet temperature, with the top figure showing the inlet channel and the 
bottom figure showing the outlet channel.  

 
Figure I.11.3 SpaciMS characterization of degreened DOCF; the top figure shows the inlet channel, and the bottom figure 

shows the outlet channel. Test conditions: 180°C feed, 35,000 GHSV, 10% O2, 2% H2O, 500 ppm CO, 500 ppm C3H6, 350 
ppm NO in feed. 

The SpaciMS data provides detailed insight into DOCF performance and behavior and will help to enable 
device-scale modeling capability with high accuracy. Below are some key observations from the SpaciMS 
testing that will contribute to accurate modeling of the DOCF device: 

• CO oxidation occurs comparatively fast at the front of the DOCF device. 

• C3H6 oxidation contributes a significant exotherm axially across the DOCF device and dictates the 
thermal characteristics observed at the DOCF outlet. C3H6 oxidation is accelerated in the latter zone of 
the DOCF device.  

• The transition between washcoat zones (and thus the location of this transition) is a key parameter in 
the global performance observed in the DOCF device and dictates both the chemical and thermal 
characteristics observed axially across the DOCF.  

Engine Dynamometer Setup, Configuration, and Calibration 

The John Deere engine setup for testing is complete, and a prototype canned DOCF has been received for engine 
testing. Figure I.11.4 shows a picture of the installed engine testbed on a rolling cart. Installation is complete for 
temperature measurements of the DOCF. The measurements will be performed by wire thermocouples at four 
radii and six axial positions. Three thermocouples in each washcoat at varying radii allow for thermal gradients 
to be observed over each, and each thermocouple measures the temperature of an equal substrate volume in each 
of the two DOCF washcoat sections.  



Decarbonization of Off-Road, Rail, Marine, and Aviation (DORMA) 

90 Off-Road 

 

 
Figure I.11.4 A 6.8 L John Deere engine testbed. 

Additional accomplishments and progress with the on-engine DOCF testing capability are as follows: 

• The project team has added test cell instrumentation for recording thermocouples for temperature 
distribution in the DOCF. Equipment for exhaust gas chemical speciation is complete, including: 

o A Horiba 5 gas bench to measure CO, CO2, O2, total hydrocarbon, NO, and NO2. 

o A mass spectrometer to provide secondary NO and NOx measurement. 

o An AVL smoke meter for PM measurements and hot stack gas sampling.  

Exhaust gas temperature and pressure, PM concentration, and species concentrations CO2, O2, NO, NO2, CO, 
and hydrocarbon will be measured at the inlet and exit of the DOCF. Exhaust gas mass flow rate and H2O and 
N2 species concentrations will be subsequently calculated. 

• Equipment is complete for making mass measurements of the DOCF and measurements of PM 
exhaust concentration. Also, a 25 kW electric heater has been implemented in line with the DOCF for 
improved temperature control testing repeatability. The project team has developed a DOCF-plus-
electric-heater structure to hold and enable removal of the DOCF, allowing researchers to weigh the 
DOCF and determine PM mass accumulation at set intervals during testing. 

• The project team has configured a capability for exhaust bypass for improved control, stability, and 
characterization of the exhaust and DOCF performance. This capability will enable the engine to be 
operated and warmed up without the exhaust passing through the DOCF; then, when the engine is at 
steady state, it can be switched to allow exhaust to flow through the DOCF. 

Advanced DOCF Device Modeling 

The four primary sub-models of the DOCF model—Gas State, Reaction Kinetics, Particulate Matter, and 
Thermal—have been implemented in both axial and radial spatial domains, thus making the DOCF model 2D. 
Key accomplishments made this fiscal year are as follows: 

• The Reaction Kinetics sub-model was completed this fiscal year and implemented with both the 
Thermal and Particulate Matter sub-models. This work will facilitate one of the leading project 
objectives: determining the effect of washcoat spatial distribution and formulation. This sub-model 
includes both PM accumulation (i.e., filtration) and PM oxidation, thus making the DOCF model 



FY 2022 Annual Progress Report 

Off-Road 91 
 

applicable to both SpaciMS and engine calibration. This sub-model predicts species concentrations 
axially in both channels and radially through the soot cake and wall, with spatially varying kinetics. 

• The project team merged the Thermal and Particulate Matter routines into the DOCF model, including 
mapping the data structures. This work leveraged existing 2D selective catalytic reduction filter sub-
models previously developed. The Thermal and Particulate Matter sub-models contain time-integrated 
temperatures of the wall, inlet channel, outlet channel, and PM in the cake and wall. This contrasts 
with the gas state and wall reaction sub-models, which are steady-state boundary value problem 
solutions.  

• A technique was developed to allow critical first approximations of wall species solutions to be made 
from previous solutions to find future solutions. Until now, dynamic modeling sensitivity and 
accuracy has depended on initial approximations. This technique addresses that challenge and will 
improve model execution time. 

• The DOCF model has been calibrated to the first round of SpaciMS data using Exothermia reaction 
coefficients. In addition, the filtration and pressure drop sub-model implementation was completed, 
which marks the final major component of the DOCF. 

Conclusions 
A John Deere DOCF device was analyzed via X-ray CT, and results were used for characterization spatial 
washcoat variation and filter microstructural and flow information, both of which will be used to improve 
modeling accuracy. SpaciMS analysis capability has been commissioned and is currently being used to map 
performance of the John Deere DOCF device over a range of conditions. Similarly, the project has nearly 
completed engine testing capability for DOCF structures under realistic exhaust conditions and under 
controlled conditions in the presence of soot. Both capabilities will be used to support accurate and realistic 
model development. The DOCF modeling capability development is complete, including the four primary sub-
models: Gas State, Reaction Kinetics, Particulate Matter, and Thermal. Strategies have also been incorporated 
to allow for good critical first approximations of wall species. The model is now ready for calibration data 
from SpaciMS testing, kinetics calibration efforts, and engine testing.  
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Project Introduction 
Hydrogen internal combustion engines (H2-ICE) in off-road, marine, rail, and power-generation sectors 
represent a robust and affordable technology with an existing domestic supply chain that is not limited by 
requirements for rare earths and precious metals. As such, these engines present a viable alternative to direct 
conversion of hydrogen to electricity using fuel cells. Hence, H2-ICE technology should be developed in 
parallel with fuel cell technology to support faster decarbonization in hard-to-electrify sectors. Advantageous 
properties of hydrogen, such as higher flame speed and resistance to auto-ignition, allow for highly efficient 
operation. However, there are challenges to H2-ICE development: 

• The low volumetric energy content of hydrogen, which requires the use of direct injection to maintain 
engine power density but can potentially increase nitrogen oxides (NOx) formation associated with 
sub-optimal fuel stratification. 

• Susceptibility to pre-ignition from external sources due to hydrogen’s low minimum ignition energy, 
which can lead to uncontrolled combustion events.  

The lack of understanding of in-cylinder processes associated with both these challenges may result in sub-
optimal hardware configurations and engine operating strategies that can erode the efficiency and emission 
advantages of hydrogen, thereby reducing the attractiveness of this technology. 

This project seeks to establish comprehensive understanding by establishing validation data required by 
industry. Industry can use these data to develop competitive and highly efficient engine hardware and control 
strategies that can fully exploit the high-efficiency and low-emissions potential of hydrogen as a carbon-free 
fuel, thereby advancing the decarbonization of difficult-to-electrify sectors.  

In Fiscal Year (FY) 2022, the in-cylinder mixing was characterized to evaluate the impacts of injection 
pressure and injection timing on mixture homogeneity and NOx formation. Results are being used to develop a 
database for validation and optimization of hydrogen direct-injection computational fluid dynamics (CFD) 
simulations (industry frequently uses CFD for hardware optimization). Furthermore, a framework was 
developed to characterize and understand various potential pre-ignition sources under controlled conditions, 
with each source evaluated independently. This framework was utilized in FY 2022 to study hot-spot pre-
ignition. 
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Objectives 
Overall Objectives 

• Develop a comprehensive understanding of the in-cylinder processes associated with in-cylinder 
mixture formation and its impact on engine performance, emissions, wall heat loss, and coupling with 
advanced ignition systems. 

• Develop a detailed understanding of the in-cylinder processes responsible for pre-ignition under 
various H2-ICE operating conditions and propose efficient mitigation strategies. 

• Perform optical engine experiments to sufficiently address the incomplete science base. 

• Establish an experimental database required for validation of CFD codes used for H2-ICE hardware 
optimization. This database will include information on in-cylinder flows, in-cylinder mixture 
formation, early flame kernel evolution, engine thermodynamic efficiency, engine-out emissions, wall 
heat loss, and performance characterization of various advanced ignition systems. 

Fiscal Year 2022 Objectives 
• Apply laser and imaging diagnostics in an optical, heavy-duty engine equipped with a medium-

pressure hydrogen direct injector to assess the impact of injection timing and injection pressure on in-
cylinder mixture formation and associated engine performance. 

• Establish a framework to study hydrogen pre-ignition mechanisms decoupled from each other under 
controlled conditions. Validate the framework by characterizing the hot-spot pre-ignition mechanism. 

Approach 
This project uses an optically accessible, heavy-duty hydrogen-fueled engine with a displacement of 2.34 L, 
low-swirl flat cylinder head, and a cylindrical piston bowl. Details about this test rig can be found in previous 
literature [1], [2]. The engine’s fuel system was adapted to supply compressed hydrogen seeded with an 
evaporated “fuel tracer” to enable tracer planar laser-induced fluorescence (tracer PLIF) diagnostic, and a 
prototype medium-pressure, outward-opening, hollow-cone hydrogen injector (BorgWarner, DI-CHG10, 10 
g/s flow rate) was centrally mounted in the cylinder head. Figure I.12.1 shows the schematic layout of the 
engine and fueling system, along with details of the optical setup used to characterize in-cylinder mixing. 

The project team selected tracer PLIF as the optical diagnostic technique to measure in-cylinder fuel concentration 
in various imaging planes, as illustrated in Figure I.12.1, following the approach from Salazar and Kaiser [3], [4]. 
Researchers used 1,4,-difluorobenzene as a fluorescent tracer, which was first seeded into hydrogen at a 
concentration of 0.1% by volume or roughly 5% in terms of fuel mass, then excited in the plane of the light sheet 
formed from the beam of a frequency-quadrupled Nd:YAG (neodymium-doped yttrium aluminum garnet) laser. A 
non-intensified, charge-coupled device equipped with a UV lens and a 300±25 nm band-pass filter detected the 
tracer fluorescence. The fuel equivalence ratio in the light-sheet plane was calculated from the acquired PLIF images 
after correcting for laser pulse energy, white-field, dark-field, laser-light absorption, and fluorescence yield 
sensitivity to temperature, assuming that the tracer closely follows the concentration of hydrogen—a reasonable 
hypothesis, considering the in-cylinder turbulence and flow timescales [4]. Different imaging planes with horizontal 
and vertical light-sheet locations were used to provide mixing information representative of the entire combustion 
chamber (Figure I.12.1). Researchers acquired 60 images for each injection setting and horizontal light-sheet 
location (10 images for a vertical light sheet) to ensure statistical convergence of data; the imaging timings were 
clustered around the spark timing typical for spark-ignition engines, with additional timings during the fuel injection. 
Mixing experiments were conducted in an inert nitrogen atmosphere, and in the second stage, experiments were 
conducted in an ambient of air using a laser spark to ignite the fuel–air mixture in addition to the tracer PLIF 
imaging technique. The tracer PLIF diagnostic provided semi-quantitative mixing information in the horizontal 
plane of the spark about 1 µs before the spark timing, and the ensuing flame kernel evolution was tracked with a 
high-speed intensified complementary metal–oxide sensor (CMOS) camera. 
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CA – crank angle; UV – ultraviolet; FL – focal length 

Figure I.12.1 Schematic of the optical engine and illustration of the optical setup and arrangement for tracer PLIF 
characterization of in-cylinder mixture 

The project carried out characterization of hot-spot pre-ignition by mounting an electrically heated diesel-engine 
glow plug to serve as a hot spot (Figure I.12.2). This hot-spot tip protruded about 13 mm into the engine combustion 
chamber and 16 mm below the cylinder head. The hot-spot temperature was characterized during engine operation 
at 600 and 1,200 rpm using an infrared camera calibrated using a thin-wire thermocouple wrapped around the glow 
plug. The temperature was varied by adjusting the supply voltage, and the pre-ignition timing and frequency were 
determined from the pressure traces and by using high-speed imaging of OH* chemiluminescence. 

 
HS – high speed; PF-PLIF – photo-fragmentation planar laser-induced fluorescence 

Figure I.12.2 Schematic and photograph of the engine configuration used for hot-spot pre-ignition characterization 
featuring a glow-plug as the in-cylinder hot spot 
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Results 
The results related to in-cylinder mixture formation presented in this section encompass the jet evolution 
during injection, a sample visualization of in-cylinder mixture distribution, a statistical presentation of in-
cylinder mixture at spark timing, and the measured engine-out nitric oxide (NO) emission. Figure I.12.3 
presents the early jet evolution for injection starting at 180°CA at a high injection pressure. Both the 
macroscopic and finely resolved flow patterns are visible, first macroscopically, as two lobes from the 
dissected annular jet are visible. However, this hollow cone then collapses into a single jet within 1°CA from 
the needle opening, and the entire internal volume of the jet is filled with hydrogen. The collapsed jet 
penetrates along the injector axis until it impinges onto the piston and starts to recirculate. On a smaller scale, 
an alternating bright and dark pattern becomes visible on the outer lobes of the jet near the nozzle from 
183.5°CA onward and becomes more coarsely granular at later timings, which is associated with the shock 
pattern of under-expanded flow created as a result of the high pressure ratio across the injector. The pattern 
becomes coarser as the needle continues to lift after the start of injection and as the pressure across the nozzle 
builds up. These data are useful for understanding of global in-cylinder flow patterns as well as for validation 
of detailed CFD simulations of hydrogen injection and for development of simplified jet models. 

 
Figure I.12.3 Visualization of early jet evolution by tracer PLIF for injection with high injection pressure starting at 180°CA. 
The injector axis in this visualization is vertical with the injector nozzle outlet aligned with the top edge of the image frame. 

The laser light sheet dissected the jet along the injector axis. 

Figure I.12.4 showcases the wealth of available information on mixture distribution in various horizontal 
planes and in the vertical plane, including single-shot images, ensemble-average data, and the standard 
deviation representing cyclic variability. These data were acquired for a range of injection conditions and used 
to form a database that can be used to validate CFD simulations—engineering tools frequently used for design 
and optimization of engine components. The high cyclic variability of the mixture at certain locations within 
the combustion chamber stands out and was attributed to the in-cylinder flow pattern induced by the jet. Such 
cyclic variability is undesired and may lead to increased nitrogen oxides (NOx) formation and combustion 
variability. Based on the understanding gained, this can potentially be improved by modifying engine swirl and 
the injector flow pattern; this approach is scheduled for future testing. The three-dimensional mixture 
information was evaluated further to provide probability density of equivalence ratio across the entire 
combustion chamber at spark timing (340°CA) for all tested operating conditions (Figure I.12.5). The mixture 
becomes progressively stratified as the injection is delayed and injection pressure decreased, which may lead 
to undesired NOx emissions, as demonstrated by emissions measurements in fired engine operation (Figure 
I.12.5, right). Combined, these mixture and engine-out NO emissions can be used to develop guidelines on the 
maximum permissible mixture stratification to comply with emission legislation and to inform future engine 
operating strategies. As demonstrated, a sub-ppm engine-out NO emission can be achieved in sufficiently lean 
operation, and a wide window of injection timing allows for a sub-10 ppm emissions level. These findings are 
encouraging since a delayed injection enhances the in-cylinder turbulence, leading to a faster flame evolution 
and potentially improved efficiency while mitigating pre-ignition concerns. 
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Figure I.12.4 (left) A visualization of quantified in-cylinder mixture distribution in horizontal planes at various distances from 

the cylinder head, shown as single-shot images (top), average (middle), and cyclic standard deviation (std) of mixture 
(bottom); (right) the single-shot and ensemble average mixture in the vertical plane. The timing labels refer to the imaging 

time. Injection started at 240°CA using a high-injection-pressure setting. 

 
SOI – start of injection 

Figure I.12.5 Volume-averaged mixture equivalence ratio probability density function for different injection timings at high 
(left) and low (right) injection pressure, and the associated engine-out NO concentration measured in fired-engine operation 

Finally, the results of hot-spot pre-ignition characterization are presented in Figure I.12.6. Experimental testing 
varied the start of hydrogen injection timing and the hot-spot temperature to measure pre-ignition frequency 
and characterize the pre-ignition timing, thereby yielding an understanding of the hot-spot pre-ignition 
phenomenon. It was shown that the earliest pre-ignition timing is limited by the timing of fuel reaching the 
surface of the hot spot. At the same time, pre-ignition rarely occurred late in the compression stroke, and the 
hot-spot temperature affected only the pre-ignition frequency and did not change the pre-ignition timing. This 
finding is contrary to the experience gained working with hydrocarbon fuels, which indicates that a reduced 
hot-spot temperature delays the pre-ignition timing toward the end of the compression stroke when in-cylinder 
pressure and temperature are the highest [6]. To explain this finding, the research team conducted 
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homogeneous reaction calculations of ignition delay of hydrogen–air mixtures. This revealed interesting 
chemical kinetic properties of hydrogen with ignition delay sharply increasing after a certain pressure 
threshold has been reached, regardless of temperature, which is contrary to hydrocarbon fuels; for the latter, 
the ignition delay reduces with pressure increase. This explains the trends of pre-ignition not occurring late in 
the compression stage and the low control authority of hot-spot temperature over the pre-ignition timing. This 
finding also highlights a potential pre-ignition mitigation approach using delayed ignition timing and jet 
patterns that avoid fuel coming into direct contact with the hot spots until late in the compression stroke. Also, 
the high temperature of the hot spot needed to trigger pre-ignition suggests that other pre-ignition mechanisms 
may be dominant under most engine operating conditions, prompting the need for further research. 

 
Figure I.12.6 (a) A scatter plot (left) showing the timing of pre-ignition depending on the hot-spot temperature (refer to table 

for color-coding and pre-ignition frequency) for 40 acquired cycles; (b) a false-color plot showing the hydrogen mixture 
ignition delay depending on pressure and temperature (homogeneous reactor simulation at equivalence ratio of 0.3, using 

kinetic mechanism from [5]) 

Conclusions 
The conclusions for FY 2022 are as follows: 

• Flow from a medium-pressure, outward-opening, hollow-cone injector used in this study rapidly 
collapses, and the ensuing hydrogen jet propagates along the injector axis until it impinges on the 
piston and recirculates backwards along the cylinder walls. This large-scale flow pattern was found to 
dominate the resulting in-cylinder mixture distribution. 

• Quantitative measurements of in-cylinder equivalence ratio evolution revealed a strong dependence of 
charge stratification at spark timing on the injection timing and injection pressure, with later and low 
injection pressures creating more stratified mixture with local zones at significantly higher 
equivalence ratio than the global mean. High cyclic variability of mixture was observed in certain 
zones associated with the jet recirculation following the impingement on the piston. In these zones, 
local equivalence ratio significantly exceeded the ensemble average, which has important implications 
for NOx formation. None of the injection parameters created a highly desirable mixture distribution 
that would avoid fuel near walls and provide enriched mixture near a potential spark location. 
Injectors with deflection attachment and stronger in-cylinder swirl are suggested as potential solutions 
to optimize the in-cylinder mixture distribution. 

• Direct injection of hydrogen during the intake or early-compression stroke creates few-to-no zones 
sufficiently rich for NOx formation, which results in sub-ppm engine-out NO concentration—a highly 
promising outcome. 

• The framework of pre-ignition induced by using an electrically heated hot spot was proven to yield 
valuable insight into the hot-spot pre-ignition, which is primarily influenced by the hot-spot 
temperature, flow field around the hot spot, in-cylinder mixture distribution, and most relevant, the 
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chemical kinetic properties of hydrogen, which show delayed ignition at elevated pressure. Therefore, 
the pre-ignition timing is limited to the timeframe between the fuel reaching the hot spot and in-
cylinder pressure exceeding the threshold of 2–5 bar. 
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Project Introduction 
Liquid fuels are the dominant energy vector for transportation, and they are expected to remain one of the 
largest energy sources for hard-to-electrify applications such as off-road, rail, marine, and aviation for decades. 
Some of the advantages of liquid fuels over other propulsion technologies include very high energy densities, 
easy on-vehicle storage, existing infrastructure, and generally competitive cost. Moreover, renewable low-life-
cycle-carbon liquid fuels can be rapidly deployed and have an immediate impact on net greenhouse gas 
emissions of off-road machinery.  

The Off-Road Liquid Fuel Combustion project focuses on understanding and improving liquid fuel utilization 
in mixing-controlled compression-ignition (diesel-like) engines. Note that compression-ignition engines are 
preferred for off-road applications over other propulsion technologies because of their reliability, durability, 
robustness, transient response, and very high efficiency. For compression-ignition engines, rapid fuel–air 
mixing can reduce fuel consumption and pollutant emissions, and it has been demonstrated that dimpled 
stepped-lip (DSL) pistons developed at Sandia National Laboratories (Sandia) promote the formation of 
vortices that are correlated with faster, more efficient combustion [1]. In this fiscal year, an improved DSL 
piston has been fabricated and tested in engine experiments to quantify its effects on engine performance and 
emissions. Operation during the first minutes after a cold start is another important aspect of compression-
ignition engines. The goal during catalyst-heating operation is to quickly reach exhaust aftertreatment light-off 
temperatures while minimizing tailpipe pollutants [2]. This fiscal year, the project team performed experiments 
to understand pollutant formation during catalyst heating operation; based on this new understanding, an 
engine operation strategy was proposed that improves virtually all the aspects of catalyst-heating operation. 
Finally, thermal management to improve engine efficiency and reduce heat rejection remains one of the final 
frontiers of engine research, but activities are constrained by the limitations of existing commercial heat-flux 
sensors, and improved experimental capabilities are needed for better heat-transfer characterization and 
modeling [3]. During this fiscal year, researchers fabricated and tested a novel heat-flux micro-sensor with 
sub-millisecond time response, together with an advanced wireless telemetry system for on-board engine data 
acquisition. 

mailto:DLopezP@sandia.gov
mailto:SBusch@sandia.gov
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Objectives 
Overall Objective 
The project aims to provide the scientific understanding needed to design, optimize, and calibrate the next 
generations of off-road compression-ignition engines that comply with increasingly stringent pollutant 
emissions regulations while achieving thermal efficiencies exceeding 50%. 

Fiscal Year 2022 Objectives 
• Quantify the fuel efficiency and pollutant emissions benefits of a second-generation DSL piston.  

• Characterize the sources of unburned hydrocarbons (UHCs) during catalyst-heating operation, 
quantifying the contribution of each injection event to the total tailpipe UHC emissions. 

• Apply a laser-based extinction technique in an optically accessible exhaust runner to investigate the 
spatio-temporal origins of formaldehyde in catalyst-heating operation. 

• Explore new strategies to mitigate pollutant formation and maximize exhaust enthalpy for optimum 
catalyst-heating operation. 

• Assess the effects of fuel’s autoignition reactivity (cetane number) and distillation characteristics 
(boiling range) on engine cold-start performance. 

• Demonstrate an advanced wireless telemetry system for on-board engine data acquisition and a novel 
heat-flux micro-sensor to provide time-resolved heat-flux data.  

Approach 
Experimental studies were conducted in the Sandia off-road mixing-controlled research engine facility using 
an all-metal, single-cylinder research engine [4]. This facility allows operation over a wide range of conditions 
and has been designed to provide precise control of virtually all operating parameters, allowing well-
characterized experiments. An improved DSL piston was machined from aluminum piston blanks provided by 
Ford Motor Company and tested to evaluate its effects on engine performance through thermodynamic and 
energy analyses. An optically accessible exhaust runner developed at Sandia in collaboration with Caterpillar 
Inc. [5] was used to perform high-speed mid-infrared laser extinction measurements of formaldehyde 
emissions, which were combined with high-speed UHC measurements from a fast flame ionization detector for 
a detailed analysis of pollutant emissions under catalyst-heating operation. Novel heat-flux micro-sensors were 
fabricated with the support of Stratio Inc. (a Stanford University spin-off). Custom steel-made pistons were 
fabricated to allocate the wireless telemetry system and heat-flux sensors inside the engine, with the support of 
Tenneco Inc.  

Results 
The project achieved the following key accomplishments for Fiscal Year 2022: 

• Because of enhanced in-cylinder air utilization, the improved DSL piston reduces soot emissions by 
45% at early injection timings, compared to a state-of-the-art production diesel piston. 

• A novel operation strategy for catalyst-heating operation provides 3.5% higher efficiency, 4.0% higher 
exhaust enthalpy, 32.1% less UHCs, 14.8% less CO, and 17.3% less nitrogen oxides (NOx) than an 
optimized five-injection strategy (two pilot, one main, two post) representative of those used in 
modern diesel engines. 

• An advanced wireless telemetry system for on-board data acquisition demonstrated good operation in 
an engine with acquisition frequencies up to 50 kHz. A novel heat-flux micro-sensor demonstrated 
reliable response for temperatures up to 200°C.  
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To evaluate the benefits of the baseline DSL piston, the engine is operated at low load at 1,200 rpm and at part 
load at 1,600 rpm. These points represent a significant portion of engine operation for line haul, dump truck, 
and other off-road applications [6], and they are included in the International Organization for Standardization 
(ISO) 8178 emission certification cycles for off-road vehicles, locomotives, and marine engines. A sweep of 
main injection timing with a production stepped-lip (SL) piston serves as the reference case against which the 
benefits of the DSL piston are measured. Figure I.13.1 shows the relative variation in thermal efficiency, 
smoke emissions, and NOx emissions between the improved DSL piston and the production SL piston. Results 
correspond to an early injection with a commanded start of main injection equal to 5.1 crank angle degrees 
(CAD) after top dead center (aTDC). This early injection timing was selected because it corresponds to engine 
peak efficiency operation. 

The DSL piston was designed to promote the formation of vortices at early injection conditions in which the 
SL piston fails to promote vorticity [1]. Thanks to this enhanced vorticity, the DSL piston reduces smoke 
emissions by 45% at both loads, with virtually no impact on thermal efficiency and a marginal effect on NOx 
emissions. Smoke reduction is achieved by better air utilization in the squish region and improved soot 
oxidation. The enhanced vorticity of the DSL piston also leads to faster late-cycle burn rate than the SL piston, 
which speeds up the mixing-controlled heat release rate and acts to increase the efficiency. However, heat 
losses increase with DSL, likely due to higher convection in the squish region and cylinder head. The opposite 
effects of faster burn rate and higher heat losses with the DSL piston result in virtually no impact on efficiency.  

 
Figure I.13.1 Relative variation in thermal efficiency, smoke, and NOx emissions between the improved DSL piston and the 

SL piston for commanded start of main injection of 5.1 CAD aTDC and for low and part loads 

Time-resolved formaldehyde emission measurements were performed with a novel high-speed laser extinction 
diagnostic technique implemented in an optically accessible exhaust runner and demonstrated for the first time 
at catalyst-heating operating conditions in a compression-ignition engine. Figure I.13.2 shows (a) the in-
cylinder pressure signal, (b) time-resolved cyclic UHC emissions obtained with a fast flame ionization 
detector, and (c) the formaldehyde absorbance obtained by laser extinction. Starting from a five-injection 
strategy (two pilot, one main, two post) that has been optimized for catalyst-heating operation (black line), the 
injection events were systematically deactivated to quantify the contribution of each injection to the total UHC 
and formaldehyde emissions. Thus, Figure I.13.2 includes results with only the first pilot injection (red); both 
pilot injections (yellow); both pilots and main (green); and both pilots, main, and first post injection (blue). 
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ppmC – parts per million of carbon ions; EVO – exhaust valve opening; EVC – exhaust valve closing 

Figure I.13.2 (a) In-cylinder pressure, (b) time-resolved cyclic UHC emissions, and (c) time-resolved formaldehyde 
absorbance for individual injection strategies under catalyst-heating operation 

Results show that UHC and formaldehyde emissions under catalyst-heating operation are formed by two main 
sources. First, a comparison between the cases with post injections (blue and black series) and the case with no 
post injections (green series) shows that pollutants released during the first part of the exhaust stroke (from 
exhaust valve opening to 250 CAD aTDC) are formed mainly by the post injections, likely as a result of overly 
mixed regions promoted by the very long ignition delay times of these post injections that do not burn 
completely. Second, a comparison between the case with only pilot injections (red and yellow series) and the 
case with pilots and main (green series) shows that UHCs and formaldehyde released during the latter part of 
the exhaust stroke (from 250 CAD aTDC to EVC) are likely formed by the interactions between partially 
oxidized hydrocarbons from the pilot injections and the main injection. A detailed analysis of the effects of 
injection timing on emissions (not shown here for brevity’s sake) indicates that emissions from the pilot 
injections are controlled by the ability of the main injection to burn the partially oxidized species from the 
pilots, and therefore, UHC and formaldehyde emissions cannot be improved by acting only on the pilot 
injections. Furthermore, pertinent timing of first post injection is key for effective combustion of the second 
post injection. 

Based on the new understanding discussed above, the project team developed a science-driven injection 
strategy aimed to improve engine performance under catalyst-heating operation. Conceptually, the new 
strategy consists of one main combustion event near top dead center that increases the in-cylinder temperature, 
followed by a series of pilot-like short injections that counteract the effect of the expansion process on the in-
cylinder thermodynamic conditions, keeping the temperature relatively constant during expansion for better 
ignitability of post injections, which is the key to reaching high exhaust enthalpies and low UHC and 
formaldehyde emissions. Finally, a single post injection is used to increase the exhaust enthalpy. The number 
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of intermediate pilot-like injections depends on the timing of the post injection: the later the post-injection 
timing, the greater the number of pilot-like injections required to counteract the expansion effects. 

Figure I.13.3 shows the engine performance for a non-optimized example of this new strategy that consists of 
two injection events before top dead center, followed by three pilot-like injections during the expansion stroke 
and a late post injection (six injections in total for this specific example). Results obtained with the optimized 
five-injection strategy are also included in the figure for comparison. More specifically, experimental 
measurements of (a) exhaust enthalpy, (b) thermal efficiency, (c) indicated specific hydrocarbon emissions 
(ISHC), (d) indicated specific CO emissions (ISCO), (e) indicated specific NOx emissions (ISNOx), and (f) 
indicated specific soot emissions (ISPM) are included in the figure. The six-injection example improves 
virtually all the engine parameters except soot. Both the exhaust enthalpy and the thermal efficiency 
significantly increase by 4.0% and 3.5%, respectively, whereas UHC, CO, and NOx emissions decrease by 
32.1%, 14.8%, and 17.3%, respectively. Soot increases, but the efficacy of the diesel particulate filter is not 
deteriorated by cold catalyst-heating conditions, so the penalty is relatively acceptable. It is worth noting that 
the six-injection example presented in Figure I.13.3 is not the result of any optimization process, so better 
results can likely be obtained in future studies. 

 
Figure I.13.3 (a) Exhaust enthalpy, (b) thermal efficiency, (c) ISHC, (d) ISCO, (e) ISNOx, (f) and ISPM for both the baseline 

five-injection strategy (black) and the new catalyst-heating strategy (red) 

The effects of fuel’s autoignition reactivity (cetane number) and distillation characteristics (boiling range) on 
engine performance under catalyst-heating operation were also studied using five different diesel-like fuels. 
Results show that fuels with a higher cetane number and/or lower volatility give higher exhaust enthalpy and 
lower CO and UHC emissions, leading to improved catalyst-heating operation. 

Finally, Figure I.13.4 shows a picture of the heat-flux micro-sensors fabricated in this project (left), a 
schematic of the sensor structure (middle), and experimental measurements of the sensor temperature response 
(right). Sensors incorporate two layers of platinum, a resistance temperature detector (RTD) material that 
provides a measurable and consistent electrical resistance change to a change in temperature. A layer of 
insulation material between the two layers of RTD creates a temperature gradient within the sensor that is 
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proportional to the heat flux. Experiments in a well-controlled environment show that the two RTD layers have 
remarkable linearity, demonstrating a reliable response of the sensor and providing a direct measurement of 
heat flux. 

 
Figure I.13.4 Heat-flux micro-sensors (left), sensor structure (middle), and sensor temperature response (right) 

Conclusions 
• Vortex enhancement has been demonstrated to be a very effective mechanism to reduce soot 

emissions, owing to better air utilization and soot oxidation. Compared to a production SL piston, the 
improved DSL piston reduces smoke emissions by 45% at early injection timings at both low and part 
engine loads. 

• Vortex enhancement may not necessarily lead to improved thermal efficiency, as it can cause 
increased wall heat transfer losses due to higher convection in the squish region and cylinder head, 
which counteracts the positive effects of vorticity on efficiency due to faster mixing-controlled heat 
release rate. 

• UHC and formaldehyde emissions under catalyst-heating operation are formed by two main sources: 
by overly mixed regions from the post injections that do not burn efficiently, and by the interactions 
between partially oxidized hydrocarbons from the pilot injections and the main injection. 

• Improving ignitability of the post injections while keeping their timing as retarded as possible is the 
silver bullet to simultaneously improve the exhaust enthalpy and UHC and formaldehyde emissions. A 
novel operation strategy aimed to improve post-injection ignitability provided 3.5% higher efficiency, 
4.0% higher exhaust enthalpy, 32.1% less UHCs, 14.8% less CO, and 17.3% less NOx than an 
optimized five-injection strategy representative of those used in diesel engines under catalyst-heating 
operation. 

• Catalyst-heating operation benefits from fuels with higher cetane number and/or lower volatility, 
which lead to higher exhaust enthalpies and lower CO and UHC emissions. 

• A novel heat-flux micro-sensor has demonstrated reliable response for temperatures up to 200°C and 
can be combined with an existing wireless telemetry system for heat-flux engine characterization. 
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Project Introduction 
Concern for emission reduction and energy security have motivated the development of new cost-effective 
alternative sustainable aviation fuels (SAFs). Drop-in SAFs are beneficial because they are made from 
renewable biomass and waste resources and may not require engine modifications for use in current aviation 
engines. However, any new fuel must characteristically match commercial Jet-A (or A2) in order to meet the 
criteria for drop-in SAFs. Fuel chemistry effects and liquid evaporation characteristics are of particular concern 
when comparing a new fuel with Jet-A since they have a direct impact on flame stabilization. Fuel propensity 
to ignition, also defined as derived cetane number, is the most important feature impacting lean blow-off 
(LBO) in gas turbines [1]. The National Jet Fuels Combustion Program (NJFCP) proposed an alcohol-to-jet 
(C1) fuel with lower derived cetane number and liquid properties compared to Jet-A as a possible sustainable 
drop-in fuel. Large eddy simulation (LES) has been performed to study the flame dynamics in a lab-scale 
combustor at pressures close to atmospheric and inlet temperature below aero-combustor conditions [2]. 
However, mixture reactivity and low-temperature chemistry effects increase at pressures and temperatures 
relevant to aero-combustor conditions. A greater dependency of LBO on fuel chemistry (derived cetane 
number) was observed at relatively high temperatures and pressures [3]. Therefore, further investigation is 
required to identify the effects of turbulence-chemistry interactions on flame stabilization dynamics under 
those high pressures and temperatures.  

The project uses high-fidelity simulation to glean fundamental understanding of the impacts of SAFs on flame 
stabilization combustion dynamics as well as providing benchmarks for combustion model testing and 
development. The proposed configuration closely follows laboratory experiments performed at Sandia 
National Laboratories Combustion Research Facility.  

Objectives 
Overall Objectives 

• Glean fundamental understanding of the impacts of SAFs on flame stabilization combustion dynamics 
using high-fidelity simulations. 

• Perform statistical analysis of the data to evaluate, develop, and improve combustion models.  

Fiscal Year 2022 Objectives 
• Perform high-fidelity simulations of spray flames under gas turbine operating conditions. 

• Verify spray injection modeling strategy using experimental data. 
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• Identify chemical mechanisms capable of predicting flame stabilization at high pressures and 
moderate temperatures. 

• Identify mixing and mixture reactivity effects on flame stabilization dynamics. 

Approach 
While there are many different designs and operating principles for aero-pilot combustors, key features for 
flame holding or flame stabilization are employed in all designs. Colket et al. [4] describe the technologies for 
swirl-stabilized combustors used in the NJFCP as containing a central recirculation zone (CRZ) or outer 
recirculation zone (ORZ). At the top of Figure I.14.1, we depict these zones in a schematic specifically adopted 
for the Air Force Research Laboratory (AFRL) referee rig, based upon computational fluid dynamics 
simulations performed by Esclapez et al. [2]. Several streamlines from the simulations at a near LBO condition 
are depicted, which show the CRZ and ORZ nestled between the predicted evaporating liquid boundaries. 
Temperature predictions from Esclapez et al. [2] show that hotter gas temperatures advance further upstream in 
the CRZ compared to the ORZ in this case. Also, Figure 1 shows that the layer of fresh air tends to be in 
contact with the liquid region at the top for a longer distance near the ORZ compared to the CRZ, while the 
CRZ is in direct contact with the liquid region. Sandia is performing experiments of spray flames with the goal 
to replicate inlet and CRZ gas conditions within a constant-volume pre-burn vessel also referred to as the 
single-hole atomizer. 

 
Figure I.14.1 Schematic of AFRL swirl burner (top) and Sandia constant-volume pre-burn vessel (bottom) creating ambient 

gas to mimic the CRZ conditions 

The numerical investigation replicates the experiments covering take-off and cruise conditions relevant to 
modern aero-combustors, respectively 900 K and 60 bar (take-off) and 1,200 K and 20 bar (cruise). The take-
off temperature value corresponds to the conditions at the combustor inlet, whereas the cruise conditions are 
related to the CRZ region that yields a higher temperature and lower oxygen concentration of 15% in mole. 
The simulations are performed using two different codes: the commercial software CONVERGE and the low-
Mach solver of the Pele Suite, PeleLMeX, developed under the Exascale Computing Project. CONVERGE is 
used to perform LES simulations of the liquid fuel breakup process in order to provide the boundary conditions 
for PeleLMeX, and test detailed chemical mechanisms at more stringent conditions (high ambient pressure, 60 
bar). PeleLMeX uses Lagrangian multi-phase modeling to capture the liquid spray injection and adaptive mesh 
refinement to enable a cost-efficient simulation with a more refined solution. Only the cruise ambient 
conditions are simulated with PeleLMeX due to lower grid resolution requirements, compared to higher 
pressure take-off conditions. The inlet boundary condition for PeleLMeX uses both the liquid quantities 
(Sauter mean diameter, liquid temperature, and velocity) and the gas-phase thermochemical state and velocity 
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components obtained 5 mm downstream from the injector nozzle, where a dilute spray can be assumed. The 
C1 fuel with low derived cetane is compared to the reference Jet-A fuel. Reaction rates are computed with the 
reduced University of Illinois at Urbana-Champaign (UIUC) mechanisms [5], [6] for the cruise conditions 
where high-temperature chemistry is dominant. On the other hand, the take-off condition is in the negative 
temperature coefficient regime where reduced chemical mechanisms may not accurately predict ignition. For 
instance, the well-stablished chemical mechanism package HyChem [7] and the recent mechanism developed 
by UIUC [5] are still under development to accurately account for low-temperature chemistry in SAFs. In this 
case, a new chemical mechanism for C1 developed at Sandia with 443 species was tested in the context of LES 
in CONVERGE. The new mechanism uses two surrogate components to describe the liquid properties and 
chemical behavior of the C1 fuel: 0.135 isocetane; 0.865 isododecane by volume. It was reduced from the 
Lawrence Livermore National Laboratory detailed model targeting experimental results of ignition delay time 
in a shock-tube and rapid compression machine for C1, as well as pure mixtures of isododecane and isocetane. 

Results 
Take-off conditions 
Figure I.14.2 presents the comparison between the LES results and the experimental measurements in terms of 
liquid penetration evolution for the C1 fuel. Despite small differences, the combined Kelvin-Helmholtz and 
Rayleigh-Taylor breakup model provides good agreement for the liquid length. 

 
Figure I.14.2 Comparison between LES and experiment in terms of liquid length as a function of time for C1 at 900 K and 

60 bar 

One of the key difficulties in simulating SAFs in regimes where low-temperature chemistry (LTC) applies, i.e., 
60 bar and 900 K (take-off conditions), is due to the lack of a reduced chemical mechanism that correctly 
captures low-temperature ignition. Figure I.14.3 presents the comparison with the experiments for the single-
hole atomizer case at take-off conditions in terms of ignition delay time (IDT) and lift-off length (LOL) using 
the newly developed Sandia chemical mechanism for C1. Comparisons with simulations using reduced 
mechanisms were also performed but, due to the poor description of LTC, such mechanisms could not capture 
ignition at a similar time compared to the experiment, and therefore were not included in this report. The IDT 
using the Sandia chemical mechanism exhibits very good agreement with the experiment. Despite the good 
prediction of liquid length, ignition delay time, and the detailed chemical mechanism, flame lift-off length is 
under-predicted by the LES. This observation highlights the complexity involved in predicting stabilization of 
spray flames using SAFs under relevant aero-combustor conditions. Further investigation is required to 
identify the shortcomings of the LES models used to simulate this flame. Nonetheless, the Sandia mechanism 
development efforts of Fiscal Year (FY) 2022 resulted in a simulation set-up that has a closer agreement with 
experiments at take-off conditions. 
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Figure I.14.3 Comparison between experimental results and LES simulation in terms of IDT and LOL for the C1 fuel 

Cruise conditions 
The two simulations performed with PeleLMeX at cruise conditions compare the flame stabilization dynamics 
using Jet-A as reference and C1 as the sustainable fuel. The configuration reproduces in full-scale the constant 
volume vessel experiment from Sandia. The validated set up in CONVERGE (Figure I.14.2) is used to 
compute the early mixture formation and serve as a virtual boundary condition for the PeleLMeX runs. 
Information for both liquid and gas phases are used. 

The instantaneous temperature iso-contours for both fuels, presented in Figure I.14.4, show a lifted and highly 
turbulent flame with ignition pockets present near the stabilization point. C1 (on the left) exhibits a slightly 
higher lift-off height compared to Jet-A for the same ambient conditions and fuel mass flow rate. The first 
appearance of high temperature gas is observed to occur upstream of the stoichiometric mixture fraction iso-
line (dashed white line) indicating that the flame is stabilized at fuel-lean conditions. Ignition delay times 
obtained with homogeneous reactor calculations, shown by the solid lines in Figure I.14.5a, predict the most 
reactive mixture fraction 𝜉𝜉𝑀𝑀𝑀𝑀 (mixture fraction with the shortest ignition delay time denoted by the vertical 
dashed lines) [8] to occur at lean mixtures for the conditions used here. The stoichiometric mixture fraction is 
0.045 for both fuels. 

 
Figure I.14.4 Instantaneous temperature iso-contours in a cross-sectional plane at the domain center for C1 (left) and Jet-A 

(right). The dashed white line corresponds to the stoichiometric mixture fraction. 
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The mixture fraction and scalar dissipation rate (𝜒𝜒𝜉𝜉) at the stabilization point, as well as LOL, were sampled 
for different snapshots in time and different sectors in the azimuthal positions of the jet in order to compute a 
probability density functions (PDF). The dashed-dotted lines in Figure I.14.5a show that both fuels have the 
same maximum mixture fraction probability at the stabilization point which occurs at even learner mixtures 
compared to 𝜉𝜉𝑀𝑀𝑀𝑀 (vertical dashed lines). The PDF shapes indicate a narrower range of mixture fraction for 
flame stabilization for C1 which may be related to the flame response to 𝜒𝜒𝜉𝜉 . Regions closer to the 
stoichiometric mixture fraction often experience higher 𝜒𝜒𝜉𝜉  compared to the fuel-lean mixtures due to its 
proximity to the fuel injection region. However, Figure I.14.5b shows that the stabilization points of both 
flames experience similar scalar dissipation rates. It is important to note that the ignition delay time for Jet-A is 
longer than for C1 for the most probable mixture fraction at the stabilization point. Nonetheless, the lift-off 
height PDF in Figure I.14.5c shows Jet-A stabilizing closer to the injector.  

(a) (b)  (c) 
Figure I.14.5 PDFs for (a) mixture fraction at the stabilization point (dashed-dotted lines), (b) mixture fraction scalar 

dissipation rate at the stabilization point, and (c) lift-off length. In (a), solid lines correspond to ignition delay time in a 
homogeneous reactor and dashed lines correspond to the most reactive mixture fraction. 

Key scalars are doubly conditioned on mixture fraction and scalar dissipation rate to investigate the mixing 
effects on flame structure. Figure I.14.6 presents doubly conditional means for OH mass fraction (Figure 
I.14.6a) as a marker for the high-temperature chemistry and HO2 mass fraction (Figure I.14.6b) as a marker for 
mixture reactivity prior to ignition. Conditional means use the data for the entire domain. Both fuels present a 
similar distribution for OH mass fraction, with the intermediate scalar dissipation rate promoting OH 
production as also observed in other studies for different heavy hydrocarbons [9]. The conditional means for 
HO2 mass fraction show a different response of mixture reactivity with respect to scalar dissipation rate. It is 
evident that Jet-A is insensitive to scalar dissipation rate at mixture fractions corresponding to the flame 
stabilization values presented in Figure I.14.5a. At scalar dissipation rates of the order of 25 s-1 (as reported in 
Figure I.14.5b), intermediate species provide chemical support for flame stabilization of Jet-A. However, C1 
presents a small production of intermediate species at similar scalar dissipation rates (𝜒𝜒𝜉𝜉  < 100 s-1) and mixture 
fractions which could explain the narrower distribution for the mixture fraction PDF at the stabilization point 
for C1 (Figure I.14.5a). The analysis also shows an increase of intermediate species production at high scalar 
dissipation rate. Similar behavior is observed for conditional formaldehyde (not shown here).  
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(a) OH mass fraction (b) HO2 mass fraction 
Figure I.14.6 Doubly conditional means of OH and HO2 mass fraction on mixture fraction and scalar dissipation rate 

Conclusions 
The activities in FY 2022 focused primarily on the study of the flame stabilization of sustainable aviation fuels 
at aero-combustor relevant conditions. The simulations performed closely followed the Sandia experiments of 
a single-hole atomizer. 

The simulations at take-off conditions were identified to be the most challenging in terms of correctly 
predicting ignition delay time and flame stabilization due to low-temperature chemistry effects. 

• The liquid spray modeling correctly reproduced the liquid penetration measurements. 

• A more detailed mechanism for C1 developed at Sandia demonstrated good agreement with 
experiments for ignition delay time.  

• Despite the improved prediction compared to other chemical mechanisms, lift-off height is still under-
predicted when compared to experiments. 

 The simulations at cruise conditions resulted in the following conclusions: 
• Flame stabilization does not occur at the most reactive mixture fraction, and flame lift-off height is 

shorter for Jet-A compared to C1 despite stabilization occurring at the same mixture fraction. 

• C1 presented a narrower range of mixture fractions for the stabilization point, indicating a narrower 
range of operation. 

• High temperature chemistry is observed to respond similarly to scalar dissipation rate. 

• Mixture chemical reactivity upstream of the stabilization point could be an important contribution to 
differences in flame stabilization dynamics. The chemical reactivity for Jet-A, denoted by HO2 mass 
fraction, is higher than for C1 and insensitive to scalar dissipation rate for mixture fractions close to 
the stabilization point. The C1 flame presents similar levels of chemical reactivity only at high scalar 
dissipation rate. 
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Project Introduction 
Certain heavy-duty applications are difficult to decarbonize via electrification and/or carbon-free fuels. 
Challenges include lack of required infrastructure, limited available time for recharging, severe ambient 
conditions, demanding duty cycles, the need for maximum work capacity per unit powertrain mass and 
volume, and cost. These hard-to-decarbonize sectors historically have relied on diesel engines burning 
petroleum-based fuels. A pragmatic approach for reducing the pollutant and net-carbon emissions from these 
sectors is needed. Ducted fuel injection (DFI) with low-net-carbon fuels is such an approach.  

DFI involves injecting fuel along the axis of a small cylindrical duct within the combustion chamber of a diesel 
engine to achieve more complete local premixing at or near the end of the duct where autoignition occurs (see 
Figure I.15.1). DFI is capable of curtailing engine-out soot emissions dramatically, even when relatively high 
levels of intake charge-gas dilution (i.e., exhaust gas recirculation) are used to cost-effectively mitigate 
emissions of nitrogen oxides (NOx). Furthermore, the soot reductions possible with DFI are larger when 
commercially available low-net-carbon fuels, such as biodiesel and renewable diesel, are used. Hence, DFI 
with low-net-carbon fuels and dilution can enable simultaneous, order-of-magnitude reductions in engine-out 
emissions of net carbon, soot, and NOx in the near term [1], [2]. 

Despite these benefits, industry has been slow to adopt the technology because of uncertainties about efficacy 
under high-load operating conditions (e.g., see Svensson, et al. [3]). This project is aimed at overcoming 
uncertainties such that the beneficial impacts of DFI can be realized without delay. 

 
Figure I.15.1 (a) Schematic of DFI as applied to a single fuel spray in a diesel engine. (b) Image acquired through a window 

in the piston of an optical engine, showing a conventional diesel combustion spray on the left, producing a cloud of 
incandescent soot particles, and DFI on the right, producing no soot. The DFI configuration on the right corresponds to the 

schematic shown in (a). 

a.     b.  
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Objectives 
Overall Objective 
Enhance the fundamental and practical understanding of DFI to facilitate its successful and rapid commercial 
implementation to reduce net-carbon and criteria pollutant emissions from difficult-to-decarbonize, heavy-duty 
applications. 

Fiscal Year 2022 Objectives 
• Determine whether DFI can be used to curtail soot emissions at full-load conditions with a low-net-

carbon fuel. 

• Continue advancing the fundamental understanding of key physical processes governing DFI 
performance. 

• Assemble a consortium of industry stakeholders to assist in further developing DFI for successful 
commercial application.  

Approach 
The approach to achieving the above Fiscal Year (FY) 2022 objectives took three main paths. The first was to 
upgrade the peak cylinder pressure capability of the optical engine to enable DFI experiments at conditions 
representative of full-power conditions in a heavy-duty, all-metal engine. The second was to conduct 
fundamental and applied experiments—teaming with other stakeholders wherever possible—to continue 
learning about key factors influencing DFI performance and implementation. The third was to participate in 
technology commercialization training and conduct outreach to industry stakeholders to form a consortium 
focused on testing DFI for the first time in a multi-cylinder engine with low-net-carbon fuels. 

Results 
The following are key results from this project in FY 2022: 

• Upgraded the peak cylinder pressure capability of the optical engine to 200 bar to enable detailed 
experimental investigations to full-power metal-engine operating conditions. 

• Tested the upgraded optical engine to full-load conditions with a low-net-carbon fuel and measured 
45% lower engine-out soot emissions for DFI vs. conventional diesel combustion. 

• Completed the Energy I-Corps Program on technology commercialization and assembled a 
consortium to de-risk DFI for widespread deployment. Consortium members are John Deere, Clean 
Fuels Alliance America, Coordinating Research Council, Cummins Inc., and Sandia National 
Laboratories. 

Optical Engine Upgrades  
To determine whether DFI can provide substantial engine-out soot emissions reductions at full-load conditions, 
researchers increased the optical engine’s peak cylinder pressure capability from 120 bar to 200 bar. This is an 
uncommonly high peak-cylinder-pressure capability for an optical engine. Achieving it required the design, 
fabrication, and construction of two major new component assemblies: a DFI-equipped cylinder head and an 
optical piston. The new head was made from a strong, ductile cast iron, was finish-machined, and was 
equipped with a new zero-leakage common-rail fuel-injection system capable of operating to rail pressures 
>250 MPa. The new piston consists of a single-piece titanium alloy body with options for either a single-piece 
titanium alloy piston top or an optical piston-top assembly featuring a sapphire window. While the engine 
hardware was being upgraded, the experimental data acquisition hardware also was upgraded, including a new 
programmable engine controller and a 12-channel, 225 kHz system to enable engine time-series data to be 
acquired with 0.1 crank angle degree (CAD) resolution at 1,800 rpm. The new cylinder head and optical 
piston-top assembly are shown in Figure I.15.2. 
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Figure I.15.2 New 200-bar-capable engine components: (a) cylinder head (with Sandia logo) and (b) optical piston-top 

assembly. 

Optical Engine Testing 
Once the optical engine and data acquisition hardware upgrades were completed, the system was tested. After 
some initial design iterations related to piston-bowl geometry, spray included angle, and injector-tip 
protrusion, acceptable operation was achieved. The engine was then fired at 1,200 rpm and 17 mol% intake 
oxygen from 6 bar (27% load) to 22 bar (100% load) gross indicated mean effective pressure (IMEPg) under 
both conventional diesel combustion and DFI conditions. Peak cylinder pressures reached 165 bar. These peak 
loads and cylinder pressures are extremely high for an optical engine of this bore size (125 mm). The fuel used 
was a low-net-carbon blend of 80 vol% renewable diesel with 20 vol% biodiesel, denoted R80B20. Pressure 
and apparent heat-release rate (AHRR) data from these experiments are shown in Figure I.15.3. 

 
CDC – conventional diesel combustion 

Figure I.15.3 Timeseries data, 1,200 rpm, 17 mol% intake oxygen, R80B20 fuel, load sweep from 6–22 bar IMEPg. 

The emissions and efficiency data from this set of experiments are shown in Figure I.15.4. The engine-out soot 
emissions for DFI are 40%–60% lower than for conventional diesel combustion across the load range, 
including 45% lower at full load. The fuel conversion efficiency (𝜂𝜂𝑓𝑓) is also higher for DFI at the two higher 
loads. While the NOx emissions are higher for DFI, it is believed that they can be brought to parity with a 
small increase in dilution without substantially affecting soot emissions, as has been shown in past work [4]. It 
is worth noting that these are initial results from a highly non-optimized combustion system. This is evidenced 
by the rather high absolute soot levels and the fact that DFI soot reductions are only ~60% at 6 bar IMEPg, 
whereas in past experiments at this load, DFI soot reductions were ~90% [4]. Hence, it is believed that 
additional substantial soot reductions can be achieved across the load range with further refinement of the DFI 
combustion system. 

a.     b.  
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Figure I.15.4 Indicated specific emissions of soot, NOx, hydrocarbons (HC), and carbon monoxide (CO), and combustion and 

fuel conversion efficiency data for the load sweep from 6–22 bar IMEPg. 

Technology Commercialization Efforts  
To facilitate the achievement of the U.S. Department of Energy (DOE) goal of successfully bringing improved 
technologies to market as quickly as possible, the principal investigator and two colleagues from John Deere 
participated in the Energy I-Corps program (Cohort 13, Team 148). During the program, the team conducted 
77 interviews with stakeholders in the heavy-duty equipment and fuels ecosystem, with each interview 
approximately 30 minutes in duration. This helped the team identify the most promising paths to DFI 
commercialization and the stakeholders best able to move the technology into commercial applications 
quickly. The outcome was the above-noted consortium’s developing a joint proposal and securing federal and 
industry funding for a cooperative research and development agreement (CRADA) to test DFI in a multi-
cylinder John Deere engine with low-net-carbon fuels. The ultimate objective of the three-year CRADA is to 
achieve simultaneous reductions in engine-out soot, NOx, and net carbon emissions of >70% each, relative to 
the current production engine operated on conventional petroleum diesel fuel. 

Conclusions 
This project made substantial progress toward achieving DOE objectives during FY 2022. The main 
conclusions from this performance period are as follows: 

• DFI was shown to reduce soot by 45% while increasing fuel conversion efficiency at full-load 
conditions, without severe degradations in other emissions. This addresses concerns raised by 
Svensson, et al. [3], indicating that the DFI implementation in that study was not optimal and that the 
results therefrom may not be typical. 

• DFI was shown to reduce soot by ~60% at 6 bar IMEPg in the current dataset, whereas the technology 
achieved ~90% lower soot in past testing in similar conditions [4]. This indicates that the current DFI 
implementation also is not optimal and further improvement is likely possible. 

• Stakeholders from the engines and fuels industries and a DOE national laboratory have formed a 
consortium focused on successfully moving DFI with low-net-carbon fuels into commercial 
applications without delay. This indicates that DFI shows promise for providing pragmatic, clean, 
low-net-carbon power for difficult-to-decarbonize, heavy-duty applications. 
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Project Introduction 
Off-road engines must tolerate a range of various renewable fuels. Intentionally creating better fuels and better 
injectors requires an understanding of how specific fuel properties affect the spray mixing and evaporation 
processes. Renewable fuels with a lower carbon footprint, such as renewable diesel, methanol, and 
oxymethylene ethers (OME), have demonstrated successful engine operation with low particulate emissions, 
but lack of accurate fuel spray computational fluid dynamics (CFD) models using these fuels limits further 
engine and injector improvement. One key research area is understanding the combustion interaction between 
neighboring plumes, which may change with different degrees of fuel oxygenation and different low-
temperature combustion.  

Objectives 
This project utilized a research diesel injector of special design to understand the interaction between separate 
plumes, with diagnostics performed within optically accessible spray chambers. The research injector is based 
upon a stock 10-hole injector but has only four plumes. One plume is in complete isolation, with a triplet of 
regularly spaced plumes opposite (180°) this plume, resembling a “chicken-foot” hole pattern. Sets of these 
chicken-foot injectors have been provided by Cummins Inc. and Bosch to the Engine Combustion Network for 
research within multiple organizations [1].  

Specific objectives for project activities during Fiscal Year (FY) 2022 are summarized below: 

• Characterize spray, combustion, and sooting behavior of the four-hole Engine Combustion Network 
diesel injector. 

• Measure the limits of soot-free diesel combustion using OME, including detailed mixture fraction, 
upstream formaldehyde, and high-temperature combustion [2]. 

• Assess liquid penetration, ignition, and combustion for methanol diesel sprays.  

• Lead a multi-institution, international research effort on engine spray combustion called the Engine 
Combustion Network [1]. 

Approach 
Optically accessible spray chambers and advanced diagnostics are utilized for this research. The chicken-foot 
injector is mounted in a heated continuous-flow pressure vessel, as depicted in y Figure I.16.1. Pressure- and 
temperature-controlled gases flow from the bottom of the chamber to the top. Fuel vapor or combustion 
products are scavenged by this flow after injection, presenting fresh gas of controlled composition before the 
next injection and facilitating multiple injections. The temperature of the fuel injector is controlled with liquid 
cooling and an insulating jacket. With precise boundary condition control, the datasets are especially useful for 
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CFD model development. Experiments using OME fuel were performed using single-plume injectors, as 
described in [2]. 

 
Figure I.16.1 Schematic of chicken-foot injector (with plume rendering) mounted in continuous-flow pressure vessel. The 

bottom isolated plume has a reflective prism installed behind it. 

A range of optical diagnostics were applied for the chicken-foot spray experiments. Diffused backlighting 
using a light-emitting diode (LED) and engineered diffuser was employed to measure extinction from liquid in 
the vaporizing environment. As depicted in Figure I.16.1, the backlighting experiences extinction from one 
isolated plume at the bottom, or three plumes along the line of sight at the top. Simultaneous to the backlight 
imaging, Mie scatter imaging was collected from the front view (Figure I.16.1) to characterize the liquid 
position from a different view. In reacting experiments, high-speed OH chemiluminescence imaging at 310 
nm, rather than Mie scatter imaging, was performed. Time-resolved OH chemiluminescence was used to detect 
ignition and flame lift-off length.  

Results 
Example imaging results for non-reacting but vaporizing chicken-foot experiments are shown in Figure I.16.2. The 
ensemble average shows the extent of axial and radial liquid penetration at a particular time after start of injection 
(aSOI). The isolated plume at the bottom penetrates past 20 mm, as confirmed by both the side view light extinction 
and front view Mie scatter imaging. Extinction from the top plumes is more difficult to interpret from the side view 
because light extinction is caused by all three plumes along the line of sight. Nevertheless, each plume is distinct in 
the front view, although precise quantification of liquid is more difficult from the Mie scatter. 

 
Figure I.16.2 Diffused backlight imaging (left) and Mie scatter imaging (right) under non-reacting conditions. Ensemble-

averaged images at 0.865 ms aSOI. Injector conditions: 0.213 mm nozzles, 1,500 bar, n dodecane, 363 K. Ambient 
conditions: 900 K, 60 bar, 0% volume oxygen (100% nitrogen). Scale in millimeters. 



FY 2022 Annual Progress Report 

Off-Road 121 
 

In contrast to the non-reacting results, experiments with combustion are shown in Figure I.16.3. Results for 
extinction imaging and OH chemiluminescence are shown here for an instant in the same injection, rather than 
an ensemble average. A timing of 0.43 ms aSOI at the far left corresponds to the onset of high-temperature 
ignition, with distributed kernels of chemiluminescence first appearing. By 0.67 ms, distinct lifted flames are 
visible in each plume. The flames are clearly closer to the injector axis for the trio of plumes at the top 
compared to the isolated plume at the bottom, demonstrating that the flame lift-off length is shorter for the 
plume trio. The liquid extinction imaging at this same time shows a new, bright signal at the top, which is 
collected natural luminosity in addition to the diffused backlighting intensity. This bright signal is caused by 
the collective luminosity of three plumes along the line of sight, but the brightness also suggests soot 
incandescence, rather than weaker chemiluminescence, is a major contributor. The bottom extinction image 
also shows some growing background luminosity, evidence of a schlieren effect suggesting high gradients in 
temperature from the reacting flame, and shorter liquid penetration because of mixing by high-temperature 
combustion products into the spray. A decrease in liquid penetration because of reaction has been noted before 
for large-nozzle diesel injectors in Maes, et al. [3]. 

 
Figure I.16.3 Diffused backlight imaging (left) and OH chemiluminescence imaging (right) under reacting conditions. 

Conditions are the same as in Figure I.16.2, except the gas is air (21% oxygen). 

The intensity of the background soot incandescence continues to increase with increasing time. Figure I.16.4 
shows the same event from Figure I.16.3 at approximately 0.79 ms. The growing soot incandescence signal is 
confirmed in the diffused backlighting experiment, where the LED used for backlighting was disabled on 
every other frame. The frame with the LED off (displayed with brightness adjustment) shows a faint signal 
where liquid is present, for the isolated plume as well as the plume triplet. This signal is the result of flame 
luminosity reflected from the liquid. Figure I.16.2 clearly shows that liquid is present in these regions during 
injection, although there was no intentional illumination of the liquid under reacting conditions. The faint 
signal from reflected liquid is also present at 310 nm, which needs to be understood and distinguished from 
actual OH chemiluminescence to have certainty about the real flame lift-off length. While the flame clearly 
looks closer to the nozzle for the plume triplet, the scatter from liquid does obscure or soften the gradient to the 
flame itself. 
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Figure I.16.4 Imaging for the conditions of Figure I.16.3 at a later timing. 

One way to address the influence of the liquid scatter is to focus on timings immediately after the end of 
injection. Shown in Figure I.16.5 is the ensemble-averaged 310 nm emission at two timings that span the end 
of injection, which occurs at approximately 0.85 ms aSOI for the reacting dataset. Data at 0.79 ms are 
therefore potentially affected by liquid scatter, but data at 0.93 ms are not because this timing is after the end 
of injection and after liquid has vaporized. The chemiluminescence at 0.93 ms is unambiguously closer to the 
injector for the plume triplet compared to the isolated plume, confirming that flame lift-off length is indeed 
shorter for the plume triplet. Moreover, a careful examination of time sequences at the end of injection shows 
that the typical response of the flame is to recede closer to the injector after the end of injection, rather than 
lifting away from the injector. Consequently, the flame positions after the end of injection support the 
indication that the flame lift-off length is less for the plume triplet. 

   
Figure I.16.5 Ensemble-averaged OH chemiluminescence imaging at two timings near the end of injection. Conditions are 

the same as in Figure I.16.2. The red circle is provided for reference. 

This study conclusively demonstrates how plume interactions from practical fuel injectors may shorten lift-off 
length and increase soot formation. A potential reason for the shorter lift-off length is a stronger upstream air 
motion between closely spaced plumes [4], which can pull high-temperature products toward the injector tip. 
Further work to support this hypothesis will focus on the jet width and the dynamics of product motion 
between plumes. In addition, measurements of soot concentration within the plumes will be performed using 
the reflecting prism and light collection to the front view, as depicted in Figure I.16.1.  
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Conclusions 
The project has generated a large dataset documenting the liquid spray penetration, vaporization, ignition, lift-
off length stabilization and soot formation for a novel four-hole, chicken-foot injector. The new data support 
the notion that plume-to-plume interactions play an important role in practical diesel combustion systems. This 
project is increasing our understanding of the degree of interaction when using various renewable fuels with 
different levels of oxygenation. This understanding is needed to predict the response and to exercise CFD 
models that will guide design of the injectors and engine.  

Major research efforts were also conducted using oxygenated fuels OME and methanol during FY 2022. While 
there was not sufficient space to review these results in this report, an initial summary of results is provided in 
the key publication and papers, as well as in the list below.  

Overall, the major findings and accomplishments for FY 2022 in sprays and spray combustion include: 

• Development of operation in a heated flow pressure vessel for optical diagnostics from multiple 
viewing angles to assess combustion from practical fuel injectors. 

• Quantification of liquid and vapor radial and axial penetration from individual plumes of a novel four-
hole chicken-foot injector under non-reacting, vaporizing conditions, as a baseline for understanding 
combustion.  

• Plume-to-plume interaction produces lift-off lengths that are shorter than those of isolated plumes, 
thereby increasing soot formation.  

• Soot-free combustion occurs when using OME and methanol at ambient temperatures as high as 
1,200 K, where lift-off lengths are short and fuel-rich combustion occurs. 

 
The experimental data are widely available to improve CFD models used to optimize future off-road engines 
that utilize sustainable/renewable fuels.  
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Project Introduction 
Transportation is the largest source of greenhouse gas emissions from any economic sector. Transportation 
also accounts for 50% of the U.S. energy expenditures and contributes to local pollution issues with 
combustion products such as soot and nitrogen oxides (NOx). While light-duty passenger vehicles may readily 
take advantage of renewable electricity, difficult-to-decarbonize markets such as off-road, rail, marine, and 
aviation need lowlife-cycle carbon fuels (LLCFs) to reach zero net greenhouse gas emissions. Literature 
studies indicate the available biomass may sustain the future fuel needs for off-road, rail, marine, and aviation 
markets. However, major advances are still necessary to reduce the cost and carbon intensity of the conversion 
processes to create market-driven paths to decarbonization. Given the uncertainties surrounding full-scale 
adoption of LLCFs in the hard-to-electrify markets, there is a need to develop accurate fuel chemistry models 
for use by industry designers. Accuracy is particularly important for predicting the expected NOx and sooting 
tendencies of an LLCF, as these emissions can have severe impacts on local air quality, contributing to the 
inherent environmental injustice plaguing our current transportation systems. 

Objectives 
The objectives of this investigation are as follows: 

• Develop predictive kinetic models for the combustion of LLCF components and mixtures with LLCF 
components that span near-term to long-term decarbonization goals. 

• Develop predictive kinetic models for emissions, such as soot and NOx, from the combustion of 
LLCFs. 

Approach 
Typically, diesel and Jet A/A-1 are the fuels currently utilized in the U.S. transportation markets of off-road, 
rail, marine, and aviation. These fuels are complex mixtures containing several hundred components, the 
majority of which are relatively large hydrocarbons with more than eight carbon atoms. In the long term, these 
markets may adopt LLCFs, such as hydrogen and ammonia, that comprise smaller components and no carbon 
content. However, relatively more mature production pathways exist at scale for LLCFs such as renewable 
diesel and sustainable aviation fuels. In the near term, it is also likely that conventional fuels will be blended 
with LLCFs. The components of conventional fuels and LLCFs can be grouped into chemical classes including 
n-alkanes, iso-alkanes, cyclo-alkanes, and aromatics. Then, detailed chemical kinetic models can be developed 
for these selected components. These component models are subsequently merged to produce a surrogate fuel 
model that can simulate important fuel properties and emissions. This approach creates realistic surrogate fuels 
that can reproduce experimental behavior of the practical real fuels that they represent. Detailed kinetic models 
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for surrogate fuels and their emissions can then be simplified as needed for inclusion in multidimensional 
computational fluid dynamics simulations of engine combustion. 

Results 
Kinetic Modeling of LLCF Components and Mixtures 
Normal and branched alkanes are often used as surrogate fuel components for conventional fuels and LLCFs 
[1], [2], [3], [4]. The kinetic models for normal alkane components were most recently updated in [1]. 
However, LLCFs such as renewable diesel and synthetic paraffinic kerosene for the aviation market also 
feature significant amounts of lightly branched alkanes. For Fiscal Year 2022, the development of kinetic 
models for LLCF components and mixtures has focused on improving kinetic models for 2-methyl alkanes as 
potential surrogate fuel components. In previous work at Lawrence Livermore National Laboratory (LLNL), 
researchers developed kinetic models for 2-methyl alkanes containing seven to 20 carbon atoms [2]. Since the 
kinetic model of Sarathy, et al. [2] was published, additional experimental and theoretical studies have 
significantly advanced our understanding of the combustion chemistry of lightly branched alkanes. Work in 
this fiscal year was devoted to updating kinetic rate constants, thermochemical properties, and transport 
properties of the 2-methyl alkanes. 

Over 6,500 species from Wang, et al. and Sarathy were merged into a single detailed kinetic model containing 
over 11,000 species and 40,000 reactions [1], [2]. Of these species, approximately 4,500 species were unique 
to the 2-methyl alkane components. The 2-methyl alkane components required updated thermodynamic and 
transport properties to be self-consistent with the n-alkanes from Wang [1]. Given the nature of the kinetic 
model’s size, publicly available and in-house automated codes were employed to estimate new parameters for 
thermodynamic and transport properties of the species in the 2-methylalkane kinetic models. The codes were 
used to estimate new properties after updating critical information such as group additivity values used for 
thermodynamic property estimates to LLNL’s established values. Reaction rate constant rules consistent with 
Wang’s findings were also adopted for 21 reaction classes for the surrogate fuel components 2-methylheptane 
and 2-methyloctane [1]. Updates to the rate constant rules for the 2-methylalkanes with 10–20 carbon atoms 
will be completed in the next fiscal year, with the understanding that future research is subject to change based 
on funding levels. 

When available, measurements from fundamental experimental facilities such as shock tubes, burners, and jet-
stirred reactors were used to validate the updated kinetic models. For example, autoignition and laminar flame 
speed measurements are available for the surrogate component 2-methylheptane [2]. Ignition delay time 
measurements provide valuable insights into the autoignition timing and heat release rates associated with 
fuel–air mixtures. Figure I.17.1 shows validation comparisons of the 2-methylheptane kinetic model against 
ignition delay time measurements from Sarathy’s work [2]. The updated kinetic model is typically within a 
factor of two of the measurements, which is considered acceptable agreement. Further improvements to the 
kinetic model may be achieved by further optimizing the rate constant rules for 2-methyl alkanes and 
improving kinetic models for intermediate species such as olefins. Modeling flame initiation, stabilization, and 
propagation are also critical aspects of simulating combustion processes well in engines and turbines. 
Therefore, it is also desirable to validate the chemical kinetic models for diesel fuel and jet fuel components 
against flame measurements such as laminar flame speeds. Presented in Figure I.17.2 are measured laminar 
flame speeds of 2-methylheptane in air reported by Sarathy at 353 K and 1 atm with simulations using the 
detailed kinetic model updated by LLNL this fiscal year [2]. The updated kinetic model is typically within 
10% of the measurements up to an equivalence ratio of 1.1, which is considered acceptable agreement. The 
simulations for richer mixtures are typically faster than the measurements by up to 20%. It is anticipated the 
simulations would be slower, and in better agreement with the reported measurements, if multicomponent 
diffusion coefficients and radiation heat transfer effects were considered. However, these refinements are 
computationally expensive even for 1D simulations, prohibitive when using the full detailed kinetic model, and 
were not included at this time. 
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Figure I.17.1 Autoignition measurements [2] and simulations of 2-methylheptane. Simulated ignition delay times for neat 2-

methylheptane in air use a detailed kinetic model from LLNL, containing 11,183 species and 41,078 reactions, over 
equivalence ratios of 0.5–2.0 at 20 atm. 

 
Tu – unburnt gas temperature; P – pressure 

Figure I.17.2 Laminar flame speed measurements [2] and simulations of 2-methylheptane. Simulated laminar flame 
speeds for neat 2-methylheptane in air use a detailed kinetic model from LLNL, containing 11,183 species and 41,078 

reactions, over equivalence ratios of 0.65–1.5 at 1 atm. 

Kinetic Modeling for LLCF Emissions 
For Fiscal Year 2022, project researchers selected two surrogate fuel components, n-dodecane and iso-
dodecane, to improve the polycyclic aromatic hydrocarbon (PAH) and soot kinetic modeling efforts. The 
combustion chemistry of n-dodecane and iso-dodecane has been previously studied in the literature. However, 
soot formation of these two surrogate components has not been significantly explored. In collaboration with 
Professor Sung’s group at the University of Connecticut, LLNL researchers developed and validated a 
predictive soot model for dodecane flames this fiscal year. A detailed kinetic model developed at LLNL for the 
formation of PAH [5] was extended to predict soot formation and growth. The developed soot model is based 
on the discrete sectional method. Following a similar methodology to that outlined in Saggese et al. [6], heavy 
PAHs and soot particles were discretized into 20 sections of lumped species labeled BINn, where n varies from 
one to 20. There are 20 carbon atoms in BIN1 and 10 million in BIN20. Currently, a single hydrogen-to-
carbon ratio for the BINn species has been implemented, which greatly reduces the number of species and 
reactions in the model. Kinetic parameters for important reaction classes such as H-atom abstraction and 
acetylene addition, PAH addition to BIN surfaces, BIN coalescence, and aggregation were taken from 
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literature studies. The developed soot model was validated with experimental data obtained in a counterflow 
burner facility at the University of Connecticut under atmospheric pressure conditions using a laser-induced 
incandescence technique combined with a light extinction method to measure the soot volume fraction (SVF). 
The soot model has also been validated against lighter fuel components such as ethylene, n-heptane, and iso-
octane, indicating that the current kinetic model is applicable to other fuel components. To study the effect of 
alkane branching on soot formation in non-premixed counterflow flames, n-dodecane and iso-dodecane were 
studied as neat components and as binary dodecane isomer blends with an iso-dodecane liquid volume fraction 
ranging from 0.25 to 0.95 (balance n-dodecane). For all measurements, a stoichiometric mixture fraction was 
maintained below 0.5, i.e., soot formation flames were studied. The use of these mixtures maintains conditions 
such that the influence of soot particle oxidation processes is considered minor, unlike in soot formation 
oxidation flames. Figure I.17.3 shows examples of the measurements and simulations of the peak SVF for 
three dodecane fuel–air mixtures. In Figure I.17.3, the developed soot model underpredicts the measurements 
by a factor of three or less, which is typical of other cases studied and is considered acceptable. Using the 
detailed kinetic model, it is possible to explain trends in the peak SVF as a function of the blending ratio 
between n-dodecane and iso-dodecane. Intermediate species formed during the high-temperature 
decomposition of n-dodecane primarily lead to high concentrations of ethylene, while iso-butene is produced at 
significantly higher levels from iso-dodecane. Both ethylene and iso-butene can react further to form propargyl 
radicals, which quickly self-react to form benzene. Benzene is considered a foundational aromatic ring that 
leads to soot in combustion processes. However, the rate of propargyl radical formation from iso-butene is 
faster than that of ethylene. Therefore, the concentration of propargyl radicals is significantly higher in 
mixtures with more iso-dodecane than n-dodecane. The influence of iso-dodecane on propargyl radical 
formation directly leads to the increased formation of benzene and higher levels of peak SVF. 

 
Figure I.17.3 Peak SVF measurements by the University of Connecticut and simulations using the LLNL detailed PAH and 

soot kinetic model for counterflow flames of neat n-dodecane, neat iso-dodecane, and a 50:50 mixture of the two isomers. 
Horizontal and vertical axis values are unlabeled, as the measurements are currently unpublished. 

Conclusions 
• A detailed kinetic model for large 2-methyl alkanes was merged, updated, and validated against 

targets such as ignition delay times and laminar flame speeds to extend the palette of surrogate fuel 
components available for modeling complex renewable diesel and sustainable aviation fuels. 

• A kinetic model for soot formation was improved and validated against fundamental measurements of 
SVF from counterflow flame experiments with neat mixtures and binary blends of n-dodecane and 
iso-dodecane. 
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Project Introduction 
Advanced engine control, fuel injection, and combustion strategies have significantly lowered engine-out 
exhaust emission levels of internal combustion engines. However, persistent particulate matter and nitrogen 
oxides emissions, coupled with carbon monoxide and hydrocarbon emissions specific to advanced combustion, 
require improved catalytic emission control systems. These emission control systems are necessary to enable 
advanced, high-efficiency combustion strategies while minimizing the vehicle-level energy penalty associated 
with attaining applicable emissions standards.  

Objectives 
The overarching goal of this project is to help advance aftertreatment catalyst technology with high durability 
and low-temperature activity applicable to internal combustion engine exhaust systems deployed throughout 
the United States. Project support will take the form of providing the fundamental knowledge and 
understanding essential to advancing this technology. Specifically, this project is focused on developing the 
fundamental information that clarifies current barriers to aftertreatment materials and enables the pursuit of 
pathways to mitigate or circumvent those barriers through materials design. The desired outcomes of these 
efforts are to (1) understand the function of aftertreatment devices at the atomic, nano, and micro scales and 
(2) predict the integrated performance of system designs considered. Findings will enhance the ability of 
industry (across multiple markets, including off-road vehicles and equipment, rail, and marine) to offer the 
highest possible fuel efficiencies while meeting applicable mandated and upcoming emissions standards. 
Collectively, these efforts will protect the global climate, reduce U.S. dependence on foreign oil, and maintain 
U.S. competitiveness.  

Specific objectives include:  

• Developing new classes of thermally stable single-atom catalysts to reduce the use of platinum group 
metals for low-temperature oxidation. 

• Improving the performance and stability of next-generation oxidation catalysts so that engines with 
dramatically enhanced fuel efficiencies can be implemented while still meeting future 
U.S. Environmental Protection Agency emissions regulations.  

Approach 
This project builds off Pacific Northwest National Laboratory’s strong base in fundamental sciences by 
effectively leveraging capabilities from the Institute for Integrated Catalysis and the Environmental Molecular 
Sciences Laboratory. The Institute for Integrated Catalysis is the largest non-industrial catalysis organization in 
the United States, and the Environmental Molecular Sciences Laboratory is a U.S. Department of Energy 
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(DOE) scientific user facility located at Pacific Northwest National Laboratory. The project team collaborates 
closely with industry partners (BASF, John Deere, Caterpillar, and Kymanetics, Inc.) to address the important 
science questions of broad interest to industry. The project is strongly oriented toward working closely with 
industry to address fundamental issues with broad impacts on applications and commercialization. 

Results 
• Thermally stable Cu single-atom catalysts are active for CO oxidation and have the potential to 

replace or reduce the usage of platinum group metals for low-temperature oxidation. 

• The enhanced activity of single-atom Cu catalysts is due to the facile modulation of the Cu charge 
state through facile charge transfer between active site and support. 

Requiring catalysts to be both active and stable over long periods of time under variable reaction conditions, 
including high and low temperatures, is a daunting challenge due to the almost mutual exclusivity of these 
constraints. Using CO oxidation as a probe reaction, we demonstrate that thermally stable single-atom Cu 
catalysts prepared by high-temperature synthesis (atom trapping [1]) on ceria can achieve this feat by allowing 
modulation of the Cu charge state through facile charge transfer between active site and support.  

Here, polyhedral CeO2 support was prepared by thermal decomposition of Cerium(III) nitrate hexahydrate 
(Ce(NO)3·6H2O 99% purity from Sigma-Aldrich) in air at 350°C for 2 hours. The particle size was maintained 
between 0.149–0.125 mm with the use of 100 and 120 mesh number sieves. The Cu/CeO2 catalysts of 0.37, 1, 
2, 3, 6, and 10 wt% of Cu content were prepared by incipient wetness impregnation of Copper(II) nitrate 
trihydrate (Ce(NO)3·6H2O from Sigma-Aldrich) on the polyhedral ceria. After impregnation, the catalysts 
were dried in air at 150°C for 1 hour and, in the cases of 6 and 10 wt% Cu content, cooled down to room 
temperature for a second impregnation. Subsequently, the project performed calcination at 350°C, 600°C, 
700°C, and 800°C (calcination at 800°C is referred to also as atom trapping [1]) for 10 hours at a heating rate 
of 10°C/min. 

 
Figure I.18.1 (a) XRD patterns of Cu/CeO2 prepared via high-temperature calcination (800°C) at different loadings, along 

with CeO2 reference calcined at the same temperature (800°C). (b) EXAFS of the Cu/CeO catalyst with 0.37−6 wt% calcined 
at 800°C and Cu references. 

As shown in Figure I.18.1., at a loading of 2 wt% Cu on ceria, there are no x-ray diffraction (XRD) peaks 
corresponding to the CuO phase. At 6 wt% Cu, the CuO peaks start to show up in the XRD pattern (Figure 
I.18.1a), and the extended x-ray absorption fine structure (EXAFS) data also show that a Cu-O-Cu bond is 
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detected (Figure I.18.1b). The nature of the second shell atoms is critical for tuning the reactivity of the Cu 
atoms. The Cu single-atom catalyst shows the highest reactivity for CO oxidation, while the phase-segregated 
CuO is much less active. Atom trapping enhances the CO oxidation reactivity of Cu1@CeO2 because of the 
improved total and dynamic oxygen storage capacity (OSC) at low temperatures (150°C), measured by 
U.S. DRIVE protocol [2] or using a dynamic OSC procedure reported in the literature [3] (see Table I.18.1). 

Our density functional theory calculations further suggest that the modulation of the Cu charge state through 
facile charge transfer between active site and support provides the catalysts with the ability to activate either 
lattice or adatom oxygen atoms, accessing additional reaction channels as the catalyst environment changes. 
Such adaptability allows dynamic response of such catalysts, enabling them to remain active under variable 
reaction conditions. The inherent stability of the catalyst arises from the enhanced strength of the Cu-O 
interactions established by high-temperature synthesis, i.e., atom trapping, and the catalyst remains stable even 
as the Cu oxidation state varies, effectively halting sintering and deactivation. As shown here, one can 
circumvent the dilemma of designing catalysts that are simultaneously active and stable by matching the redox 
properties of the active site and support and establishing an environmental adaptability in the active sites.  

Table I.18.1 OSC in 2 wt% Cu@CeO2 Measured by Both U.S. DRIVE Protocol and Dynamic OSC Method 
(in Parentheses) 

Catalysts Surface area 
(m2/g) 

OSC at 550°C 
(µmol/g) 

OSC at 350°C 
(µmol/g) 

OSC at 150°C 
(µmol/g) 

CeO2 (800) 26.3 211 135 0 

2wt% Cu@CeO2 39.2 744 483 (149) 249 (98) 

Conclusions 
• Low-temperature CO oxidation over Cu1/CeO2 proceeds via Cu single-atom active sites trapped at 

step defects, with Cu-O-Ce being the primary active oxygen species, in the form of both lattice 
oxygen and oxygen adatoms.  

• Cu cycles between 2+ and 1+ oxidation states during its primary catalytic cycle (the “Cu-Dioxygen” 
cycle) with mostly CO-Cu2+ making up the putative most abundant surface intermediate.  

• The remarkable robustness of this catalyst results from strong anchoring of Cu to step defects and its 
ability to adapt to changes in thermodynamic conditions while always manifesting a viable low-
temperature route for CO oxidation.  
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Project Introduction 
Advanced engine control, fuel injection, and combustion strategies have significantly lowered engine-out 
exhaust emission levels of internal combustion engines. However, persistent particulate matter (PM) and 
nitrogen oxides (NOx) emissions, coupled with the unique CO and hydrocarbon (HC) emissions challenge of 
advanced combustion, require improved catalytic emission control systems. These emission control systems 
are necessary to enable advanced, high-efficiency combustion strategies while minimizing the vehicle-level 
energy penalty associated with attaining applicable emissions standards.  

Objectives 
The overarching goal of this project is to provide the fundamental knowledge and understanding that is 
essential in advancing aftertreatment catalyst technology with high durability and low-temperature activity 
applicable to internal combustion engine exhaust systems deployed throughout the United States.  

This project is focused on developing the fundamental information that clarifies current barriers to 
aftertreatment materials and enables the pursuit of pathways to mitigate or circumvent those barriers through 
materials design. The desired outcomes of these efforts are to (1) understand the function of aftertreatment 
devices at the atomic-, nano-, and micro-scales, and (2) predict the integrated performance of system designs 
considered. This will enhance the ability of industry (across multiple markets, including off-road vehicles and 
equipment, rail, and marine) to offer the highest possible fuel efficiencies while meeting applicable mandated 
and upcoming emissions standards. Collectively, these efforts will protect global climate, reduce U.S. 
dependence on foreign oil, and maintain U.S. competitiveness. Specific objectives include: 

• Demonstrating and establishing the structure-function relation of next generation selective catalytic 
reduction (SCR) catalyst technologies with superior SCR performance and hydrothermal stability. 

• Developing the necessary fundamental and applied understanding of barriers faced by current 
generation SCR materials so that their function can be accurately predicted through full useful life. 

Approach 
This project builds on PNNL’s strong foundation in fundamental sciences by effectively leveraging capabilities 
from the Institute for Integrated Catalysis and the Environmental Molecular Sciences Laboratory. The Institute 
for Integrated Catalysis is the largest non-industrial catalysis organization in the United States, and the 
Environmental Molecular Sciences Laboratory is a U.S. Department of Energy scientific user facility located 
at PNNL. The project team closely collaborates with industries (BASF; John Deere; Caterpillar; Kymanetics, 
Inc.) to address the important scientific questions of broad interest to industries. The project is strongly 

mailto:yong.wang@pnnl.gov
mailto:Siddiq.Khan@ee.doe.gov


FY 2022 Annual Progress Report 

Off-Road 135 
 

oriented towards addressing fundamental issues of broad impact to applications and commercialization by 
closely working with industries.  

Results 
• A series of seven Cu/SSZ-13 catalysts with Si/Al = 6.7 are used to elucidate key rate-controlling 

factors during low-temperature standard ammonia selective catalytic reduction (NH3-SCR), via a 
combination of SCR kinetics and operando electron paramagnetic resonance (EPR) spectroscopy.  

• Strong Cu-loading-dependent kinetics, with Cu atomic efficiency increasing nearly an order of 
magnitude, is found when per hexagonal unit cell occupancy for Cu-ion increases from ~0.1 to ~1.0. 
This is due mainly to the release of intercage Cu transfer constrains that facilitates the redox 
chemistry, as evidenced from detailed Arrhenius analysis.  

• Operando EPR spectroscopy studies reveal strong connectivity between Cu-ion dynamics and SCR 
kinetics, which leads to the conclusion that under low-temperature steady-state SCR, the kinetically 
most-relevant Cu species are those with the highest intercage mobility. Transient binuclear Cu species 
are mechanistically relevant species, but their splitting and cohabitation are indispensable for low-
temperature kinetics. 

Seven Cu/SSZ-13 catalysts (Si/Al = 6.7), denoted as Cu-1 to Cu-7 in a Cu-loading increasing manner, were 
synthesized via solution ion exchange. Table I.19.1 presents Cu quantification results, i.e., total Cu loading by 
ICP-AES and isolated CuII-ion content by EPR and hydrogen temperature programmed reduction (H2-TPR). 
Based on the total Cu contents by inductively coupled plasma-atomic emission spectrometer (ICP-AES), CuII-
ions per chabazite (CHA) cage (T12O24) were calculated, and the results are also tabulated in Table I.19.1. 

Table I.19.1 Cu Quantification Results for the Cu/SSZ-13 Catalysts 

Sample 
Total Cu 

content by ICP 
(wt%) 

Isolated Cu-
ion by H2-
TPR (wt%) 

Isolated 
Cu-ion by 

EPR (wt%) 

Cu-ion per 
chabazite 

cage 

Cu-1 0.16 0.20 0.17 0.02 
Cu-2 0.35 0.39 0.36 0.04 

Cu-3 0.64 0.66 0.64 0.07 
Cu-4 0.87 0.91 0.90 0.10 

Cu-5 1.28 1.29 1.15 0.14 
Cu-6 2.43 2.26 2.27 0.26 
Cu-7 2.75 2.72 2.58 0.30 

 
Figure I.19.1a presents standard SCR steady-state light-off curves for the seven catalysts, measured at a gas 
hourly space velocity (GHSV) of ~2×105 h-1. From Cu-1 to Cu-6, low-temperature (< 250°C) NOx conversion 
gradually increases with increasing Cu loading. Cu-7 displays very similar NOx conversions as Cu-6. Above 
~400°C, all samples show NOx conversions ≥90%. Such a high SCR selectivity is consistent with the lack of 
CuO cluster in these samples; CuO cluster is known to catalyze NH3 oxidation by O2 (4NH3 + 3O2 = 2N2 + 
6H2O), which lowers high-temperature SCR selectivity [1]. Low-temperature NOx conversion data in Figure 
I.19.1a are further analyzed using a first-order kinetic equation 𝑟𝑟 = 𝐹𝐹

𝑊𝑊
(− ln(1− 𝑥𝑥)), where F is the NOx flow 

rate (moles of NO per second), W is the mass of the catalyst (g), and x is the NOx conversion. The Arrhenius 
equation, 𝑘𝑘 = 𝑟𝑟

[𝑁𝑁𝑁𝑁𝑁𝑁]0
= 𝐴𝐴𝑒𝑒

−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅 , is used for calculating rate constants k, pre-exponential factor (A) and apparent 

activation energy (Ea), where [NOx]0 is the molar concentration of NOx in the feed [2], [3], [4]. Figure I.19.1b 
depicts the corresponding k vs. 1/T Arrhenius plots; based on which A and Ea values are derived.  
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Figure I.19.1c presents A values as a function of Cu loading. With increasing CuII-ion occupancy per CHA 
cage, A values rapidly increase and then plateau. Such a trend reflects rapid catalytic efficiency improvement 
as Cu loading increases (Figure I.19.1a). From the Ea versus Cu loading plots shown in Figure I.19.1d, Ea 
values also increase with increasing Cu loading, from ~40 kJ/mol at the lowest Cu occupancy, to ~80 kJ/mol 
as Cu occupancy approaches ~1/3 per CHA cage. Such Cu loading-dependent kinetic results are highly 
consistent with literature reports [4], [5]. 

Low-temperature catalytic efficiency is further compared among the seven samples at a temperature of 200°C. 
We chose this temperature for its technical importance; commercial Cu/zeolite SCR catalysts are required to 
display high efficiency at this temperature [6], [7]. From the light-off plots shown in Figure I.19.1a, however, 
NOx conversions over most catalysts are already far beyond differential (<20%) at 200°C. To derive rates that 
are free from reactant mass transfer limitations, temperatures at which a 20% NOx conversion is achieved on 
the various catalysts (i.e., T20) are used for a simple rate extrapolation. This is based on a reasonable 
assumption that at 20% NOx conversion, SCR over all catalysts is still free from reactant transfer limitations. 
By measuring such T20 from Figure I.19.1a and by applying Ea values derived from Figure I.19.1b, Arrhenius 

( 1 1equation l n (  1) = − ) is then used to calculate “kinetically controlled” rates at 200°C. EPR active 
2 2 1

CuII-ion contents from Table I.19.1 are used for the calculations. Atomic efficiency of the isolated CuII active 
sites displays three stages: a low efficiency stage at the lowest Cu loadings (<0.04 Cu per CHA cage), a high 
efficiency stage at the highest Cu loadings (>0.26 Cu per CHA cage), and a transition stage in between where 
turnover rate increases almost linearly with increasing Cu loading. 

Figure I.19.1 (a) NOx conversion as a function of reaction temperature for standard SCR on the seven Cu/SSZ-13 catalysts. 
The reactant feed contains 350 ppm NOx (including ~10 ppm NO2), 350 ppm NH3, 2.5% H2O, 10% O2, and balanced N2 at a 
GHSV of ~2×105 h-1. (b) Arrhenius plots derived using low-temperature NOx conversion data shown in (a), corrected using 

first-order rate expression. (c) The corresponding pre-exponential factors derived from Arrhenius analysis. (d) The 
corresponding apparent activation energies derived from Arrhenius analysis. Dashed lines in (c) and (d) are a guide to the eye. 

a b 

c d 
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Operando EPR spectra were acquired under steady-state standard SCR conditions from 100°C to 350°C at a 
GHSV of ~4×105 h-1. The operando EPR studies clearly demonstrate Cu loading and temperature dependences 
on the evolution of hyperfine and super-hyperfine spectra. Particularly, well-resolved fine structurers only 
appear on CuII species with low mobility, i.e., resolution of fine structures increases with increasing Cu-zeolite 
interactions but decreases with increasing Cu-Cu interactions (e.g., spin-spin coupling).  

From the detailed kinetics and spectroscopic discussions above, rapid CuII dynamics, characterized by the lack 
of well-defined hyperfine or super-hyperfine structures, positively links to enhanced low-temperature 
(≤250°C) SCR rates. Regarding dynamics of isolated CuI species during low-temperature SCR, we note that 
EPR is “blind” to CuI species. Therefore, operando EPR here cannot provide direct information on their 
dynamics. However, it has been demonstrated previously via ab initio molecular dynamics [8] and in situ 
impedance spectroscopy measurements [9] that CuI(NH3)2 has higher mobility than any coexisting CuII 
species. Moreover, CuI(NH3)2 mobility appears to decrease in the presence of vicinal ZNH4 [8], but increase 
with increasing Cu loading [9]. Based on these considerations, we postulate here that isolated CuI follows the 
same trend as isolated CuII, i.e., its mobility increases with increasing Cu density. Overall, increasing Cu 
occupancy (up to 1/3 Cu per CHA cage studied here) favor the formation of key reaction intermediates for 
both reduction half cycle and oxidation half cycle. As reflected in SCR kinetics, atomic efficiency of the Cu 
active centers increases almost an order of magnitude as Cu loading increases up to 1/3 Cu per CHA cage 
(Figure I.19.1b). Such a Cu mobility and atomic efficiency correlation leads to two important conclusions for 
low-temperature standard SCR: (1) when more mobile, e.g., CuII(OH)(NH3)3, and less mobile, e.g., 
CuII(OL)(NH3)3, CuII species coexist, the more mobile ones must have stronger kinetic contribution; (2) any 
operation that leads to Cu mobility decrease, e.g., lowering Cu loading, hydrothermal aging of the catalyst, 
destabilizing CuII(NH3)4 or CuII(OH)(NH3)3, will decrease intercage transfer of Cu-ions, leading to decrease in 
SCR rate.  

Standard SCR displays interesting kinetic behavior between ~250°C and ~350°C where reaction rate decreases 
with increasing temperature [4]. Based on the EPR, this is due at least partially to decreased Cu mobility as 
evidenced from the gradually loss of NH3 ligands from the Cu active sites as temperature rises, causing more 
difficult Cu intercage transfer. Note also that we have shown in the past that adding alkali cations to low Cu-
loaded Cu/SSZ-13 catalysts effectively boost low-temperature SCR rate. At least two reasons can be used to 
understand this effect. First, the presence of alkali cations weakens coulombic attractions between Cu-ions and 
zeolite support; second, alkali cations promote conversion of less mobile Z2CuII to more mobile ZCuIIOH by 
partially occupying paired Al exchange sites that Z2CuII must need.  

By assigning the most active Cu species to the most mobile Cu species capable of intercage transfer for low-
temperature SCR, it is also important to realize that such species very likely are no longer present when gas 
phase NH3 supply is cut off. Particularly, in the frequently applied titration measurements carried out on 
samples pre-dosed with NH3, or transient titrations in the absence of gas phase NH3, reactive CuII species are 
not necessarily the same as those under steady-state measurements. Therefore, one must be cautious in 
attempting to apply conclusions derived under transient titration conditions to steady-state measurements. For 
example, the “NH3 inhibition effect” identified in Zhang, et al., and Marberger, et al., discovered from 
transient titration measurements is not extrapolatable to steady-state SCR [10], [11]. Low-temperature steady-
state SCR typically displays a zero-order dependence on NH3 pressure [5], [12] rather than a negative order 
anticipated from NH3 inhibition, consistent with the kinetically relevant CuII sites under steady state being 
saturated with NH3 ligands.  

Conclusions 
• Standard NH3-SCR has a strong dependence on Cu loading in low-temperature (<250°C) kinetics. 

With increasing Cu loading from ~0.03 to ~0.3 Cu site per CHA cage, catalytic efficiency increases 
by nearly an order of magnitude. Based on detailed Arrhenius analysis, this is due primarily to the 
release of rate constrains from intercage transfer of SCR active Cu-ions. 
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• Operando EPR during steady-state standard NH3-SCR reveal strong correlations between dynamics of 
NH3-solvated CuII species and the resolution of hyperfine and super-hyperfine EPR features, where 
highly mobile status corresponds to poorly resolved fine structures. Mobility of NH3-solvated CuII 
species increases with increasing Cu loading but decreases when such species lose NH3 ligands.  

• Such characteristics correlate nicely with SCR kinetics, demonstrating strong connectivity between 
atomic efficiency and intercage mobility of Cu active sites.  
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Project Introduction 
The selective catalytic reduction (SCR) technology leads to effective reduction of nitrogen oxides (NOx) from 
diesel engine exhausts in off-road, rail, and marine applications. Cu-zeolite is one of the most active catalysts 
achieving the required NOx reductions. The recent rise in the emissions enforcement activities by regulators 
pointed out potential Cu-SCR catalyst durability concerns, especially under in-use conditions. Furthermore, the 
future regulations will be needing the SCR catalysts to maintain their high activity for significantly prolonged 
useful life. 

Fundamental understanding of the Cu-zeolite catalyst material and performance degradation mechanisms are 
imperative to design and develop more durable Cu-SCR aftertreatment architectures and new formulations to 
meet current and future NOx regulations. In the last decade, both academia and industry efforts were heavily 
focused on identification of active sites in Cu-zeolite SCR catalysts, reaction mechanisms, and kinetics. The 
critical information such as the dynamic response of the catalyst active sites and material to various long-term 
operating conditions and their degradation (typically termed as aging) is relatively less researched. 
Furthermore, the simplistic approaches used for degradation studies were inadequate to address the real-world 
catalyst changes and failures and the resulting emission deterioration. 

PNNL and Cummins have been collaborating for more than 16 years in addressing the critical issues to meet 
the future standards. PNNL and Cummins will build on this long-term collaboration in jointly tackling the 
fundamental issues related to Cu-zeolite SCR catalyst aging. 

Objectives 
Overall Objectives 

• Characterize high-mileage field-aged catalysts from Cummins to provide guidance in developing 
complex aging protocols.  

• Develop characterization tools to monitor the dynamic changes upon progressive aging.  

• Identify the cause of degradation and develop procedures to simulate real-world aging of SCR 
catalysts. 

mailto:feng.gao@pnnl.gov
mailto:Siddiq.Khan@ee.doe.gov
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Fiscal Year 2022 Objectives 
• Reveal gaps between real-world and laboratory accelerated aging via detailed kinetics studies of 

standard SCR and NH3/NO oxidation, and NH3+NO, NO2, CO titrations of the catalysts. 

• Use in situ X-ray photoelectron (XPS) and electron paramagnetic resonance (EPR) spectroscopies to 
reveal the nature of sulfur poisoning and elucidate possible mechanisms.  

• Use operando EPR spectroscopy to elucidate transformations of SCR active Cu during real-world and 
laboratory accelerated aging. 

• Develop real-world sulfur aging models that accurately describe the aging behavior of catalysts. 

Approach 
Typical Cu-zeolite SCR degradation research studies were carried out by taking simple approaches: for 
example, simulating the degradation by accelerated hydrothermal aging using high temperatures followed by 
the characterization of catalyst material and performance. Such approaches addressed gross deactivation 
trends, yet these are perceived to be inadequate to represent the dynamic changes that occur in real-world 
operation. Furthermore, a large portion of the research studies (advanced synthesis, spectroscopic 
characterization, newly developed titration methods, kinetics, density functional theory [DFT] simulation, etc.) 
were focused on probing the active sites and reaction mechanisms typically found in fresh or extremely aged 
catalysts with the intent of quickly reaching an understanding of the major underlying processes such as those 
needed for optimized and improved Cu-zeolite catalysts preparation. There was limited emphasis on the 
fundamental understanding of the dynamic processes responsible for active site degradation and the active sites 
in gracefully aged catalysts that are representative of real-world conditions, i.e., exposure to complex aging 
conditions. The above understanding is critical in developing more robust aftertreatment systems through 
design of controls, engineering solutions, and discovery of new formulations. 

This project proposes to significantly expand the scope of the previous work done at PNNL and Cummins, to 
emphasize the aged Cu-zeolite SCR catalysts and characterize them using advanced characterization tools to 
demystify the dynamic processes and reactions responsible for active site and performance degradation. The 
various work streams and research tasks include the development of complex but more representative 
simulated and accelerated aging procedures. To this end, six Cu-chabazite catalyst cores—including a 
laboratory degreened (DG); a laboratory hydrothermally aged (HTA); a laboratory hydrothermally aged in the 
presence of SOx (HTA+SOx); and three field-aged, high-mileage healthy (HM1, HM2, HM3) catalysts 
provided by Cummins to PNNL—were used as key catalyst specimens for Fiscal Year 2022 research. The 
latter four samples are sulfur-poisoned.  

Results 
We applied a wide range of catalyst characterization methods to gain atomic-level knowledge on Cu 
transformation under different aging protocols, including surface area/porosity analysis, X-ray diffraction,  
H2-temperature programmed reduction (TPR), NH3-temperature programmed desorption, solid-state nuclear 
magnetic resonance (NMR), in situ XPS, and EPR spectroscopies. We then correlated such knowledge to SCR, 
NH3/NO oxidation kinetic behavior of the catalysts. 

Low-temperature NOx conversion data in standard SCR were processed using a first-order kinetic equation  
𝑟𝑟 = 𝐹𝐹

𝑊𝑊
(− ln(1 − 𝑥𝑥)), where F is the NOx flow rate (moles of NO per s), W the mass of the catalyst (g), and x 

the NOx conversion. The Arrhenius equation, 𝑘𝑘 = 𝑟𝑟
[𝑁𝑁𝑁𝑁𝑁𝑁]0

= 𝐴𝐴𝑒𝑒
−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅 , is used for calculating rate constants (k), 

pre-exponential factor (A), and apparent activation energy (Ea), where [NOx]0 is the molar concentration of 
NOx in the feed [1], [2], [3].  

Figure I.20.1a depicts the corresponding k versus 1/T Arrhenius plots. The DG sample displays the highest 
catalytic efficacy, the HTA sample shows minor decrease, and the S-containing samples show additional 
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decrease. Based on these Arrhenius plots, A and Ea values are derived; these are presented in Figure I.20.1b 
and Figure I.20.1c, respectively. To better understand the trends, we reiterate here that standard SCR is a redox 
reaction, and both the reduction half cycle ([RHC], CuII → CuI) and the oxidation half cycle ([OHC], CuI → 
CuII) play important rate-controlling roles. Literature has clearly demonstrated that low-temperature OHC 
involves a pair of CuI(NH3)2 intermediates, which requires diffusion of two distant CuI(NH3)2 species to the 
same cage of the SSZ-13 support [4], [5]. As such, OHC rate controlling lowers atomic efficiency of Cu active 
sites. Reflected in Arrhenius analysis, OHC rate controlling leads to a decrease in A and Ea values, whereas 
RHC rate controlling leads to an increase in A and Ea values. From the A and Ea values shown in Figure 
I.20.1b and Figure I.20.1c and quantification results of isolated CuII-ions and S shown in Table I.20.1, 
hydrothermal aging appears to be less influential than sulfur aging in promoting OHC rate controlling. This 
notion is clearly reflected by the calculated turnover rates at 160°C, shown in Figure I.20.1d. As compared to 
the DG sample, the HTA displays a ~30% loss in atomic efficiency. Since these two catalysts have the same 
density of active Cu sites, this loss may be caused by Cu mobility decrease resulting from hydrothermal aging 
[6] or ammonia storage capacity drop from the minor support dealumination [7]. The S-containing catalysts 
show similar Cu atomic efficiency, ~50% of the DG sample efficiency. Atomic efficiency loss for these latter 
samples was due to combined hydrothermal and sulfur aging effects. 

 
Figure I.20.1 (a) Arrhenius plots derived using low-temperature NOx conversion data corrected using first-order rate 

expression. (b) The corresponding pre-exponential factors derived from Arrhenius analysis. (c) The corresponding apparent 
activation energies derived from Arrhenius analysis. (d) SCR turnover rates at a reaction temperature of 160°C, calculated 

using normalized rates based on first-order rate expression, and reducible Cu contents from NO+NH3 titration. 

To better reveal the nature of sulfur contamination, in situ XPS spectra were collected after reducing the HM3 
sample to 300°C, 400°C, and 500°C, respectively, with H2. This sample was chosen here because of its high S 
content, allowing both Cu and S reduction to be readily probed. As shown in Figure I.20.2a, the ambient 
sample (after evacuation) showed strong satellite peaks, suggesting that the majority of Cu species stayed at a 
+2-oxidation state. This followed since Cu with +1 or 0 oxidation states barely display satellites [8]. In the Cu 
2p3/2 regime, two features were observed with binding energies of 933.7 eV and 935.3 eV, respectively. Based 
on literature, the 933.7 eV feature is readily assigned as CuO-like species [9], [10], i.e., Z2CuII, ZCuIIOH, and 
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CuO species. The 935.3 eV peak has been attributed to Cu in CuSO4 [11]. As shown in Table I.20.1 from S 2p 
XPS analysis, the nature of sulfur species in HM3 was indeed sulfate. In addition to CuSO4, CuSO4-like 
moieties—e.g., Z-CuII-HSO4 and Z[CuII-SO4-CuII]Z—may also give rise to the 935.3 eV peak. 

Table I.20.1 Cu and S Content Determined Via Inductively Coupled Plasma (ICP) and XPS, Isolated Cu(II) 
Ion Content Determined Via EPR, and Reducible Cu Content Determined Via NO+NH3 Titration  

Catalyst 
Total Cu 

content ICP 
(wt%) 

S content 
ICP (wt%) 

 
Isolated 

Cu(II) EPR 
(wt%)* 

Reducible 
Cu 

NO+NH3 
titration 

(wt%) 

DG 2.31 - 2.32 2.27 
HTA 2.42 - 2.35 2.27 

HTA+SOx 2.38 0.14 1.83 2.09 
HM1 2.42 0.22 1.45 1.48 

HM2 2.50 0.31 1.67 1.82 
HM3 2.50 0.58 1.65 1.54 

* = normalized by excluding cordierite contamination 

 
Figure I.20.2 In situ XPS for the HM3 sample in (a) Cu 2p region, (b) Cu L3M45M45 Auger region, and (c) S 2p region 

Upon H2 reduction of HM3 at 300°C, the CuII satellites largely diminished due to ZCuIIOH and CuO 
reduction. The Cu 2p3/2 binding energy of 932.9 eV indicates that some Cu species (Z2CuII and CuSO4) 
remained at a +2 oxidation state. When the reduction temperature increases to 500°C, the Cu 2p3/2 binding 
energy reached 932.6 eV, almost identical to that of metallic Cu. Still, isolated ZCuI should remain intact at 
this reduction temperature as indicated by H2-TPR; however, CuI and Cu0 2p binding energies were hardly 
distinguishable. Figure I.20.2b presents the corresponding Cu L3M45M45 Auger transitions. The evacuated 
ambient sample displayed a few poorly resolved bands with binding energies at 571.6 eV, corresponding to a 
kinetic energy of 915.1 eV by Al Kα irradiation that is readily assigned to fully oxidized Cu. Upon reduction 
by H2, strong transitions occurred on HM3 at 568.6–568.1 eV binding energy, corresponding to kinetic 
energies of 918.1–918.6 eV that can be readily assigned to Cu0. In comparison to the metallic Cu L3M45M45 
reference spectrum, the weak and broad features that persisted on the reduced HM3 sample around 571.6 eV 
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may be attributed to Cu0; however, the new band at ~569.4 eV (kinetic energy ~917.3 eV) can be assigned to 
CuI species. Thus, the Cu L3M45M45 Auger transition appeared more sensitive than Cu 2p XPS in 
distinguishing CuI and Cu0 species. The S 2p regime spectra are depicted in Figure 2c. The evacuated ambient 
sample displays a feature at ~169.8 eV, which is readily attributed to sulfate [11], [12], [13]. This reinforced 
our assignment of the Cu 2p3/2 peak at 935.3 eV to CuSO4 and CuSO4-like species. However, this does not 
suggest that all sulfur in the sample was associated with Cu; the presence of Al2(SO4)3 cannot be excluded. 
Upon H2 reduction at 300°C and 400°C, the somewhat decreased intensity of the ~169.8 eV sulfate band, and 
the appearance of a weak sulfide band at ~161.1 eV [12], [14] pointed to sulfur reduction at these 
temperatures. This reduction becomes more significant at 500°C. 

Figure I.20.3a presents the 27Al NMR results. For each sample, at least five resonances were observed, at 
approximately 58, 45, 40, 27, and 10 ppm, respectively. In comparison to spectra acquired previously on pure 
SSZ-13 [7] and cordierite [15], the 58, 27, and 10 ppm resonances can be attributed to tetrahedral, pentahedral, 
and octahedral Al of SSZ-13, and the 45 and 40 ppm signals are attributed to (tetrahedral) Al of the cordierite 
support. Again, because of the presence of cordierite, it is difficult to quantify dealumination levels of the 
catalysts. However, the similar spectrum line shapes across the samples do not indicate significant differences 
in dealumination. Figure I.20.3b displays the NH3-TPR results. All samples showed three NH3 desorption 
states, a shoulder peak at ~220°C to desorption from weak Lewis acid sites (e.g., extra framework Al), a main 
peak at ~300°C to desorption from Cu, and another (shoulder) peak above ~400°C to desorption from Brønsted 
acid sites. A comparison between the DG and HTA samples immediately revealed that desorption from 
Brønsted acid sites greatly declines for the HTA sample. Whereas SSZ-13 support dealumination is clearly a 
possible cause for this decline, previous studies revealed that ZCuIIOH conversion to Z2CuII (i.e., ZCuIIOH + 
ZH → Z2CuII + H2O) is also an important contributor. 

 
MS – mass spectroscopy 

Figure I.20.3 (a) 27Al NMR spectra and (b) NH3-TPR results for the Cu/SSZ-13 catalysts 

Because the 27Al NMR measurements failed to provide quantitative dealumination information, NH3 
desorption yields from NH3-TPR were used to provide indirect evidence. The HTA sample had an ~16% 
decrease in NH3 storage compared to the DG sample, suggesting mild dealumination during aging. However, 
this level of dealumination is not severe enough to cause isolated CuII-ions in the HTA sample to agglomerate 
to CuO. Interestingly, the HTA+SOx, HM2, and HM3 samples showed NH3 storage almost identical to that of 
the HTA sample (the slight variations of the desorption curves can be largely attributed to different extents of 
the ZCuIIOH + ZH → Z2CuII + H2O reaction); the HM1 sample displayed the lowest NH3 storage but was still 
~90% that of the HTA sample. As such, the presence of SOx during sulfur aging mildly aggravates 
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dealumination and promotes CuO formation. Sulfur-aging-induced catalyst degradation may be attributed to 
two mechanisms.  

It is important to note that sulfur aging leads to (1) conversion of isolated Cu(II) ions to CuO clusters and (2) 
dealumination of the chabazite support. Since hydrothermal aging alone also leads to such changes, it can be 
argued that the presence of sulfur may lead to more severe hydrothermal aging effects. Based on detailed EPR 
spectra analysis of the g and A tensor values of the residual Z2CuII sites, however, the real-world high mileage 
catalysts clearly underwent hydrothermal aging less severe than the laboratory aged samples. As such, the 
additional CuO formation and support dealumination during sulfur aging was due to the formation of CuSO4-
like species and the subsequent chemistries related to such species. CuO cluster formation was likely due to 
agglomeration of CuSO4-like species to multinuclear CuSO4 clusters, and decomposition of such clusters 
during desulfation lead to CuO formation (i.e., CuSO4 → CuO + SO3). On the other hand, CuSO4-like species 
can also interact with framework Al, forming CuO and causing support dealumination (i.e., O-Al-O-CuHSO4 
→ CuO + Al2(SO4)3). 

Conclusions 
• SCR kinetics studies demonstrate that SCR active site concentration decrease for field-aged catalysts 

triggers stronger involvement of the CuI oxidation to CuII step in rate limiting, thus decreasing low-
temperature NOx-reduction efficiency.  

• XPS and EPR studies demonstrate that the real-world catalysts undergo less severe hydrothermal 
aging relative to lab-aged catalysts; however, they suffer from more severe CuO formation and 
catalyst support dealumination.  

• Such additional CuO formation and support dealumination is likely due to formation of CuSO4-like 
species and the subsequent chemistries related to such species. Possible reaction pathways are 
suggested.  
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Project Introduction 
Achieving decarbonization of the hard-to-electrify rail, marine, and off-road sectors will require a combination 
of both powertrain electrification and low lifecycle carbon fuels (LLCFs). These transportation sectors are 
challenging to electrify due to application characteristics such as large travel distances, heavy load 
requirements, longer uptime needs, and operations in remote locations that may not have the infrastructure 
needed to support electrified vehicles. Nearly all the powertrains in the rail, marine, and off-road sectors rely 
on diesel engines. While renewable diesel and biodiesel provide lower-carbon, nearly drop-in alternatives to 
petroleum-derived diesel fuel, it is unlikely they will be able to meet all the fuel demands for these sectors. 
Therefore, other LLCFs such as methanol, ethanol, ammonia, and hydrogen will play a crucial role in the 
decarbonization of these hard-to-electrify transportation sectors. Modifying diesel engine powertrains to run on 
promising LLCFs is a challenge that industry has started to address only recently. One of the key end-use 
challenges for any LLCF/engine combination is compliance with U.S. Environmental Protection Agency 
emissions regulations.  

The focus of this project is on measuring the catalytic reactivity of alcohol LLCFs and their aldehyde partial 
oxidation products over commercially relevant emissions control catalysts. The results of these measurements 
will determine if there are any challenges that need to be addressed through improved catalyst formulations or 
other aftertreatment strategies. 

Objectives 
Overall Objective 
The objective for this project is to address any emissions control challenges associated with running rail, 
marine, and off-road engines on LLCFs. 

• Measure the fuel chemistry effects of LLCFs and their partial oxidation products on a commercial 
emissions control catalyst under relevant synthetic exhaust conditions. 

• Identify and evaluate potential alternative emissions control solutions to handle the unique emissions 
from promising LLCFs. 

Fiscal Year 2022 Objectives 
• Measure the catalytic reactivity of alcohol LLCFs and their aldehyde partial oxidation products over a 

commercially relevant, aged diesel oxidation catalyst (DOC). 

• Publish results from prior investigations of Co-Optima blendstock fuel reactivity on emissions control 
catalysts. 
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Approach 
This project utilizes targeted synthetic exhaust flow-reactor studies to (1) evaluate the reactivity of LLCFs on 
commercial emissions control catalysts to identify fuels and operating conditions that could lead to emissions 
challenges and (2) to develop potential alternative emissions control solutions to handle the unique emissions 
from promising LLCFs. The synthetic exhaust gas flow reactor systems are designed to offer maximum 
flexibility to mimic the exhaust conditions expected in transportation applications and further allow the 
exploration of the boundary conditions associated with the candidate emissions control systems. Great care has 
been taken to ensure the results from the flow reactors will correlate well with engine-based studies.  

Results 
Fiscal Year 2022 Accomplishments 

• Measured the catalyst light-off and light-down temperatures for 13 LLCFs (Table I.21.1) and a 
baseline C10 (molecule with 10 carbon atoms) equivalent of a surrogate diesel blend (49% n-decane, 
24% decalin, 27% tetralin).  

• Demonstrated that promising LLCFs such as alcohols and polyoxymethylene ethers (POME) start 
reacting at low temperatures over the DOC but can generate less reactive and potentially toxic 
aldehyde intermediates.  

• Investigated the impact of LLCFs on other criteria pollutants and found that CO oxidation is not 
typically inhibited by the LLCFs. 

Table I.21.1 LLCFs Evaluated on a Commercial DOC under Exhaust-Relevant Lean Conditions 

Prior work by Oak Ridge National Laboratory (ORNL) researchers on fuel chemistry effects on emissions 
control catalysts has shown that changes in fuel composition can introduce new emissions control challenges 
and opportunities. The fuel reactivity on an emissions control catalyst was reported to be sensitive to its 
chemical structure and to the exhaust composition [1], [2], [3]. As vehicles powered by combustion engines 
running on LLCFs will still need to meet the stringent pollutant emissions regulations, understanding the 
emissions control catalyst efficiency in handling LLCFs and their products of incomplete combustion is 
essential.  

To quantify the impacts of LLCFs on emissions control catalyst performance, synthetic exhaust flow reactor 
experiments were conducted according to industry-developed protocols [4]. A commercial DOC was used to 
measure the reactivity of the LLCFs. Prior to the light-off/light-down experiments on the automated synthetic 
exhaust flow reactor system, the DOC was aged for 50 h at 800ºC under lean conditions. The light-off/light-
down temperatures of the LLCFs on the aged commercial DOC were measured under the full synthetic exhaust 
composition shown in Table I.21.2. The LLCFs investigated in this study include a wide range of chemical 
structures including alcohols and their partial combustion products (aldehydes), ethers, esters, alkanes, and 
aromatics (details in Table I.21.1). In addition to the LLCFs, a surrogate diesel blend containing 49% n-
decane, 24% decalin, and 27% tetralin was used as a baseline for comparison. This surrogate mix consists of 
the C10 (10 carbon atoms) equivalents of the chemical structures found in a surrogate developed elsewhere [5].  

  

Functional 
Group alcohols 

aldehydes  
(partial combustion 

products) 
POME esters 

alkanes 
aromatics 

linear cyclic 

LLCFs 

methanol 

ethanol 

isobutanol 

formaldehyde 

acetaldehyde 

isobutyraldehyde 

dibutoxy-
methane 

methyl octanoate 

pentyl pentanoate 

n-decane decalin tetralin 

n-propyl 
benzene 
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Table I.21.2 Synthetic Exhaust Compositions 

 

LTC-D – low-temperature combustion (diesel), SV – space velocity, h – hour 

The light-off curves for methanol (purple), ethanol (red), and isobutanol (orange) in Figure I.21.1a showed that 
the alcohols start oxidizing over the DOC at lower temperatures than the surrogate diesel baseline (grey). 
Interestingly, they exhibit distinctly different light-off behaviors. The light-off curve for methanol is very 
steep, and it lights off the earliest among the alcohols investigated. Ethanol, on the other hand, reacts over a 
wide range of temperatures (>120ºC), likely due to the formation of intermediates, which are harder to oxidize. 

 
FID – flame ionization detector 

Figure I.21.1 (a) Non-methane organic gases (NMOG) conversion of a C10 diesel surrogate and LLCF alcohols such as 
methanol (purple), ethanol (red), and isobutanol (orange) with (b) corresponding FTIR aldehyde traces over an aged 

commercial DOC under lean conditions. Source: Sreshtha Sinha Majumdar, ORNL. 

Component Pretreatment Lean (LTC-D) 

O2 12% 12% 
CO2 6% 6% 
H2O 6% 6% 
CO -- 0.2% 
H2 -- 0.04% 
NO -- 0.01% 

HC (C1 basis) -- 0.3% 
SV 30,000 h-1 30,000 h-1 



Decarbonization of Off-Road, Rail, Marine, and Aviation (DORMA) 

150 Off-Road 

 

Prior work has shown that alcohol oxidation via the dehydrogenation pathway leads to the formation of 
aldehydes as an intermediate product [1]. The aldehyde traces in Figure I.21.1b from the Fourier Transform 
Infrared (FTIR) spectrometer—which allows differentiation of the organic species in the outlet gas of the flow 
reactor—provide qualitative insights into the aldehyde intermediates formed during oxidation of alcohols. 
Aldehydes were formed starting at very low temperatures for all three alcohols. In the case of ethanol, 
significant levels of acetaldehyde formation occurred, and much higher temperatures were required to fully 
oxidize the acetaldehyde. The acetaldehyde observed in the FTIR trace during isobutanol oxidation was likely 
isobutyraldehyde (an isobutyraldehyde FTIR method was not available). 

To better understand the aldehydes’ catalytic reactivity, formaldehyde, acetaldehyde, and isobutyraldehyde 
were introduced as part of the synthetic exhaust feed. Figure I.21.2 summarizes the temperatures at which 10% 
(T10, bottom of vertical bar), 50% (T50, “X” symbols), and 90% (T90, top of vertical bar) of the alcohols and 
aldehydes were converted over the DOC. Stable formaldehyde delivery is extremely difficult to achieve and 
not widely reported in the literature. ORNL researchers were able to attain a stable concentration of 1,000 ppm 
formaldehyde (as compared to 3,000 ppm C1 [molecule with one carbon atom] for the other alcohols and 
aldehydes) in the synthetic exhaust mixture. Methanol and formaldehyde were the most reactive of all the 
organic species investigated in this study. Acetaldehyde had a higher T10, T50, and T90 than ethanol and 
underwent complete oxidation only above 300ºC. Similarly, isobutyraldehyde also oxidized at temperatures 
higher than isobutanol, indicating that both acetaldehyde and isobutyraldehyde are less reactive than their 
corresponding alcohols. Aldehydes were also observed (results not shown) with other oxygenated LLCFs 
containing a methoxy group (-OCH3). Aldehyde formation in-cylinder in an engine and over the oxidation 
catalyst could be an issue when exhaust temperatures are low, such as during cold-start or at idle. Future work 
will focus on new oxidation catalyst formulations that may be better at handling some of these unique 
emissions from LLCFs. 

 
Figure I.21.2 NMOG light-off temperatures of methanol (dark purple), ethanol (dark red), isobutanol (orange), and their 

partial oxidation products formaldehyde (light purple), acetaldehyde (light red), and isobutyraldehyde (gold) over an aged 
DOC under lean conditions. The gray rectangle and dashed line indicate the light-off temperatures of the surrogate diesel 

mixture. Source: Sreshtha Sinha Majumdar, ORNL. 

The impact of LLCF reactivity on other criteria pollutants such as CO and nitrogen oxides (NOx) was also 
investigated (not shown). Overall, the LLCFs studied did not inhibit CO oxidation on the DOC. Additionally, 
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appreciable levels of N2O formation from NOx reduction were not observed with the LLCFs examined in this 
study. 

Conclusions 
• LLCFs can create both challenges and opportunities for emissions control. 

• DOC reactivity depends on the chemical structure of LLCFs. 

• Alcohols start reacting at low temperatures on the DOC. 

• Methanol is the most reactive among the LLCFs investigated. 

• Significant levels of acetaldehyde are formed as ethanol lights off. 

• Acetaldehyde and isobutyraldehydes are less reactive than ethanol and isobutanol. 

• LLCFs with methoxy groups form aldehyde intermediates during oxidation. 

• LLCFs do not typically inhibit CO oxidation or form appreciable levels of N2O. 
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Project Introduction 
Testing powertrains with innumerable combinations of hardware components and real-life conditions is a 
cumbersome, time-consuming, and expensive process [1], [2]. These limitations to actual testing create the 
need for alternate means; one solution is to use hardware-in-the-loop (HIL) simulation. HIL simulation refers 
to the methodology of testing a subsystem that co-exists in a simulation environment and mimics actual real-
life conditions. This methodology is especially useful when it is not possible to model the subsystem in 
question. HIL minimizes, or in some cases eliminates, the hazards involved in actual testing and ensures 
system and personnel safety while system responses to extreme procedures are evaluated. HIL testing is hence 
being increasingly adopted in the industry and in research for fine-tuning new technology. 

The Powertrain Research Facility (PRF) at Argonne National Laboratory is being set up with HIL capability 
for system-level and drive-cycle technology evaluation for off-road (mining) and marine applications. This 
work will be crucial to fulfilling the mission of the Decarbonization of Off-Road, Rail, Marine, and Aviation 
(DORMA) program. Integration and optimization at a vehicle and system level, regardless of power source 
(e.g., internal combustion engines [ICEs], fuel cells, or batteries), is important to decarbonize these non-road 
machines with very distinctly different duty cycles. The upgraded PRF will provide unique research 
capabilities at a U.S. national laboratory.  

Objectives 
There has been an increasing focus on decarbonizing ICEs for on-road applications to reduce greenhouse gas 
emissions (thereby keeping global warming well below 2°C), and this interest is now reaching many 
applications in off-road sectors as well. The transition of ICEs from fossil fuels to alternate fuel sources such 
as hydrogen and renewables, with the goal of becoming CO2-neutral or CO2-free, is becoming increasingly 
apparent. This change will bring challenges associated not only with the fueling infrastructure but also with 
engine and emission control technologies, which must be developed and deployed if we are to replace 
conventional fossil-fueled ICEs.  

Overall Objective 
The objective of this project is to enable net-zero-carbon, fuel-efficient design for hydrogen ICEs for off-road 
(mining) and marine applications using HIL PRF for system-level and drive-cycle-appropriate technology 
development. 

Fiscal Year 2022 Objectives 
• Commission a new Vieletech test cell control system: 

o Install the Vieletech test cell control system and software. 
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o Enable operation of engines coupled to the dynamometer (dyno) with the Vieletech control 
system. 

o Actuate test cell ancillaries. 

o Stream and capture all test cell data. 

o Commission a National Instruments (NI) indication system (the Combustion Analysis System). 

o Establish an interface between the Vieletech LabVIEW system and Navistar engine control unit.  

• Commission an HIL powertrain test cell control system. 

• Develop a LabVIEW interface with Autonomie/RoadRunner (d-Space only currently). 

Approach 
The HIL capability demonstration will be conducted in two parts: 

1. New Vieletech control system 

a. Install PXIe (PCI [Peripheral Component Interconnect] eXtensions for instrumentation) and new 
personal computer (PC) hardware. 

b. Install Vieletech control system hardware. 

c. Install the power supply box. 

d. Implement Vieletech software. 

e. Attain steady-state operation of a Navistar engine. 

2. HIL integration 

a. Develop a LabVIEW plug-in for Autonomie. 

b. Commission the interface. 

c. Run a driving cycle using HIL. 

Results 
In Fiscal Year (FY) 2022, the Argonne research team moved the Vieletech control system from a light-duty 
automotive test cell to realign research objectives to off-road, heavy-duty ICEs. Effort went into 
decommissioning the newly installed hardware for light-duty work and reconfiguring a heavy-duty, high-
horsepower test cell. This test cell was controlled using a dated Wineman and proprietary software from an 
original equipment manufacturer; the software was uninstalled and the Wineman was decommissioned after 
the project end date. Subsequently, the new Vieletech hardware and software were installed, and ancillary 
equipment was upgraded to support HIL testing. The schematic and layout of the HIL test cell are shown in 
Figure I.22.1 and Figure I.22.2 below, respectively. The Vieletech system uses NI hardware and LabVIEW to 
control the 623 hp alternating current (AC) dyno and other supporting equipment. 
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Figure I.22.1 Schematic of powertrain research facility 

 
SOC – state of charge; APP – accelerator pedal position; BPP – brake pedal position; CAN – controller area 

network; I/O – input/output 

Figure I.22.2 Conceptual rendering of HIL capability 

A dyno-ready Navistar engine was borrowed from Navistar to replace the SuperTruck 2 engine and used as a 
mule platform with a production engine control unit (ECU). The engine was mounted on the bedplate and 
coupled to the AC dyno and is ready for testing. 

Conclusions 
The Vieletech controller has been installed and checked for functionality. Building ancillaries are functioning 
as intended. The commissioning of the PRF is pending the support of the original equipment manufacturer to 
interface between the ECU and the Vieletech controller. In FY 2023, new hardware will be procured to 
demonstrate drive-cycle capability. This hardware includes a dSpace microAutoBox that can run Autonomie 
models and control device under test. HIL capability will be demonstrated by integrating Autonomie software 
for heavy-duty off-road drive cycles. Additionally, the project team will initiate provisions for increased-
capacity hydrogen fuel storage and delivery to the engine and install a hydrogen-ready production Cummins 
6.7 L engine. 
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Project Introduction 
Heavy-duty diesel engine manufacturers are continuously in pursuit of simple and low-cost technologies that 
can reduce emissions. Ducted fuel injection (DFI) and cooled spray (CS) technologies are two technologies 
that continue to show promise for significant particulate emissions reductions [1], [2]. These technologies 
represent a breakthrough in diesel engine combustion with the potential for nearly sootless diesel combustion. 
This can provide a significant decrease in harmful particulate matter emissions and may enable further system 
optimization for reduced NOx emissions and increased efficiency. Combustion vessel experiments and engine 
demonstrations at Sandia National Laboratories, together with the large bore engine tests performed by Wabtec 
Corporation, show that this technology may be applicable to heavy-duty diesel engines across a wide range of 
engine sizes and speeds representing the majority of off-road diesel engines. However, very little is known 
about the ideal geometry, scaling properties, or effectiveness of these technologies over the engine operating 
map. This project addresses those uncertainties through a series of experiments performed in an optical and a 
metal single-cylinder engine.  

The second year of this program has focused on evaluating some CS configurations in the Wabtec metal 
engine and commissioning the new engine hardware for the optical engine. Four CS inserts were tested in the 
metal Wabtec engine. Some inserts were tested with more than one alignment and nozzle flow, and tests were 
performed at many different operating conditions. The team has learned important details about the impact of 
alignment and geometry on the soot reduction potential of the components. Performance benefits have been 
observed at some conditions, and continuous progress is being made in terms of improved performance at 
other operating conditions. The optically accessible engine has been commissioned with updated hardware, 
and a sample image taken with a high-speed camera is included in this report. DFI has been tested in the 
optical engine, and future studies will focus on testing DFI and CS for the injector geometries and 
thermodynamic conditions of interest in this study.  

Objectives 
Overall Objectives 

• Provide critical dimensional scaling guidance for DFI and CS technologies. 

• Demonstrate more than 75% particulate matter reduction over a range of operating conditions using 
CS technology. 
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Fiscal Year 2022 Objectives 
• Evaluate at least three CS configurations in a Wabtec metal engine. 

• Quantify the performance impacts of CS components over the engine operating map. 

• Demonstrate at least 50% soot reduction for some operating conditions using CS. 

• Compare conventional diesel combustion to DFI in the optical engine at higher loads with larger 
injector orifices than previously demonstrated. 

Approach 
The optical engine at Sandia National Laboratories is a scientific tool that will enable detailed investigation of 
the combustion behavior of DFI and CS components. This is an ideal apparatus for exploring dimensional 
scaling studies. The engine is being upgraded as part of this project to enable operation at high speed and load 
(up to 24 bar gross indicated mean effective pressure [IMEPg], 1,800 RPM). Optical access and state-of-the-art 
imaging diagnostics will enable the team to visualize the effect of geometric changes in both the hardware 
design (e.g., length and/or diameter of the ducts in DFI) and also changes to the injector (nozzle hole size) that 
are representative of larger or smaller engines. This data will be used to develop scaling correlations and also 
correlate performance between DFI and CS.  

The metal single-cylinder engine installed at Southwest Research Institute will be used to explore the 
performance of CS hardware over the engine operating map. This engine is equipped with full-sized hardware 
from a Wabtec diesel engine, but the one-cylinder research engine enables faster and lower-cost testing of 
prototype hardware. Evaluations will be performed to identify a CS candidate for this engine, and then the 
performance will be studied over the operating map to determine how well the technology performs. Iterations 
are planned so that improved geometries can be explored over the operating map. Many CS design variants are 
being generated in parallel, and ongoing testing will evaluate a subset of those designs. Additionally, a series 
of experiments will be performed where the metal and optical engines operate under similar thermodynamic 
conditions with similar injector orifice sizes. Test results from the metal engine will be used to validate 
performance on real engine hardware at real engine conditions. 

Results 
Key accomplishments for Fiscal Year (FY) 2022 are listed below: 

• Acquired baseline performance data for the supplemental engine test (SET) for exhaust gas 
recirculation (EGR) and non-EGR conditions in the Wabtec metal engine. 

• Tested four CS inserts and showed filter smoke number (FSN) reductions of up to 75% at some 
conditions. 

• Built and tested a new cylinder head for the optical engine with increased firing pressure capability 
and a rotational stage for mounting DFI and CS components. 

• Built a new optical piston with 200 bar cylinder pressure capability; tested to 165 bar firing pressure. 

• Tested DFI in the optical engine from 6 bar to 22 bar IMEPg, showing 40%–60% soot reduction. This 
is the first time DFI has successfully demonstrated significant soot reduction at this high of a load.  

Metal Engine Testing 
To demonstrate the performance impact of the CS inserts, baseline non-CS data is needed at all the operating 
conditions of interest. Hence, the first engine tests on the Wabtec metal engine were baseline performance tests 
for EGR and non-EGR conditions. The baseline data were recorded for the 13 operating conditions described 
in the SET [3]. Results for non-EGR operation are shown in Figure II.1.1. The weighted NOx emissions scale 



FY 2022 Annual Progress Report 

Rail 159 
 

primarily with power and weighting factor of the SET, where the middle speed has higher weighting and the 
power scales up in proportion to torque. The soot emissions show a different trend, such that a significant 
amount of soot is generated at low torque and high engine speed. This suggests that the CS hardware should be 
particularly effective at the low-load, moderate- and high-speed conditions for non-EGR operation. 

 
Figure II.1.1 NOx and soot performance data for non-EGR operation in the Wabtec metal engine 

Similar performance data are shown in Figure II.1.2 for EGR operation. In these tests, the EGR level was 
maintained at ~25%–30% for all conditions except idle, which did not use EGR. The EGR results show a 
different trend compared to the non-EGR results. The NOx emissions are more evenly spread over the 
operating conditions without strong correlation between emissions and power. The moderate-speed, medium-
load cases have the highest soot emissions; however, the soot emissions are also more evenly spread over the 
operating conditions. Thus, for EGR operation, the CS inserts will need to be fairly effective at all operating 
conditions to provide the most benefit. It is interesting to note that the lowest-speed conditions generally have 
the lowest NOx and soot emissions. 

 
Figure II.1.2 NOx and soot performance data for EGR operation in the Wabtec metal engine 

After the baseline tests were completed, various CS insert designs were tested on the engine, and the geometry 
differences are summarized in Table II.1.1. The inserts have multiple air and fuel passages, but the fuel 
passage geometry is of primary importance for these studies. The first two inserts had drilled fuel passages 
with either a 2 mm or 1 mm diameter. Initial test results showed that Insert 2 (1 mm fuel passage) had poor 
overall performance while Insert 1 (2 mm drilled passages) had performance improvement at some conditions 
and degradation at other conditions. The second two inserts had fuel passages that were printed rather than 
drilled. Due to the rough surface finish of printing internal passages, the inserts were printed with undersized 
fuel passages that were hydro-eroded to the final dimensions. Insert 3 was printed with a converging inlet 
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section followed by a straight section while Insert 4 was printed with a cylindrical fuel passage. Both inserts 
with the printed passages had a nominal fuel passage diameter of 2.7 mm at the exit. However, with the hydro-
grinding process, the inlet and outlet section developed a diverging opening. Comparing the drilled and printed 
fuel passages, the authors expect that the printed passages will be more precisely aligned in the insert, but with 
more variability in fuel passage diameter compared to the drilled passages. Measurements being made in FY 
2023 will allow comparison of characteristics of the fuel passages for the two manufacturing methods. 

Table II.1.1 Summary of Cooled Spray Geometries Tested 

Configuration Fuel Passage 
Inlet D [mm] 

Fuel Passage 
Outlet D [mm] 

Fuel Passage 
Manufacturing Method 

Nozzle Orifice 
D [mm] 

Misalignment 
Tested [mm] 

Insert 1 2 2 Drill 0.32, 0.29 0.06, 0.37, 
0.22, 0.08 

Insert 2 1 1 Drill 0.32 0.14 

Insert 3 3.2 2.7 Printed/Honed 0.29 0.18 
Insert 4 2.7 2.7 Printed/Honed 0.29 0.1 

The inlet and outlet diameters refer to the diameters of the fuel passages at the inlet where the fuel enters the 
passage and the outlet where the fuel leaves the passage. 

Sample results from Insert 1 (2 mm drilled fuel passages) are shown in Figure II.1.3. The three conditions 
shown here are the full torque conditions at 1,200, 1,500, and 1,800 RPM. For the baseline measurements, an 
injection timing swing was performed to illustrate the NOx/FSN tradeoff for the baseline engine. Any data that 
falls below or to the left of the baseline tradeoff represents an emissions improvement, while data that falls to 
the right or above the baseline tradeoff points represents an emissions degradation.  

Two sets of CS data are plotted in Figure II.1.3. One data set, which contains only one data point, had a 
misalignment of approximately 0.37 mm (as estimated using a borescope). For this condition, there was 
approximately an eightfold increase in FSN compared to the baseline. There are multiple data points plotted in 
the Mode 2, 8, and 10 plots showing the performance data of the 0.22 mm misalignment case. These data show 
some interesting trends. First, comparing the 0.22 mm and 0.37 mm misalignment data at Mode 8, it is clear 
that a small amount of misalignment leads to a significant increase in emissions. Thus, it is likely that 
alignment sensitivity will be important when comparing designs. 

 
Figure II.1.3 NOx versus FSN for three operating conditions comparing cooled spray Insert 1 to baseline non-cooled spray 

operation 

The other key observation from Figure II.1.3 is that the CS insert is showing a 75% FSN reduction at Mode 2 
(100% torque, 1,200 RPM). This is a significant achievement, illustrating the soot-reduction potential of the 
technology. However, at Mode 8 the emissions are similar between CS and the baseline, and at Mode 10 the 
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FSN increases 40%. Hence, more work is required to demonstrate performance improvements over all the 
operating conditions.  

Figure II.1.4 summarizes the performance change of some of the CS configurations compared to the baseline. 
The first hardware configuration, 0.22 mm misalignment, is the same hardware configuration evaluated in 
Figure II.1.3. Note that this hardware configuration shows a performance penalty at most conditions. Given the 
improvement in performance that was observed from 0.37 mm to 0.22 mm misalignment, an additional series 
of tests were performed with even better alignment (0.076 mm misalignment) that resulted in operating 
conditions for EGR and non-EGR operation where the performance improved. However, performance 
degradation was also observed at many operating conditions. The last hardware configuration compared here is 
for the converging insert (Insert 3). For the alignment used (~0.18 mm misalignment), this hardware showed 
performance improvement at many conditions for both EGR and non-EGR operation, illustrating that—as the 
design is refined and alignment improves—the overall performance of the CS hardware is improving. 

 
Figure II.1.4 Summary of performance change of cooled spray inserts compared to baseline. Green crosses indicate 

improvement, yellow dashes indicate performance parity, and red Xs indicate performance degradation. 

Optical Engine Modification and Testing 
Most of the effort at Sandia during this reporting period was focused on upgrading the optical engine for 
operation at higher firing pressures and higher loads, preparing for the two-duct DFI and CS experiments, and 
assisting the team with DFI combustion-system design and alignment details. A new cylinder head was 
designed with a novel mechanism for mounting DFI and CS hardware to facilitate fast, precision alignment. A 
new optical piston was fabricated to withstand the higher peak cylinder pressures of interest in this project 
(Figure II.1.5). The optical engine was operated to peak cylinder pressures of 165 bar with both conventional 
diesel combustion and DFI combustion (a significant achievement for an optical engine of this bore diameter), 
setting the stage for two-duct DFI and CS experiments early in FY 2023. Two-duct DFI modules were 
designed and submitted for finish-machining, and two-duct CS module design was initiated. DFI was tested 
with the new optical piston from 6 bar to 22 bar IMEPg, and 40%–60% lower soot was observed versus 
conventional diesel combustion. To this team’s knowledge, this is the first time DFI has demonstrated 
significant soot reduction above 20 bar IMEPg. The project team believes that, through continued design 
improvements, additional and significant DFI and CS performance benefits will be possible. 
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Figure II.1.5 Image of the new high-pressure optical piston (left). Combustion image for a four-hole injector using the new 

high-pressure optical piston (right). 

Conclusions 
Conclusions for FY 2022 are as follows: 

• Multiple CS configurations were tested on the metal engine, showing up to 75% soot reduction at 
some conditions but soot increases at other conditions. 

• The new optical engine hardware was commissioned for both conventional diesel combustion and DFI 
at higher load conditions. 

• Metal and optical engine results are showing promising soot reduction for DFI and CS. 
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Project Introduction 
Millions of miles are covered on railroads every day to transport goods and people very efficiently. According 
to the Association of American Railroads, railroads are 3–4 times more efficient at moving freight than trucks 
[1]. Rail consumes around four billion gallons of diesel per year in North America [2], which translates to 
about 90 billion pounds of CO2 emissions annually. The increasing focus on decarbonization of the internal 
combustion engine (ICE) for on-road applications—with the goal to reduce the greenhouse gas emissions to 
keep global warming well below 2°C—has also reached many applications in the off-road sectors, including 
rail. Essentially, the use of pure fossil-fueled engines must be reduced drastically, and with that, the 
deployment of ICE must become CO2-neutral or CO2-free. This change will bring challenges not only to the 
fueling infrastructure but also to engine and emission-control technologies that must be developed and 
deployed in order to replace conventional fossil-fueled ICEs.  

Argonne National Laboratory entered in an advanced rail/marine research partnership with industry and is 
actively working toward enabling zero-carbon/low-carbon fuel-efficient engine designs for compression 
ignition in a dual-fuel mode to decarbonize the rail sector. Among the potential solutions that can achieve 
decarbonization of the rail sector is the use of methanol fuel. Methanol can be sustainably produced as a 
biofuel, as it can be made from cellulose (which does not compete with food sources). It can also be 
synthesized from CO2 and hydrogen. The proposed work will focus on lowering the carbon impact of ICEs by 
using environmentally sustainable fuels such as methanol and dimethyl ether (DME) in a dual-fuel mode. 

Objectives 
Overall Objective 
The objective of this new project is to develop and evaluate the performance of a dual-fuel technology in the 
Progress Rail 1010J single-cylinder, four-stroke locomotive engine (1010J-SCE) using methanol and DME 
fuels. The experimental work will focus on making modifications to the 1010J-SCE engine and the facility 
where the engine is housed to enable the use of the dual-fuel technology. Direct-injected methanol will be used 
as the main fuel, while DME will act as an ignition source. This work will have several stages as identified in 
the following bullets: 

1. Initiate provisions for methanol fuel storage and delivery to the engine, working with Progress Rail to 
adapt the engine to a direct-injection fuel technology for the four-stroke 1010J-SCE. 

2. Install a DME fuel system (including storage, measurement, and control) for DME pilot ignition of 
direct-injected methanol. 
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3. Evaluate initial engine performance using the 1010J-SCE fueled with methanol and compared to the 
baseline diesel tests. 

4. Modify the 1010J-SCE engine with variable valve actuation for future combustion optimization. 

Fiscal Year 2022 Objectives 
• Recommission the Progress Rail 1010J-SCE four-stroke locomotive engine. 

• Prepare facility and recommission all the 1010J-SCE subsystems. 

• Perform engine shakedown tests to assess the engine condition. 

Approach 
Argonne National Laboratory and Progress Rail, with more than 25 years of advanced research partnership, 
will initially focus on the technical challenges of adapting locomotive ICEs to methanol fuel in a compression-
ignition dual-fuel-mode technology. The dual-fuel technology will be developed toward a fuel-flexible engine 
capable of burning multiple environmentally sustainable fuels (liquid and gas fuels). Flexibility would be 
valuable in a commercial engine, enabling rail operators to choose from the most viable zero-carbon/low-
carbon fuel depending on price and availability. Challenges with pilot ignition, direct fuel injection, and 
mixing are initially targeted to be addressed using the following approaches: 

1. High-fidelity ICE modeling capabilities that leverage advanced physics-based sub-models for fuel 
injection, mixing, and combustion using high-performance computing. 

2. Advanced X-ray diagnostics of fuel injection carried out at the Advanced Photon Source for 
characterizing injector geometries and near-nozzle sprays. 

3. Advanced engine combustion research performed using dedicated single-cylinder locomotive engines. 

Results 
In Fiscal Year 2022, the Argonne National Laboratory research team moved the 1010J-SCE engine from 
storage and reinstalled it on the test platform as shown in Figure II.2.1. It is also noted that nearly half of this 
year’s funds are destined for the computational modeling effort. On the other hand, this activity has not yet 
started, as the Argonne and Progress Rail teams are working toward establishing a Cooperative Research and 
Development Agreement (CRADA). As a result, all single-cylinder engine subsystems were 
commissioned/tested, and the following were executed in Fiscal Year 2022: 

• Recommissioned the 1010J-SCE Progress Rail locomotive engine. 

• Recommissioned the 1010J-SCE subsystems and performed all the required calibration. 

• Executed engine shakedown and exercised the engine’s capability to reach high throttle notch (TN1–
TN8). 

• Part of this year’s effort was spent to establish a CRADA between Argonne National Laboratory and 
Progress Rail. 
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Figure II.2.1 Locomotive facility (left) and 1010J four-stroke single-cylinder engine (right) at Argonne National Laboratory 

Conclusions 
The commissioning of the 1010J single-cylinder locomotive engine has been completed. It incorporates 
various subsystem components. Engine shakedown was completed and showed the engine’s capability to reach 
various throttle notches (load and speed). A CRADA agreement with Progress Rail is in progress. 
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Project Introduction 
The U.S. Department of Energy (DOE) has identified rail transport as a hard-to-electrify sector. Rail is one of 
the most energy-efficient transportation modes, especially from a tonne-mile perspective. However, rail 
accounts for 2% of the U.S. transportation sector’s GHG emissions, according to the EPA [1]—hence the need 
for decarbonization and emissions reduction. DOE identifies three key technologies to achieve rail 
decarbonization: battery/electric, hydrogen, and sustainable liquid fuels [2]. While hydrogen can be used in 
fuel cells to generate electricity, it can also be burned in internal combustion engines as a sustainable fuel. 
Hydrogen substitution in diesel engines offers a short-term emissions reduction solution for rail, on track to 
full hydrogen operation. For each diesel-powered locomotive converted to alternative energy sources, up to 5.6 
million pounds of CO2 per year can be eliminated. However, before tackling hydrogen, computational fluid 
dynamics (CFD) techniques for locomotive engines need to be investigated further. The current project is 
focused on developing CFD best practices and accurate submodels that can be used to assess different 
technologies that can enable up to 100% operation of hydrogen combustion in large-bore locomotive engines. 
This project is part of a cooperative research and development agreement (CRADA) that includes Wabtec 
Corporation and Convergent Science, Inc., and will also leverage strong collaborations with a parallel 
experimental effort at Oak Ridge National Laboratory (ORNL).  

The project officially kicked off in May 2022. The first year of the project was focused on developing a 
baseline CFD framework that will be used for modeling hydrogen–diesel dual-fuel combustion in locomotive 
engines. The commercial CFD code, CONVERGE [3], was used for performing the simulations and 
developing best practices. A preexisting experimental dataset for a Wabtec engine on a dual-fuel natural gas 
(NG)–diesel operation was used for validation in the current year. This dataset provides a good starting point 
for validating the simulations before the hydrogen measurements become available from ORNL in Fiscal Year 
(FY) 2023. This setup shares several key features, including the injection system and combustion chamber, 
with the hydrogen engine. The project team analyzed the effect of several numerical parameters, including 
turbulence models, combustion models, numerical grid setup, etc., on the accuracy and cost of the simulations. 
Techniques to improve the speed of the simulations without sacrificing accuracy were assessed. Initial 
simulations on hydrogen port-injection were also performed. The simulations were used to evaluate the effect 
of the NG substitution rate on combustion, emissions, and stability. 

Objectives 
This project focuses on developing and validating computational tools for combustion of low-carbon fuels, 
with a focus on hydrogen, in heavy-duty rail engines. We intend to then use these simulations to assist in 
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evaluating different technologies and fuel injection options to enable up to 100% operation on hydrogen and 
low-carbon fuels for rail engines.  

Overall Objectives 
• Develop a CFD modeling framework for hydrogen combustion in locomotive engines. 

• Evaluate the effect of hydrogen substitution rates on combustion performance and stability. 

• Optimize the injection and combustion system for improving combustion performance and 
minimizing emissions.  

Fiscal Year 2022 Objectives 
• Develop an accurate CFD tool for modeling dual-fuel combustion in locomotive engines. 

• Quantify accuracy of tool through comprehensive validation studies. 

• Evaluate the effect of turbulence and combustion models on model accuracy. 

Approach 
The current project is aimed at using CFD simulations to enable up to 
100% operation of hydrogen for large-bore rail engines. The commercial 
CFD code, CONVERGE [3], is being used to perform the simulations. 
The engine considered in this work is a single-cylinder 15 L Wabtec 
locomotive research engine. Experimental data for validation are 
available from Wabtec Corporation for NG–diesel operation and will be 
available in FY 2023 from ORNL for hydrogen–diesel operation. The 
engine has two intake valves/ports and two exhaust valves/ports. The 
engine is equipped with an eight-hole diesel injector located at the center 
of the cylinder and an NG injector in the intake port. Figure II.3.1 shows 
the engine without the intake and exhaust plenums, which are not part of 
the computational domain. 

This project is taking a two-stage approach. Phase 1 of the project will 
focus on port fuel injection of hydrogen with direct injection of diesel. 
For low substitution rates of diesel with hydrogen, a port-fuel injection 
strategy will allow up to a 50% substitution rate of hydrogen and can be 
used for retrofitting currently existing engines. Simulation efforts will 
involve determining the maximum substitution rates that can allow stable combustion and low emissions. For 
higher substitution rates, direct injection of hydrogen will be utilized. This will involve improvements in the 
currently existing submodels for injection, wall heat transfer, and flame–wall interaction. Thus, Phase 2 will 
involve model development and evaluation for direct injection of hydrogen in locomotive engines. Both low-
pressure and high-pressure injection systems will be evaluated. 

Results 
The key accomplishments for FY 2022 were in performing CFD simulations of NG–diesel dual-fuel 
combustion in the Wabtec single-cylinder 15 L research engine (Figure II.3.1). These simulations are aimed at 
baselining the CFD setup and identifying scopes for improvement. The computational grid setup is shown in 
Figure II.3.2 and detailed in Table II.3.1. Four different cases were simulated with increasing levels of NG 
substitution rates: Case 1 is pure diesel, while Cases 2, 3, and 4 corresponded to NG substitution rates of 
53.6%, 64.1%, and 79.5% respectively. All the simulations were validated with available experimental 
measurements from Wabtec. The major findings are discussed in the next section. 

Figure II.3.1 Engine geometry, with 
intake and exhaust ports marked 
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Figure II.3.2 In-cylinder computational grid used for the simulations. The figure shows the refinements used near the 

injector and combustion zones. 

Table II.3.1 Details of the Different Computational Grids Used in This Work 

Grid Sizes (mm) Grid 0 Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 

Base Size 6 6 4 4 3 3 

Cylinder Embedding 3 1.5 1 1 0.75 0.75 

Valve Embedding 0.375 0.375 0.25 0.25 0.1875 - 

Injector Embedding 0.375 0.375 0.25 0.25 0.1875 0.09375 

Piston Wall Embedding 0.75 0.375 0.25 0.25 0.1875 0.09375 
Intake Adaptive Mesh 
Refinement (AMR) 0.75 0.75 0.5 0.25 0.375 - 

Cylinder AMR 0.75 0.75 0.5 0.25 0.1875 0.09375 

Effect of Turbulence Model 
Prior work [4] has shown that, for large-bore engines, the traditional k-ε turbulence models do not perform 
well because of the strong anisotropy that is observed. In the current study, two different turbulence models 
were used: the RNG k-ε model and the Reynolds Stress Model (RSM). Figure II.3.3 shows the effect of the 
turbulence model for Case 1. The results are normalized against the maximum value. Figure II.3.3 shows that 
the in-cylinder pressure predicted by the different setups is identical till around 5° crank angle (CA) at top dead 
center (aTDC), after which the pressure traces diverge with the RSM results (in red) providing the best 
agreement with the experimental average (in black). The k-ε model underpredicts the in-cylinder pressure, 
especially as the grid is refined from Grid 0 to Grid 1. This behavior is also observed in the apparent heat 
release rate (AHRR) plots, where k-ε underpredicts the heat release rate compared to RSM, which then carries 
over to combustion phasing, especially at CA90. Hence, it can be concluded here that, in line with the 
literature, RSM provides better results than k-ε for large-bore engines. As a result, RSM is implemented as the 
standard turbulence model for all results going forward. 

Grid Convergence Studies 
Refining the grid in premixed combustion can sometimes reduce the burn rate and in-cylinder pressure. Here, 
Case 2 with a mixed-mode combustion operation (diesel non-premixed and NG premixed) is simulated using 
four grid sizes (Grid 1–4) and the RSM turbulence model. The results are shown in Figure II.3.4 and, as in 
Figure II.3.3, include the in-cylinder pressure, AHRR, and combustion phasing. The results are normalized 
against the same maximum value. Figure II.3.4 shows that, as expected for premixed combustion, the in-
cylinder pressure decreases when refining from Grid 1 to Grid 2 and to Grid 3. However, when refining to Grid 
4 (AMR < 0.25 mm), the in-cylinder pressure increases compared to Grid 3, which is an indication of grid 
convergence. In addition, the combustion phasing shows improvements when refining the grid from Grid 1 to 
3, especially at CA90. 



FY 2022 Annual Progress Report 

Rail 169 
 

 
EXP – experimental 

Figure II.3.3 Normalized pressure, normalized heat release rate, and combustion phasing comparing results from Grids 1–
4 for Case 2 using the RSM turbulence model 

 
Figure II.3.4 Normalized pressure, normalized heat release rate, and combustion phasing comparing RSM and k-ε 

turbulence models for Case 1 using Grids 0 and 1 
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Effect of Combustion Model 
The well-stirred reactor multizone (WSR MZ) model allows multidimensional zoning strategies to group 
computational cells with similar properties into zones (or bins) and speed up the simulation. The bin size can 
be decreased to improve accuracy and increase computational cost. For dual-fuel operation, three-dimensional 
zoning is recommended. The default bins are temperature and progress equivalence ratio. The third bin used 
here is that of n-heptane (C7H16). Figure II.3.5 shows the normalized in-cylinder pressure, heat release rate, and 
combustion phasing of Case 3 using Grid 1 with WSR MZ (two bins), WSR MZ (three bins), and WSR 
without MZ. WSR without MZ will produce the most accurate results with a higher computational cost. The 
results show that, while the difference between the results of two and three bins is not significant, MZ with 
three bins produces better results and matches the results produced without MZ. Using three bins produces the 
same accuracy as WSR without MZ, with reduced computational cost. 

 
Figure II.3.5 Normalized pressure, normalized heat release rate, and combustion phasing comparing the different bin 

options of the multizone WSR solver using Grid 1 for Case 3 

Conclusions 
The major conclusions from the work conducted this year are as follows: 

• Accurate CFD simulations of the Wabtec locomotive engine operating on diesel–NG dual-fuel were 
performed, and simulations were validated using experimental data.  

• The RSM turbulence model provided better results than Reynolds-averaged Navier–Stokes (RANS) 
k-ε, and the computational cost associated with RSM was 6%–7% higher. 

• Grid convergence is achievable with grid sizes <0.2 mm, and the in-cylinder pressure does not keep 
decreasing with grid refinement. 

• Three zones (or bins) are required when using the WSR MZ combustion model. 

• As the substitution rate increases, a finer grid is required to account for the increase in mixed-mode 
(premixed and non-premixed) combustion within the cylinder.  
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II.4 Experimental Biodiesel Blends and Renewable Diesel (Argonne 
National Laboratory) 

Chao Xu, Principal Investigator 
Argonne National Laboratory 
9700 South Cass Avenue 
Lemont, IL 60439 
Email: chaoxu@anl.gov  

Siddiq Khan, DOE Technology Manager 
U.S. Department of Energy 
Email: Siddiq.Khan@ee.doe.gov  

Start Date: October 1, 2021 End Date: September 30, 2022  
Project Funding: $100,000 DOE share: $100,000 Non-DOE share: $0 
 

Project Introduction 
Given the increased focus on global warming and reduced greenhouse gas emissions, the off-road and rail 
markets must be equally vigilant about the decarbonization of their internal combustion engines as has been 
the case for on-road applications. Biodiesel blends and renewable diesel are promising alternative fuels to 
conventional diesel fuel to reduce the carbon footprint of locomotive operations for the rail sector. This project 
focuses on evaluating impacts of biodiesel blends and renewable diesel on engine operation, performance, and 
emissions using the Progress Rail 1010J single-cylinder four-stroke locomotive engine (1010J-SCE) at 
Argonne National Laboratory. Computational fluid dynamics (CFD) simulations will be used to improve the 
knowledge of the fuel’s behavior in terms of internal injector flow, spray, fuel–air mixing, combustion, and 
emission formation. This knowledge can in turn enable targeted injection strategies for internal combustion 
engines in rail applications, which aim to unlock higher combustion efficiency, lower fuel consumption, and 
minimized tailpipe emissions while accounting for differences in the physical and chemical properties between 
biodiesel/renewable diesel and conventional diesel fuels. 

Objectives 
This work is a coordinated experimental and numerical effort that aims to enable efficient engine operation in 
rail applications via the use of low-life-cycle carbon fuels such as biodiesel and renewable diesel. The goal is 
to identify the necessary modifications to be made to the 1010J-SCE engine and injection system that will 
allow use of these fuels while ensuring the engine’s compliance with Tier 4 emission regulations. It is 
envisioned that this goal will be achieved through CFD-guided optimization of the injection and combustion 
system operation, which will be used to inform the engine experiments. 

Overall Objectives 
• Develop CFD models and best practices for 1010J-SCE’s injector and engine. 

• Quantify the fuel effects on internal injector flow, spray formation, and combustion and emissions 
performances of the 1010J-SCE engine for a wide range of biodiesel blends and renewable diesel. 

Fiscal Year 2022 Objectives 
• Recommission the 1010J-SCE engine test facility. 

• Develop baseline models for high-fidelity nozzle flow simulations. 
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Approach 
The scope of the internal injector flow simulation effort is to build a high-fidelity CFD model of the injector, 
formulate best practices for describing the internal flow and the ensuing spray of the fuels of interest (baseline 
diesel, biodiesel, renewable diesel, and their blends), and extract spatio-temporally resolved maps of the 
internal flow at the exit of the injector’s orifices. Particular focus will be placed on identifying the injector 
propensity for cavitation when alternative fuels such as biodiesel and renewable diesel are used. Injector 
design modifications will be proposed to suppress or mitigate such occurrences, which could otherwise be 
detrimental to the correct functioning and durability of the injector units. The extracted maps will then be used 
in the engine simulations to ensure accurate initialization of the fuel spray via a static-coupling approach, as 
documented in previous work by the Argonne team [1]. The impact of different fuel properties on spray 
morphology, atomization, and evaporation characteristics will be quantified. All simulations will rely on 
physics-based models and all calculations will be conducted using the CONVERGE CFD software. 

Results 
The major accomplishments of Fiscal Year 2022 are summarized as follows: 

• Preparation and setup of a CFD model of the Tier 4 common rail injector used in the Progress Rail 
1010J engine. 

• Preliminary evaluation of the internal flow’s injector behavior. 

CFD Model Setup of Tier 4 Common Rail Injector 
The drawings of the injector model (Figure II.4.1) were provided by the project collaborators at Progress Rail. 
These drawings were used to generate a CFD-ready geometry of the injector’s internal passages, specifically 
the injector tip where the injector needle tip, sac, and orifices are located. A methodology first introduced and 
described in previous work by the Argonne team [2] was employed to achieve easy modification of the injector 
geometry via a MATLAB script that allows the user to modify in an automated way the injector’s K-factor, the 
sac-to-orifice fillet’s radius of curvature, the orifice’s inlet ellipticity, and the orifice outlet diameter. 

 
Figure II.4.1 View of entire domain (left), injector tip (center), and detail of injector sac and orifices (right) 

Preliminary Evaluation of the Internal Flow’s Injector Behavior 
The injector geometry model introduced in the previous section was used to assess the opportunity to extend 
typical heavy-duty injector best practices [3] to much larger injectors, such as the Tier 4 rail injector used in 
this work. A typical Notch 8 operating condition was targeted, which is represented by an injection pressure of 
~2,300 bar, ambient pressure of ~180 bar, and injection duration of slightly more than 6.0 ms. The preliminary 
results showed that no cavitation is expected when the nominal design of the injector and diesel fuel are used 
(Figure II.4.2). The peak mass flow rate is currently underestimated by 5%–7%, which could be ascribed to the 
use of a computer-aided-design-based geometry that does not account for the effect of manufacturing 
processes such as injector hydrogrinding. A new simulation campaign is currently ongoing to assess the effect 
of hydrogrinding via modifications of the outlet diameter and the shape of the orifice inlet. 
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Figure II.4.2 Fuel vapor volume fraction and corresponding velocity magnitude flow fields at 0.120 ms after the start of injection 

Conclusions 
• A CFD model of the Tier 4 injector geometry was successfully generated and set up to perform 

simulations of the injector’s internal flow. The ability to modify the injector geometry was added to 
the model in order to evaluate the effect of injector design features on the cavitation and performance 
of the injector. 

• Preliminary simulations have been performed to baseline the injector model using conventional diesel 
fuel. This activity is ongoing and will be completed in Fiscal Year 2023. 
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II.5 Implementing Low Life Cycle Carbon Fuels on Locomotive 
Engines–Cooperative Research and Development Agreement 
with Wabtec (Oak Ridge National Laboratory) 

K. Dean Edwards, Principal Investigator 
Oak Ridge National Laboratory 
P.O. Box 2008, MS 6472 
Oak Ridge, TN 37831 
Email: EdwardsKD@ornl.gov  

Siddiq Kahn, DOE Technology Manager 
U.S. Department of Energy 
Email: Siddiq.Khan@ee.doe.gov  

Start Date: July 18, 2022 End Date: July 17, 2026  

Project Funding: $1,250,000 DOE share: $1,000,000 Non-DOE share: $250,000 + 
$2,100,000 in-kind 

 

Project Introduction 
With increasing efforts to decarbonize the transportation sector, focus is now being placed on heavy-duty 
sectors including rail, marine, off-road, and aviation, which present difficult challenges for electrification and 
decarbonization. Decarbonization of the rail freight industry has significant challenges due to many factors 
including high power demands, operating duty cycle, long service lifetime of locomotives (30+ years), and 
prohibitive cost of electrifying the extensive existing railway system. However, the potential benefits are 
significant, with each decarbonized locomotive reducing greenhouse gas emissions by an estimated 5.6 million 
pounds of CO2 per year. The use of alternative low life cycle carbon fuels (LLCFs) into existing engine 
technologies is an attractive pathway for near-term impact through retrofit solutions and for longer-term 
benefits as the LLCF infrastructure is developed. 

This project supports a cooperative research and development agreement (CRADA) between Oak Ridge 
National Laboratory (ORNL) and Westinghouse Air Brake Technologies Corporation (Wabtec), the leading 
U.S. manufacturer of freight locomotives, to develop solutions for use of LLCFs and low-emissions 
technologies for locomotive engines. Together, ORNL and Wabtec will work to identify hardware 
configurations and operating strategies required for dual-fuel operation of locomotive engines to achieve at 
least 50% fuel substitution in retrofit applications and near 100% substitution in new locomotive applications 
while still meeting requirements for engine performance and pollutant emissions. 

Objectives 
Overall Objectives 

• Install and commission a Wabtec single-cylinder research locomotive engine at ORNL with 
infrastructure to support LLCF studies. 

• Develop port-fuel-injection retrofit hardware configurations and operating strategies for dual-fuel 
operation with LLCFs and identify maximum fuel substitution rates while maintaining engine 
performance and emissions compliance. 

• Develop direct injection hardware configurations and operating strategies for near-complete fuel 
substitution with LLCFs while maintaining engine performance and emissions compliance. 

Fiscal Year 2022 Objectives 
• Execute the CRADA agreement between ORNL and Wabtec. 
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• Begin installation of the Wabtec single-cylinder research engine, subsystems, and LLCF infrastructure 
at ORNL. 

Approach 
Once the single-cylinder engine is installed and commissioned at ORNL, the project team will begin 
experimental studies to fully explore dual-fuel retrofit approaches with port injection of hydrogen. These 
studies will initially focus on exploring the operating space to understand the boundaries for avoiding engine 
knock, backfire, and high nitrogen oxides (NOx) emissions. We will then focus on maximizing diesel 
displacement with hydrogen within those boundaries. The next phase of the study will repeat this process for 
direct injection strategies targeting near-complete displacement of diesel with hydrogen. The project will also 
conduct studies with other LLCFs, such as methanol, ammonia, and renewable and bio-derived diesel fuels. 

Experimental data from these studies will be shared with Argonne National Laboratory researchers, who, 
under a related CRADA with Wabtec and Convergent Science, will develop and validate computational fluid 
dynamics models of the engine to further explore and optimize LLCF operating strategies. Guidance from 
those simulations will, in turn, be brought back to ORNL for experimental evaluation on the research engine.  

Results 
During the first year of this project, efforts focused on finalizing the legal terms of the CRADA and planning 
infrastructure upgrades to research facilities at ORNL to support installation and operation of the Wabtec 
single-cylinder research engine with LLCFs. 

• Fully executed the CRADA between ORNL and Wabtec on July 18, 2022, allowing work to officially 
commence. 

• Began upgrades to the ORNL research laboratory to support operation of the single-cylinder 
locomotive engine: additional electrical and chilled water capacity, upgraded fueling infrastructure for 
diesel and LLCFs, and hoisting capabilities to enable hardware swaps and engine maintenance. 

• Received Wabtec single-cylinder engine and dynamometer at ORNL in August 2022, and performed 
an engine rebuild to install the new Tier 3 power assembly, instrumented head, and dual-fuel injection 
system (see Figure II.5.1). 

• Completed the initial phase of third-party assessment and planning for safe operation with hydrogen in 
the research facility at the ORNL National Transportation Research Center. 
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Figure II.5.1 Wabtec single-cylinder locomotive research engine and dynamometer at the ORNL National Transportation 

Research Center 

Conclusions 
This project is just commencing, with installation of the single-cylinder engine at ORNL underway. 
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III Marine 
III.1 Enabling Hydrogen and Methanol Combustion (Argonne 

National Laboratory) 
Riccardo Scarcelli, Principal Investigator 
Argonne National Laboratory  
9700 South Cass Avenue  
Lemont, IL 60439 
Email: rscarcelli@anl.gov  

Kevin Stork, DOE Technology Manager 
U.S. Department of Energy 
Email: Kevin.Stork@ee.doe.gov  

Start Date: Expected April 2023 End Date: Expected March 2027  
Project Funding: $600,000 DOE share: $600,000 Non-DOE share: $0 
 

Project Introduction 
This project embodies a Cooperative Research and Development Agreement (CRADA) between Argonne 
National Laboratory (Argonne), Caterpillar Inc. (Caterpillar), and Convergent Science Inc. (CSI). The goal of 
this collaboration is to develop advanced engine technologies for low-carbon fuels and the corresponding 
computational models and tools. Argonne is a national laboratory with expertise in multi-physics 
computations, internal combustion engine modeling, and high-performance computing. Caterpillar is a U.S. 
company and worldwide leader in developing and manufacturing internal combustion engines for off-road 
applications. CSI is the owner and developer of the computational fluid dynamics (CFD) commercial software 
CONVERGE.  

Objectives 
This collaborative effort aims to develop predictive computational capabilities for the analysis and design of 
advanced internal combustion engines for off-road applications. The focus of this project is on engine 
combustion utilizing zero-carbon (hydrogen) or low-carbon (methanol) fuels. CFD will be used to analyze and 
predict in detail all the physical processes that characterize the engine operation, from the fuel injection to the 
combustion and emission-formation processes. 

Overall Objectives 
• Develop predictive models for the simulation of low-carbon-fuel off-road internal combustion 

engines. 

• Define modeling best practices to efficiently design off-road engines using low-carbon fuels. 

Fiscal Year 2022 Objectives 
• Finalize the scope of work to address DOE/industry priorities for off-road sector decarbonization.  

• Define the technical scope and legal terms of the CRADA and submit CRADA documents for 
approval. 

Approach 
The entire CRADA is planned over a duration of 48 months (four years) and divided into two main tasks that 
will each last 24 months (two years) and be performed sequentially: 
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• Task 1: Predictive CFD Models for Hydrogen Combustion in Off-Road Engines (M1–24) 
This task aims at developing predictive CFD models and best practices for the simulation of hydrogen 
internal combustion engines for off-road applications. The final deliverables to Caterpillar will be 
made through the optimization of the CFD setup for hydrogen internal combustion engine (ICE) 
simulations and the implementation of improved and/or newly developed models into the commercial 
solver CONVERGE. Argonne will leverage high-fidelity simulations using the exascale-ready code 
Nek5000 together with high-performance computing resources to guide the development of new 
models and the optimization of existing models in CONVERGE. Engine data for model validation will 
be provided by Caterpillar. 

• Task 2: Predictive CFD Models for Methanol Combustion in Off-Road Engines (M25–48)  
This task aims to develop and enhance predictive models for simulating injector wear, injection, spray-
wall interaction, and combustion for methanol in off-road engines. Argonne will leverage X-ray 
measurements from Argonne’s Advanced Photon Source to guide the development of new models and 
the enhancement of existing ones within CONVERGE. Injector hardware, durability testing, spray 
vessel data, and engine data will be provided by Caterpillar. 

Throughout the project duration, CSI will provide the CONVERGE software license and technical expertise as 
their in-kind cost-share contributions. 

Results 
In Fiscal Year (FY) 2022, we defined the scope of work and the CRADA legal terms. CRADA documents 
have been submitted and are currently under revision. The expectation is to have the CRADA approved and 
started in FY 2023. The project has not started yet. Accordingly, funds received in FY 2022 are considered a 
forward-funding DOE contribution towards FY 2023 activities. 

Conclusions 
• The CRADA scope of work was finalized in FY 2022.  

• The CRADA documentation package is currently under review for approval. 
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III.2 Renewable Methanol-Fueled Engines for Marine and Off-Road 
Applications (Oak Ridge National Laboratory) 

James Szybist, Principal Investigator 
Oak Ridge National Laboratory 
2360 Cherahala Boulevard 
Knoxville, TN 37932 
Email: szybistjp@ornl.gov  

Kevin Stork, DOE Technology Manager 
U.S. Department of Energy 
Email: Kevin.Stork@ee.doe.gov  

Start Date: October 1, 2021 End Date: December 8, 2026  
Project Funding: $500,000 DOE share: $500,000 Non-DOE share: $0 
 

Project Introduction 
The world has seen a dramatic shift toward an emphasis on greenhouse gases (GHGs) over the past several 
years, with a focus on reducing carbon dioxide (CO2) and other GHG emissions, such as nitrous oxide and 
methane. Companies across the globe are announcing dramatic decarbonization plans to stem climate change. 
The marine market segment is similarly evaluating strategies for significant GHG reductions. 

Alternative fuels with low life-cycle GHG emissions offer an attractive solution for marine applications, as 
they have the potential to provide the energy needed using existing engine technology while fitting into an 
acceptable footprint on marine vessels. Multiple low-life-cycle-carbon fuels are being considered for future use 
in the marine industry. Methanol is attracting particular interest because it offers a desirable set of fuel 
properties. Methanol is a liquid at ambient temperature and pressure and is not highly toxic unless ingested, 
making it easy to store on board marine vessels. While methanol does contain carbon (resulting in CO2 
emissions when it is burned in an engine), low life-cycle carbon emissions can be achieved using a renewable 
methanol feedstock, such as bio-methanol (through gasification/reforming of biomass or reforming of 
renewable natural gas) and e-methanol (through electrolysis using renewable electricity and CO2 captured from 
the air). These pathways are currently being scaled up to meet the anticipated demand for green methanol. 

While the marine industry has significant interest in methanol as a future low-life-cycle-carbon fuel, additional 
work is required to increase methanol utilization while demonstrating the required engine performance, 
emissions, and durability. Furthermore, marine vessels have extremely long service lifetimes that can exceed 
30 years. Retrofit solutions will be essential to achieving significant near-term reductions in GHG emissions 
within the marine industry. New engine technologies that allow flexibility for end users to transition from the 
currently dominant petroleum-derived diesel fuel to a low life-cycle carbon fuel, such as methanol, will also be 
needed. 

Existing four-stroke marine engines are not optimized for running on methanol, but careful design of retrofit 
hardware and operating strategies have demonstrated more than 50% diesel substitution with methanol in dual-
fuel four-stroke marine engines, resulting in significant reductions in life-cycle CO2 emissions. Achieving near 
100% substitution with methanol in four-stroke marine engines requires additional research, development, and 
demonstration. Nearly all commercial marine applications currently utilize compression-ignition engines that 
operate on diesel fuel. By comparison, methanol has significantly reduced reactivity and is difficult to ignite 
and consume in compression-ignition applications. Shifting to a spark-ignited combustion strategy provides a 
way to directly ignite methanol but increases the complexity of retrofits and may present other tradeoffs, such 
as lower engine efficiency. 
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Objectives 
Overall Objectives 

• Develop engine technologies to displace the maximum amount of diesel fuel with methanol (up to 
100%), in collaboration with a major marine engine manufacturer. 

• Maintain or improve engine performance, efficiency, durability, and emissions relative to the current 
diesel baseline. 

Fiscal Year 2022 Objectives 
• Establish support for a multi-year cooperative research and development agreement (CRADA) with a 

major marine engine original equipment manufacturer to pursue marine engine decarbonization with 
methanol, develop a scope of work, and submit the CRADA document for approvals. 

• Solicit project input and support from the U.S. Department of Transportation (DOT) Maritime 
Administration (MARAD) for the CRADA project. 

Approach 
In order to have the largest impact on marine sector decarbonization, a CRADA project with a major marine 
engine manufacturer was pursued. The project focuses on using methanol to displace diesel fuel. Methanol can 
be produced renewably and with a very low life-cycle carbon footprint, and marine engine manufacturers are 
already moving towards making commercial products. Oak Ridge National Laboratory (ORNL) activities will 
focus on developing the next-generation methanol combustion systems in the CRADA project. 
Simultaneously, additional support for this activity was identified through discussions with DOT MARAD, 
including a need to expand the scope of work for some tasks.  

ORNL will perform experimental engine work using both single- and multi-cylinder variants of the major 
marine engine manufacturer’s engine design, representative of inland and coastal marine applications. ORNL 
will also perform experiments using a spark-ignited active prechamber system on a different heavy-duty 
engine, currently installed at ORNL, with the prechamber combustion strategy offering one possibility for 
achieving 100% diesel displacement. Lastly, the project will also investigate on-board reforming of methanol 
to dimethyl ether through catalytic dehydration, which will be critical in developing a different pathway to 
100% diesel displacement. Activities at ORNL will use flow reactors to develop a better understanding of 
process-conditions effects on product distribution (dimethyl ether, water, and methanol) and the need for 
product purification before it can be used in the engine. 

Results 
The CRADA statement of work has been agreed upon by all parties and submitted for approvals. Experimental 
work on the project will begin after all approvals have been granted, so there are no results from the project 
this year. 

Conclusions 
• A project was developed to decarbonize the inland and coastal marine sectors by displacing diesel fuel 

with methanol. In addition to DOE support, the project is a CRADA involving a major marine engine 
manufacturer and also has support from DOT MARAD. 

• A CRADA statement of work was agreed upon by all parties and submitted for approvals. 
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IV Aviation 
IV.1 Accelerating Adoption of Sustainable Aviation Fuels (SAFs) 

with End-Use Research (Argonne National Laboratory) 
Sibendu Som, Principal Investigator 
Argonne National Laboratory 
9700 South Cass Avenue 
Lemont, IL 60439 
Email: ssom@anl.gov  

Kevin Stork, DOE Technology Manager 
U.S. Department of Energy 
Email: Kevin.Stork@ee.doe.gov  

Start Date: October 1, 2021 End Date: September 30, 2025  
Project Funding: $550,000 DOE share: $550,000 Non-DOE share: $0 
 

Project Introduction 
A fundamental grasp of internal atomizer flows and spray atomization is of critical importance to 
understanding fuel property effects, as the fuel injector exit profile has important consequences on downstream 
processes such as mixing, evaporation, ignition, combustion, and heat transfer. In simulating internal 
combustion engines, we have demonstrated the importance of linking injector and spray simulations to allow 
for differences in fuel properties and injector performance to be linked to combustion and emissions. Our long-
term vision is to develop an end-to-end simulation tool for a reference combustor to screen candidate 
sustainable aviation fuels (SAFs) and gain improved fundamental understanding of fuel property effects on 
combustor performance. Argonne National Laboratory also has prior expertise in gas turbine modeling with 
SAFs and has developed best practices for performing high-fidelity simulations to predict lean blow-out. A 
validated two-phase flow model based on X-ray data—together with appropriate combustion, turbulence, 
chemical kinetics models, and best practices—will be leveraged for assessing fuel behavior. In coordination 
with the U.S. Department of Energy’s Bioenergy Technologies Office, the fuels and fuel properties of interest 
will be determined and subsequently evaluated both experimentally and computationally. Data, knowledge, 
and improved simulation tools for SAFs will be transferred to industry.  

Objectives 
Argonne’s research is mainly performed under four major tasks, the objectives of which are as follows: 

X-ray Measurement 
The X-ray measurements collected in this project will typify available validation measurements for model 
development. 

• Existing hardware and geometries were utilized for examining fuel property effects on fuel injection 
and atomization. Industry-relevant hardware was obtained, designed, and procured for demonstration 
testing. 

• Characterization of relevant hardware will be performed for the purpose of complementary 
computational fluid dynamics (CFD) boundary conditions. Internal geometry characterization 
measurements will highlight realistic hardware influences on spray development, which is critical in 
removing unknown variables in the prediction of fuel effects. 

• Preliminary imaging of real fuels was performed, including sprays of SAFs, to examine fuel property 
effects. High-speed X-ray imaging of early fuel introduction will provide unique insight to 
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preliminary multiphase phenomena (where fuel physical properties can impact the atomization 
processes) and confirm if simulations capture these effects.  

CFD Simulations and Validation 
Fuel behavior assessment is critical prior to utilization in gas turbine combustors. A CFD model of a gas 
turbine combustor was developed to assess the behavior of SAFs in a combustor.  

• A validated Air Force Research Laboratory Referee Rig was utilized to simulate the A-2 fuel that 
served as the baseline condition for the study.  

• Sensitivity of fuel properties, such as fuel viscosity, density, and heat of vaporization, were assessed 
by perturbing the liquid properties of A-2 to understand their impacts on the combustion 
characteristics under stable operating conditions. 

• The analyses will be further expanded to understand the fuel property response to key figures of merit 
such as lean blow-out, high altitude relight, and cold start. 

Accelerating Rapid Compression Machine (RCM) Adaptation for SAF Fuels and Operating Conditions 
The ability to accurately model the compositionally dependent auto-ignition and combustion behavior of SAFs 
and SAF-blended fuels is critical to enabling rapid advances in SAF utilization and next-generation gas turbine 
engine design. For this work, Argonne’s RCM facility is upgraded to handle these less-volatile fuels while 
achieving measurement fidelity similar to previous work with gasoline fuels, where ignition time and heat-
release-rate behavior could be quantified with excellent repeatability and very low measurement uncertainties 
[1]. Combustor-relevant temperatures, pressures, and fuel loadings will be targeted to quantify fuel behavior, 
covering conventional jet fuel, SAFs, SAF-blended fuels, and fuel surrogates in collaboration with chemical 
modeling groups. 

High-Fidelity Simulations of Combustor toward Direct Numerical Simulation Capability 
Development of a numerically accurate simulation framework to capture the flow and flame dynamics in the 
midsize Army Research Combustor (ARC-M1) [2] using Nek5000 software [3] is ongoing. These simulations 
will help develop a detailed understanding of the impact of fuel properties on flame dynamics using a 
combination of wall-resolved large-eddy simulations (LES) and direct numerical simulation, with a specific 
focus on SAFs. 

Approach 
Arrangements were made to use 
existing flow rig equipment [4] and 
industry-relevant geometry 
hardware. The liquid spray nozzle 
used in this demonstration campaign 
was borrowed from the Air Force 
Research Laboratory Referee Rig as 
an industry-accepted and 
experimentally characterized test 
hardware. Confinement swirling air 
flow was provided by a modified 
design of the non-proprietary Aero-
spray atomizer geometry, 
configured to fit the Referee Rig 
nozzle body. This swirler body was 3-D printed to capture the complex internal geometry. A schematic of the 
rig configuration, including the Referee Rig nozzle and modified swirler, is depicted in Figure IV.1.1, with the 
diagnostic region of interest highlighted to study the produced fuel spray. Assembly of hardware, operability, 

ROI – region of interest 

Figure IV.1.1 Schematic of the rig configuration 
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and safety checks were performed prior to shakedown and the diagnostic campaign. High-speed X-ray imaging 
of near-nozzle flow was performed for several fuels of interest, namely, Jet-A, R-8 (hydroprocessed esters and 
fatty acids [HEFA]), and a diesel/Viscor blend, designed to replicate the viscosity of the National Jet Fuels 
Combustion Program C-3 fuel [5] at cold temperatures. The fuels were injected at 25°C and 12.5°C. These 
fuels and temperatures were chosen to observe fuel physical property effects. Separately, hard X-ray nozzle 
tomography was conducted to characterize the internal geometry of the Referee Rig with the required analysis 
for delivering insights to the modeling team.  

The Referee Rig modeling was performed 
using CONVERGE 3.0 [2] with all the 
geometric details including the swirler, 
effusion holes, and diffusion holes. A 
schematic of the computational model with 
the flow paths is shown in Figure IV.1.2. 
The temperature-dependent liquid 
properties for A-2 are utilized for the 
baseline study. The density and lower 
heating value of the fuel are perturbed by -
8% and +3%, respectively. These are the 
expected bounds for different drop-in 
SAFs. Reacting flow simulations for these 
perturbed quantities, at a stable equivalence 
ratio of 0.095, are performed for a preliminary assessment of fuel property behavior. High-fidelity simulations 
were also performed to resolve the flow fields in the ARC-M1 gas turbine using Nek5000, an open source 
high-order spectral element method code that accurately models the fluid, thermal, and combustion processes 
with high parallel efficiency on supercomputer platforms and is highly scalable up to a million processors. 

The reaction chamber of the RCM can create and maintain well-controlled, elevated temperature and pressure 
environments (e.g., temperatures from 600 K to 1,100 K and pressures from 5 bar to 80 bar), absent of 
complicated mixing and fluid dynamics interactions, where the chemically active period preceding autoignition 
can be monitored and probed via advanced in situ and ex situ diagnostics. Fuel autoignition affects lean blow-
out behavior in combustors as well as flame dynamics under autoignition-assisted conditions, which are 
common in gas turbine combustors. 

Results 
The Referee Rig hardware was 
successfully scanned and 
reconstructed using hard X-ray 
computed tomography. 
Established methods were used 
to segment the reconstruction 
volume and produce a CFD-
ready geometric model of the 
internal flow passages and 
external surfaces. The details of 
this geometry are rendered in 
Figure IV.1.3. The pilot circuit 
was the focus of the experiments and will be the focus of near-term simulations. The high-resolution internal 
geometry details will be influential to the internal flowfield when simulated. Specifically, feed passages to the 
spin chamber of the injector have a rough surface finish that may induce turbulence, and a ridge exists on the 
spin chamber wall, which can influence the swirling liquid flow prior to exiting the nozzle. 

Figure IV.1.2 CFD geometry with the flow paths for the Referee Rig 

Figure IV.1.3 Renderings of the external surface and internal passages of the 
Referee Rig nozzle, as measured through hard X-ray computed tomography. The pilot 

fuel circuit was used during spray experiments. 
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Demonstration spray experiments were 
successfully carried out using X-ray 
imaging diagnostics to observe the pilot 
spray within the confinement of the 3-D 
printed nylon swirler. Time-resolved image 
sequences were collected and 
representative images for each fuel at the 
two supply temperature conditions are 
depicted in Figure IV.1.4. The original 
experimental matrix included imagery in 
other regions of interest, including the 
filming region and the shear breakup at the 
trailing edge of the prefilming geometry. 
However, for these demonstration 
experiments, representative swirling co-
flow was not achieved and therefore the 
focus was solely on the pilot spray. As 
seen in the images, the contrast of the sheet 
and thickness of the sheet are increased at 
the colder temperatures. Additionally, 
initial dynamic analysis of the HEFA fuel 
indicates differences in the periodic 
behavior of the spray. The high viscosity 
fuel exhibited the highest degree of 
morphological differences from the other 
two fuels. At the room temperature 
condition, the diesel blend hollow cone spray had a thicker sheet with a much longer disintegration distance. 
Additionally, the dynamic behavior of the sheet and spray were considerably different from the other two 
fuels. Furthermore, at cold temperatures, the pilot spray changed operational modes completely, having a 
continuous liquid jet exiting the nozzle with no air core extending into the injector. The variety of behavioral 
differences seen through this conditions space will provide valuable validation to complementary high-fidelity 
simulations and modeling efforts. Additional analysis of the detailed experimental data is ongoing. 

The Referee Rig was modeled using CONVERGE 3.0 [6]. The model was validated, and the results were 
compared with experimental data and earlier results for A-2 [7] using an older version of CONVERGE. For the 
liquid properties, baseline A-2 properties as a function of temperature are used. These quantities include density, 
viscosity, heat of vaporization, specific heat, conductivity, and surface tension. For density perturbation, the 
density (expressed as ρ in Figure IV.1.5) of A-2 at 16oC is reduced by 8%. For the energy content perturbation, 
the lower heating value (LHV) is increased by 3%. The results for the three simulations are shown in Figure 
IV.1.5, with the temperature and OH mass fraction contours (expressed as YOH in Figure IV.1.5) on the center 
plane. The instantaneous (time = 65 ms) contours show differences in the flame shape and stabilization with a 
perturbation of the liquid properties. For the baseline A-2, the flame stabilizes near the nozzle and the 
temperature distribution remains connected as the flame expands outwards downstream of the nozzle. The 
connected high-temperature regions can be seen with the OH mass fraction contours as well, which show the 
same behavior. With a decrease in density, the flame stabilization remains the same, but a disconnect in the high-
temperature regions can be noted. With a decrease in density and an increase in energy content, the flame 
stabilization changes, stabilizing further downstream. The higher temperatures and higher OH mass fractions are 
seen further downstream. The results clearly show that small perturbations in the liquid properties can lead to 
notable changes in the flame shape. Additional simulations with perturbation of viscosity and combined 
perturbations of density, viscosity, and energy content are ongoing. Furthermore, detailed analyses of the current 
simulations and ongoing simulations will be performed. 

Figure IV.1.4 Instantaneous x-ray images of the pilot spray for each test 
fuel (at two supply temperatures) 
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Figure IV.1.5 Temperature contours (top) and OH mass fraction contours (bottom) on the center plane for different fuel 

property perturbations 

A new fuel mixing and delivery system was designed for the RCM facility capable of achieving temperatures 
near 150°C (necessary to prevent fuel condensation/fractional loss of heavier components), along with 
integration of high-resolution transducers and automated valving. A new heating system was implemented to 
achieve uniformity for these very high temperatures. Many of the components of the ancillary systems had 
very long lead times (4–8 months), and some critical pieces are still not expected until the second quarter of 
Fiscal Year (FY) 2023. The LabView control system was also upgraded. Shakedown testing is underway 
where possible. Collaborations were initiated with chemical modeling groups at Lawrence Livermore National 
Laboratory and Politecnico di Milano, which have expertise and prior experience developing kinetic models 
for transportation/jet fuels and SAFs, as well as the National Renewable Energy Laboratory, which will be 
conducting analogous testing using SAFs. 

 

Figure IV.1.6 Perspective view of instantaneous velocity magnitude within the ARC-M1 

The high-fidelity data obtained from the wall-resolved LES of the ARC-M1 provide the opportunity to 
investigate flow characteristics and structural development in a realistic gas turbine setup that embodies a 
relatively complex geometry. The perspective view of the instantaneous velocity magnitude in the combustor 
is shown in Figure IV.1.6 at time = 22 ms, which is about 28.9 flow-through times based on the combustor 
length and characteristic velocity scale in the combustor. At this time instant, the flow within the combustor 
has reached a statistically fully developed state, as the time-integrated mean flow is statistically converged 
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with no significant variations in time. This flow is currently being compared with experimental data [8] and 
previous simulations [2]. 

Conclusions 
Spray experiments were carried out successfully with real fuels of interest and examined with X-ray 
diagnostics, demonstrating the diagnostic capabilities to differentiate fuel property effects. The X-ray 
diagnostics can reveal multiphase flow behavior within the confinement of relevant atomizer geometries and 
provide valuable datasets for the development and validation of computational models of fuel flows and 
sprays. The hardware is also characterized to a degree of detail that allows for geometric influences to be 
resolved through complementary modeling efforts and for accurate validation to experiments with common 
geometry. Appropriate validation and high-fidelity qualitative and quantitative experimental data, provided 
through these X-ray diagnostics, will strengthen these modeling methods. Improvements to these models will 
speed the verification of SAF behavior in existing systems as well as accelerate the development of future 
propulsion systems. 

Reacting flow simulations of the Referee Rig were performed to understand the impact of liquid properties on 
the stable combustion behavior. The changes in the liquid properties from A-2 were estimated based on typical 
drop-in fuel properties. The simulations reveal changes in the stable flame behavior with a reduction of 8% in 
density and an increase of 3% in the fuel’s energy content. These changes in the flame behavior change the 
heat-release-rate behavior within the combustor and will subsequently impact the behavior of the fuel for lean 
blow-out, a key figure of merit for fuel certification. The ongoing work will be expanded to other properties, 
and their impact individually and combined on the stable flame behavior and lean blow-out will be explored. 

Progress was made toward upgrading Argonne’s RCM facilities to enable investigations of SAFs and SAF-
blended fuels at combustor-relevant temperatures, pressures, and fuel loadings. Fuel autoignition affects lean-
blow-out behavior as well as flame dynamics under autoignition-assisted conditions, which are common in 
advanced gas turbine combustors, and therefore it is critical to properly model this in design-relevant, CFD 
simulations. Shakedown of the equipment will continue in FY 2023 as the delayed components are integrated 
into the RCM’s ancillary systems, with validation tests to be conducted in collaboration with chemical 
modeling groups at Lawrence Livermore National Laboratory and Politecnico di Milano. 

A high-fidelity CFD model for a realistic gas turbine has been developed using Nek5000. As a precursor to 
performing reacting simulations, work in FY 2022 demonstrated the use of wall-resolved LES to study the 
small- and large-scale flow dynamics in the ARC-M1 combustor under non-reacting conditions. In FY 2023, 
the work will be extended to perform reacting flow computations. The instantaneous and time-averaged liquid 
and vaporized fuel distribution, flame shape, and flame anchoring location will be analyzed. These simulations 
will shed light on how and why varying fuel properties lead to a change in the vaporization resulting in a 
change in flame shape and dynamics. 
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Project Introduction 
Emission characteristics of aero-engine combustors need to be improved to reduce harmful effects that the 
aviation sector has on human health and the environment. Stringent emission regulations are being 
implemented by government agencies across the world, putting pressure on engine manufacturers to produce 
cleaner engines. As such, it is of extreme importance to investigate combustion and emissions from aero-
engines to support the development of next-generation engines. While key aspects of aero-engine combustion 
have improved, soot predictions remain a significant challenge to researchers. Highly turbulent swirl flows 
coupled with unsteady fuel atomization and vaporization, fuel air mixing, recirculation zones, and possible 
acoustic instabilities make the analysis of soot properties very complicated. In addition, it is also hypothesized 
that non-volatile particulate matter (nvPM) or soot is responsible for the formation of aircraft-made contrails—
identified as major climate forcers—by acting as inception particles that can enable the heterogenous 
nucleation of water to form droplets, which later turn into ice crystals. Sustainable aviation fuels (SAFs) are a 
great way to reduce the impact of aviation on both human health and climate forcing. Beyond the obvious 
decarbonization benefit of SAFs, well-engineered fuel formulations may also reduce soot emissions. However, 
it is acknowledged that nvPM emission numbers are only part of the problem with respect to contrails, and that 
specific properties of soot may bear as much importance as the total soot mass emitted by the engine. 

To be better understood, these aspects demand advanced testing, combined with diagnostic capabilities that are 
extremely challenging to apply in ground-based aero-engine combustor testing facilities. We therefore 
proposed a novel approach to study the combustion and soot formation processes in spray flames generated by 
different types of jet fuels, including SAFs. A non-continuous injection system based on a solenoid-actuated 
injector unit called the single-hole atomizer (SHA) is used to inject jet fuels in a constant-volume pre-burn 
vessel with highly controlled ambient conditions set to represent thermodynamic conditions inside real aero-
engine combustors. 

The research reported in this document was an essential piece of the aviation effort undertaken at Sandia 
National Laboratories (SNL) for Fiscal Year (FY) 2022, as it was leveraged to support research projects 
funded by NASA or the SNL Laboratory Directed Research & Development (LDRD) office to obtain a more 
complete dataset for spray injection, mixing, combustion, and emissions, including contrail formation, with the 
SHA approach. Specifically, the project funded by NASA, which started in FY 2022 but is set to continue into 
at least FY 2023, aims at investigating the evaporation regime of fuel droplets, which can be transcritical at 
relevant aero-engine conditions. The project funded by the Energy and Homeland Security investment area 
under the LDRD program delved into detailed soot properties of particulates sampled directly in the 
combustion zone of the SHA-generated spray flame, to link soot morphology and surface chemistry properties 
to contrail formation. Together with the LDRD-funded work, the current project also supported the 
development of a new altitude chamber facility at SNL to investigate the nucleation process of water on soot 
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particles or other aerosols. Nucleation has been identified as a key weakness in current sub-scale models 
implemented in weather- and climate-oriented large eddy simulations. 

Objectives 
This project aims at investigating the combustion characteristics of spray combustion at conditions relevant to 
modern aero-engines across the main yet challenging operating points. The custom injection system based on 
the SHA was used to inject different types of liquid jet fuels, including SAFs, in a constant-volume pre-burn 
chamber where ambient conditions were set to mimic representative thermodynamic conditions that can be 
found in real aero-engine combustors. This configuration allows the decoupling of soot formation from the 
other complex phenomena evolving in combustors.  

In this work, flame stabilization (the process that leads to a stable flame) and associated fundamental 
mechanisms under conditions relevant to aero-engine combustion were investigated, using formaldehyde 
(CH2O) planar laser-induced fluorescence (PLIF) and excited hydroxyl radical (OH*) chemiluminescence. The 
data acquired with these two diagnostic techniques were combined with diffuse back-illumination extinction 
imaging (DBI-EI) measurements to investigate differences in soot formation between the fuels. The 
experimental results this approach can provide are highly valuable in the context of better understanding the 
combustion processes from a variety of fuels, including sustainable fuels, without the need to operate complex 
and expensive facilities such as ground-based combustors at conditions relevant to modern and next-generation 
aero-engines. The optical soot experiments were also elemental to the LDRD-funded project (mentioned 
earlier) that studied fundamental soot properties in the context of contrail formation. 

Approach 
The measurements were performed in a constant-volume pre-burn combustion chamber (c.f. Figure IV.2.1) 
using the SHA concept. Unlike the continuous injection mechanism used in aero-engines, the SHA is a direct-
acting, solenoid-actuated unit, allowing injections of defined durations. While non-continuous injections are 
not strictly representative of the process in aero-engines or gas turbines, the injection duration can be 
sufficiently long to allow the processes to be steady over a finite time period, as discussed in the Results 
section. The injector is equipped with a custom single-hole nozzle with a nominal diameter of 135 µm. The 
SHA can operate over a wide range of injection pressure conditions, from atmospheric up to 35 MPa. 

 
Figure IV.2.1 Schematic of the experimental setup, consisting of (a) 520 nm light-emitting diode (LED), (b) 355 nm laser 

sheet, (c) optically accessible constant-volume combustion vessel, (d) OH* chemiluminescence imaging camera with 
intensifier, (e) DBI-EI imaging camera, (f) CH2O PLIF camera, and (g) dichroic beam splitters 

The ambient conditions inside the chamber were carefully selected to be representative of injection and 
combustion conditions in modern and next-generation aero-engines. Concretely speaking, the conditions were 
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set based on the assumption that the overall pressure ratio across the compressor was on the order of 60. Two 
ambient pressures were selected, one corresponding to combustor pressures representative of take-off 
conditions (6.0 MPa) and another more characteristic of cruise conditions (2.0 MPa). The ambient temperature 
was adjusted to closely match the expected air temperature entering the combustor at the respective conditions. 
As such, the take-off temperature was set to 900 K, while the cruise temperature was 800 K, as a result of the 
lower engine inlet temperature at altitude. The results collected at this condition are not reported here because 
C-1 and C-4 fuels did not ignite, making it an incomplete dataset. The way the results are plotted next and the 
trends can be confusing to the reader, which is why the results for this condition were not plotted. A higher 
ambient temperature was also tested, aiming at representing the combustion process in the inner recirculation 
zone, where the mixing of the freshly injected fuel with combustion products is expected to feature higher 
temperatures, as well as reduced oxygen concentration. The experimental conditions analyzed in this work are 
summarized in Table IV.2.1. 

Table IV.2.1 Summary of the Operating Conditions 

Conditions Pressure [MPa] Temperature [K] % O2 

Take-off combustor inlet 6.0 900 21 

Take-off inner recirculation zone 6.0 1,200 15 

Cruise combustor inlet* 2.0 800 21 

Cruise inner recirculation zone 2.0 1,200 15 

* Results omitted from the present report due to incomplete dataset 

Several fuels were used for this study. The project tested three samples from the National Jet Fuel Combustion 
Program fuel matrix [1]: a nominal reference Jet A fuel (A-2), an alcohol-to-jet fuel containing highly 
branched dodecane and hexadecane type components (C-1), and a blend made of 40% C-1 and 60% iso-
paraffins ranging from 9 to 12 carbon atoms (C-4). We also studied an advanced bio-derived cyclo-alkane fuel 
(BCH), representative of a next-generation type of fuel, both reducing emissions and presenting a high degree 
of compatibility with the engine system (drop-in). The project also tested n-dodecane (nC12) since it has been 
a logical surrogate choice for jet fuel, and detailed/reliable kinetic mechanisms are available. The injection 
duration was set to around 10 ms to stabilize the flame for a relatively long period of time and establish a 
quasi-steady state. 

An array of advanced laser and optical diagnostics was used to study the various processes of spray 
combustion. Namely, we applied PLIF to monitor CH2O formation and consumption, OH* 
chemiluminescence, and DBI-EI to investigate low- and high-temperature combustion processes, as well as 
aromatic growth and soot formation. The optical arrangement used to perform the different laser and optical 
diagnostics in a quasi-simultaneous manner is shown schematically in Figure IV.2.1. 

Results 
Figure IV.2.2 shows the time evolution of OH* chemiluminescence emissions for A-2 at take-off combustor 
inlet conditions. The images are all normalized according to their respective intensity ranges. First and 
foremost, because these results may be misleading, we note the presence of a strong signal coming from soot 
(most of the yellow and red regions). However, the main flame stabilization and propagation features can still 
be quantified. The OH* chemiluminescence images show that the flame propagates mainly downstream in 
these conditions. One important aspect of these tests, given the non-continuous injection scheme, is that the 
stabilization distance of the flame, or lift-off length (LOL)—the distance between the base of the flame and the 
injector tip—was relatively constant over time for both conditions, as well as for all the other fuels and 
operating conditions tested in this work. This observation supports that the approach based on the SHA and the 
relatively long injection duration could be used to investigate flame stabilization mechanisms, as well as 
combustion and emission characteristics of these fuels, under a mode of operation relevant to aero-engines. 
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Figure IV.2.2 Example of OH* chemiluminescence images at select timings for A-2 fuel at 60 bar and 900 K ambient 

conditions 

Similar behavior was observed for the other fuels and take-off conditions (not depicted in Figure IV.2.2). At 
cruise conditions, we observe that the flame propagates both longitudinally, away from the injector, and 
radially around the liquid jet, up to 4 ms after start of injection (aSOI). After 4 ms aSOI, the flame continued 
propagating axially and maintained a constant LOL. It is worth noting that the spray characteristics measured 
under both cruise conditions were very peculiar, with liquid droplets penetrating all the way to the back wall of 
the chamber as a result of the narrow spray dispersion.  

The ignition delay time (IDT) and LOL can be evaluated by analyzing the high-speed OH* chemiluminescence 
recordings. These two parameters are depicted in Figure IV.2.3. In evaluating IDT and LOL, the project team 
followed the procedures recommended by the Engine Combustion Network [2]. The cetane number 
measurements are also reported as grey bars in these figures to provide a comparison point to both the IDT and 
LOL across conditions and for all fuels. 

       
Figure IV.2.3 Measured IDTs (left) and LOLs (right) for all fuels, under the selected target conditions. The results are 

compared to the derived cetane number measured for the fuels. 

A large variation in ignition delays between the different fuels tested can be observed in Figure IV.2.3 (left) at 
take-off, compared to cruise conditions. As expected, based on their lower cetane numbers, C-1 (cetane 
number = 17) and (to a lesser extent) C-4 (cetane number = 28) exhibited significantly longer ignition delays at 
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take-off conditions compared to the other fuels, whose cetane numbers range from 47 to 73. This was not the 
case at cruise conditions, but peculiar liquid spray behavior may affect autoignition and combustion. 

A similar spread in LOLs was observed for different fuels under all target conditions except the one 
corresponding to the combustor inlet temperature at cruise altitude, as shown in the right plot of Figure IV.2.3. As 
described earlier, neither C-1 nor C-4 ignited at this condition, which is the reason why the results were omitted 
from the present report. It is expected that shorter flame stabilization distance coincides with richer combustion 
because of less mixing with ambient O2, which leads to higher soot production. However, this behavior may be 
countered by other aspects such as the sooting propensity of each fuel, as will be discussed later. 

The 355 nm excitation PLIF measurements were used in 
this case to probe both CH2O and polycyclic aromatic 
hydrocarbons (PAHs). The onset timing corresponding to 
the time when 3- to 4-ring PAHs (main contributors to 
the laser-induced fluorescence signal when excited at 355 
nm) first appeared was measured. Figure IV.2.4 shows 
the onset timing for PAHs for conditions at which there 
is sufficient temporal separation between PAHs and soot 
formation, namely take-off combustor inlet and the 
recirculation zone at cruise altitude. 

The trend of PAH onset time resembled what was 
measured with OH* chemiluminescence for high-
temperature IDT (see left plot of Figure IV.2.3). In 
agreement with their low reactivity, PAH formation was 
delayed for C-1 and C-4 at the take-off combustor inlet 
condition compared to the other fuels. Delayed ignition 
and PAH formation (assuming the growth of PAH and the signal recorded by the diagnostic scales with the 
actual onset, or formation of the first aromatic ring) have been associated with not only delayed but also lower 
soot production. 

Images collected using DBI-EI were processed to evaluate the soot optical thickness, KL, according to the 
Engine Combustion Network convention [2]. An example of time evolution of the two-dimensional KL fields 
is shown in Figure IV.2.5 for C-1 at take-off recirculation zone conditions. 

 
Figure IV.2.5 Example of KL images at select timings for C-1 fuel at 60 bar and 1,200 K ambient conditions 

Figure IV.2.4 PAH onset timings for all fuels under the 
selected target conditions 
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The DBI-EI data show that strong soot emissions appear shortly after injection, highlighting the significant 
sooting propensity of A-2 at this operating point, with measured extinction levels, i.e., KL, well above 3. 
Similar results were obtained for the other fuels. Note that 2-D extinction will also be sensitive to the liquid 
region and that most of the signal between 0 and 10 mm shall be attributed to the liquid portion of the spray, 
rather than soot. The determination regarding extinction in the near-field being caused by liquid droplets or 
soot was supported by the absence of high-temperature reactions (no OH* chemiluminescence signal) or soot 
incandescence in that region. The minimal separation between the extinction signal produced by the liquid 
extent of the spray and the soot field renders the interpretation of the data more challenging. 

Detailed analysis of the information gathered by the different diagnostics is needed to provide a more complete 
and accurate representation of the injection and combustion processes. In any event, the high-speed image 
sequences indicated that soot formed shortly after 10 mm under these conditions and that the soot field 
extended all the way to the end of the visualization window, corresponding to the back wall of the constant 
volume chamber, more than 80 mm away from the injector exit. We made similar observations regarding the 
development of the soot field in a way analogous to what was observed with the OH* chemiluminescence 
high-speed images, where the field propagated axially from the nozzle tip. 

The soot onset timing and the peak soot mass, defined as the maximum soot mass produced within the observable 
field of view at any given point in time, can be evaluated from the time evolution of the soot/KL field. These 
quantities are reported in Figure IV.2.6 for all fuels and operating conditions. Note that C-1 and C-4 did not ignite 
at cruise combustor inlet conditions, so no results are available. 

    
Figure IV.2.6 Measured onset timing (left) and peak soot mass (right) for all conditions and fuels 

The trends of soot onset timings agree with the IDT and PAH onset timing results. Specifically, C-1 and C-4, 
because of their lower reactivity, feature a delayed soot onset compared to the other fuels at take-off conditions. 
All fuels produce copious amounts of soot under the investigated operating conditions, as the relatively low 
injection velocities lead to rich mixtures in the reaction region, as demonstrated by the short LOLs. With that 
said, we observe that peak soot mass responds well to differences in operating conditions. The mean values 
(averaged from three to five repetitions) indicate the following ranking of conditions in terms of soot level 
production (ranked from low to high, according to the soot production metric): cruise recirculation zone, take-off, 
and take-off recirculation. While not reported here, it can be noted that the experimental data indicate that the 
cruise combustor inlet operating point produced the lowest amount of soot of all target conditions. This ranking 
highlights the effect of both ambient pressure and temperature, with peak soot mass tending to increase both with 
increasing pressure and increasing temperature. Over the range applied in this work, the variation associated with 
pressure dominated over that of temperature. Both cruise conditions (2 MPa, 800 and 1,200 K) produced less soot 
than either of the take-off conditions (6 MPa, 900 and 1,200 K). 
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Looking into the specifics and the potential benefit SAFs can bring to aero-engine combustion, the results 
showed that C-1, C-4, and BCH featured a lower peak soot mass compared to A-2 at all conditions. Given the 
results, this difference in soot production could certainly be attributed to the aromatic content of A-2 compared 
to the other fuels.  

Conclusions 
This effort began with the introduction of a new concept to investigate aero-engine combustion, relying on a 
non-continuous injection strategy that uses a single-hole nozzle (called the single-hole atomizer, or SHA) to 
inject jet fuels into quiescent environments at well-controlled thermodynamic conditions relevant to modern or 
next-generation aero-engines. Five fuels and a range of operating conditions relevant to modern and future 
aero-engines were tested. We applied quasi-simultaneous time-resolved optical diagnostics—OH* 
chemiluminescence images and PAH PLIF—to monitor the presence of PAHs and DBI-EI to quantify soot 
production. The main findings of this work are the following: 

• The SHA approach relying on non-continuous and non-premixed injections proved successful, as it 
led to stabilized flames over a relevant time period. 

• The trend of ignition delays at take-off conditions matched what the anticipated delays would be, 
based on cetane numbers, across the different fuels considered in this study. 

• The onset of PAHs and, consequently, the formation of soot was delayed for certain fuels, as a result 
of their lower reactivity. 

• Rather than follow the PAH and soot onset trends, fuels that are free of aromatics produced less soot 
across most conditions. 

• Substantially longer liquid penetration was observed at cruise condition, which potentially affected 
combustion, leading to even more challenging data interpretation. 

It should be noted that while aromatic-free fuels appear to produce less soot, more information (in addition to 
raw nvPM emissions) must be considered before drawing any conclusions regarding the performance of 
different fuels with respect to contrail formation. 

This project not only produced the valuable data presented herein but also supported companion projects, 
specifically, the NASA-funded project studying the effect of transcritical evaporation on fuel–air mixing in 
aero-engines and the LDRD project doing detailed characterization of soot properties in the context of contrail 
formation. Funds were also directed toward the development of a new altitude chamber facility, with the aim 
of investigating contrail formation at conditions relevant to aircrafts by obtaining critical information regarding 
the heterogenous nucleation process of water from soot particles or other aerosols.  

The results presented herein constitute valuable information regarding combustion properties and soot 
formation for different types of jet fuels relevant to aviation in the context of moving toward sustainable fuels. 
Furthermore, these experiments, along with the companion studies, provide a comprehensive dataset that can 
be used to benchmark a multitude of models and kinetic mechanisms developed for aero-engine applications.  
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Project Introduction 
Global aviation contributes over 1 Gt of CO2 emissions each year, an amount that is expected to continue to 
grow through 2050. Aviation is also anticipated to become a larger contributor (by percentage) to 
anthropogenic climate change as other areas of the economy decarbonize quicker. Because aviation is one of 
the hardest transportation sectors to decarbonize, several government agencies worked together to launch the 
Sustainable Aviation Fuel Grand Challenge to reduce cost, enhance sustainability, and expand production for 
sustainable aviation fuel (SAF) to 35 billion gallons annually by 2050, enough to replace petroleum-derived jet 
fuel in its entirety. This initiative directly addresses the contribution of CO2 emissions; however, recent studies 
estimate that non-CO2 effects contribute nearly two-thirds of the total climate impact of aviation [1]. The 
engine exhaust produces condensation trails, or contrails, and the resultant aircraft-induced cloudiness is the 
largest contributor to the climate forcing, with roughly double the impact of CO2. 

Despite contrails’ significance in overall climate impacts, it has been difficult to estimate the contribution of 
contrails relative to the other aviation emission sources. It has also been difficult to understand to design 
combustor operation and SAF composition (beyond the removal of high-soot-producing molecules such as 
aromatics) to reduce the impact of contrails. The challenge is due to the complex interactions between soot 
particle formation and oxidation in the jet engine combustor, the turbulent cooling and mixing with local 
atmospheric conditions, and the longer-term microphysics governing the evolution of the contrail cirrus. These 
conflating factors can lead to conditions in which the contrail dissipates in a matter of minutes with little 
climate impact; alternately, the contrail can persist for hours, interact with natural clouds, and ultimately 
increase the net effective radiative forcing. The modified clouds trap outgoing long-wave infrared radiation 
more effectively than they reflect incoming solar short-wave radiation. The aim of this project is to improve 
the understanding of the earliest contributors to contrail formation, including the soot formation mechanism for 
SAFs, and its coupling with ice nucleation models and other cloud microphysics models. 

Objectives 
Overall Objectives 

• Develop a chemistry model that captures significant trends in particle size and number of the 
formation and destruction of water–ice particles. 
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• Create a method to couple soot and ice formation models with existing cloud microphysics models to 
predict the initial evolution of SAF contrails. 

• Release updates onto the combustion solver software library Zero-RK (Zero-order Reaction Kinetics) 
(https://github.com/LLNL/zero-rk) [4] so the larger community can take advantage of the combustion 
and contrail modeling tools. 

Fiscal Year 2022 Objectives 
• Establish access to atmospheric thermodynamic data at flight conditions (temperature, pressure, 

relative humidity, etc.) relevant to the contrail formation and evolution processes. 

• Verify that the current SAF chemistry and soot formation model will produce stable simulations of jet 
engine exhaust cooling and mixing processes with ambient conditions at cruising altitudes. 

• Identify additions to expand the SAF combustion model to include atmospheric chemistry, ice 
nucleation, and other cloud microphysics models. 

Approach 
The project builds from the surrogate mechanism developed for the Co-Optima program at Lawrence 
Livermore National Laboratory (LLNL) [2]. This fuel model contains over 4,200 reacting species to accurately 
resolve combustion phenomena, including more than two dozen hydrocarbon blendstocks commonly found in 
gasoline, jet fuel, and diesel. The model also contains more than two dozen oxygenates and bio-derived 
blendstocks, including all those identified in the blending study by McCormick et al. [3] as promising 
candidates to lower the life cycle carbon contribution of transportation fuels. Pathways for soot formation have 
recently been included to predict the impact of fuel composition and operating conditions on the growth and 
oxidation of soot particles. Predicting the size and number distributions of soot in jet engine exhaust is 
necessary for modeling contrail formation mechanisms, as the particles play a major role in the ice nucleation 
process. 

The team is also building on other LLNL resources to understand the role of SAF composition in the 
propensity for contrail formation, persistence, and impact on the climate. The team is working with 
atmospheric scientists at the National Atmospheric Release Advisory Center (NARAC) to get the latest cloud 
microphysics models and support in assessing how changes to SAF design and utilization impact contrail 
formation. NARAC provides real-time computer predictions of the atmospheric transport of material from 
radioactive releases and of the downwind effects on health and safety. The team is also working with the 
Advanced Combustion Numerics group, who developed Zero-RK, which is used by computational fluid 
dynamics software vendors and combustion system designers in industry. The Zero-RK developers can rapidly 
create new capabilities to couple the latest in atmospheric microphysics models with the SAF and soot 
chemistry models.  

Results 
There are three main results during Fiscal Year (FY) 2022 for the project launch: 

• Established access to the atmospheric thermodynamic data maintained by NASA’s Global Modeling 
and Assimilation Office and obtained seasonal and diurnal variations for altitudes ranging from 9 km 
to 12 km (typical of aviation cruise). 

• Verified that LLNL’s current sustainable aviation fuel mechanism with soot formation will have stable 
simulation performance at temperatures as low as 190 K when the cooling and mixing processes of the 
engine exhaust plume are modeled. 

https://github.com/LLNL/zero-rk
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• Identified chemistry additions and code advancements for LLNL’s Zero-RK combustion solver for 
FY 2023 to include ice nucleation and more general atmospheric microphysics needed to simulate 
contrail formation. 

The core SAF and soot mechanism was initially developed to accurately predict ignition and other combustion 
phenomena above 600 K. As the soot and water vapor cool when the engine exhaust mixes with the ambient 
atmospheric conditions, the chemistry model will need to transition from combustion temperatures to ice 
nucleation temperatures. It is important to understand the range of atmospheric conditions encountered in 
aviation as the persistence of contrails (and their subsequent climate impacts) is highly sensitive to local 
pressure, temperature, relative humidity, and particle density. The Modern-Era Retrospective Analysis for 
Research and Applications, Version 2 (MERRA-2) dataset [5] is used to sample the diurnal and seasonal 
variation in the atmospheric data to quantify the range of conditions in which the new coupled soot, ice 
nucleation, and cloud microphysics model must simulate. The temperature as a function of altitude is sampled 
across the globe for 24 full days (1st and 15th of each month in 2021) at three-hour intervals each day, and the 
annual extrema, mean, and inner 95% is plotted in Figure IV.3.1. The lower bound of the inner 95% range 
extends as low as 190 K at the range of altitudes typically used for aviation cruise (9 km to 12 km). 

 
Figure IV.3.1 Atmospheric temperature variations across the globe as a function of altitude from the MERRA-2 dataset: 
mean temperature (red circles), inner 95% range (shaded gray), and the annual extrema (dots) for 2021. The 1976 U.S. 

Standard Atmosphere (U.S. Std. Atm.) is plotted in a solid blue line for reference. 

To assess the suitability of the core SAF and soot formation mechanism for modeling the initial contrail 
formation processes, the Mech Checker tool (https://combustiontools.llnl.gov/) developed by Killingsworth 
et al. [6] is used to verify the expected performance of the thermodynamics and chemistry models. Less than 
11% of the 4,200 species have thermodynamic functions defined below 250 K. If the specific heat or related 
thermodynamic properties are held fixed at their low temperature limit, a discontinuity in the first derivative of 
the governing ordinary differential equations will exist. These discontinuities can negatively affect the 
performance of the combustion solver and can lead to larger computational costs and even numerical 
instabilities that cause the simulation to crash. To avoid the discontinuities, the polynomial functions 
approximating the thermodynamic properties may be used to extrapolate beyond the temperature limits, but the 
functions are not guaranteed to produce physically valid results and must be verified. The extrapolation of the 
thermodynamic functions down to 190 K revealed that only 14 species in the core mechanism had any 
unphysical, non-monotonic specific heat functions. Further, the relative non-monotonic variation is less than 
7%, with no species going below the theoretical minimum specific heat for an atomic species, which indicates 
the extrapolated thermodynamic functions should not introduce any instabilities when used in low-temperature 
simulations encountered for modeling contrails. 

https://combustiontools.llnl.gov/
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The Mech Checker tool is also used to evaluate the reaction rates in the core SAF and soot mechanism to 
temperatures as low as 190 K. The original model was initially designed to make predictions in the combustion 
regime and was validated only to temperatures as low as 600 K. Not surprisingly, a subset of the binary 
reactions is found to have artificially fast reaction rates in the reverse direction at these lower temperatures, as 
shown in Figure IV.3.2. The binary reaction rate is considered artificially (or unphysically) fast if its estimated 
collision probability exceeds 1. That is, the species react faster than they can collide to create the products. 
While non-physical, the large reaction rates may not necessarily cause numerical instabilities like the 
thermodynamic discontinuities. However, these rates do indicate that the low-temperature approximation of 
the enthalpy and entropy of formation needs to be reevaluated to have a more accurate low-temperature 
simulation and will be corrected in FY 2023. 

 
Figure IV.3.2 The largest 150 binary collision probabilities in the core SAF and soot mechanism. Values >1 indicate a binary 

reaction that is reacting faster than is physically possible. 

Atmospheric “microphysics” refers to the micron-scale physical phenomena that affect the evolution of clouds 
and their precipitation particles. Near-field contrail formation models are highly sensitive to the linkage 
between the soot formation mechanisms, sulfur and volatile organic chemistry interactions with soot particles, 
and the microphysics models. Recent reviews of challenges facing predictive microphysics models [7], [8], [9] 
include numerous references that allow an assessment of the current atmospheric models needed for contrail 
prediction. The project team is reviewing these literature models to determine their suitability to be coupled 
with the state-of-the-art SAF and soot model developed at LLNL and then categorizing the models into three 
main categories: (A) may be added directly to the existing model, (B) require a new reaction class to be added 
to LLNL’s Zero-RK software, and (C) are best coupled via a user-defined function to Zero-RK. 

The atmospheric chemistry kinetic mechanisms for nitrogen oxides, sulfur oxides, and sulfuric acid [10], [11] 
are Category A, as they are represented by traditional mass-action formulas with modified Arrhenius 
parameters defining the reaction rate coefficients. Similarly, the bin sectional methods for resolving the size 
distribution of ice nucleating particles using a fixed discretization has the same formulation as the current 
LLNL soot model and thus falls into Category A. More complex formulations of the bin sectional methods that 
include surface activation rates based on the local concentration of sulfur compounds [12], unburned or 
partially burned fuel, and other organics would be best handled by adding a new reaction class to Zero-RK to 
provide a formulation that represents the surface kinetics; these formulations and are in Category B. Some 
global reaction models for the decomposition of an arbitrary hydrocarbon or bioderived fuel [13] include 
function terms that are not currently available in standard kinetic models. These non-standard functions may be 
approximated using one or a series of the currently available reactions in Zero-RK, making them Category A, 
or may fall into Category B if accuracy demands that the formulation be implemented exactly. Finally, some 
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microphysics models that couple with an instantaneous equilibrium approximation for the vapor pressure [14] 
are sufficiently complex that they are best implemented as independent code, Category C. This code could then 
be callable via a standardized user-defined function in Zero-RK to be integrated simultaneously with the 
chemical kinetic model. Many other models defined in the references from the reviews [7], [8], [9] fall in 
Category C because they have custom governing ordinary differential equations that are not sufficiently reused 
to warrant new functional forms in Zero-RK. Overall, a clear path exists to couple the most relevant 
microphysics models from the atmospheric simulation community with LLNL’s state-of-the-art SAF soot 
model in FY 2023. 

Conclusions 
The project completed the initial verification of the base SAF and soot mechanisms and identified a clear path 
to continue coupling the latest ice nucleation and other cloud microphysics models. The success of the project 
will improve the understanding of the earliest contributors to contrail formation and provide engine and fuel 
engineers in industry with tools to limit the climate impact of persistent contrails and contrail-induced 
cloudiness for future SAF utilization. Three objectives were completed in FY 2022 to launch the new research 
project at LLNL: 

• Established access to atmospheric thermodynamic data at flight conditions (temperature, pressure, 
relative humidity, etc.) relevant to the contrail formation and evolution processes. 

• Verified that the current SAF chemistry and soot formation model will produce stable simulations of 
the jet engine exhaust cooling and mixing processes with the ambient conditions at cruising altitudes. 

• Identified additions to expand the SAF combustion model to include atmospheric chemistry, ice 
nucleation, and other cloud microphysics models. 
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Project Introduction 
Designing modern combustion systems now relies on computer models that predict how changes in design will 
affect performance. These models have replaced older methods that relied on the designer's intuition or costly 
and time-consuming physical testing. By using improved models, design cycles can be shortened, and cleaner 
and more efficient combustion devices can be created. This project aims to improve computer simulations of 
low-lifecycle-carbon fuels (LLCFs) with the goal of making these simulations faster and more accurate for 
predicting combustion in vehicles. 

Objectives 
Overall Objectives 

• Advance state-of-the-art in LLCF combustion simulation through the development of fast and 
accurate models. 

• Work with industry partners to prove capability and impact of combustion software. 

Fiscal Year 2022 Objectives 
• Create fuel surrogate and reduced kinetic models for LLCF combustion research in support of 

Lawrence Livermore National Laboratory (LLNL) kinetic modeling team. 

• Develop neural-network species prediction models (NNSPMs) that accelerate computational fluid 
dynamics (CFD) simulations containing detailed reaction models by reducing the number of kinetic 
species that need to be resolved. 

Approach 
The computational models are critical for the transition of U.S. transportation markets for off-road, rail, 
marine, and aviation away from carbon-intensive fuels (e.g., diesel and Jet-A/A1) and towards LLCFs. These 
models rely on detailed kinetic/reaction models as developed in the sibling project and described in the 
associated report [1]. The LLCF models are designed to capture as much real combustion behavior for as many 
fuel components as possible. The level of detail in these models makes them exquisite tools for investigating 
impacts of fuel interactions and fuel/emissions coupling in canonical combustion devices (e.g., shock-tubes, 
laminar flames) but also makes them intractable for use in CFD due to the extreme cost of such simulations. 
The current effort in this project bridges the simulation gap by (1) creating matched fuel surrogate mixtures 
and reduced kinetic models, (2) reducing the cost of transport equation solution in CFD with NNSPMs. 
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Results 
Surrogate Mixture and Reduced Reaction Models 
Although previous work in this project and elsewhere has accelerated solutions for detailed kinetic models, it is 
still not possible to use models with thousands of species in practical combustion devices using CFD. 
Relatedly, practical market fuels in wide use in transportation (e.g., diesel and jet fuels) contain thousands of 
components which vary from region to region and seasonally. This project has previously advanced the state of 
the art in these areas by creating new tools for reaction model reduction and tuning as well as surrogate fuel 
mixture creation. The prior focus of application for these tools was applied to fuels with an on-road focus (e.g., 
gasoline, diesel, and related bio-fuel analogs). The current effort aims to apply these tools to fuels relevant to 
off-road, rail, marine, and aviation markets, including existing market fuels, nascent LLCF candidates, and 
related blends. 

Reaction model reduction and tuning keeps the most important features of a fully detailed kinetic model at a 
limited set of environmental conditions (e.g., temperature and pressure) and fuel components. Using the Global 
Pathway Selection methodology [2], coupled to the Zero-RK fast chemistry solvers [3], LLNL can quickly 
create customized models suited to fuel and model conditions. This capability allows reduced models to 
closely follow development of the detailed models, and to quickly adjust to changing CFD model requirements 
(either in reacting conditions or reaction model size). While this tool can make highly reduced reaction models 
(i.e., with very low species/reaction counts), the fidelity of the reduced models can be significantly degraded. 
LLNL has developed a reaction model tuning toolkit to minimize the discrepancy between full and reduced 
model predictions. The combination of the reduction and tuning process creates kinetic models that are 
practical to use in device-scale CFD while maintaining excellent predictions for ignition and emissions. 

For combustion modeling, the reality of complex and varying market fuels necessitates the use of fuel 
surrogates that can match the physical and chemical qualities of a target fuel with a limited mixture of well-
characterized fuel components. Historically, modelers have employed single or binary component surrogate 
fuels, largely due to the lack of practical reaction models for more complex mixtures. In the last decade, 
surrogates with ten or more components have been proposed in the literature for a wide range of liquid 
transportation fuels. The increasing availability of detailed fuel models and the goal of transitioning to LLCF 
have motivated the need for a tool that can design a surrogate fuel for existing market fuels, LLCF candidate 
fuels, as well as blends of the two. LLNL has created a tool that can evaluate fuel surrogates based on a range 
of targeted physical and chemical characteristics. Given a set of surrogate components, this tool can find 
mixtures that optimally fit the targeted characteristics. The flexibility and speed of the surrogate generation 
tool enables combustion researchers to fully leverage detailed reaction models to investigate practical fuel and 
fuel blending effects on combustion device performance. 

In Fiscal Year 2022, the reduction, tuning, and surrogate generation tools have been employed across a range 
of transportation fuel studies [4], [5], [6], [7]. Figure V.1.1 and Figure V.1.2 show examples of the impact of 
the tools with (Figure I.1.1) the improvement in predictions of first stage ignition of a reduced n-dodecane fuel 
model as a result of parameter tuning (more details in Tagliante, et al. [4]) and (Figure V.1.2) a comparison of 
the measured and predicted distillation curves for diesel surrogates developed using the surrogate generation 
tools [6]. The tools are maintained and updated in response to the needs of the kinetic modeling team and will 
continue to be applied to LLCF combustion research. 
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Figure V.1.1 Relative error in prediction of first stage ignition for a reduced n-dodecane model before (top) and after 
(bottom) reaction rate parameter tuning [4]. Lighter colors indicate predictions that are in better agreement with the 

detailed model. 

 
Figure V.1.2 Comparison of distillation curves measured for three diesel fuels and the corresponding surrogates as 

predicted by the LLNL surrogate generation tool [6] 

Acceleration of CFD with Detailed Kinetics with Neural-network Species Prediction Models 
Even with the new capabilities discussed above, the inclusion of kinetic models with ~100 species or more in 
CFD of combustion devices remains computationally expensive. One of the impacts of the large species counts 
is the number of equations that must be solved to track the transport of species within the flow domains. The 
cost of transport equation solution scales linearly with the number of species included in the reaction model, 
and in some cases this cost can become the bulk of the computational cost of a CFD analysis. LLNL is 
developing a methodology to substantially lower the cost of transport equation solution through the use of 
NNSPMs. The NNSPMs are designed such that only a fraction of the species included in the chemical model 
need to be resolved in the transport. The concentrations of the “missing” species are predicted by a neural 
network model that has been trained on a large dataset of reaction states (all species, temperature, and 
pressure) from zero- and one-dimensional reacting systems. The initial and boundary conditions for the 
training datasets are designed such that the resulting states cover all the conditions that will be seen during 
practical CFD simulations. The cost of generating the training dataset and training the neural network is 
amortized over all future CFD simulations using the NNSPM through the reduction in transport equation cost. 
LLNL has shown that >50% of species can be accurately predicted by properly trained NNSPMs for a reaction 
model containing >200 species, and future work will focus on connecting the models to CFD through a plug-in 
architecture. 
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Conclusions 
• LLNL tools for practical application of detailed reaction models in CFD, including model reduction, 

model tuning, and surrogate generation were applied across a range of vehicle combustion problems 
and continue to be developed and supported for future LLCF research. 

• NNSPMs have been shown to accurately predict >50% of the chemical species, with the promise to cut 
transport equation solution time in half. Developments to integrate the NNSPM into CFD are ongoing.  
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Project Introduction 
Introduction of low-/net-zero-carbon liquid fuels is potentially the lowest-cost pathway for rapid reduction in 
greenhouse gas emissions from difficult-to-electrify sectors of transportation. Biofuels are low-carbon fuels 
that can be used to decarbonize these sectors, which include long-haul freight, large off-road equipment, rail, 
marine shipping, and aviation. Currently available biofuels are used at relatively low blend levels. This 
research is targeted at increasing blend levels to 100% and accelerating the introduction of new low-carbon 
biofuels. The primary focus of this project is on synthetic aviation turbine fuel (SATF), which, if shown to be 
produced with a low carbon intensity, is sometimes called sustainable aviation fuel (SAF). 

Low-technology-readiness-level fuel production processes generate small volumes (e.g., 10 mL), while full 
fuel qualification (especially for aviation) can require tens of thousands of liters—a quantity not available until 
the process reaches pilot scale. The “valley of death” for new fuel development is the huge risk of investing in 
multimillion-dollar pilot plants caused by the coupling of scale-up risk with uncertainty as to whether the 
resulting fuel will meet regulatory and user requirements. Research under this project endeavors to reduce 
these risks and accelerate SATF introduction by using high-fidelity simulations to predict fuel property effects 
on turbine combustion. The research leverages improved simulations of combustion in an aviation gas turbine 
developed under previous research sponsored by the Office of Science [1]. To further improve the fidelity of 
these simulations, critical fuel properties will be measured at actual turbine operating conditions, and high-
quality, reduced-order combustion kinetic models will be developed. Simulation results can provide 
confidence that a new fuel can meet fuel qualification requirements very early in the development process, 
thereby reducing risk and accelerating the introduction of low-net-carbon fuels and attainment of the SAF 
Grand Challenge goal of 35 billion gallons per year [2]. Simulations might also show that fuels outside of the 
currently allowable property range could provide acceptable performance, which would also accelerate new 
fuel development. 

Objectives 
Overall Objectives 

• Create unique experimental capabilities for measuring critical properties of conventional jet fuel and 
SATF over the full range of turbine engine operating conditions (−40°C to 525°C and 0.4 atmosphere 
[atm] to 70 atm—and as high as 130 atm in the fuel injection nozzle upstream of the combustor). This 
capability will be developed incrementally over several years; properties of interest include density, 
viscosity, surface tension, heat capacity, and heat of vaporization (at a minimum). 
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• Develop an improved ignition delay metric for jet fuels (including SATF) that is more optimized for 
the conditions of turbine combustion than cetane number (CN) and has a reduced fuel volume 
requirement. 

• Utilize the National Renewable Energy Laboratory’s (NREL’s) existing flow reactor (up to 1,200 K, 
10 atm) and constant volume combustion chamber (up to 973 K, 40 atm) capability to inform 
development of reduced kinetic models for current and future forms of SAF. 

• Simulate the impacts of fuel properties on performance (ignition, extinction, emissions formation, and 
other aspects) of a single-nozzle flame tube and investigate the impacts of uncertainty in fuel property 
measurements on the simulation results. 

Fiscal Year 2022 Objectives 
• Identify and acquire instruments to measure density and viscosity over the full temperature and 

pressure range. Identify an instrument (to be acquired in Fiscal Year [FY] 2023) to measure surface 
tension over the full temperature and pressure range. 

• Demonstrate that the Advanced Fuel Ignition Delay Analyzer (AFIDA) can measure CNs for jet fuels 
and SATF that are identical to those measured by other methods. 

Approach 
The ASTM International methods used to measure fuel properties for new aviation fuel qualification [3] were 
reviewed to understand their accessible temperature and pressure ranges and principles of operation. Vendor 
offerings for instruments that could go beyond these conditions—to cover the full turbine engine operating 
range while providing comparable property measurements—were identified. 

CN measured in the AFIDA is called indicated cetane number (ICN)—measured by ASTM D8183 [4]—and is 
an approved method for measuring the CN of diesel fuels. ASTM D4054 [3], Standard Practice for Evaluation 
of New Aviation Turbine Fuels and Additives, requires measurement of derived cetane number (DCN) using 
ASTM D6890 [5]. To evaluate the equivalence of these methods, the research team obtained several of the 
Federal Aviation Administration National Jet Fuel Combustion Program’s (NJFCP’s) standard fuels, as well as 
SATFs from three producers (described in more detail in the Results section). CNs of these fuels were 
measured by NREL using the AFIDA, and, for some fuels, DCN values were also measured using NREL’s 
Ignition Quality Tester (IQT) via ASTM D6890. The AFIDA is a constant-volume combustion chamber that 
measures ICN using an initial temperature and pressure of 580°C and 17.5 atm. These conditions were chosen 
to provide an ignition delay metric (CN) that is relevant to combustion in a diesel engine. Notably, ICN 
requires 40 mL, versus the 150 mL required for DCN measurement—a significant advantage for evaluating 
fuels at low technology readiness levels. 

Temperature and pressure can be easily varied in the AFIDA, and so, in addition to measuring ICN, the team 
has begun to measure ignition delay over a broad range of conditions with the goal of determining whether 
different conditions would provide results more predictive of turbine engine performance (e.g., lean blowout). 

Results 
Accomplishments in FY 2022 in acquiring instruments for measuring properties at actual conditions are as 
follows: 

• Identified, ordered, and installed an Anton Parr DMA 4200 density meter with an operating range of 
−10°C to 200°C and 1 atm to 500 atm (for aviation fuels, pressures up to 130 atm will be employed). 

• Acquired a conventional (ASTM D7042) viscometer (Anton Parr SVM 3001) for the measurement of 
kinematic viscosity at 1 atm from −60°C to 130°C; this device is also capable of measuring density 
according to ASTM D4052. Identified and ordered (with installation scheduled for the first quarter of 
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FY 2023) two Cambridge Viscosity viscometers with a combined operating range of −40°C to 315°C 
and 1 atm to 1,300 atm (for aviation fuels, pressures up to 130 atm will be employed). 

• Worked with KRÜSS Scientific to design a tensiometer for measuring surface tension with an 
operating range of −35°C to 400°C and 1 atm to 60 atm. The team plans to order this instrument in FY 
2023. 

For comparison of ICN and DCN, the fuels listed in Table V.2.1 were employed. These include several of the 
NJFCP fuels, whose properties (including DCN) were reported by Edwards [6]. Commercial SAF samples 
were obtained from three producers; these were tested in neat form and as 50% blends into sample A-2 (a Jet A 
fuel). A low-CN reference fuel, methyl cyclohexane, was also evaluated. According to their standard methods, 
the AFIDA is calibrated for the ICN range of 35 to 85, while the IQT is calibrated for the DCN range of 33 to 
64. Initial experiments showed good agreement between these methods in their calibration ranges; however, 
agreement deteriorated for lower-CN materials, and, in fact, the neat alcohol-to-jet (ATJ) fuels did not even 
ignite in the AFIDA experiment using the standard method. In collaboration with ASG Analytik-Service AG, 
the manufacturer of the AFIDA, the team developed a low-ICN calibration for fuels ranging in ICN from 5 to 
35 that exhibits a correlation coefficient (r2) of 0.99 over six primary standard binary mixtures of 
1-methylnaphthalene and n-hexadecane. 

Table V.2.1 DCN and ICN Measured Values (New Low-ICN Calibration Applied for ICN Values) 

Fuel DCN [6] DCN (NREL) ICN (NREL) Comments 

NJFCP Identification     

A-1 (10264) 48.8 -- 52.3 JP-8 (Jet Propellant 8) 

A-2 (10325) 48.3 -- 51.3 Jet A 

A-3 (10289) 39.2 -- 41.7 JP-5 

C-1 (13718) 17.1 -- 9.0 ATJ (isobutanol) 

C-2 (12223) 50.4 -- 51.9 84% C14 iso-paraffins/16% 
1,3,5 trimethyl benzene 

C-3 (12959) 47.0 -- 49.4 64:36 A-3:Amyris farnesane 

C-4 (13217) 28.0 -- 18.2 60:40 FT-SPK:C-1 

Other Fuels     

Commercial HEFA-SPK#1  59.4 60.5  

Commercial HEFA-SPK#2  67.0 64.7  

Commercial ATJ-SPK  15.4 8.4 ATJ (isobutanol) 

NREL Blend   54.8 56.9 50:50 A-2:HEFA-SPK#1 

NREL Blend  36.3 31.0 50:50 A-2:ATJ-SPK 

Low-CN fuel  23.3 22.0 Methylcyclohexane 

HEFA – hydroprocessed esters and fatty acids; SPK – synthetic paraffinic kerosene; FT – Fischer–Tropsch 

Figure V.2.1 shows the final DCN/ICN comparison results using the newly developed low-ICN calibration for 
ICN. The r2 obtained between all measured results is 0.98, but this number rises to 0.99 by removing results 
obtained outside of the ASTM calibrated range for the IQT. For CNs below ~25, the ICN is typically 
significantly lower than DCN. There is a large degree of uncertainly in DCN results obtained below 33 since 
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the IQT is not calibrated in that region. These results demonstrate the equivalence of ICN and DCN for 
alternative jet fuel qualification. 

Pressure traces for ignition delay measurement at 530°C for A-2 and a 50% blend with HEFA-SPK#1 are 
shown in Figure V.2.2. Both pressure traces show an initial decline in pressure from evaporative cooling 
followed by two-stage heat release—as expected for these relatively high-CN materials. This reaction 
temperature is 50°C lower than that used for ICN measurements, yet ICN still serves to describe the materials’ 
relative reactivity. A-2 exhibits an ICN that is almost 6 units lower than the 50% blend with HEFA-SPK and 
shows measurably longer ignition delay. 

 
OEM – original equipment manufacturer 

Figure V.2.1 Comparison of DCN and ICN results 

 

Figure V.2.2 Measured pressure traces during ICN measurement for NJFCP A-2 and a 50% blend of A-2 with HEFA-SPK#1. 
Initial temperature and pressure of 530°C and 17.5 bar, respectively. 
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Ignition delay times (IDTs) over a range of temperatures were measured for A-2 and the 50:50 blend of  
A-2:HEFA-SPK, and results are shown in Figure V.2.3. IDT was defined as the time for the pressure to 
increase to 0.5 bar above the starting pressure. Comparisons between these fuels show a consistently faster 
IDT for the blend, which is unsurprising considering the higher ICN value of 56.9 versus 51.3. Differences in 
the negative temperature coefficient region begin to appear, as neat A-2 shows signs of more prominent 
negative-temperature-coefficient activity evidenced by flatter IDTs at the highest measured temperatures. 
Further data collection above 580°C is necessary to understand the true differences here.  

Future work (in FY 2023) will investigate density, viscosity, and surface tension over a wide range of 
temperatures and pressures for conventional and alternative jet fuels. The research team will also initiate 
simulations of a single-nozzle burner and expand ignition-delay measurements to other conditions. 

 
T – temperature 

Figure V.2.3 Comparison of IDT results for A-2 vs. 50:50 A-2:HEFA SPK#1 

Conclusions 
• Identified, ordered, and installed an Anton Parr DMA 4200 density meter with an operating range of 

−10°C to 200°C and 1 atm to 500 atm. 

• Acquired a conventional (ASTM D7042) viscometer (Anton Parr SVM 3001) to measure kinematic 
viscosity at 1 atm from −60°C to 130°C; this device is also capable of measuring density according to 
ASTM D4052. Identified and ordered (with installation scheduled for the first quarter of FY 2023) 
two Cambridge Viscosity viscometers with a combined operating range of −40°C to 315°C and 1 atm 
to 1,300 atm. 

• Worked with KRÜSS Scientific to design a tensiometer for measuring surface tension with an 
operating range of −35°C to 400°C and 1 atm to 60 atm. 

• Demonstrated equivalence of DCN (via ASTM D6890) and ICN (via ASTM D8183) for measurement 
of jet fuel CN, an advantage for new fuel qualification because of the much lower fuel volume 
required for ICN measurements. 
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Project Introduction 
The goal of multimode engine architectures is to extend current lean-burn and exhaust gas recirculation (EGR) 
dilution limits, which requires spark plugs to deposit high energies (hundreds of millijoules) in order to initiate 
ignition and complete combustion. At elevated energy deposition rates, spark plugs experience increased 
electrode erosion and thermal losses, which ultimately shorten the spark plug lifetime and lower ignition 
efficiency. As such, safeguarding the efficiency gains of multimode concepts will require new and improved 
ignition technologies. Recently, non-equilibrium low-temperature plasmas (LTPs) have been shown to 
promote energy-efficient ignition via quenching and transport of electronically excited atoms and molecules, 
selective radical production, and fast heating of hydrocarbon–air mixtures [1], [2]. Thus, LTP is seen as a 
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technology that can potentially enable kinetically controlled combustion modes toward fuel-leaner conditions 
to realize current U.S. Department of Energy (DOE) Vehicle Technologies Office goals of improving fuel 
economy by 25% to ensure the sustainability of future mobility [3]. Although many previous studies have 
demonstrated the efficacy of plasma-assisted ignition to enhance combustion, the detailed enhancement 
mechanisms remain largely unknown, especially at elevated pressures that are most relevant to practical engine 
conditions. These barriers hinder the development of accurate and comprehensive numerical models that seek 
to describe LTP-based ignition in existing engine design software tools and methods.  

Current state-of-the-art simulation capabilities for LTP ignition systems need improvements as they deliver 
qualitative results only, owing to important limitations of existing approaches. First, validated kinetic models 
with elementary steps for plasma discharges in fuel–air mixtures of relevance to the transportation sector are 
required. Such kinetic models do not exist at present and will be developed and validated within this project. 
Second, plasma discharges and reactive mixture ignition are multiscale, unsteady processes requiring high-
performance numerical methods and software that execute efficiently on DOE supercomputers. Such software 
does not exist at present and will be developed and applied to practical LTP ignition scenarios as part of this 
project. Third, experimental databases that are tailored to serve as benchmarks in support of the development 
of predictive computational models of LTP ignition do not exist and will be part of this project. 

Objectives 
This multiyear research project seeks to advance the predicative capabilities of LTP ignition sub-models for 
the optimization of fuels and multimode engines by:  

Overall Objectives 
• Develop an experimentally validated LTP-specific kinetic mechanism for relevant fuels: iso-octane, 

ethanol, and EGR blends. (Auburn University) 

• Develop a validated and benchmarked massively parallel, exascale, high-fidelity solver for the 
simulation of LTP discharges/ignition of fuel–air mixtures in complex geometries. (University of 
Texas at Austin [UT Austin]) 

• Develop an experimental database of LTP ignitions of blended mixtures with fuel/EGR/air for 
benchmarking and validating high-fidelity solvers and kinetic models. (Sandia National Laboratories) 

• Appraise the performance and accuracy of existing LTP commercial software tools as a benchmark for 
the development of high-fidelity solvers and plasma/combustion kinetics models, and identification of 
areas of improvement and directions for future development. (Argonne National Laboratory) 

Successful completion of these objectives will support the development of LTP ignition technologies to enable 
multimode engine concepts and will also contribute to the overarching goal of developing more efficient 
engines with sustainable future fuels. 

Fiscal Year 2022 Objectives 
• Develop a plasma-specific kinetic mechanism for ethanol oxidation and pyrolysis. 

• Simulate LTP ignition of ethylene–air mixtures using the AMReX library1 and newly developed high-
fidelity models. 

 

1 AMReX is a numerical library containing the functionality to write massively parallel, block-structured adaptive mesh 
refinement (AMR) applications. 
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• Integrate circuit dependence in a discharge model to estimate discharge efficiency and implement fuel 
dissociation via electron impact in VizGlow.2  

Approach 
Plasma Flow Reactor Studies for LTP Kinetic Mechanism Development  
At Auburn University, experimental reaction kinetic studies are performed in a purpose-built variable-
temperature and constant-pressure plasma flow reactor (PFR). Studies are focusing on oxidation and pyrolysis 
kinetics of fuels, with and without the effects of a non-equilibrium plasma, for temperatures ranging from 400 K 
to 1,250 K at 0.5 atm pressure. Experiments are performed under highly dilute conditions in N2 to minimize the 
exothermicity of observed reactions. The plasma is administered to the reactive mixture via dielectric barrier 
discharge plasma cell, where two copper electrodes are situated in a plane-to-plane orientation around a quartz 
reactor. The energy deposition by the plasma is kept constant by perturbing the reactive mixtures at 20 kV peak 
voltage and adjusting the pulse-repetition rate to maintain 120 pulses. Product speciation, as a result of observed 
reactions, is identified and quantified by simultaneous ex situ gas chromatography and mass spectroscopy. 
Datasets derived from experiments are used to develop plasma-specific kinetics mechanisms through a 0D 
numerical model. The mechanisms are developed to consider import subsets of chemistry intrinsic to plasma-
assisted combustion, namely electron-impact reactions, collisional-quenching with plasma-excited species (i.e., 
electronic and vibrational species), and neutral (thermal) reactions. 

Exascale Modeling and Skeletal Mechanism Development 
At the University of Texas at Austin, researchers assembled a mathematical model for multidimensional LTP 
discharges in reactive mixtures. The mathematical model features detailed transport models for charges in the 
presence of an electric field, considers the voltage induced by the space charge, allows for arbitrary finite rate 
plasma/combustion kinetics parametrized by the local electric field strength (local field approximation), 
includes photo-ionization, and describes compressible flow effects. The model relies on adaptive mesh 
refinement (AMR) and embedded boundary (EB). The mathematical model was successfully implemented in 
the AMReX library, and preliminary three-dimensional simulations of pin-to-pin (P2P) discharges were 
performed. In parallel, the newly developed plasma-specific extension to the directed relation graph method 
with error propagation (P-DRGEP) approach was applied to the generation of a skeletal mechanism capable of 
simulating the plasma-assisted ignition of fuel–air mixtures for lean to stoichiometric conditions at 
compression ratios suitable for internal combustion engines. 

LTP Ignition Studies in Static Cell 
At Sandia National Laboratories, P2P nanosecond repetitively pulsed discharge thermal energy deposition and 
ignition kernel growth rates for fuel–air mixtures were characterized in customized ignition test facilities for 
lean and exhaust gas diluted ethylene–air mixtures. Initial pressures were varied between 1.1 bar and 2.1 bar, 
with the initial temperature fixed at 343 K. Both lean and dilute ignition limits were identified during testing. 
Gap distances and pulse repetition frequency/voltage were adjusted to maintain glow-phase plasma between 
the electrodes prior to ignition. Total pulse energy deposition into the gas was measured via pressure-rise 
calorimetry for single-pulse discharges in inert mixtures. Finally, collected datasets benchmarked 
complementary non-equilibrium plasma simulations conducted at Argonne National Laboratory. 

VizGlow Commercial LTP Model 
At Argonne, non-equilibrium plasma simulations are carried out using VizGlow. These simulations enable the 
study of two important problems in discharge modeling: (1) the effect of the circuit on the discharge and (2) the 
initialization of kernels in computational fluid dynamics (CFD) suites such as CONVERGE for the simulation of 
ignition (or extinction) processes. The effect of the circuit is developed to account for streamer breakdown, 
streamer velocity, plasma density evolution, O-radical production, the cathode fall, circuit currents, and the 
impedance mismatch effects due to transmission lines. For the ignition/extinction simulations, VizGlow runs are 

 

2 VizGlow™ is an industrial simulation tool for high-fidelity modeling of non-equilibrium plasma discharges. 
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used to develop an energy deposition model that is implemented as a user-defined function in CONVERGE. The 
deposited energy accounts for cathode and anode falls and the effect of streamer collision.  

Results 
Major Accomplishments Fiscal Year 2022 

• Plasma-assisted pyrolysis and oxidation of ethanol experiments utilizing the PFR have been 
performed as a function of reduced electric field and temperature, resulting in the development of a 
plasma-specific kinetic mechanism for ethanol with sufficient predictive capabilities. 

• Simulations of LTP ignition of ethylene–air reactive mixtures following pulsed P2P streamer 
discharges were performed with the AMReX library. 

• A circuit model was demonstrated and validated against observations in literature, while ethylene 
dissociation via electron impact was added to the commercial software VizGlow. 

Development of Plasma-Specific Ethanol Kinetic Mechanism 
Non-equilibrium plasma-assisted pyrolysis and oxidation experiments of ethanol (C2H5OH) were completed at 
Auburn University, utilizing the PFR to obtain speciation data as function of temperature and effectively 
reduced electric field (280 Td < E/N < 660 Td)3 to develop an LTP-specific kinetic mechanism. Experiments 
were performed under highly dilute conditions, using nitrogen, to ensure reactions kinetics are studied under 
isothermal conditions at 0.5 atm pressure. Experiments were performed with 900 ppm ethanol for pyrolysis 
studies and a stoichiometric mixture with oxygen (2,700 ppm) in oxidation studies. The developed mechanism 
is an extension of an LTP mechanism developed in prior project years to describe iso-octane kinetics. In this 
version, ethanol neutral kinetics have been added to the existing mechanism, while existing plasma-specific 
reaction sets are modified to reconcile the observed experimental enhancements in reactivity. These include 
electron-impact reactions leading to ionization, dissociation, and electronic excitation of N2 and O2, as well as 
collisional quenching processes between plasma species and ethanol. Ongoing efforts are leveraging developed 
mechanisms to constructed skeletal mechanisms for use in high-fidelity simulations, in collaboration with the 
UT Austin group. Figure VI.A.1.1 shows a comparison between the experiments and numerical results from 
the conclusion of the mechanism development efforts. 

 
Figure VI.A.1.1 Comparison of experimental (hollow points) and numerical model (solid lines) results of plasma-assisted (a) 

pyrolysis and (b) oxidation of ethanol. 

 

3 The townsend (symbol Td) is a physical unit of E/N, where E is electric field and N is concentration of neutral particles. 
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For plasma-assisted pyrolysis, the experiments demonstrated enhanced reactivity for all temperatures in 
comparison to thermal pyrolysis. Ethanol consumption begins at temperatures as low 520 K, with full 
consumption by 963 K, nearly 200 K lower than observed in the pure thermal reaction. For temperatures 523 K 
to 723 K, ethanol proceeds with a steady linear rate of decomposition and then proceeds at a faster rate for 
temperatures greater than 723 K. This indicates a transition in the chain reaction sequence leading to fuel 
consumption. Similar intermediates as seen in the thermal reaction are observed in the plasma-assisted 
reaction, although their formation is observed at different temperature ranges. At low temperatures 
(T < 800 K), the major intermediates of ethanol decomposition are CO, acetaldehyde (CH3CHO), methane 
(CH4), and ethane (C2H6). By 800 K, ethylene (C2H4) becomes a major intermediate formed—interestingly, 
formation of C2H4 does not outcompete CO as seen in the thermal reaction, indicating that CO formation is 
probably through an accelerated production route dissimilar to the thermal reaction. Unlike the thermal 
reaction, propane (C3H8) was observed at intermediate temperatures between 700 K and 900 K, suggesting 
plasma polymerization reactions are playing an important role in fuel decomposition because of the 
enhancement of fuel radicals. By 1,000 K, most of the intermediates are being consumed, and the reaction 
predominately accelerates the formation of acetylene (C2H2). The developed mechanism demonstrates 
satisfactory agreement with the experimental results. The maximum extent of deviation is less than 20% for all 
measured species and for all temperatures considered. The numerical model elucidates several competing 
reaction pathways leading to fuel consumption based on different timescales. Enhanced reactivity is attributed 
to collisional quenching processes of ethanol with electronically excited N2(A) generated by the plasma to 
enhance the initial formation of radical pools (i.e., fuel fragments and H-atoms) at early timescales within the 
plasma. As such, the enhancement of radicals subsequently leads to driving propagating chain reactions of the 
neutral chemistry (H-atom and OH-radical attack channels) to sustain reactivity at longer timescales. 

For plasma-assisted oxidation, plasma effects are observed to enhance fuel decomposition reactivity for all 
temperatures compared to plasma pyrolysis. Ethanol consumption is observed to attain another 10% 
consumption at 523 K in comparison to the pyrolysis reaction at the same temperature; ethanol is also fully 
consumed nearly 300 K lower compared to the thermal oxidation reaction. Similar to the plasma-pyrolysis 
reaction, the fuel consumption profile indicates a transition in the rate of fuel consumption, with an initial fast 
rate of reaction up until 643 K and a slower rate for temperatures greater than 643 K. The major byproduct of 
ethanol decomposition leads to CO and C2H4 formation. Similar to the thermal reaction, the major byproduct 
of immediate oxidation of ethanol is CH3CHO at temperatures as low as 523 K, where it reaches its maximum 
extent of reactivity at 643 K and steadily decreases up until 1,000 K. Unlike the thermal reaction, ethanol 
oxidation leads to methanol (CH3OH) formation at relatively low temperatures (below 800 K). At intermediate 
temperatures (below 1,043 K), considerable enhancement of CH4, C2H2, and C2H6 is observed. By 1,050 K, all 
intermediates are consumed, and the reaction proceeds toward hot ignition converting all the carbon content of 
the fuel to CO2. The numerical model performs relatively well at predicting the experimental plasma-assisted 
oxidation results, with the maximum deviation being less than 15% for all species and all temperatures 
considered. Similar to plasma-pyrolysis, enhanced reactivity is attributed to collisional quenching of N2(A) 
with O2 to enhance the O-atoms radical pool to instigate fuel-attack. This subsequently drives the neutral 
chemistry to enhance propagating chain reaction sequences (i.e., O+C2H5OH and OH+C2H5OH) to sustain 
reactivity with the plasma timescales. The neutral chemistry then controls the reactivity behavior with 
temperature, where hydrogen peroxide (HO2) and terminating reactions play a preferential role in the 
observable variation in rate of reactivity with temperature. 

Simulations of LTP Ignition of Ethylene–Air Mixtures Using AMReX Library and High-Fidelity Models 
Simulations of LTP ignition of ethylene–air mixtures up to ~3 atm were performed at UT Austin using the 
high-performance computing library AMReX coupled with a plasma–fluid model, compressible and reactive 
Navier–Stokes equations, and a detailed plasma/combustion skeletal kinetics mechanism developed for this 
project. The simulations leveraged high-fidelity models capable of describing all relevant physical processes 
across relevant temporal and spatial scales: (1) nanosecond pulsed low-temperature plasma discharges 
(including streamer phase followed by glow-to-spark transition), (2) ultrafast heating and radical production 
due to the relaxation of electronic states and slow heating due to vibrational relaxation, (3) acoustic phase 



FY 2022 Annual Progress Report 

Legacy On-Road Projects: Combustion 219 
 

associated with the expansion of the discharge channel following rapid isochoric heating, and (4) kernel 
ignition and outward flame propagation. 

The configuration consists of two axisymmetric parabolic pin electrodes with a radius of curvature of 50 um, 
separated by 2.5 mm. Two high-voltage nanosecond pulses (peak pulse is 12 kV, and pulse duration is ~10 ns) 
are applied at a frequency of 500 kHz (inter-pulse period of 2 μs). We considered stoichiometric ethylene–air 
mixtures at 300 K and 1 atm and 400 K and 2.7 atm along an isentropic compression curve. We also 
considered single-pulse ignitions, which are compared against the two-pulse cases. Simulations were 
performed using semi-implicit time integration for the electrostatic potential and second-order time integration 
for drift–diffusion and advective–diffusive fluxes using a method of line. The kinetics mechanism includes 57 
species, featuring ions (anions and cations) and neutral species, which consist of both ground state and 
electronically and vibrationally excited species. Time step sizes ranging from 1 ps to 10 ns were required at 
various stages of the discharge and pulse interval. Calculations featured O (50–100 M) finite volume cells 
using up to seven AMR levels with spatial resolution down to O (1 µm). The simulations were executed on O 
(1,000–5,000) processors with parallel efficiencies above 60% for the least efficient cases. 

Figure VI.A.1.2 provides a comprehensive overview of the multi-pulse case at 1 atm (300 K) and 2.7 atm (400 
K). At both pressures, the first pulse leads to a streamer discharge with minor energy deposition (~10 μJ), 
while the second pulse leads to a much higher one (~50 μJ), highlighting that energy coupling is controlled by 
the thermochemical state of the background mixture, which evolves in response to the first pulse. As shown in 
Figure VI.A.1.2a, following the formation of electronically and vibrationally excited nitrogen, radicals are 
formed also. For such thin electrodes, heating is mostly concentrated at the electrode tips, where Joule heating 
is highest because of the elevated values of the electric field strength. This results in elevated temperatures (up 
to 1,000 K for the first pulse and 5,000 K for the second) and kernels of hot gases of size comparable to the 
radius of curvature of the electrode. The region in between the electrodes remains at lower temperatures, 
although significant amounts of radicals are formed (Figure VI.A.1.2b). Following isochoric heating at the pin 
tips, strong spherical expansion waves are seen, while weaker cylindrical waves propagate away from the gap 
region (Figure VI.A.1.2c). When comparing the low (1 atm) and high pressure (2.7 atm) cases (Figure 
VI.A.1.2d), we find that, when normalized with respect to increased number densities, the 2.7 atm case shows 
higher energy deposition and a more efficient production of combustion radicals, primarily as a result of faster 
quenching of electronically excited species. 

 
Figure VI.A.1.2 (a) Mole fractions of vibrationally excited and electronically excited nitrogen at 20 ns following the second 

pulse at 500 kHz; (b) mole fractions of all radicals (O, OH, and H) in the same configuration as (a); (c) pressure, 
temperature, velocity magnitude, and density at 1 μs following the high-voltage pulse in the same configuration as in (a); (d) 

mole fractions of select combustion species and temperature sampled near the anode tip (solid lines: 300 K and 1 atm; 
dashed lines: 400 K and 2.3 atm) 

To avoid localized energy deposition at the tips of the electrodes, we are now focusing on LTP ignition with 
thicker pins (radius of curvature between 250 μm and 500 μm), leading to more homogeneous energy 
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deposition across the gap and larger energy kernels, which we expect to facilitate the formation of a successful 
flame kernel. 

Development of LTP Model to Predict Plasma–Circuit Coupling and Fuel Dissociation via Electron Impact  
The circuit model is able to predict discharge performance at engine-relevant conditions. Figure VI.A.1.3a 
shows the variation of energy efficiency and energy density delivered to air at 1 atm and 300 K as a function of 
streamer radius in the presence of a transmission line. It is observed that the energy efficiency decreases with 
increasing streamer radius, indicating that small discharges are preferred. The model also shows that energy 
delivery is sensitive to transmission line parameters and that optimal energy loading occurs only at one 
pressure between atmospheric and maximum when all discharge parameters are kept the same. These results 
are discussed in greater detail in a recently published paper [4]. Past nano-second pulse discharge modeling 
using the software VizGlow has been carried out in pure air, therefore neglecting fuel radicals in the coupling 
of the discharge to the kernel development. To address this approximation, we have recently superimposed 
ethylene decomposition chemistry, with the help of UT Austin, onto the air–plasma chemical mechanism that 
we typically use in VizGlow. Figure VI.A.1.3b aligns well with what is understood about such discharges, 
namely that regions of high electron density and temperature correspond to the highest fuel decomposition. 
The radical and fast gas heating characteristics were then exported to CONVERGE via a user-defined function 
to simulate ignition kernel development in the presence of fuels. These results are shown and discussed in a 
recently published paper [5]. 

(a) (b) 

 
Figure VI.A.1.3 (a) Energy efficiency and energy density deposited for a nanosecond pulsed discharge as a function of 
streamer radius in the presence of a transmission line; (b) spatiotemporal profiles of electron density and dissociated 

ethylene (ratio of H radical to C2H4) at two different pressures, 30 ns after a pulse 

Conclusions 
• PFR experiments elucidated the enhanced chemical reactive of ethanol pyrolysis and oxidation 

kinetics with the effects of an LTP for temperatures ranging from 400 K to 1,200 K in comparison to 
thermal kinetics. 

• Experimental measurements guided the development of a plasma-specific mechanism to describe 
ethanol kinetics coupled with LTP effects, resulting in a mechanism with relatively good predicative 
capabilities across all temperatures considered.  

• Large-scale simulations of LTP ignition of ethylene–air reactive mixtures following pulsed P2P 
streamer discharges were performed with the AMReX library leveraging up to 5,000 processing units 
on DOE supercomputers. 
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• The simulations feature high-fidelity models for plasma discharges, coupled plasma and combustion 
kinetics, and compressible reactive flow, leading to the most accurate description of LTP ignition of 
complex fuels available to date. 

• Plasma streamer discharge in air and LTP ignition of an ethylene–air mixture were simulated and 
successfully validated against experiments from Sandia, using the commercial codes VizGlow and 
CONVERGE CFD, respectively. These simulations included circuit effects and fuel molecule 
dissociation through electron impact. 
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Project Introduction 
Developing the capability to predictively simulate combustion of real fuels in complex engine geometries with 
a comprehensive computational fluid dynamics (CFD) model can greatly accelerate engine optimization 
efforts. However, current simulation inaccuracies have created a lack of confidence in modeling predictions as 
engine operating parameters change, and current models require substantial tuning and calibration, which is 
time-consuming, costly, and ultimately reduces the effectiveness of the model to apply to many situations. This 
project aims at improving sub-models for engine combustion simulations in terms of ignition and turbulent 
flame propagation. The target for the model development is pre-chamber turbulent jet ignition (TJI) [1]. TJI is 
an innovative high-energy source ignition technique, and its use has been quite successful, especially because 
it applies to a large range of engine platforms and allows multi-mode operation. It enables ultra-lean burning in 
engines which reduces emissions and increases thermal efficiency. The predictive capability of TJI, once 
achieved, will enable the co-design/co-optimization of TJI with engines and fuels. The existing CFD models 
have shown significant challenges in predicting the combustion mechanism in the actual experiments [2], 
mainly due to the complex combustion regimes observed in TJI. Those complex regimes require a superior 
combustion model with more general validity with respect to the state of the art. 

Objectives 
The goal of the project is to radically improve the predictive accuracy and efficiency of turbulent combustion 
sub-models for TJI. This goal will be achieved through the development of a hierarchically informed 
engineering model for turbulent combustion in TJI. The model development starts with the highest level of 
description of turbulent combustion with direct numerical simulation (DNS) from which fundamental 
characteristics and scaling properties of turbulent premixed flame propagation under TJI-relevant conditions 
are obtained. The acquired premixed flame characteristics and scaling properties will be used as model 
constraints to drive the model reduction to the next level based on large-eddy simulations (LES) and 
probabilistic modeling for TJI. Data-driven modeling and machine learning will then be used to aggressively 
reduce the model to the final target level based on Reynolds-average Navier-Stokes (RANS) with minimum 
loss of fidelity. The hierarchically reduced model for TJI will ensure predictive accuracy to be close to high-
order models but with a significantly reduced computational cost.  

mailto:haifeng@purdue.edu
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Overall Objectives 
• Gain DNS informed characteristics and scaling of turbulent premixed flames relevant to TJI. 

• Construct combustion LES model for TJI informed by using the obtained DNS scaling. 

• Develop a data-driven engineering RANS combustion model for TJI informed by LES. 

Fiscal Year 2022 Objectives 
• Develop a high-fidelity predictive LES solver for the entire cycle of TJI combustion. 

• Validate the high-fidelity LES combustion solver by using a model TJI rig. 

• Simulate the Argonne National Laboratory engine with conventional combustion models to verify the 
model validation framework. 

Approach 
The adopted hierarchical approach for the TJI model development considers all three different levels of 
common model descriptions (i.e., DNS, LES, and RANS) of turbulence and turbulent combustion in a 
hierarchy to gradually reduce the order of models. The step-by-step approach ensures a minimum loss of 
model fidelity and predictivity during the decrease of the model description level. In the step-by-step approach, 
fundamental characteristics and scaling properties of turbulent premixed flame propagation under TJI-relevant 
conditions are obtained from DNS. The acquired premixed flame characteristics and scaling properties are 
used to drive the model reduction to LES. Data-driven modeling and machine learning will ultimately be used 
to aggressively reduce the model to the target RANS level. The hierarchically reduced model for TJI will 
ensure predictive accuracy to be close to high-order models but with a significantly reduced computational 
cost. These developed sub-models will be validated in a single-cycle model TJI rig and an Argonne single-
cylinder engine equipped with pre-chamber TJI.  

The project teams consist of the Purdue University team led by Professor Haifeng Wang and the Argonne 
National Laboratory team led by Dr. Riccardo Scarcelli. The Purdue team focus on the fundamental 
development and testing of the proposed TJI model and the Argonne team focus on the development of a 
validation framework for model testing. The two teams collaborate closely to ensure a highly integrated 
research program. 

Results 
Development and validation of a high-fidelity LES solver for TJI combustion (Principal Investigator: H. 
Wang, Purdue) 

• Completed the solver development of a high-fidelity LES simulation model for TJI combustion.  

• Finished the case setup, simulations, and validation of the developed solver for the Purdue model TJI rig. 

• Achieved the pressure rise prediction accuracy within ±30% when compared with the experimental 
data in both the pre-chamber and main chamber of the model TJI rig. 

The LES simulation framework was developed based on the open-source OpenFOAM (Open-source Field 
Operation and Manipulation) solver. The flow-field was solved using compressible Navier-Stokes equations 
discretized using finite volume approach on an unstructured mesh. LES was used to solve for turbulence. The 
Smagorinsky model [4] was used for sub-filter turbulence. The value of 𝐶𝐶𝑠𝑠 = 0.16 was used as the 
Smagorinsky model constant. The reacting scalars such as the chemical species and enthalpy were solved 
using transported probability density function (PDF) method [5] which allows for a complete closure of the 
chemical source terms in their transport equations. An Eulerian Monte-Carlo fields approach [6] was used for 
solving the PDF transport equations by using stochastic fields to give a reasonable approximation of the 
resolved reacting scalars in the physical space. Mixing at sub-filter scales was modeled using interaction by 
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exchange with the mean of all stochastic fields [7]. A machine-learning assisted mixing timescale model 
developed during this project was adopted for improving the integrated enterprise model. A reduced chemical 
mechanism DRM-19 containing 19 reacting species and 84 reactions was used to solve for chemical kinetics. 
A double gaussian energy deposition model was used to model the spark-plug ignition process in pre-chamber 
[8]. Pressure-velocity coupling in the pressure-based solver was achieved using SIMPLE (Semi-Implicit 
Method for Pressure-Linked Equations) algorithm combined with PISO (Pressure-Implicit with Splitting of 
Operators) algorithm to make it compatible for transient problems. Second order numerical schemes were used 
for discretization of both space and time. 

A single-cycle model TJI rig [3] shown in Figure VI.A.2.1 was used for the validation of the developed solver. 
The experimental setup consisted of a cylindrical pre-chamber and a cuboidal shaped main chamber. The 
diameter and height of the pre-chamber is 3.81 cm and 8.9 cm respectively. The dimensions of the main 
chamber are 43.18 cm × 15.24 cm × 15.24 cm, making the volume ratio between the two chambers 1:100. The 
two chambers are separated by a small cylindrical orifice with a diameter of 4.5 mm and length to diameter 
ratio of 5:1. CH4-air was used as fuel-air mixture with the initial temperature of 500 K in both pre-chamber and 
main-chamber. The mixture in the pre-chamber was at stoichiometry, however the equivalence ratio of the lean 
mixture in the main chamber was varied. The two mixtures are separated by a thin 25 μm aluminum diaphragm 
that breaks when the pressure difference between the two chambers goes above 0.21 MPa (2.1 bar) [3]. 

 

Figure VI.A.2.1 Left: Sketch of the Purdue model TJI rig [3]. Right: the computational domain with a cross-section of the O-
grid mesh. 

The simulations were divided into two phases since the two chambers are physically separated. Phase 1 
included the simulation of pre-chamber until the time when the pressure reached the diaphragm rupture thresh-
hold. The main chamber remained static during Phase 1. The pre-chamber results from Phase 1 were then used 
as the initial condition for the Phase 2 simulation of a full TJI. An unstructured 3D O-grid type of mesh was 
generated for both phases of the simulation as shown in Figure VI.A.2.1 with approximately 350,000 grid cells 
in Phase 1 simulation and 1.2 million grid cells in Phase 2. Mesh refinement was done in the region of spark 
ignition and orifice inlet where it became important to capture small-scale flow dynamics. Figure VI.A.2.1 also 
shows the pre-chamber and the main-chamber geometry along with the cross-sectional view of the O-grid 
unstructured mesh generated for the simulation. 

The Phase 1 simulation yielded a smooth laminar flame propagating at low speed as shown in Figure VI.A.2.2 
(the upper left) and significantly delayed pressure rise (red line in the right plot). It was found that initial 
turbulence in the prechamber was critical to yield a correct flame propagation. Spark ignition is a dynamic 
process that can lead to turbulence generation in the prechamber. This turbulence generation mechanism was 
not considered in the spark model [8]. Meanwhile, the initial laminar to turbulence flow transition was 
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generally difficult to capture for the current solver. A forcing scheme was thus employed to provide the needed 
initial turbulence for the flame propagation in the prechamber. The effectiveness of the turbulence forcing is 
illustrated in Figure VI.A.2.2 (bottom left and right). The increase in the turbulence forcing significantly 
increased the pressure rise and the flame propagation. A good match of the pressure rise with the experiment 
justified the needed forcing level. The correct prechamber ignition is critical since it serves as the initial 
condition for the Phase 2 main-chamber simulation which is the main point of interest of the study. 

 

Figure VI.A.2.2 Time series of temperature contour for the case with no initial turbulence (top row) and with a calibrated 
initial turbulence (bottom row). The right plot shows a quantitative comparison of the effect of forcing constant with 

experimental data (black symbols) with the arrow to show the increase of forcing (red line: no forcing). 

 
Figure VI.A.2.3 0-D auto-ignition study showing ignition delay vs 1,000/T for CH4–air mixture for two different equivalence 
ratios, 0.5 and 1.0. Black symbols represent the experimental data, whereas the different line represents the results of 

DRM-19 chemical mechanism with different reaction rate multipliers. 

In Phase 2 simulation of the full TJI, no ignition was captured initially as shown in Figure VI.A.2.4 (upper 
plot). It was found that the main-chamber ignition was very sensitive to the chemical reaction rate and the 
initial turbulence in the main-chamber. A 0-D auto-ignition test of homogeneous mixture of CH4–air under a 
similar condition to the TJI showed that a 20% increase of the reaction rate yields the ignition delay well 
within the margin of the error of the experiment as shown in Figure VI.A.2.3. A turbulence forcing similar to 
the pre-chamber simulation was also used. This can be readily justified since the rupture of the diaphragm acts 
as a turbulence generator in the experiments but is not considered in the simulations. The 20% increase of the 
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reaction rate and the turbulence forcing 
leads to successful main chamber 
ignition as shown in Figure VI.A.2.4 
(lower plot). A single ignition spot was 
created at time t = 8 ms which then 
detached from the main jet leading to a 
lifted flame front. As the pressure 
difference between the pre-chamber and 
main-chamber decreased leading to 
decrease in jet momentum, more 
ignition spots were created at the tip of 
the jet at around t = 11.6 ms. The 
experiments [3] reported ignition spots 
near the jet at 12 ms and hence the 
simulation provided a good qualitative 
agreement. 

Figure VI.A.2.5 shows a more 
quantitative comparison of the pressure 
profiles in both pre-chamber (left) and 
the main chamber (right). The black 
symbols indicate the experimental 
results with ±30% errors bars. The no-
ignition case (red line) leads significant 
under-prediction of the pressure rise. 
The case with 20% reaction rate 
increase and a local turbulence forcing 
(blue line) provides an excellent agreement with the experimental data, within the targeted ±30% accuracy. 

 

Figure VI.A.2.5 Pre-chamber and main-chamber pressure profiles as a function of time. The black symbols represent the 
experimental data with ±30% error bars. 

Figure VI.A.2.4 Time series of the OH mass fraction contours with DRM-19 
chemical mechanism (top row) and the same with 20% enhancement in 

reaction rates and initial turbulence forcing (bottom row). 



Decarbonization of Off-Road, Rail, Marine, and Aviation (DORMA) 

228 Legacy On-Road Projects: Combustion 

 

Benchmark TJI CFD cases for model validation (Principal Investigator: R. Scarcelli, ANL) 
The Argonne team has migrated to the latest release of the CONVERGE CFD software (i.e., version 3.0.x). 
CFD simulations showed similar results with respect to the previous 2.4.x version (see Figure VI.A.2.1, left) in 
terms of combustion characteristics, while being more efficient computationally. The comparison showed that 
version 3.0.x could complete engine simulations faster (by a factor of 4), and with excellent scaling 
performance up to 720 processors (see Figure VI.A.2.6, right). The structure of the user defined functions was 
also updated to v3.0. This is the platform that will be used for future TJI model implementation. 

 

MC – main chamber; HRR – heat release rate; MZ-WSR – multi-zone well-stirred reactor model;  
CAD – crank angle degrees; ATDC – after top dead center 

Figure VI.A.2.6 Left: Baseline Argonne CFD engine simulations results using the previous version (v2.4) and the newest 
version (v3.0) of CONVERGE, and comparison with engine experiments. Right: Scaling performance versus number of 

processors for the latest version of CONVERGE (v.3.0). 

Conclusions 
A high-fidelity LES solver for TJI simulations has been implemented and validated against a model TJI rig. 
The initial turbulence and the chemical reaction rate were found to affect the ignition significantly. The slightly 
tuned reaction rate, which still yields excellent results in the ignition delay test and added forcing to account 
for the missing mechanism of laminar-turbulence transition and turbulence generation in the chambers, yields 
excellent agreement with the measured pressure rise in both chambers. Argonne completed the migration to the 
newer version of CONVERGE that will be used for the future implementation of the TJI model developed by 
Purdue via user defined functions and defined the baseline in terms of scaling performance versus number of 
processors. The completed work enables our future planned work during the next reporting period. 
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Project Introduction 
Advanced engine concepts that utilize lean-burn and low-temperature combustion offer opportunities for 
delivering higher indicated thermal efficiencies relative to their spark-ignited counterparts. However, 
extending low-temperature-combustion strategies to low-load operation and enhancing combustion stability 
are particularly challenging since underlying processes are closely coupled to heat losses and combustion-
mode transition. Exhaust gas recirculation with reactivity enhancement, advanced ignition concepts, and 
mixture stratification are promising strategies for improving lean operation. Homogeneous charge compression 
ignition (HCCI) has been shown to achieve appreciable extensions of the lean operation. While the low 
combustion temperature and shorter residence time reduce heat losses, the faster pressure-rise and kinetics-
controlled ignition limits the operation to low-load conditions.  

Different concepts have been examined as viable strategies for extending the HCCI load range. Spark-assisted 
compression ignition is a hybrid combustion mode to extend the high load limit of HCCI, as this concept can 
reduce the high heat release rate effectively while partially maintaining the advantages of high thermal 
efficiency and low nitrogen oxide emission simultaneously. The reduced burn rate due to mixed-mode 
combustion reduces the peak heat release at high-load operating conditions, which favorably affects the ringing 
and stability near engine-misfire limits. These advanced combustion concepts take advantage of multimode 
combustion regimes to enable intermediate- and high-load extensions while also improving combustion 
stability. However, the successful implementation, control, and optimization of these multimode combustion 
regimes over the range of operating conditions, in conjunction with the simultaneous optimization of the fuels, 
require accurate and reliable high-fidelity modeling tools. Such models are not currently available. Therefore, a 
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critical need exists to develop high-fidelity modeling capabilities for the accurate prediction of key critical 
processes that involve multimode combustion, high-energy ignition processes, and wall-heat transfer.  

Objectives 
The objective of this closely coordinated research project is to develop improved physical submodels and 
examine multimode combustion regimes to support the Office of Energy Efficiency and Renewable Energy 
(EERE) Co-Optima program. To this end, this research project addresses the following issues:  

• Develop accurate submodels for predicting multimode combustion regimes, wall-heat transfer, non-
equilibrium plasma ignition, and combustion-mode transition. 

• Validate the computational submodels against experiments and direct numerical simulation (DNS) 
data in conjunction with sensitivity analysis. 

• Support the direct transition of the resulting submodels into other engine simulation tools through the 
development of self-contained modules. All submodels will be integrated into the open-source 
exascale engine simulation platform Nek5000. 

• Examine complex combustion regimes in multistage ignition and high-pressure spray combustion. 

Approach 
To achieve the stated objectives, the following research approach is undertaken:  

• Task 1: Examine turbulence–chemistry interaction on low-temperature-combustion behavior in rapid-
compression machines (RCMs) and high-pressure fuel injection systems. 

• Task 2: Develop high-energy ignition models for predicting non-equilibrium plasma ignition and 
flame-mode transition. 

• Task 3: Develop non-equilibrium wall-heat transfer models for integration into Nek5000 and 
validation against state-of-the-art wall models. 

• Task 4: Perform multimode engine simulations on the Nek5000 exascale platform. 

Results 
Chemistry Effects in Multimode RCM Engines 
To evaluate the utility of 3-D large-eddy simulations (LESs) in investigating HCCI flame propagation modes 
of large hydrocarbon fuels (especially within the low-temperature chemistry), we perform simulations of the 
experimental RCM configuration of Strozzi et al. [1]. This configuration features a combustion chamber of 
size 𝐿𝐿𝑁𝑁 × 𝐿𝐿𝑦𝑦 × 𝐿𝐿𝑧𝑧 = 50 × 50 × 36.5 mm3 (at top dead center) with a square cross-section, a flat piston, and a 
compression ratio of 12.5. The piston velocity during the compression phase is prescribed on the deforming 
control volumes (governed by the Arbitrary Lagrangian–Eulerian method [2]) following a sine function fitted 
to measurements [3]. To examine different flame propagation modes in HCCI combustion, two cases are 
considered: (i) the short ignition case and (ii) the long ignition case. Both cases share the same initial 
temperature 𝐼𝐼0 = 294 K, compression duration 𝜏𝜏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 47.6 ms, and fuel–air equivalence ratio 𝜑𝜑 = 0.5. 
However, the initial pressures for the short and long ignition cases are 𝑝𝑝0 = 1.00 ± 0.07 bar and 𝑝𝑝0 = 0.65 ±
0.07 bar, respectively. 
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~
igure VI.A.3.1 presents the velocity (ũ) and temperature 

( ) fields in the deforming domain of the short ignition
case for three instances. A quarter domain with two 
symmetry boundary conditions is employed to reduce the 
computational expense of simulating turbulent 
combustion with the Lawrence Livermore National 
Laboratory (LLNL) 99-species iso-octane mechanism 
[4]. All other boundary conditions are prescribed as 
isothermal walls with the initial gas temperature set to 

 = 294 K. The minimum cell length at the walls was 
0.08 mm corresponding to  +  < 10, and the domain 
stretches up to a maximum cell length of 0.6 mm, where -

+ is the normalized distance from the wall based on
friction velocity and kinematic viscosity. 

To validate the accuracy of the chosen reduced chemistry 
mechanism, we perform 0-D reactor simulations with a range 
of mechanisms. Figure VI.A.3.2 compares the pressure 
evolution of the two RCM cases, with the simulation 
uncertainty (originating from experimental uncertainty) of the 
0-D LLNL simulations shown in gray. For the short ignition 
case, 0-D non-adiabatic simulations performed with the LLNL 
99-species (LLNL-99) reduced mechanism [4] shows slightly 
greater than 1 ms underprediction from experimental 
measurements [1], while the LLNL-874 detailed parent 
mechanism [5] shows less than 1 ms overprediction. The 
LLNL-99 mechanism demonstrates higher accuracy in ignition 
delay predictions than the skeletal 203-species mechanism by 
Jerzembeck et al. [6], which shows an overprediction of 20 ms. 
In the long ignition case, all simulations demonstrate large 
discrepancies in both first-stage and second-stage ignition. 
Since these discrepancies are also present in the 0-D 
simulations employing the detailed LLNL-874 mechanism, 
these results indicate a limitation of present capabilities for 
modeling combustion chemistry in the negative temperature 
coefficient range at lower pressures of heavy hydrocarbon 
fuels. This is consistent with the findings from a previous study 
[7] involving low-temperature combustion of iso-octane.

Plasma-Ignition Model 
A phenomenological model of plasma-assisted ignition is implemented for the high-order spectral element 
computational fluid dynamics solver, Nek5000. This model, described by Castela et al. [8], assumes that the 
non-equilibrium plasma pulse energy is being deposited through three channels. The first two channels are 
ultra-fast gas heating and dissociation, which are modeled via a two-step mechanism to account for excitation 
and relaxation of electronically excited N2. The third channel is a slower gas heating effect that accounts for 
vibrational–translational relaxation, which is neglected in the current implementation since it is found to be 
slower than the other two channels by orders of magnitude. Hence, the ultra-fast deposition channels are 
incorporated as extra source terms to the species and energy equations. 

Nek5000 is then used to perform 2-D simulations of nanosecond repetitively pulsed plasma in a premixed 
CH4–air mixture of 0.8 equivalence ratio. A 30-species mechanism of methane combustion reduced from GRI-
Mech [9] is utilized. The mixture is initially 300 K at a pressure of 1 atm. Different turbulent Reynolds 

Figure VI.A.3.1 Velocity (left, mirrored) and temperature 
(right) fields on the deforming RCM quarter domain of 

the short ignition case at three time instances 

Figure VI.A.3.2 Comparisons of pressure evolution 
from simulations of two RCM cases, shown with 

experimental measurements 
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numbers (0, 44, and 395) are tested to study the competition between the kinetic effects of plasma and the 
convection of heat and active radicals. The computational domain is taken as a 2-D plane perpendicular to the 
axis of the plasma discharge channel. The domain is discretized into 64 × 64 elements with a seventh-order 
polynomial for each of them. It is initialized with preheated air at a temperature of 1500 K and pressure of 
1 atm. Good agreement in O radical concentration and temperature after the end of the pulse was achieved.  

However, the characteristic rise time of both temperature and O radical concentration could not be well 
captured simultaneously. This was also reported by Castella et al. [8], and it is a compromise to be taken for 
the low cost of such a model, provided that it can adequately predict the thermochemical state after the pulse. It 
is further found that for the quiescent and lower turbulence case, ignition occurs after the second pulse where 
both higher temperatures and higher O radical concentration are localized within the pulse channel right after 
the second pulse (100 𝜇𝜇𝜇𝜇 + 50 𝑛𝑛𝜇𝜇). 

Fundamental Insight of Ducted Fuel Injection from Detailed LES 
We utilized 3-D LES to 
examine ducted fuel injection 
(DFI). As proposed through an 
experimental study by Mueller 
et al. [10], DFI is a diesel spray 
configuration in which the 
liquid fuel spray is injected 
through a coannular duct. 
Through hypothesized 
increased mixing and 
entrainment, the duct modifies 
the spray structure as a means 
of attenuating the soot 
produced (compared to an 
unconfined free spray). The 
computational setup involves a 
finite-volume compressible 
solver with a reduced 33-species chemical mechanism. The soot is modeled using a two-equation model [11]. 
The mesh consists of 2.2 million control volumes, with a minimum cell size of 8 μm in the spray core to 
resolve the ignition kernel and the diffused interface. We examine two cases (one DFI, one free spray) at 
ambient pressure 𝑝𝑝0 = 6.00 MPa, ambient temperature 𝐼𝐼0 = 1,000 K, and ambient oxygen mole fraction 
𝑋𝑋𝑁𝑁2 = 0.21. The fuel is n-dodecane, injected at a temperature of 363 K and a pressure of 150.0 MPa, in 
accordance with the Engine Combustion Network Spray A setup. Time series plots of the transient temperature 
behavior for the free spray are shown in Figure VI.A.3.3. Compared with the free spray, the DFI case exhibits 
a delayed ignition, increased flame lift-off length, and increased liquid penetration. 

Development of Wall Models in Nek5000 
The enrichment-based wall model in Nek5000 was further developed for wall-modeled LES. To summarize, 
the key idea is to add an ansatz enrichment function, ψ, that represents the near-wall behavior, to the solution 
vector in the wall-adjacent elements, 𝑢𝑢 = 𝑢𝑢0 + ψ = ∑ ϕ𝑖𝑖𝑢𝑢𝑖𝑖𝑖𝑖 + ψ, where 𝑢𝑢0 is the polynomial solution. The 
enrichment function is designed to contain the modeled shear stress to ensure the proper stress is transferred to 
the bulk flow. The enrichment method allows the solution to accurately represent the large gradients in the 
boundary layer with large elements without unphysical oscillations while using a no-slip wall boundary 
condition. Including the modeled profile in the solution maintains a physically relevant solution up to the wall. 
This technique allows for larger elements to be used without the log–layer mismatch that is seen if only the 
polynomial modes are used.  

Figure VI.A.3.3 Contours of transient temperature at various times offset by the 
ignition delay time (IDT), 𝑡𝑡 − 𝐼𝐼𝐼𝐼𝐼𝐼. From left to right, 𝑡𝑡 − 𝐼𝐼𝐼𝐼𝐼𝐼 =  

-0.05 ms, 0.05 ms, 0.5 ms. Plots on the top row are for the free spray (unducted) 
case, and plots on the bottom row are for the DFI (ducted) case. 
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The enrichment wall-model (ENWM) was 
compared to a traditional shear stress wall-model 
(SSWM) for channel flow cases with a range of 
Reynolds numbers and grid resolutions. Figure 
VI.A.3.4 shows the mean velocities compared 
between standard polynomial spectral element 
method (SEM), SSWM, and ENWM for wall-
modeled LES with higher-order polynomial of 
order P=7 and for friction Reynolds number 
Ret=543, 1,000, and 2,000, with the results shifted 
upwards as the Reynolds number increases. The 
results are also compared with the DNS data from 
Lee and Moser [12]. It was found that the ENWM 
performs better in matching the DNS mean velocity 
profile than the SSWM for under-resolved cases. 
The implementation of the ENWM is currently 
being extended to curved-wall scenarios, and its performance for flows with separation is currently under 
investigation using the test case of flow over periodic hills. 

High-Fidelity Nek5000 Simulations 
The finite-rate chemistry 
model integrated within 
Nek5000 was validated for a 
realistic reacting jet-in-
crossflow configuration. 
Specifically, DNS of the 
reacting jet in crossflow was 
performed for a nitrogen-
diluted hydrogen jet using a 
detailed hydrogen–air 
chemical kinetic mechanism. 
The mixture-averaged 
molecular transport model was 
employed to account for the 
differential diffusion effect 
that is critical for hydrogen 
combustion. The operator-
splitting scheme was further 
applied to accelerate the 
reacting flow simulation with 
detailed chemistry. An auxiliary non-reacting channel flow DNS was performed to provide fully developed 
turbulent flow at the crossflow inlet. Simulation results were compared with experimental measurements for jet 
trajectory and 2-D contours of velocity and reactive scalars, shown in Figure VI.A.3.5. Good agreement on 
mean jet trajectory was observed between simulation and experiment. The predicted instantaneous, mean, and 
root-mean-square velocity fields also resembled the experimental observations. Lastly, instantaneous and mean 
OH contours from the simulation revealed the presence of two flame branches (a thin windward branch and a 
thick leeward branch) matching the experimental observations well. Currently, tests are under way to verify the 
coupled implementation of finite-rate chemistry and spray models in Nek5000 for the Engine Combustion 
Network Spray A configuration. In addition, Argonne’s Unsteady Flamelet Progress Variable combustion 
model is being integrated within Nek5000. 

EXP
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Figure VI.A.3.4 Mean velocity comparison between ENWM, 
SSWM, and purely polynomial SEM for P=7 and Ret=543, 
1,000, and 2,000 (with the results shifted up for visibility) 

Figure VI.A.3.5 Instantaneous, mean, and root mean square of the velocity magnitude 
(normalized by jet velocity) from the experiment (top) and simulation (bottom) 
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Conclusions 
The following conclusions can be drawn: 

• LES studies of RCMs show qualitative agreement with experimental data, but strong sensitivity to 
low-temperature chemistry affects the long ignition case. This suggests the need for further 
improvements in chemical mechanisms. 

• Comparative LES calculations of free-spray and ducted-fuel ignition uncover the effects of different 
ignition delays and soot formation as a result of the enhanced entrainment, mixing, and turbulence 
generation in the duct.  

• Detailed simulation of jet in crossflow using reactive Nek5000 formulation demonstrates agreement in 
capturing the jet-trajectory and mixing characteristics. 
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Project Introduction 
Hyundai America Technical Center, Inc. (HATCI) and partners have been developing a co-optimized fuel and 
multimode gasoline compression-ignition (GCI)–spark-ignition (SI) engine capable of achieving 15% 
improvement in fuel consumption versus a production SI engine over a simulated Federal Test Procedure 
(FTP)-75 cycle and meeting Low-Emission Vehicle III (LEV III) emission targets. This project aims to 
overcome challenges and shortcomings of advanced compression-ignition engines, such as mode switching, 
cold start, and efficient low-load operation. The project also has a high specific power output target of at least 
150 hp. The project is using a near-production 2.2 L I4 Hyundai engine with advanced technology, capable of 
operating in low-temperature combustion (LTC), SI, and GCI modes. 

The project is co-optimizing the fuel and production-intent engine with an advanced high-pressure fuel system, 
advanced engine controls, and variable-inlet compressor turbocharger, as well as a cooled exhaust gas 
recirculation system. Researchers are developing and testing different fuel formations to determine the optimal 
fuel for this multimode combustion engine. The engine has production-level dual continuously variable valve 
duration and dual continuously variable valve timing systems on both intake and exhaust that enable negative 
valve overlap (NVO) to trap residuals for LTC mode operation up to about 5 bar brake mean effective pressure 
(BMEP). The SI mode is utilized in both spark-assisted (SA) LTC mode and during cold start to improve 
ignition and startability.  

Objectives 
Overall Objectives 
This project is co-optimizing a multimode-capable engine with fuel formulation. The project aims to meet the 
following targets: 

• Improve vehicle fuel economy by 15% over the baseline, enabled by operation in SA-LTC mode for 
part load and mixing-controlled compression-ignition (MCCI) (indicated mean effective pressure 
[IMEP] >5 bar) over most of the engine operation, as validated by engine dynamometer testing and 
vehicle simulation. 

mailto:SZhu@hatci.com
mailto:JNaber@mtu.edu
mailto:Kevin.Stork@ee.doe.gov
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• Attain a power target of at least 150 hp (15 bar BMEP) with a 2.2 L engine via a variable-inlet-
compressor-enabled highly diluted charge system (λ′ = 1.8) over the full load operating range from 1,500 
rpm to 4,500 rpm (targeting IMEP = 20 bar from 2,000 rpm to 3,500 rpm and 200 hp at 4,500 rpm). 

• Meet or exceed LEV III (ULEV701) emission targets via robust, ultra-low cold-start emissions 
enabled by port fuel injection combined with direct injection in SI mode for cold start as well as 
catalyst heating and lean gasoline selective catalytic reduction for LTC mode operation. 

• Demonstrate multimode combustion control utilizing a multiple-input, multiple-output controller and 
cylinder pressure feedback, along with in-cylinder condition estimation. 

• Validate computational fluid dynamics (CFD) models incorporating advanced physics-based fuel 
surrogate models for thermo–physical properties and reaction kinetics. 

• Populate a spray and combustion database with a high-pressure direct-injection system with high-
reactivity gasoline (60–90 research octane number [RON]) under thermodynamic MCCI and 
homogeneous-charge compression-ignition (LTC) conditions. 

• Produce a CFD mesh and models for spray and engine data, and share them with the Co-Optimization 
of Fuels and Engines (Co-Optima) team. 

Fiscal Year 2022 Objectives 

• Refine a multimode rapid prototyping controller for the multimode engine control. 

• Develop a combustion strategy for LTC mode. 

• Evaluate strategies for rated engine operating conditions. 

• Confirm the overall combustion strategy for the multimode engine through engine testing. 

• Demonstrate combustion mode switching. 

• Complete engine testing for fuel formulation effects and fuel optimization for the multimode engine.  

• Validate CFD model for multimode engine and different fuels.  

• Confirm fuel economy improvement with the proposed multimode engine.  

Approach 
A technical specification was developed for the 2.2 L engine. The specification helped establish the overall 
engine targets for fuel economy and performance, as well as boundary conditions for a set of points that 
represent the engine’s overall operation. These points were used in a 1D air system model to determine the 
optimal turbocharger specification and to set up the 3D combustion model and optical fuel spray experiments. 
A matrix of four gasoline blendstocks (RON 60, 70, 80, and 90) was selected for development of a real-fuel 
chemical mechanism and fuel properties model. The fuel model was validated with experimental data and was 
used in the 3D combustion code to simulate three discrete modes of SI, SA-LTC, and MCCI combustion.  

Meanwhile, a production 2.2 L diesel compression-ignition engine was modified to run multiple modes of 
combustion. A rapid-prototyping engine controller was developed using Matlab–Simulink model-based code 
and integrated with the engine. Engine testing was then conducted to explore the operating range of each 
combustion mode. Finally, a 1D vehicle FTP-75 cycle simulation was conducted using steady-state data from 

 

1 ULEV70 refers to any light-duty vehicle certified to LEV III ultra-low-emission vehicle 70 standards. 
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the engine testing above. The project objective of 15% fuel economy improvement will be met with this 
general approach, which is illustrated in Figure VI.A.4.1. 

 
0D, 1D, 3D – zero-, one-, three-dimensional; CAC – charge air cooler; CAH – charge air heater; 

CV – continuously variable; cyl – cylinder; EGR – exhaust gas recirculation; MCTE – multi-cylinder test engine; 
ROI – rate of injection; TKE – turbulence kinetic energy 

Figure VI.A.4.1 Co-optimized engine development approach 

HATCI has been working with Michigan Technological University (MTU) and Phillips 66 for development of 
a detailed fuel mechanism, validation and engine modeling in CFD, advanced controls algorithm development, 
and engine testing with nine different fuels, including alcohol blends. Phillips 66 has worked on fuel 
formulation development, creating gasoline-like fuels with desired physical and chemical properties for 
multimode combustion. These fuel formulations have been tested at MTU. The MTU team has also been 
conducting 3D CFD modeling of the SI, SA-LTC, and GCI modes, the latter consisting of both partially 
premixed compression-ignition (PPCI) and MCCI modes. HATCI is developing the overall engine hardware 
and multimode steady-state engine testing, as well as 1D vehicle simulation over the FTP-75 cycle. The project 
will provide the Co-Optima program with validated CFD data, surrogate fuel models, and engine emissions 
data.  

Results 
Low- to Medium-Load Operation – LTC  
For operation at low to medium loads (BMEP up to ~ 7 bar), LTC was used through NVO without additional 
intake heating. The amount of NVO was adjusted in real time with respect to the changes in engine loads or 
operating conditions, thanks to the dual continuously variable valve duration and continuously variable valve 
timing mechanisms for both intake and exhaust valvetrains, significantly improving LTC phasing control. 
Spark assist and port fuel injection (PFI) can also be used to further improve combustion stability, along with 
double injections to create fuel stratification for reduced max pressure rise rate (MPRR) at medium load.  

Figure VI.A.4.2 shows the engine test results on LTC combustion phasing control. Figure VI.A.4.2(a) shows 
the start-of-injection (SOI) timing of direct injection with 250 bar fuel pressure when swept from -380° to -
180° after top dead center firing (ATDCf), for different NVO settings (170 to 204 crank angle degrees [CAD]) 
at 1,500 rpm and approximately 2.6 bar BMEP. The fuel mass flow rate was kept constant, and the throttle was 
fully open for all cases. The NVO reported here is symmetric NVO, that is, the retard angle during intake valve 
opening is the same as the advance angle of exhaust valve closing. The NVO was varied while the exhaust 
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valve opening and intake valve closing were kept constant. Figure VI.A.4.2(b), (c), and (d) show CA502 of 
LTC for different direct-injection (DI) SOI timings with different NVO settings, CA50 against NVO for two 
SOIs (SOI-360 and SOI-280), and the NVO effect on overall air–fuel ratio (AFR). Clearly, more NVO leads to 
more trapped high-temperature residuals and less fresh air and, in turn, higher in-cylinder gas temperature and 
richer mixture, resulting in more advanced CA50. In other words, NVO along with fuel injection can be used 
to control the combustion phasing of LTC mode. 

 
ATDC – after top dead center 

Figure VI.A.4.2 LTC combustion phasing control: SOI sweep for LTC with different NVOs at 1,500 rpm/2.6 BMEP (250 bar DI) 

Figure VI.A.4.3 shows the engine test results on LTC combustion stability improvement with PFI and spark 
assist. At the low load of 1,500 rpm and 1.1 BMEP, both PFI and spark assist can reduce the coefficient of 
variation (COV) of IMEP and stabilize LTC, resulting in extended LTC operating range. 

   

 

2 CA50 is the crank angle position where 50% of the heat is released. 
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BD1090 – burn duration from mass fraction burned (MFB) 10 to MFB90; THC – total hydrocarbons;  
BTDC – before top dead center 

Figure VI.A.4.3 LTC combustion stability at 1,500 rpm and 1.1 bar BMEP: (a) PFI vs. DI and (b) with and without spark assist  

Figure VI.A.4.4 shows the results on the pressure rise rate with LTC. At 3,000 rpm and 3 bar BMEP, 
introducing a second injection with fuel ratio of about 20% leads to an MPRR reduction from 5.4 bar/deg to 
3.9 bar/deg, indicating multiple fuel injection can be used to reduce the pressure rise rate of LTC as engine 
load increases. This strategy was used in this project since it aligns well with the fueling strategy for GCI at 
high load operation. 

 
HRR – heat release rate 

Figure VI.A.4.4 LTC pressure rise rate of DI single (SGL) vs. double (DBL) injection at 3,000 rpm and 3 bar BMEP 

Medium- to High-Load Operation – GCI  
For operation at medium to high loads (BMEP greater than 5 bar), GCI was used with two late direct injections 
near top dead center firing (TDCf), pilot and main. The SOI timing was around -30° and -5° ATDCf for pilot 
and main injections. At medium loads with BMEP around 5 bar, the fuel split ratio between pilot and main can 
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be around 60/40 to take advantage of high combustion efficiency and low emissions from PPCI. For higher 
loads with BMEP greater than 15 bar, the fuel split ratio needs to be decreased to around 15/85 for MCCI to 
reduce the MPRR. More details on the GCI combustion strategy can be found in Zyada et al [1]. 

Overall Combustion Strategy for Multimode Engine 
Figure VI.A.4.5 shows an overall combustion strategy developed for the multimode engine. After the engine is 
started with SI mode, the combustion mode is switched to LTC by adding NVO and using wide-open throttle, 
spark assist, and PFI. As engine load increases, spark assist can be turned off. Single and early DI can be used 
to accommodate the need of increased fuel flow rate if any. As load further increases, double DI with one late 
DI can be used to suppress the increasing pressure rise rate. NVO is used to regulate the in-cylinder 
thermodynamic conditions to promote auto-ignition and should be reduced to suppress the unacceptable 
MPRR at higher loads, where in-cylinder conditions become better suited for auto-ignition. When the boost 
level reaches about 140 kPa, the combustion mode is then switched to GCI by using minimum NVO and 
double late DI injections.  

 
EGT – exhaust gas temperature 

Figure VI.A.4.5 Overall combustion strategy (a) and operating map (b) for multimode GCI engine 

Evaluation on Rated Condition 
To assess high-load and high-speed operation with this multimode engine, CFD evaluation at the rated 
condition—4,500 rpm and 18.1 bar BMEP (200 hp/150 kW)—was carried out.  

As engine results indicated, combustion duration increases as the engine load and speed increase, leading to 
high exhaust temperature and soot emissions. The exhaust temperature is limited by the allowable turbine inlet 
temperature of the turbocharger used, which is 860°C. In the evaluation, two other limits were used: maximum 
cylinder pressure Pmax <180 bar and MPRR <10 bar/deg. 

To meet these three criteria, the following three parameters were studied at the rated condition: 

• Fuel injection pressure (FUP) (800; 1,000; and 1,600 bar) 

• Fueling strategy (timing, single and double injections) 

• Boost level (AFR: 20.7 to 22.5). 

Table VI.A.4.1 lists the operating conditions for seven cases A to G, along with corresponding combustion 
performance. As can be seen from these evaluation results, for high-speed and high-load operations, a fuel 
injection pressure greater than 1,000 bar is needed to allow multiple fuel injections so that the engine hardware 
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limit requirements can be met and emissions reduction can be achieved. A high-boost turbocharger would also 
help in lowering exhaust gas temperatures.  

Table VI.A.4.1 Summary of CFD Operating Conditions and Results at Rated Condition (4,500 rpm/18.1 
bar BMEP) 

 
Pmax – maximum pressure; NOx – nitrogen oxides; HC – hydrocarbons; ITE – indicated thermal efficiency 

Mode-Switching Demonstration at Medium Load 
For mode switching from SI to LTC right after engine start, engine testing showed a very smooth transition 
from SI to LTC since both can be operated at similar throttle positions and the NVO can be adjusted in real 
time. 

For mode switching between LTC and GCI at medium load (BMEP around 5 bar), both stationary (with the 
same speed/load) and transient (with varying load) mode switching were tested for different engine speeds. 
Figure VI.A.4.6 shows the load sweep from 1 bar to 12 bar BMEP at a ramp rate of 1 bar BMEP/second and 
engine speed of 2,000 rpm. The combustion mode was switched from LTC to GCI at the recorder time of 
9 sec. No IMEP drop was observed across all four cylinders. The combustion phasing of CA50 was about 4° 
ATDC for low load in LTC mode, then retarded to about 12° ATDC for the higher loading in GCI mode. The 
MPRR did briefly exceed 10 bar/deg during the transition, at recorder time ~12.5 sec where the CA50 was also 
advanced, ~ 7° ATDC, but it can be reduced below 10 bar/deg with further engine calibration. At low loads 
with torque less than 65 Nm (recorder time earlier than 7 sec), only single injection with SOI around 330°–
300° BTDC (actual SOI_1) was used. When the torque was greater than 65 Nm (recorder time >7 sec), an 
additional injection with SOI close to TDC (actual SOI_2) was introduced to suppress the high pressure-rise 
rate. The exhaust valve closing (EVC) timing was 90° BTDC gas exchange at ~1 bar BMEP, and then retarded 
as engine load increased. EVC timing was 50° BTDC gas exchange when combustion mode was switched 
from LTC to GCI at recorder time ~9 sec. Right after that, EVC timing was not immediately set to the most 
retarded position for the minimum NVO typically used for GCI mode. The reasoning was that turbo lag caused 
insufficient boost pressure, resulting in longer ignition delay and misfiring cycles. By keeping some NVO 
before boost pressure reaches the set point, the in-cylinder gas temperature can be increased. This reduces the 
mixture ignition delay, offsetting the negative impact of insufficient boost pressure on auto-ignition and 
eliminating misfiring cycles. After the boost pressure is built up and reaches the set level, NVO can be 
minimized.  

In this mode-switching demonstration, the NVO correction for boost deficit was found to be very effective in 
avoiding misfiring cycles and torque drop.  
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Tgas – gas temperature 

Figure VI.A.4.6 Load sweep with ramp rate 1 bar BMEP/sec at 2,000 rpm 

Fuel Co-Optimization  
To develop new fuels that can boost engine efficiency and reduce emissions when combined with advanced 
combustion techniques, nine different fuel formulations with RONs ranging from 60 to 90 were blended and 
tested through collaboration with Phillips 66 and MTU. These fuels were studied with spray and combustion 
vessel testing, CFD real fuel modeling, and engine testing. Four of these fuels were non-oxygenated gasoline 
refinery blendstocks, with RONs from 60 to 90, blended by a petroleum refinery at Phillips 66. Additionally, 
bio-renewable components of ethanol and iso-butanol were added to the base RON 60 gasoline blendstock fuel 
to increase the overall bio-gasoline fuel to target RONs of 80 and 90. Additionally, for reference, the effect of 
RON 91 E10 gasoline (standard pump fuel, meeting U.S. specifications, with 10% ethanol) was also included. 

Figure VI.A.4.7 shows the fuel test points completed for all nine fuel formations in GCI mode. The lower 
RON fuels with RON <80 clearly extend the GCI low load limit down to about 1 bar BMEP with COV of 
IMEP ≤3% due to the improved fuel reactivity.  
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P66 – Phillips 66 

Figure VI.A.4.7 Fuel test points in GCI engines 

Figure VI.A.4.8 shows the ignition delay and peak cylinder pressure for nine different fuels at 1,500 rpm and 
4.6 bar BMEP. The ignition delay time here is defined as the time duration of mass fraction burnt from 0% to 
2%. Each fuel shows consistent ignition delay for different combustion phasing. Higher RON fuels have 
longer ignition delays. There are two distinct heat release patterns for the fuels with RON >80 and those with 
RON ≤80 tested: single-stage for RON >80 and two-stage for RON ≤80, as shown in Figure VI.A.4.9.  

 
Figure VI.A.4.8 Ignition delay and peak cylinder pressure for different fuels at 1,500 rpm and 4.6 bar 
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DIJ – direct injection  

Figure VI.A.4.9 Apparent heat release (AHR) rate for P66 RON 80 and RON 91 E10 at 1,500 rpm and 4.6 bar BMEP 

Among these nine different fuels, iB25 (25% iso-butanol + 75% P66 RON 60) with calculated RON 77.8 
appears to be the best candidate in extending GCI low load limit while maintaining good engine startability 
and having the benefits of reduced greenhouse gas emissions. The iB25 fuel’s better combustion performance 
in thermal efficiency and emissions over E10 was also confirmed at different engine operating conditions, as 
shown in Table VI.A.4.2. The relatively higher soot with iB25 in GCI mode can be reduced with a higher fuel 
injection pressure, since the fuel pressure used was relatively low, less than 350 bar, even at 10 bar BMEP. 

Table VI.A.4.2 Combustion Performance Comparison Between E10 and iB25 at Three Representative 
Engine Operating Points 

 
FSN – filter smoke number 

CFD Model Validation  
For the engine CFD validation, the six fuels listed in Table VI.A.4.3 were simulated at 1,500 rpm/IMEPnet 7 
bar in GCI mode. Table VI.A.4.4 lists the operating conditions. Figure VI.A.4.10 shows corresponding 
simulation results of combustion pressure and HRR compared to engine test data. Clearly, CFD has good 
agreement with engine data in capturing the differing fuel effects.  

Table VI.A.4.3 Gasoline Surrogates and Oxygenated Fuel Blends 

 
 

n-alkanes iso-alkanes cycloalkanes alkenes aromatics
P66 RON60 33.4 40.6 18.7 0.0 7.2
P66 RON70 29.8 40.0 16.7 0.0 13.4
P66 RON80 23.7 40.5 16.9 13.5 5.4
P66 RON90 15.0 39.2 12.2 12.0 21.6
P66 RON60+ 51.2% Iso-But.
P66 RON60 + 36.6% Eth.

Fuels Chemical Class (Vol%)

48.8% P66 RON60 + 51.2% iso-butanol (RON target 90/measured 93.4)
63.4% P66 RON60 + 36.6% ethanol (RON target 90/measured 94)
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Table VI.A.4.4 Operating Conditions for the Fuel Effect Study at 1,500 rpm/IMEPnet 7 bar with GCI Mode 

 

 

Figure VI.A.4.10 Combustion pressure and apparent heat release rate (AHRR) for engine data and CFD simulations at 
1,500 rpm/IMEPnet 7 bar with GCI mode 

Vehicle Fuel Economy Optimization 
To evaluate the fuel economy improvement of the multimode combustion engine, an FTP-75 drive cycle 
model was built with GT-SUITE (a simulation tool), using engine test data. To make best use of the benefit 
from this multimode GCI engine, some common state-of-the-art fuel economy applications were studied, 
including gear schedule optimization, start–stop feature, engine downsizing, and P2 full hybrid.3 Figure 
VI.A.4.11(a) and (b) show the FTP-75 residence plots over a brake thermal efficiency (BTE) map before and 
after the gear shift schedule was optimized. Clearly, with an optimized gear shift schedule, higher BTE points 
can be utilized. Figure VI.A.4.12 shows progressive fuel consumption reductions for the target 2.2 L 
multimode GCI engine, GCI + biofuel iB25, a downsized 1.5 L GCI engine, and P2 hybrid cases. The 
multimode 2.2 L GCI engine can achieve a 16% fuel economy improvement over the baseline SI engine, 
higher than the improvement target of 15%. By using iB25 biofuel, the fuel economy improvement is 
increased to 18%. Downsizing the GCI engine to 1.5 L results in about 30% fuel economy improvement over 
baseline SI engine. With the downsized engine and P2 full hybrid, the fuel economy can then be improved by 
76%. The results indicate the significant potential of fuel economy improvement possible with this multimode 
GCI engine. 

 

3 In the P2, the electric machine is side-attached (through a belt) or integrated between the internal combustion engine and the 
transmission. 



Decarbonization of Off-Road, Rail, Marine, and Aviation (DORMA) 

248 Legacy On-Road Projects: Combustion 

 

 

Figure VI.A.4.11 FTP-75 residence plots over BTE contour for (a) a multimode GCI 2.2 L engine  
and (b) gear optimization 

 
TGDI – turbocharged gasoline direct injection; 6AT – six-speed automatic transmission; 8AT – eight-speed 

automatic transmission; Opt GRs – optimized gear ratios; HEV – hybrid electric vehicle 

Figure VI.A.4.12 FTP-75 fuel consumption improvement with technology progression 

Conclusions 
The project designed a multimode engine and control system, including model-based combustion controllers 
and a mode-switching controller. The team developed and tested the proposed multimode GCI engine, which is 
capable of SI, LTC, and GCI modes. Combustion strategies were determined and successfully used to operate 
the engine within different modes and to switch between combustion modes. Nine different fuel formulations 
with RONs ranging from 60 to 90 were blended and tested, including bio-gasoline blends with ethanol and 
iso-butanol. The fuel blend of 25% iso-butanol and 75% P66 RON 60 (iB25) with calculated RON 77.8 
appears to be the best candidate for multimode GCI operation in extending GCI low load limit, maintaining 
good engine startability and having optimal efficiency–emissions trade-offs. The project team demonstrated 
that this multimode GCI engine is feasible and capable of achieving a 16% improvement, or 18% with co-
optimized fuel iB25, in fuel economy compared to the production SI engine over a simulated FTP-75 cycle 
while also meeting the ULEV70 standard. Additionally, the team created a spray and combustion database 
with a high-pressure DI system with high-reactivity gasoline (60–90 RON) and biofuel blends under engine-
like operating conditions. The database was used in the CFD spray model. The real fuel model can represent 
fuel physical properties and chemical kinetics of a real fuel. A physics-based CFD engine model was then built 
and validated for multimode combustion simulations with different fuels. 
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Key Publications 
1. Zhu, S., N.R. Joo, J. Hollowell, K.Y. Ha, M. Shirley, N. Fantin, and M. Wagh. 2022. “Low 
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2. Zhu, S., and J. Naber. 2022. “Co-Optimized Mixed-Mode Engine and Fuel Demonstrator for 
Improved Fuel Economy while Meeting Emissions Requirements.” For the U.S. Department of 
Energy, DOE-HATCI-08478. doi:10.2172/1887341. 
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VI.A.5 Co-Optimization of Fuel Physical/Chemical Properties and 
Combustion System for Mixing Controlled Compression 
Ignition (MCCI) in a Medium-Duty Engine (Oak Ridge 
National Laboratory) 
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Project Introduction 
This program will develop a fundamental understanding of how fuel physical and chemical properties affect 
mixing-controlled compression ignition (MCCI) combustion in a medium-duty engine through computational 
fluid dynamic (CFD) simulations. Simulations will be used to study the combined effect of fuel properties, fuel 
system characteristics (e.g., injector included angle, rail-pressure, nozzle protrusion, injection duration, etc.), 
and piston bowl geometry to find synergies between them, such that the fuel system/piston bowl design can be 
co-optimized for a particular fuel composition. This program will fill the knowledge gap about the quantitative 
effects that fuel physical and chemical properties have on engine performance towards building an MCCI fuel 
merit function. 

The central fuel hypothesis approach of the U.S. Department of Energy Co-Optima (Co-Optimization of 
Engines and Fuels) program has worked well for spark-ignition fuels; identifying critical fuel properties ranges 
is sufficient to screen fuel blends that are expected to maximize efficiency and reduce pollutant emissions. 
However, for MCCI fuels, the information gained from past studies in the literature is not sufficient to build a 
merit function and perform a similar screening of fuel blends. In this program, Cummins/Oak Ridge National 
Laboratory will jointly identify and define a range of optimal fuel physical properties and co-optimize fuel 
properties and injector geometry for two piston bowl geometries through a comprehensive CFD simulation 
study and the use of machine learning techniques (e.g., Gaussian process regression modeling). Given that 
simulations allow physical properties to be changed independently of chemical composition, the co-
optimization of fuel physical properties, injector geometry and piston geometry will be conducted for two 
different fuel chemical compositions: (1) a high aromatic paraffinic fuel representative of an ASTM D975 
diesel fuel, (2) a low aromatic paraffinic fuel representative of renewable diesel (i.e., EN15940). This program 
directly addresses the current lack of knowledge regarding fuel properties for MCCI engines and an industry-
identified knowledge gap. Through CFD simulations, the proposed plan is set to gather information on the 
sensitivity of MCCI combustion to a variety of key fuel physical properties for three relevant chemical 
compositions, as well as the combined effects of fuel properties, fuel system design, and bowl geometry. The 
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combined fuel/fuel system/piston bowl geometry effect addresses the possible synergy that the injection 
system geometry can have on the quantitative impacts of fuel properties in MCCI combustion. 

Objectives 
Overall Objective 

• Co-optimize the combustion chamber geometry, injector geometry, and fuel physical properties for 
two diesel fuel chemistries, conventional diesel and hydrotreated vegetable oil (HVO), subject to 
emissions and mechanical limit constraints for improved engine thermal efficiency. 

Fiscal Year 2022 Objectives 
• Define fuel property ranges of interest for conventional diesel and HVO. 

• Couple and test optimizer with CAESES and CONVERGE CFD engine model to establish workflow. 

• Define operating condition of interest for optimization. 

• Discretize piston bowl shape geometry for automatic geometry generation. 

Approach 
This project combines an advanced global optimizer (DAKOTA), a CFD geometry and case management 
software (CAESES), and detailed combustion CFD (CONVERGE) to co-optimize the engine geometry, 
injector geometry and fuel properties (Figure VI.A.5.1). DAKOTA uses an efficient global optimizer to search 
the design space for the optimal solution. The algorithm uses a Gaussian process regression model as a global 
surrogate for the response surface such that it can use special functions to intelligently select conditions for 
further investigation in the design space. DAKOTA does this by defining an expected improvement function 
that is used to define the location of the new training points that need to be run in CFD to maximize the 
improvement of the objective function. The goal of the optimization will be to optimize engine gross thermal 
efficiency. CAESES uses the information generated by DAKOTA to automatically generate new geometries 
and change CFD input files. CAESES runs the CONVERGE CFD cases that DAKOTA selected and post 
processes the outputs of the combustion simulation such that the data can be fed back to DAKOTA for the next 
round of training points. The result is a surrogate model of the system that becomes more accurate as the 
optimization continues. The optimization stops when the expected improvement function calculated by 
DAKOTA is below a certain defined threshold. That is, the optimizer thinks adding more information to the 
response surface will not generate further response improvements. 

 
DI – direct injection 

Figure VI.A.5.1 Optimization workflow identifying each step and information dependencies 
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As mentioned previously the objective function will be the engine gross thermal efficiency but emissions 
indexes like nitrogen oxides, unburned hydrocarbons and soot will also be monitored in addition to other 
engine mechanical limits such as peak cylinder pressure. 

Results 
• Established framework to couple CAESES and CONVERGE CFD to generate new geometries and 

automate the CFD case generation process. 

• Defined and tested workflow in DAKOTA to couple advanced global optimizer with CAESES and 
CONVERGE. 

• Defined piston bowl discretization scheme to allow generation of a wide variety of piston bowls. Figure 
VI.A.5.2 show examples of bowl profiles that can be generated by CAESES and how the bowl shape 
was discretized. The bowl was discretized into 10 control parameters. Seven of those parameters are 
used as independent variables for determining the bowl shape. Three parameters Dr, Da and Tm are used 
to adjust the total bowl volume such that the compression ratio of the combustion chamber can be 
specified as an independent variable. The variable Dr represents the total bowl diameter, Da represents 
the inner bowl diameter and Tm represents the distance between the central bowl pip and the cylinder 
head. With the established discretization scheme any relevant piston geometries can be created. 

 

 

 

 
Figure VI.A.5.2 Example of bowl shapes generated by CAESES and bowl discretization scheme 
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• Defined optimization point of interest of 1,600 rpm engine speed and 400 lb-ft of torque based on 
duty-cycle analysis. 

• Gathered validation data for optimization point of interest.  

• Defined HVO composition and relevant fuel properties for surrogate definition shown in Figure 
VI.A.5.3. The carbon composition and distillation curves will be used to determine appropriate 
chemical surrogate compositions for the simulation effort. As expected, the HVO fuel is composed 
mostly of long chain branched paraffins and contains very little of other components. Figure VI.A.5. 4 
shows the comparison between the distillation curves of HVO and conventional diesel. The highly 
paraffinic composition of HVO makes its distillation curve flat and overall less volatile than 
conventional diesel at boiling fractions below 50%. However, the final boiling point of conventional 
diesel is approximately 100°F higher than HVO, influenced by the large high boiling point species 
present in conventional diesel fuel. These differences in boiling characteristics are expected to play a 
role in the optimization of the combustion chamber and result in different optimal bowl shapes. 

 
Figure VI.A.5.3 Paraffin, isoparaffin, olefin, naphthene and aromatic hydrocarbon composition of commercial HVO fuel 

 
Figure VI.A.5. 4 Comparison between distillation curves of conventional diesel and renewable diesel (HVO) 
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Conclusions 
• Optimization operating condition has been defined based on duty-cycle analysis of Cummins in-use 

data. 

• Optimization workflow has been established and is in final stages of testing for the start of the first 
optimization set using conventional diesel fuel. Three software packagess are being coupled to 
achieve the desired results. DAKOTA is using an advanced optimizer to drive CAESES the CFD 
management software to generate new CONVERGE cases and post process the data. 

• Ranges of independent variables have been established for the optimization effort based on 
experimental measurements of available fuels in the marketplace. 

• Fuel properties for conventional diesel and HVO have mostly been gathered. Surrogate development 
for HVO will begin soon. 

Key Publications 
1. Chuahy, F.D.F., C. Trobaugh. 2022. “Co-Optimization of Fuel Physical/Chemical Properties and 

Combustion System for Mixing Controlled Compression Ignition (MCCI) in a Medium-Duty Engine.” 
U.S. Department of Energy Vehicle Technologies Office Annual Merit Review meeting, June. 
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National Laboratory) 
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Project Introduction 
In prior studies, Shell Global Solutions (Shell) researchers observed that volatile fuels suppress low-
temperature heat release (LTHR) more than expected based on the conventional gasoline autoignition metrics 
research octane number (RON) and motor octane number (MON). The role of LTHR contributes to 
autoignition phenomena for both boosted spark ignition (BSI) and advanced compression ignition (ACI) 
combustion modes. ACI combustion modes are applicable to larger, hard-to-electrify engine applications such 
as off-road, rail, and marine. Thus, having a reliable understanding of autoignition phenomena, including being 
able to accurately account for the effects of fuel volatility, is particularly important as new synthetic and bio-
fuel compositions are considered. 

This Cooperative Research and Development Agreement (CRADA) project between Argonne National 
Laboratory (ANL), Oak Ridge National Laboratory (ORNL), and Shell will develop a foundational 
understanding of this phenomenon with the aim of volatility being developed as an independent property to 
optimize fuel blends for higher efficiency with increased biofuel content for BSI and ACI engines. We 
hypothesize the decreased LTHR is due to preferential evaporation of multicomponent fuels when using direct 
injection (DI) fueling technology, creating composition and reactivity stratification. This project brings 
together fuel blending expertise at Shell, unique experimental measurements of LTHR in engines at ORNL, 
and high-fidelity engine simulations at ANL. Together, this team will fill this knowledge gap, prove or 
disprove our hypothesis, and determine the extent to which this phenomenon could be leveraged to optimize 
future fuels and engine designs. 
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Objectives 
Overall Objectives 

• Quantify the effects of fuel volatility as an independent fuel property on LTHR both experimentally 
and numerically. 

• Prove or disprove the hypothesis that preferential evaporation of volatile components in DI engines 
produces reactivity stratification such that the less reactive volatile components govern the overall 
reactivity. 

Fiscal Year 2022 Objectives 
• Finalize the CRADA document and kick off the project. 

• Develop and blend a set of fuels designed to test the hypothesis that preferential evaporation of 
volatile fuel components in DI engines produces reactivity stratification such that the less reactive 
volatile components govern the overall reactivity. 

• Conduct a series of a priori computational fluid dynamics (CFD) simulations to test the differences 
between single- and multi-component evaporation models on LTHR. 

Approach 
This project takes a combined experimental and modeling approach to test the hypothesis that preferential 
evaporation of volatile fuel components in DI engines produces reactivity stratification such that the less 
reactive volatile components govern the overall reactivity. This approach has three major components: (1) a 
custom fuel set designed collaboratively among the project partners and blended by Shell, (2) single-cylinder 
engine experiments conducted at ORNL to directly measure LTHR, and (3) CFD simulations at ANL. 

The fuel matrix consists of six matched-pair fuel blends that have nearly identical fuel compositions but have 
different volatility, as measured by Reid Vapor Pressure (RVP), with a high-volatility (HV) blend and a low-
volatility (LV) blend. The matched-pair fuels contain blending components identified during the Co-Optima 
initiative as promising biofuel components with favorable fuel properties: aromatics, ethanol, prenol, 
diisobutylene (DIB), and cyclopentane (CPT). The fuels were blended by Shell in the facility located at 
Hamburg, Germany, using full boiling curve, and shipped to ORNL for experimental studies. 

The fuels will be investigated experimentally in a single-cylinder BSI research engine at ORNL using a 
methodology developed during the Co-Optima initiative that can temporally separate the LTHR event from the 
main deflagration heat release event [1]. Each fuel will be investigated using both DI fueling as well as port 
fuel injection upstream of the engine. Port fuel injection should produce a more homogeneous mixture to 
minimize the effect of preferential evaporation, whereas the DI fueling will maximize this effect. Also, the 
fuels will be tested under both stoichiometric and fuel-lean conditions to have relevance to both BSI and ACI 
operating conditions. 

A previously developed and validated CFD model [2] for the ORNL engine developed under Co-Optima has 
been improved to account for preferential evaporation effects. In this CFD model, a hybrid approach that 
incorporates the G-equation model for tracking the turbulent flame front, and the well-stirred reactor model 
with detailed chemistry for predicting low-temperature reactions in the unburnt gas, was employed to predict 
the outcome of the turbulent combustion in the engine cylinder. A multi-component evaporation model is used, 
where lighter liquid fuel components evaporate into corresponding gaseous molecules first, in contrast to the 
single-component evaporation model used in the previous CFD model assuming all fuel components evaporate 
together. As an a priori study to understand volatility effects, multi-cycle simulations were conducted using the 
Co-Optima alkylate fuel at an operating condition from the Co-Optima program. Effects of differential 
evaporation on liquid fuel properties such as viscosity, heat of vaporization, vapor pressure, surface tension, 
density, and specific heat, as well as on gaseous mixture compositions, are quantified by comparing simulation 
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results from the single-component and multi-component evaporation models. The dynamics of LTHR were 
further analyzed in detail, investigating the in-cylinder pressure and heat release rate traces.  

Results 
Shell blended six matched-pair fuels (6 LV fuels + 6 HV fuels) and shipped them to ORNL. HV fuels were 
prepared by blending light ends (butanes/butenes) into the respective LV fuel to give a 2 psi increase in RVP. 
Shell provided key fuel properties, as well as detailed hydrocarbon analysis data to assist engine testing and 
CFD modeling. Key fuel properties and fuel composition differences are shown in Table VI.A.6.1 with the 
blue and red highlighting the low- and high-volatility blends, respectively, and the green highlighting the 
major blend component. 

Table VI.A.6.1 Matrix of Custom Fuel Blends Produced by Shell Global Solutions and Sent to ORNL 

 Aromatic Ethanol Prenol Diisobutylene Cyclopentane Carbonate 
 LV HV LV HV LV HV LV HV LV HV LV HV 
RON (-) 98.2 97.8 99.8 99.8 97.9 98 97.7 97.6 97.5 97.7 96.8 96.8 
MON (-) 89.4 90 89.6 89.7 87.4 87.5 88.5 88.5 88.3 88.8 89.5 89.7 
RVP (kPa) 51.6 78 55.3 75.5 49.8 75.8 52.4 76.3 59.2 75.5 51 76.5 
Aromatic (vol%) 20 20 10 10 10 10 10 10 10 10 10 10 
Ethanol (vol%) 0 0 10 10 0 0 0 0 0 0 0 0 
Prenol (vol%) 0 0 0 0 10 10 0 0 0 0 0 0 
DIB (vol%) 0 0 0 0 0 0 10 10 0 0 0 0 
CPT (vol%) 0 0 0 0 0 0 0 0 10 10 0 0 
Carbonate (vol%) 0 0 0 0 0 0 0 0 0 0 10 10 

 
The fuel blends have been delivered to ORNL and are shown in Figure VI.A.6. 1. Experiments will commence 
during the first quarter of 2023. 

 
Figure VI.A.6. 1 Custom fuel blends from Shell Global Solutions delivered to ORNL 

Figure VI.A.6.2 shows the in-cylinder pressure and apparent heat release rate obtained from multi-cycle CFD 
simulations for the alkylate fuel from the Co-Optima initiative for an LTHR engine operating condition with 
strong pre-spark heat release. Results from two evaporation models, namely the single-component evaporation 
model and multi-component evaporation model, are compared. It is shown that, using the multi-component 
evaporation model, the intensity of predicted LTHR is higher than that from the single-component evaporation 
model. This a priori LTHR study on a non-Shell fuel suggests that the preferential evaporation effects play a 
non-negligible role in predicting LTHR.  
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Figure VI.A.6.2 In-cylinder pressure and heat release rate predicted by CFD using single-component and multi-component 

evaporation models, respectively 

Conclusions 
• A CRADA project was started among Shell, ANL, and ORNL to investigate the independent role of 

fuel volatility, as measured by RVP, on LTHR and autoignition processes. The hypothesis is that 
preferential evaporation causes the most volatile components to dominate the autoignition process in 
both BSI and ACI engines with DI fueling. 

• A set of custom fuels to investigate this phenomenon was designed, blended by Shell, and delivered to 
ORNL. Experiments will begin in early 2023. 

• An improved CFD model accounting for multi-component evaporation was developed in this study, 
allowing better prediction of pre-spark heat release under LTHR engine operating conditions. 
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 Alternative Fuel Engines 
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Project Introduction 
Spark-ignited engines inherently suffer efficiency losses at part load because of throttling to maintain 
stoichiometric operation. A significant fraction of the drive cycle and real-world usage of medium- to heavy- 
duty engines is in the low load region during which the engine is relatively inefficient. The current state-of-the-
art heavy-duty natural gas engines have a sharp rise in brake-specific carbon dioxide (CO2) emissions as the 
average power of the duty cycle decreases. Standard cylinder deactivation (CDA) solutions can partly improve 
low load efficiencies by deactivating a fixed number of cylinders, but for several reasons, these techniques are 
severely limited in their applicability over a wide speed/load range. This project will develop Dynamic Skip 
Fire (DSF®) on a heavy-duty (HD) natural gas (NG) engine. DSF enables the engine to dynamically deactivate 
any of the cylinders to minimize the amount of pumping losses during the gas exchange in and out of the 
cylinders while producing the required torque, and without compromising on noise, vibration, and harshness 
(NVH) vehicle-driving targets. This NG engine will significantly improve engine operating efficiency while 
delivering diesel-like performance. This work will enhance the commercial viability of NG engines as a low-
carbon-emitting bridge technology as the transportation sector transitions to zero-emission vehicles. 

Objectives 
The objective of the project is to develop and demonstrate a DSF-enabled, HD NG engine capable of diesel-
like performance and efficiency, as identified in the following bullets: 

• Ramped Modal Cycle Supplemental Emissions Testing (RMCSET) (tractor) certification cycle 
average brake thermal efficiency of greater than 40%. 

• Heavy-duty federal test procedure (HD-FTP vocational) certification cycle average brake thermal 
efficiency of greater than 38.5%. 

• High average power or heavy heavy-duty diesel truck (HHDDT) cycle average brake thermal 
efficiency of greater than 39%. 

• Urban dynamometer driving schedule cycle average brake thermal efficiency of greater than 38%. 

• Light loaded drive cycle or port drayage cycle average brake thermal efficiency of greater than 30%. 

• All of the above while maintaining the capability to meet 0.02 g/hp-hr nitrogen oxides (NOx) 
emissions. 
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Fiscal Year 2022 Objectives 
In Fiscal Year 2022, the project team is on track to complete the requirements of Budget Period 1. Key 
objectives were to develop the engine overhead layout; design overhead and CDA components; and design, 
analyze, and simulate engine models to define control system requirements and drive cycle simulation. The 
focus was on hardware design of the overhead components (the cylinder head, advanced valvetrain, CDA 
actuators, etc.), development of the control system requirements and interfaces, and engine model development 
for simulation. The engine model was used to simulate engine operation with DSF to assess the impact of DSF 
on base engine controls, as well as to develop algorithms. Baseline engine data for the HD NG engine was 
used to develop the initial DSF firing frequency map. 

Approach 
• The Cummins-Tula team is to build on the Cummins next-generation HD NG engine being developed 

by Cummins. Development of this engine is jointly funded by the Natural Gas Vehicles Consortium 
under Subcontract #NHQ-9-82305-03, administered by the National Renewable Energy Laboratory. 

• Analysis and limited component testing will be conducted to establish the detailed component design 
and fractional firing strategies for the engine. 

• Engine and aftertreatment controls will be developed to ensure proper integration of DSF algorithms. 

• Selected hardware and software will be validated on a rig. 

• A multicylinder engine with DSF will be built for engine and aftertreatment testing, calibration, and 
certification. 

• Finally, the calibrated engine and controller will be installed in a vehicle for NVH and real-world fuel 
economy, performance, and emissions evaluation. 

Results 
Engine cylinder head and overhead components design was completed to accommodate an advanced valvetrain 
that includes all the required components for CDA, variable valve timing, and compression release engine 
brakes functionality. The design uses a Type III valvetrain system with dual overhead camshafts and 
independent cam phasing. The complete valvetrain system is shown in Figure VI.B.1.1. 

 
Figure VI.B.1.1 Head and overhead assembly 
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This valvetrain architecture utilizes a collapsing rocker technology to achieve CDA and 1.5 stroke brake (SB) 
operation modes as shown in Figure VI.B.1.2. The lost motion of the collapsing rocker is achieved through the 
“Wedgelock” capsule. Standard, CDA, and braking modes are switched hydraulically with oil control valves. 
The 1.5 SB is an engine brake technology that retains the normal intake valve lifts but deactivates the main 
exhaust valve lifts and adds multiple valve lift events on the exhaust side to increase braking power over 
traditional compression release brakes. Analysis results from a benchmarked product predict that 1.5 SB 
technology can enable diesel-like power targets. 

 
Figure VI.B.1.2 Valvetrain architecture 

Figure VI.B.1.3 shows the operating modes of the exhaust rocker assembly during each mode of operation. 
Both input rocker arms are kept in constant contact with the cam lobe and therefore are either articulating in 
normal operation or in lost motion. When the Wedgelock capsule is unlocked, it experiences lost motion and 
therefore will not transfer any motion to the corresponding output rocker. 

 
Figure VI.B.1.3 Exhaust rocker modes of operation 
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Simulation studies show DSF operation to about 5 bar brake mean effective pressure (BMEP) with up to 40% 
fuel benefit as shown in Figure VI.B.1.4. Simulations were also run to predict CO2 benefits with deceleration 
cylinder cut-off (DCCO) upside up to 10% on the HD-FTP and RMCSET cycles as well as the chassis low 
load cycle and drayage cycles as shown in Table VI.B.1.1. 

 
Figure VI.B.1.4 Firing fraction and fuel benefit maps 

Table VI.B.1.1 Cycle CO2 benefits with DSF 

ΔCO2 vs Baseline DSF, with NVH limits and DCCO potential upside (%) 

HD-FTP -4.0 

HD RMCSET -0.7 

POLA Drayage -10.3 

UDDS -5.1 

HHDDT -4.6 

POLA – Port of Los Angeles; UDDS – Urban Dynamometer Driving Schedule 

The team completed identification of all the control changes needed for implementation prior to engine testing 
and development. Air flow estimation and control, exhaust gas recirculation (EGR) control, and spark timing 
control are the key affected functions identified as shown in Figure VI.B.1.5. 
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FF – feedforward; IAT – intake air throttle; WG – wastegate; FAF – fresh air flow 

Figure VI.B.1.5 Controls architecture layout with DSF (DOE quarterly progress report, Q2 – July 2022) 

The co-simulation environment with Simulink+ fast running model in GTPower has been set up to simulate 
DSF. The model can carry out steady-state and transient simulations with no observed inherent instabilities or 
lack of robustness. Speed-load sweeps, firing fraction sweeps, and DSF transition tests were run to observe 
model behavior during DSF. 

Electronic hardware interfaces were defined and bench test setup is complete as shown in Figure VI.B.1.6 and 
Figure VI.B.1.7. Base controls logic (non-DSF) is planned to reside in the Cummins electric control module 
(ECM). It will drive the air handling actuators. DSF code and interactions with base controls logic will reside 
in the Speedgoat (SG) hardware. There will be continuous exchange of measurements and overrides between 
ECM and SG via XCP protocol1 (indicated by the VX1134 box). The large engine control modules (LECMs) 
will drive the 12 port fuel injectors while being synchronous with the crank/cam with ECM. The cRIO 
hardware box will be used to drive the CDA solenoids. This box will also be synchronous with crank/cam with 
ECM and other scheduling functions (when to turn a particular cylinder ON/OFF) via SG. The development 
computer (PC) shall be used for measurement, data logging, and analysis. 

 
1 XCP Protocol is a Universal Measurement and Calibration protocol used for calibration and data acquisition in electronic control units, the successor of 
CAN calibration protocol. 
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rtp – real-time transport protocol; UDP/IP – user data protocol/internet protocol; HW – hardware; CAD – crank 

angle degrees; RPM – revolutions per minute 

Figure VI.B.1.6 Electronic hardware interfaces (DOE quarterly progress report, Q2 – July 2022) 

 
EID – electronic injector definition; PWM – pulse width modulation; HSSL – high speed serial link 

Figure VI.B.1.7 Bench test setup (DOE quarterly progress report, Q2 – July 2022) 
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Conclusions 
• The overhead architecture layout is finalized and the valvetrain design is complete. 

• Simulation mapping results were generated for steady-state conditions as well as engine dynamometer 
and chassis dynamometer cycles. 

• Control system requirements analysis and development are completed. 

• Advanced valvetrain concept selection for CDA utilizing Jacobs Vehicle Systems technologies has 
been completed. 

• Electronic hardware interfaces were defined and bench test setup is complete. 

Key Publications 
1. DOE quarterly progress report, Q4 – January 2022 

2. DOE quarterly progress report, Q1 – April 2022 

3. DOE quarterly progress report, Q2 – July 2022 

4. DOE quarterly progress report, Q3 – Oct 2022 
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VI.B.2 Development of Advanced Combustion Strategies for Direct 
Injection Heavy Duty Liquefied Petroleum Gas Engines to 
Achieve Near-Diesel Engine Efficiency (Colorado State 
University) 

Daniel B. Olsen, Principal Investigator 
Colorado State University 
Mechanical Engineering Department 
Fort Collins, CO 80523-1374 
Email: daniel.olsen@colostate.edu 

Bret Windom, Co-Principal Investigator 
Colorado State University 
Mechanical Engineering Department 
Fort Collins, CO 80523-1374 
Email: bret.windom@colostate.edu 

Hui Xu, Principal Investigator 
Cummins Inc. 
1900 McKinley Avenue  
Columbus, IN 47201 
Email: hui.xu@cummins.com 

Sibendu Som, Principal Investigator 
Argonne National Laboratory  
9700 South Cass Avenue 
Lemont, IL 60439 
Email: ssom@anl.gov  

Lorenzo Nocivelli, Co-Principal Investigator 
Argonne National Laboratory  
9700 South Cass Avenue 
Lemont, IL 60439 
Email: lnocivelli@anl.gov 

Kevin Stork, DOE Technology Manager 
U.S. Department of Energy 
Email: Kevin.Stork@ee.doe.gov 

Start Date: October 1, 2020 End Date: December 31, 2023  
Project Funding: $4,020,092 DOE share: $3,450,085 Non-DOE share: $570,007 
 

Project Introduction 
The Vehicle Technologies Office funds research, development, demonstration, and deployment (RDD&D) of 
new, efficient, and clean mobility options that are affordable for all Americans. This work focuses on 
diversified fuel options through the development of advanced liquefied petroleum gas (LPG) engine 
technology. The United States maintains a substantial surplus of LPG and it is approximately 40% less 
expensive than gasoline and diesel. The primary goal of this research is to address fundamental limitations to 
achieving near-diesel efficiencies in heavy-duty on-road LPG engines. Engine knock and misfire are barriers to 
pathways leading to higher efficiency engines. This project explores a series of advanced combustion strategies 
aimed at eliminating these barriers. 

mailto:daniel.olsen@colostate.edu
mailto:bret.windom@colostate.edu
mailto:hui.xu@cummins.com
mailto:ssom@anl.gov
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Overall, the project team is making excellent progress on technical milestones. Activities include bench testing 
of gasoline direct injection (GDI) and modified/prototype injectors on LPG, development of computational 
fluid dynamics (CFD) simulation models, imaging of LPG direct injector spray patterns, and LPG testing on a 
Cummins 2.5-liter single cylinder engine.  

Objectives 
The focus of the proposed research is to address fundamental limitations to achieving near-diesel efficiencies 
in heavy-duty on-road LPG engines. The focus is on the Cummins 15-liter heavy-duty-engine platform, which 
has a baseline diesel efficiency of 44% at peak torque. The main project goal is to increase the peak torque 
efficiency of a 15-liter LPG engine to 44%.  

Overall Objective 
• Characterize flame propagation and end-gas autoignition phenomena for LPG–air–exhaust gas 

recirculation (EGR) mixtures of varying reactivity under engine-like conditions. 

• Develop LPG direct injection (DI) strategies in parallel with a detailed LPG DI spray model for 
incorporation into engine simulation models. 

• Validate, refine, and utilize tools for closed cycle engine combustion design with detailed chemical 
kinetics (CHEMKIN), three-dimensional computational fluid dynamics (CONVERGE), and cycle 
simulation (GT-Power). 

• Develop advanced real-time control algorithms for the Cummins 2.5-liter X15 single cylinder engine 
(SCE) to implement LPG DI strategies and controlled end-gas autoignition (C-EGAI). 

Fiscal Year (FY) 2022 Objectives 
• Fabrication and delivery of Cummins X15 custom cylinder head for LPG direct injection. 

• Production and spray imaging of prototype LPG direct injectors. 

• Incorporation of LPG spray model into Converge CFD model and generation of initial simulation 
results. 

• Perform LPG port fuel injection (PFI) baseline testing on Cummins X15 single cylinder engine. 

Approach 
This research is conducted with a combined experimental and computational approach with fundamental 
experiments utilizing (1) a one-of-a-kind rapid compression machine and laser ignition system that facilitates 
measurement of flame speed and end gas autoignition at engine like conditions; (2) a constant-volume high 
pressure spray chamber (HPSC) to study direct LPG fuel injection penetration, vaporization and mixing; (3) a 
variable compression ratio Cooperative Fuel Research engine to examine knock propensity, EGR limits, 
emissions tradeoffs, and C-EGAI control algorithms; and (4) a Cummins X15 single cylinder 2.5-liter heavy-
duty research engine to demonstrate near-diesel engine efficiencies utilizing the final combustion/control 
recipe. The rapid compression machine, HPSC, and Cooperative Fuel Research experiments conducted at 
Colorado State University (CSU), are used to systematically validate computational modeling tools with 
detailed chemical kinetics, which facilitate the development of a fully validated and predictive model of the 
2.5-liter Cummins platform to inform the advanced control and combustion strategies via a better 
understanding of the underlying in-cylinder phenomena. Development of the LPG DI model, performed at 
Argonne National Laboratory, is a key component of the engine simulation model. A custom cylinder head for 
the X15 SCE, designed and fabricated at Cummins, enables LPG direct injection.  
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Results 
LPG DI Injector Design and Bench Testing 
Engineering service contractor Czero in collaboration with the CSU and 
Cummins is developing modified/protype LPG DI injectors and an LPG 
bench test fuel supply system. Five modified five-hole injectors were 
fabricated for testing purposes, with additional designs for 1–4 holes 
(Figure VI.B.2.1). The modified injector was able to deliver a 20% 
increase in flow rate compared to the stock Delphi GDI injector. Leak 
testing of the modified injector at CSU prompted a redesign and 
fabrication of a second generation five-hole injector with pre-load settings 
doubled from 0.0005 in to 0.001 in. Durability testing of ~8 million cycles 
was successfully performed with the first generation five-hole injector and 
GDI pump; durability testing will continue into FY 2023. CSU provided 
details of an optimized design of a three-hole injector which was the best 
performing configuration in 3-D CFD spray simulations (discussed later) 
for mixture homogeneity and swirl. Mechanical design and fabrication of 
the three-hole injector is planned for FY 2023. 

LPG Injector Spray Imaging 
The HPSC is fully functional and can replicate engine-like conditions by 
changing chamber pressures (ambient), fuel pressures, and temperatures. 
High-speed Schlieren and planar Mie scattering imaging was carried out 
for the Delphi five-hole injector. The defined test conditions include a 
range of engine conditions from low-pressure conditions (i.e., naturally aspirated, injection during intake 
stroke) to replicate a homogenous, full-load, early injection event observed in direct injection engines, to high-
pressure cases that correspond to late injections or boosted engines. Testing was carried out at various engine-
relevant temperatures for iso-octane and propane (a surrogate for LPG). Four injectors, including Bosch BMW 
325i EU5, Delphi seven-hole stock injector, Engine Combustion Network Spray-G injector, and modified five-
hole Delphi injectors, have been tested at various engine-like conditions and high-speed Schlieren and planar 
Mie scattering for propane and iso-octane fuels. The data was processed and sent to Argonne National Lab for 
model tuning and validation. More injector nozzle designs will be tested in FY 2023. High-speed Schlieren 
images are recorded at 30,000 frames per second to obtain high-speed videos with a 33 µs difference between 
frames. At atmospheric and sub-atmospheric chamber pressure, propane is subjected to spray collapse and 
flashes, in contrast with iso-octane that propagates through the spray chamber in a conventional spray break-up 
pattern and exhibits moderate flash-boiling. Measurements such as vapor penetration length, width, and speed 
are used to characterize the spray structure. Spray development of propane is sensitive to chamber pressures 
and fuel and chamber temperatures. However, the liquid-vapor boundary is unclear in Schlieren. Schlieren is a 
2D projection of a 3D phenomenon that makes it difficult to parse out individual plume behavior to develop 
high-fidelity spray models. Hence, a sophisticated imaging technique like the planar Mie scattering imaging is 
needed to define the difference within these structures. The planar Mie scattering imaging setup was modified 
to capture images of liquid spray at smaller time increments of 33 µseconds for the entire injection duration. 
These recorded images correspond with the timestamps recorded in high-speed Schlieren imaging; hence, 
reliable comparison in the vapor and liquid phase can be made when the images from both these imaging 
techniques are overlapped. Figure VI.B.2.2 shows sample Schlieren and Mie scattering images for LPG 
injection from the five-hole injector. 

Figure VI.B.2.1 Five-hole nozzle 
orientation 
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Figure VI.B.2.2 LPG experimental imaging results for Delphi five-hole injector 

LPG DI Injector Spray Model 
A two-tier approach based on 3-D CFD simulation has 
been defined to design a numerical model for LPG 
injection for engine-like domain and conditions. First, 
high-fidelity simulations of the injector nozzle-flow are 
carried out to determine the spray characteristics entering 
the chamber. Then, the obtained thermo-kinematic 
properties (e.g., jet momentum and angle) of the spray is 
introduced into the Lagrangian-Eulerian framework, 
which is a well-established approach for automotive 
sprays. The simulation effort focused on two GDI multi-
hole injectors, the research-grade eight-hole Engine 
Combustion Network Spray-G injector and the optimized 
five-hole injector developed within this project. The 
high-fidelity nozzle flow simulations captured the 
response of vaporizing LPG spray to the ambient 
conditions (e.g., Pamb, Tamb, and super-heat degree) and 
its behavior has been translated to the Lagrangian 
injection model. In absence of accurate and reliable flash-
boiling vaporization models for Lagrangian sprays, the 
enhanced atomization and vaporization are obtained by 
modifying the aerodynamic breakup constants to 
replicate the phenomena measured experimentally in the 
HPSC. The simulations have been compared to the HPSC 
measurements in terms of liquid and vapor morphology through consistent replication of Schlieren and Mie 
scattering data, obtaining reasonable agreement across a wide range of operating conditions. Full collapse of 
the plumes is obtained for flashing sprays and a more conventional spray behavior is reported when Pamb is 
higher. The influence of the injector geometry is captured in the injection dynamics and Lagrangian spray 
models for the CFD software CONVERGE 3.0, to be incorporated in engine simulations. Figure VI.B.2.3 
reports the behavior of the liquid and vapor phase for the five-hole injector at different ambient conditions. 
Alongside its testing in the engine, the model is undergoing refinement in the definition of a correlation 
between the injector operating conditions and the spray model parameters, to provide a flexible modeling tool 
able to adapt the spray behavior to the injection timing in the actual operation of the engine. 

  

ASOI – after start of injection 

Figure VI.B.2.3 Propane spray model of the five-hole 
injector compared with experiments in HPSC. Mie-

scattering for liquid phase (left) and Schlieren for spray 
morphology (right). 
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Converge CFD Modeling of X15 SCE 
In the second half of 2022, the combustion CFD 
calibration was carried out for a medium load operation 
point of the SCE fitted with a liquid propane PFI system. 
The calibrated condition has about 10.4 bar nominal 
gross indicated mean effective pressure at 1,200 rpm. 
With the low compression ratio (9.3), medium load level 
around 10.4 bar, and propane fuel, the operation is 
expected to be slightly (if at all) knock limited. At this 
condition, the intake pressure and exhaust pressure are 
close to atmospheric pressure. The charge enters the 
intake manifold at 318.5 K, a temperature easy to achieve 
with a typical charge air cooler. The model assumes a 
homogenous propane–air mixture at the gas inlet. The 
calibrated model includes multiple consecutive cycles 
and a timing sweep. As shown in Figure VI.B.2.4, the 
predicted cylinder pressure matches with the individual 
cycle pressure traces taken from test cell. The apparent 
heat release rate and knock behavior also agree with the 
experimental results. 

Non-combustion CFD simulation is used for the 
optimization of the spray pattern. The optimization 
targets low standard deviation of local equivalence ratio 
at top dead center, a metric of the inhomogeneity of the 
fuel/air mixture. With a trial of one- to five-hole spray 
pattern designs, three-hole designs are found to strike a 
good balance between fuel spreading and jet penetration. 
With more than three holes, the spray momentum of a 
single jet is not strong enough to deliver fuel to places far 
away from the injector. With less than three holes, the 
fuel spread is inadequate. Around twenty designs with 
three holes are generated and tested. The top four three-
hole designs are selected for additional study. Seven 
additional operating conditions and model configurations 
are added to make the final selection such that the final 
spray pattern is robust against variations of load, injector 
flow rate, liquid temperature, and flash breakup model 
parameters. As shown in Figure VI.B.2.5, Revision 15 (r15) of the three-hole design results in the lowest 
overall standard deviation of local equivalence ratio across the eight cases, which covers wide range of 
operating conditions and achieves the best overall mixing. The three-hole r15 design was submitted to the 
injector vender for further review and prototyping. 

Engine Testing: Cummins X15 SCE Baseline Testing 
A baseline evaluation was conducted on the 2.5 L Cummins SCE to replicate the performance of current LPG 
engines in the market and create a benchmark by which further improvements in performance, with the use of 
direct injection, EGR, increased compression ratio, etc., would be quantified. The baseline tests were 
performed at an engine speed of 1,200 rpm, at a mixture temperature of 38°C, at a compression ratio of 9.3:1, 
and with LPG port fuel injected at 1,600 kPa. Parametric sweeps of start of injection (SOI) timings, ignition 
timing, intake manifold air pressure (IMAP), and equivalence ratio were performed to determine the optimal 
SOI, combustion phasing, and knock limits on the engine. Open (120°, 150° before top dead center [bTDC]) 

ATDC – after top dead center 

Figure VI.B.2.4 Cylinder pressure and apparent heat 
release rate prediction (three consecutive cycles) 

compared with experiment (20 consecutive cycles). 

Figure VI.B.2.5 Local equivalence ratio standard 
deviation of the baseline and four design candidates 
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and closed (330°, 360° bTDC) intake valve timings were 
considered for the liquid LPG injection, and the tests 
indicated similar emissions, performance, and 
combustion behavior between all timings. However, SOI 
120° bTDC performed slightly better overall, and was 
selected for the remainder of the tests. Ignition timing 
was then varied from 6° bTDC to 18° bTDC as shown in 
Figure VI.B.2.6a, and the maximum brake torque timing 
occurred at an ignition timing of 16° bTDC, or a 50% 
burned location (CA50) between 9° and 11°. This 
optimal combustion phasing produced a brake thermal 
efficiency of ~34%. Engine load was then increased by 
varying the IMAP from naturally aspirated conditions, 
which produced a BMEP of 9 bar, until the onset of 
incipient knock. With an SOI of 120° bTDC and 
combustion phasing of CA50 10° aTDC, the engine 
experienced knocking combustion at an IMAP of 140 
kPa which produced a 13 bar BMEP. The pressure trace 
and oscillations at knocking and non-knocking conditions 
are shown in Figure VI.B.2.6b. There was a ~2% 
improvement in brake thermal efficiency as the load was 
increased from 9 bar to 13 bar BMEP. Finally, the 
equivalence ratio (φ) was swept from 0.83 to 1.25. The 
lean φ = 0.83 condition produced significantly lower 
brake torque but was 6% more efficient than the rich 
operation φ = 1.25. A stoichiometric mixture φ = 1 
provided a reasonable tradeoff between all the quantified 
engine-out emissions. 

A new engine cylinder head machined to accommodate 
the modified five-hole LPG injector, which was designed for direct injected liquid LPG testing, was installed 
on the Cummins X15 SCE. An experimental fuel supply system, which can deliver liquid LPG at pressures up 
to 200 bar, was designed for use in the DI tests. The DI tests will be compared to the baseline PFI results for 
improvements in performance, combustion, and engine-out emissions. 

Conclusions 
• CFD modeling of LPG direct injection captures the vaporization-driven full collapse of the plumes 

and the axial penetration trends observed in Schlieren fuel jet imaging in the HPSC. 

• A multi-cycle combustion CFD model is calibrated for a part-load PFI operation point of the X15 
SCE. The calibrated model captures the combustion duration and knock behavior of the test engine. 

• Through non-combustion CFD simulations and optimization, three-hole spray pattern Revision 15 is 
identified as the overall best spray pattern for propane DI operation. 

Key Publications 
1. Tanmay Kar, Toluwalase Fosudo, Anthony Marchese, Bret Windom, and Daniel Olsen. 2022. “Effect 

of Fuel Composition and EGR on Spark-Ignited Engine Combustion with LPG Fueling: Experimental 
and Numerical Investigation.” Fuel 327. 

Figure VI.B.2.6 Baseline test results showing (a) brake 
torque and CA50 versus ignition timing and (b) pressure 

trace and oscillations for two different engine loads. 
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at Engine-Like Conditions.” SAE Technical Paper 2022-01-0497, doi:10.4271/2022-01-0497.  
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Project Introduction 
This project will develop and demonstrate direct-injected liquified petroleum gas (LPG) stoichiometric spark-
ignition engine technologies, including exhaust gas recirculation (EGR) and variable valve actuation to achieve 
fuel efficiency and torque parity (~20 bar) with current medium-duty diesel engines. The objective is to 
provide experimental data that demonstrates technologies and approaches to achieve a cycle efficiency of 41% 
in the supplemental emissions test steady-state cycle while meeting all applicable 2027 criteria emissions 
regulations. Achieving the target cycle efficiency with LPG will result in cycle CO2 emissions of 
430 g CO2/hp·hr, a 6% reduction from 2027 Phase 2 greenhouse gas (GHG) regulations. Achieving this goal 
will require a combination of computational and experimental efforts to optimize engine design and 
simultaneously provide key fundamental understanding of the limiting factors in highly diluted spark-ignition 
combustion. Recent single-cylinder experiments at Oak Ridge National Laboratory will be extended to show 
the potential of high-compression-ratio, highly diluted, and highly turbulent combustion systems for enabling 
diesel-like efficiencies with LPG. A dedicated single-cylinder engine incorporating these design changes will 
be built for efficiency and emissions compliance proof of concept. 

Objectives  
• Optimize a long-stroke stoichiometric propane (LPG) spark-ignition engine platform using advanced 

simulation tools. 

• Develop a fundamental understanding of the particular fuel properties of LPG that promote its stability 
under exhaust dilution using direct numerical simulations and high-fidelity engine simulations. 

Approach  
The project combines experiments and simulations to demonstrate and develop fundamental understanding of 
the opportunity and sources of efficiency with LPG-fueled, high-efficiency engines. The overall project 
framework that will achieve this goal is represented in Figure VI.B.3.1. 
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SCE – single-cylinder engine; TCO – total cost of ownership; LCA – lifecycle analysis; CFD – computational fluid 

dynamics; Gen – Generation; GREET – Greenhouse Gases, Regulated Emissions, and Energy Use in 
Transportation (model) 

Figure VI.B.3.1 Overall project structure, partnerships, and organizational responsibilities 

Experiments 
An existing long-stroke engine platform at Oak Ridge National 
Laboratory is being used in initial experiments and analysis. This 
platform is a custom platform based on the General Motors 
Ecotec LNF family of engines and was developed to operate 
under a wide variety of modes and engine operating conditions. 
The engine’s stroke was increased by 50% using a custom-built 
billet block, crankshaft, and connecting rods, which are paired 
with the stock cylinder head and piston assemblies. The stock 
valve actuation system was replaced by a fully flexible Sturman 
variable valve actuation system. Although proven functional, this 
system lacks robustness in the valvetrain and cannot replicate true 
camshaft actuated valve motion; moreover, the LNF engine was 
never designed to use EGR dilution in its production form. A 
major part of this project is an updated long-stroke engine design 
offering significantly increased EGR dilution tolerance and 
optimization potential. This updated engine will be based on the 
Stellantis 2.0 L hurricane engine, which will have a displacement 
increase of up to 50% through this project (i.e., up to a 6 L engine 
in a V-8 configuration relevant to medium-duty applications). 

Targeted experiments will use this updated platform once it has been completed. The fabrication of the updated 
engine platform has been delayed because of the COVID-19 supply chain and personnel shortages occurring at 
partner organizations. However, the contracting is in place, and progress will be reported in Fiscal Year (FY) 
2023. In the meantime, data from the first-generation engine has been used to guide simulation efforts in 
designing the second-generation engine.  

Simulations 
To develop a model framework capable of capturing the key phenomena that limit spark-ignition engine 
efficiency, a number of new sub-models have to be implemented into a general framework. To make an 
extensive geometry and parametric optimization modeling effort feasible, advanced numerics related to the 

Figure VI.B.3.2 Production Stellantis 2.0 L 
hurricane engine used as a second-generation 

long-stroke engine platform 
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combustion modeling approach have to be implemented and improved. The G-Equation approach has been 
used pervasively to model the premixed and partially premixed combustion processes [1], [2], [3], [4] and has 
recently been paired with more complex kernel formation and propagation models [5], [6], [7], forming a 
comprehensive modeling framework for predicting flame propagation in internal combustion engine 
environments. This will use a combination of more industry-friendly Reynolds-averaged Navier–Stokes 
(RANS) simulations and targeted high-fidelity and direct numerical simulation (DNS). 

The overall objective of the simulations in the current project is to accurately predict combustion of highly 
dilute mixtures of LPG (simulated as neat propane) with air. Thus, the effects of G-Equation numerics in the 
RANS approach must be decoupled as much as possible from potential sub-model adjustment constants. Level 
set approaches like the G-Equation need high-order accuracy, and the role of finite volume operations on the 
accuracy of the surface tracking is not well understood. Therefore, the project team is developing more 
accurate source terms for the G-Equation approach and testing them in the FRESCO computational fluid 
dynamics (CFD) solver. 

• The team will introduce a new signed distance function-based kernel-handling method that is suitable 
for spark channel modeling via mesh-independent properties and locally fine-grained property 
evaluations. 

• The team will introduce an accurate formulation for the compressible G-Equation source terms and 
demonstrate its importance in capturing the correct flame propagation. 

• The improved numerics will be shown to achieve high fidelity even under coarse meshes, speeding up 
turnaround times and allowing more complex optimization procedures. 

The project developed a framework in the DNS software S3D to study more fundamental flame aspects of 
LPG that allow it to have a stronger resistance (compared to gasoline) to dilution-driven instabilities. The team 
is exploring the effect of turbulence and dilution on the developing kernel of an LPG flame (compared to an 
isooctane flame), and to that end, researchers selected three levels of turbulence intensity based on the 
turbulent velocity intensity in a corresponding engine simulation. A reduced chemical mechanism by Pachler 
et al. [8] that has been validated using rapid-compression-machine data was used for the current baseline for 
DNS simulations. A quasi-steady-state approximation mechanism reduction step was required to allow 
simulation time steps to fall within a reasonable range and allow the simulation to be completed in a 
significantly shorter time. A Lewis number model was used to simulate mixture-averaged diffusion and 
improve numerical stability, resulting in an average time step of 1e-9 sec for all simulations. 

Results  
Results in FY 2022 have been focused on simulation efforts guiding the second-generation long-stroke engine 
platform. Primary focuses have been on understanding experimental observations on improved dilution 
tolerance of propane and accurately predicting knock of propane. To explore the fundamental processes of 
dilution tolerance, researchers used two-dimensional DNS simulations to understand the flame structures and 
diffusion mechanisms present with LPG relative to isooctane. 

In the DNS simulation, three levels of turbulence were selected based on data from averages in experimentally 
validated RANS simulation in FY 2021. For each level of turbulence, simulations with 0% and 25% EGR were 
conducted. The turbulence levels were chosen to keep the same eddy turnover time. Cases were run for both 
isooctane and LPG to identify which key differences observed in the simulations may be responsible for 
propane’s increased stability under dilution. 

Figure VI.B.3.3 shows preliminary results of the DNS simulations using LPG fuel (orange) and isooctane 
(green) at a medium turbulence level at the 30% mass fraction burned (MFB) time step in the respective 
simulation. The contribution of propane flame speed is split into diffusion and tangential aspects, and 
interestingly, results show no difference between isooctane and propane with 0% EGR (left column). However, 
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with 25% EGR, diffusion becomes increasingly important, where the curvature becomes more dominant. This 
is especially important as the high negative curvature observed with isooctane results in flame annihilation and 
instability, corroborating the findings in experiments from previous fiscal years. The implications of this 
finding are that, with EGR, isooctane becomes diffusional-rate-limited sooner and experiences increased 
negative curvature, causing a fundamental source of flame instability, reduced flame speeds, and EGR 
tolerance. 

 
Figure VI.B.3.3 Reaction displacement speed (bottom row) and flame curvature (top row) 2D DNS results for isooctane 

(green) and propane (orange) at 0% EGR (left column) and 25% EGR (right column) 

To leverage the fuel properties of propane’s increased dilution tolerance, further simulations were conducted to 
explore in-cylinder geometry and quenching effects. First, a non-constant Péclet number approach was 
implemented into multi-dimensional CFD results in the FRESCO and CONVERGE codes. The approach uses 
direct chemistry integration to calculate true wall quenching, reducing hydrocarbon errors and near-wall 
combustion instabilities. The results in Figure VI.B.3.4 highlight that the non-constant Péclet number approach 
does not differ significantly from variable Péclet number approaches. However, when using level-set methods, 
any wall model implementation is critical to appropriately account for quenching effects near the wall. The 
results are improved prediction of emissions such as unburned hydrocarbons. These effects are magnified with 
EGR, so the proper prediction of near-wall combustion for design optimization is critical to achieving this 
project’s goals. 
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CAD – crank angle degree; TDC – top dead center; NOx – nitrogen oxides 

Figure VI.B.3.4 Non-constant Péclet number 3D CFD results at TDC showing extended flame surface at near engine 
surfaces, simulation results compared to experimental data (grey) with 0% EGR (left bottom) and 25% EGR (right bottom) 

Because of propane’s high octane number and 
thus knock resistance, compression ratios higher 
than 15:1 can be employed without knock. 
Additionally, propane is injected in a 
supercritical state under most conditions and 
evaporates extremely quickly. Therefore, it is 
not relying on the piston shape to promote fuel–
air mixing. These considerations significantly 
affect the possible piston design shapes that are 
expected to generate high engine efficiency. 
Based on these considerations and previous 
experimental work in the LNF platform with 
high-compression-ratio pistons, the project team 
developed a new base piston design for 
optimization purposes. Figure VI.B.3.5 shows 
the piston concept. The domed shape of the 
piston is necessary to achieve the high 
compression ratios desired for this project. The 
bowl in the middle is designed to allow the initially spherically propagating flame to expand unencumbered by 
the interference of cold piston walls. The piston was parameterized to allow the optimization of the geometry. 
The parameters for optimization are the height of the dome, the angle of the dome slope, the length of the 

Figure VI.B.3.5 High-efficiency piston bowl concept for propane 
combustion 



Decarbonization of Off-Road, Rail, Marine, and Aviation (DORMA) 

 

278 Legacy On-Road Projects: Alternative Fuel Engines 

 

dome flat, and the diameter of the center bowl. The stroke-to-bore ratio is also being included as a variable to 
allow optimization of the stroke length in conjunction with the piston geometry. With these parameters, it is 
expected that an optimum piston can be devised for high-stroke-to-bore and high-turbulence operation while 
avoiding knock. Tasmanian, a deterministic smart sampler, is being used to probe the piston design space and 
generate a response surface design that will then be used to optimize the bowl shape. The most promising 
designs will be evaluated in a spark and EGR sweep to analyze the robustness of the design. The best designs 
will be manufactured and explored in the second-generation experimental metal engine. 

To complete the set of tools necessary to optimize a piston geometry for high-efficiency spark-ignition 
engines, the project team conducted analysis of previously obtained knock data and zero-dimensional 
simulations. Results showed that the existing literature mechanisms over-predicted knock onset for all 
conditions. Chemkin simulations were performed to understand knock onset and critical reactions for knock 
prediction. A key finding was the importance of low-temperature chemistry reactions in predicting knock for 
propane when boosted operation and high compression ratio are used. This finding is critical, as these 
conditions are not common in conventional fuels. The finding highlights that adjusting only 6 reactions in a 
352-reaction mechanism with 70 species from the literature [8] enables exceptionally good knock prediction 
with propane. Figure VI.B.3.6 provides results of a sensitivity analysis of those reactions and prediction with 
experiential data. The results show that the ignition delay under the conditions of interest is dictated mostly by 
the low-temperature chemistry of the fuel. A genetic algorithm was used to adjust 6 reaction rates (i.e., only 
reactions critical to the low-temperature heat release), which resulted in over 50% improvement in knock onset 
predictions. 

 
Figure VI.B.3.6 Top five positive and negative average sensitivity coefficients of kinetic mechanism analysis used in genetic 

algorithm optimization for 4.5 bar (top left), 9 bar (top right), 13 bar (bottom left), and 16 bar (bottom right) operating 
condition trajectories. Error bars denote range of values. 
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The fundamental and applied findings of the simulation efforts have been used in this fiscal year to define the 
second-generation experimental engine configuration. The base engine design is under way and is anticipated 
to be completed in FY 2023. 

Conclusions  
Experiments on the first-generation long-stroke engine have shown that LPG offers significantly increased 
EGR dilution tolerance. Simulation results using detailed 2D DNS highlighted that the sources of the 
previously observed experimental phenomena are attributable to fundamental flame quenching and curvature 
effects in propane. Specifically, increased diffusional processes in propane afford improved EGR dilution 
tolerance. The DNS findings provide significant insights into the importance of near-wall boundary layer 
reactions; therefore, further simulations were performed to ascertain whether varying the Péclet number 
improved simulation predictions. Results from that work in the FRESCO and CONVERGE codes clearly 
highlighted that the high diffusional rates, especially with EGR, were not only present but necessary with 
propane to accurately predict unburned hydrocarbon emissions and combustion stability in 3D CFD engine 
simulations. Simulation results were not confined to flow field and diffusional effects. Chemical kinetic 
optimization was also performed, as existing literature mechanisms were unable to accurately predict knock in 
our acquired experimental data. Kinetic mechanism results found that improved low-temperature reaction rates 
were needed to properly predict knock in the high-compression-ratio, long-stroke-to-bore-ratio engine 
platforms being investigated in the project. Tuning 6 key reactions identified through genetic algorithm 
optimization resulted in a >50% improvement in knock, offering very good knock prediction agreement with 
experiments. Lastly, in FY 2022, contracting for the second-generation engine was completed, and work on the 
second-generation engine will be under way in 2023, with experiments occurring once commissioned.  
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Project Introduction 
This project seeks to help build a clean energy economy and contribute to a carbon pollution-free environment 
by means of the development and demonstration of a fuel injection system technology that will improve the 
efficiency of direct injection engines using dimethyl ether (DME) and propane. Because of its non-sooting 
nature of combustion, DME has long been considered a clean diesel substitute [2] for compression ignition 
(CI) engines. In addition to its production from natural gas, DME can be synthesized from biomass. 
Renewable DME can result in significant CO2 emission reductions. California Air Resources Board (CARB) 
estimates the carbon intensity of renewable DME made from dairy biogas is −278 g/MJ. DME can also be 
blended into propane due to their similar fluid characteristics. With a 5% blend of renewable DME, propane’s 
baseline carbon intensity value decreases from 83 to 65 g CO2/MJ. Further reductions are possible with 
renewable propane (i.e., bio propane carbon intensity of 30 g CO2/MJ) [1], making this a viable pathway for 
greenhouse gas (GHG) reductions for spark ignition engines. 

The present project aims to develop a state-of-art fuel injection system that operates with mixtures of propane 
and DME to improve the efficiency of a light-duty engine while significantly reducing engine emissions. The 
novel injection system used with propane–DME mixtures will target Environmental Protection Agency (EPA) 
Tier 3 Bin 20 emission standards and GHG emission of 126 g CO2/km when implemented on a 2.2 L CI 
engine (a reduction of 49.7% with respect to Hyundai’s 2021 2.0 L gasoline spark-ignited engine at 251 g 
CO2/km). This performance target will merit it being brought into production by original equipment 
manufacturers as the propane–DME engine would exceed the 2025 fleet average fuel economy [2]. 
Furthermore, the proposed technology shows a lifetime cost reduction up to $3,600 per engine. 

mailto:wdeojeda@wminternational-engineering.com
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Objectives 
The project aims to develop a state-of-the-art fuel system that operates with mixtures of propane and DME to 
improve the efficiency of a light-duty engine while providing significant emission reductions. 

Overall Objectives 
• The proposed technology is a fast-response, high-pressure direct injection fuel system for propane–

DME mixtures. Injection pressure capability of 2,000 bar is sought with five injections at rated speed, 
with a maximum dwell between injections of 0.5 ms, fueling resolution of 1 mg/stroke, max deviation 
below 20 mg at ±0.2 mg/stroke, and max deviation above 20 mg of ±0.5 mg/stroke. 

• Provide a design and pathway for a sustained introduction in commercial applications. Durability 
targets with propane–DME mixtures include an 8-hr cycle as follows: 30 min idle; 6.5 hr cruise (2,000 
rpm, 1,500 bar); 1 hr peak power (3,000 rpm, 2,000 bar). This will be repeated five times (5 x 8 = 40 
hr total) operation, at which point the injector calibration maps will be examined and parts inspected. 
This will be repeated five times (200 hr total). 

• The fuel system will target Tier 3 Bin 20 emission standards and 2026 GHG outlined by EPA (126 g 
CO2/km) and CARB (111 g CO2/km) on the Hyundai 2.2 L CI engine. 

• The work will aim to attain the cleaner 2026 EPA and CARB targets at a lower overall cost to the 
user; in the best-case scenario, the cost may be reduced by $3,600 per vehicle. 

Fiscal Year 2022 Objectives 
• Complete fuel system modeling. Activity includes modeling of the electro-hydraulic fuel system, 

including the low-pressure fuel supply, high-pressure fuel pump (HPFP), metering valve, rail 
accumulator with regulator valve, and injector. Calibration maps of the first interim design are 
developed for operation with diesel and the propane–DME mixture. 

• Complete design and build of performance fuel bench. The test will be validated with diesel and will 
be followed by a functional validation with propane–DME, using the base hardware. The performance 
bench will be used to document the injector calibration and HPFP performance. 

• Complete design and build of durability fuel bench. Testing will take place directly with propane–
DME. The system will be installed at Argonne National Laboratory for spray visualization 
experiments with the base hardware. Results from the durability runs will be documented. 

• Complete the advanced fuel system design and issue manufacturing drawings for machining. The 
effort will extend the base system performance, expected to operate within the range of 600–800 bar 
to 2,000 bar. 

• Complete engine performance modeling to demonstrate that the use of a propane–DME mixture 
supports the efficiency and CO2 targets of the project (42.9% peak efficiency and 126 g CO2/km on 
the federal test procedure [FTP] cycle). Modeling will use diesel and gasoline reference fuels at first 
and then transition to propane–DME mixtures.  

Approach 
The project seeks to design and test a fuel system for propane–DME fuel mixtures that can operate at diesel-
like pressures and at multiple injections per cycle. The approach begins by defining the engine power, 
emissions, and GHG targets. The project platform is described in Figure VI.B.4.1 and compared to the base 
production engines, a model year (MY) 2021 spark ignition (SI) gasoline direct injection (GDI) engine and a 
CI engine. The approach is captured in Figure VI.B.4.2. The ability of possible engine cycles to attain the 
project cycles, ranging from SI to spark-assisted compression ignition to CI, is considered, utilizing engine 
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simulation tools comprised of computational fluid dynamics (CFD) combustion modeling and a one-
dimensional (1-D) engine cycle simulator. 

The optimum cycle will lead to the definition of the fuel system requirements. The team will then use a zero-
dimensional model to do a preliminary sizing of the pump and injectors. The work will then continue to a 1-D 
time-dependent detailed hydraulic model. Validated performance at the 1-D stage will lead to procurement of 
parts. Parts will be tested and validated in a dedicated rate-of-injection bench. The bench will incorporate the 
system that will later be installed on the demonstration engine. The bench will yield a full calibration of the 
fuel injector and pump. Testing will help tune the modeling and controls. Following a successful verification 
of the injection equipment on the injection bench, fuel injection parts will then be installed on the engine. 
Engine tests are scheduled to take place at the Illinois Institute of Technology. 

 
TQ – torque; CR – compression ratio; rpm – revolutions per minute; CVVT – continuously variable valve timing; 

CVVD – continuously variable valve duration; TWC – three-way catalyst; VNT – variable nozzle turbine;  
EGR – exhaust gas recirculation; SCR – selective catalytic reduction; DOC – diesel oxidation catalyst;  

PM – particulate matter; WLTP – Worldwide Harmonised Light Vehicle Test Procedure 

Figure VI.B.4.1 Program engine platform and performance targets 

 
ROI – rate of injection 

 Figure VI.B.4.2 Program development approach 

Results 
Fuel System Modeling 
The engine fuel injection system and supporting equipment were modeled in MATLAB Simulink and 
exercised with both diesel and mixtures of propane and DME. The model was used to attain the geometric 
sizing of both the pump and the injector to meet the targets of the project with the new fuel mixtures.  

Fuel System Bench Testing 
The performance test bench (Figure VI.B.4.3) construction was completed, and to date, the following 
milestones were attained using the base hardware. 
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• Functional validation with diesel and attainment of calibration maps and ROI traces across pressure 
and times of injection. 

• Validation with propane–DME fuel mixtures, and completion of calibration maps and documentation 
of ROI traces. 

• Completion of pressure control by use of the pump inlet metering valve. Tests show the metering 
valve is effective for pressure control, limiting the excess flow through the system, with optimum 
results on reducing pump parasitics. 

    
Figure VI.B.4.3 Performance bench for ROI studies 

Figure VI.B.4.4 compares the ROI for diesel and DME. Pumping events are similar for diesel and DME, with 
DME requiring more pumping stroke (~30%), as expected. The greater compressibility of DME is noted on the 
pressure rise and drop rates, which are longer than those for diesel. For the same injection command, the 
volume flow of DME is slightly larger than that of diesel, as expected due to its lower viscosity. 

 
Figure VI.B.4.4 Comparison between diesel and DME rates of injection  
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Pressure control via the pump inlet metering valve has been successful in steady and near-steady operation. 
The project will continue to develop the controls while applying various transient conditions. Figure VI.B.4.5 
shows the mapping of the HPFP metering valve command across injections from 0.50 to 2.00 ms while 
holding the pressure constant at 600 bar.  

Bench test results closely follow the modeled results, as noted in Figure VI.B.4.6. The modeling captures the 
flow through the injector across the pressures and pulse widths tested. Particularly notable is the capture of the 
low-flow quantity pulse width command and the minimum opening times. This provides confidence as the 
project continues to develop the system for higher pressures. 

 
Figure VI.B.4.5 Correlation between HPFP metering valve command and injected fuel amount with DME fuel 

 
Figure VI.B.4.6 Injector model calibration vs. performance test bench data 
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Engine Performance Modeling Predictions 
The emissions for the Hyundai Santa Fe vehicle are indicated in Figure VI.B.4.7 for the 2.0 L SI and 2.2 L CI 
powertrain options (251 g CO2/km and 191 g CO2/km, respectively). The project utilizes a set of six mini-
points to discretize the FTP cycle and will use these points to estimate the FTP cycle performance. MINI-MAP 
1 data are weight-averaged to cover over 80% of the FTP points. The MINI-MAP 1 representation of the 
transient cycle is indicated in Figure VI.B.4.7. The modeling reports 255 g CO2/km and 192 g CO2/km for the 
SI and CI powerplants, closely resembling the drive-dyno results. The MINI-MAP 2 data are an alternative set 
of points preferred by Hyundai; this set responds to customer feedback for CI powertrain applications. The 
selection of the mini-points was reviewed by the team members, and the team decided to follow the latter mini-
map for modeling and testing optimization moving forward. 

Figure VI.B.4.7 also shows program projection for the SI and CI platforms, 126–111 g CO2/km. The CO2 
numbers reported are associated with engine efficiencies and fuel mixtures. For the efficiencies noted here, the 
SI powertrain application will need to utilize at least 10% renewable DME (with a negative carbon intensity, –
278 g CO2/MJ) to attain the CO2 targets. The CI application is expected to attain the targets with the base 
DME and propane carbon intensity numbers (66.6 g CO2/MJ and 65 g CO2/MJ, respectively).  

 

 
Figure VI.B.4.7 FTP cycle simulation predictions for CI and SI cases 

Conclusions 
The project is on track on its Budget Period 1 deliverables. The project has completed the design and modeling 
of the base fuel system and moved to model the advanced system capable of expanding the pressure range 
from 600 bar to 2,000 bar. The base system was extensively benchmarked with propane–DME mixtures. The 
pressure and flow control system was completed, demonstrating it can rely on the inlet metering valve 
windowing alone to control pressure in most cases, with the pressure regulator used to tune pressure during 
strong transients. The engine performance modeling effort completed its FTP simulator based on a discrete 
mini-map set of points. Estimates based on the mini-points provide a close approximation to the full cycle 
results, allowing the project to focus on discrete points for optimization of the engine and fuel system 
equipment. 
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Email: Kevin.Stork@ee.doe.gov  

Start Date: April 1, 2022 End Date: March 31, 2025  
Project Funding: $2,973,813 DOE share: $2,373,453 Non-DOE share: $600,360 
 

Project Introduction 
Medium-duty greenhouse gas (GHG) emission standards will require a 10% reduction by 2027, necessitating 
substantial changes in technology to significantly increase engine efficiency. Utilizing propane and dimethyl 
ether (DME) in these applications has the potential to substantially reduce the GHG or CO2 emissions 
compared to conventional diesel operation due to the lower carbon content of the fuel. However, current 
propane-fueled engines rely on spark-ignited combustion and have efficiencies substantially below those of 
modern diesel engines, limiting the CO2 benefits. The present program will develop a medium-duty, mixing-
controlled compression ignition (MCCI) combustion system with propane as the fuel. The program will 
develop a medium-duty engine capable of >37.1% efficiency and >5% reduction in total cost of ownership. 
The targeted level of performance for the engine is a brake thermal efficiency improvement of >15% over the 
baseline spark-ignited liquid petroleum gas engine and well-to-wheels GHG emissions less than 450 g/bhp-hr. 

Objectives 
The overall goal of this project is to enable a 15% reduction in CO2 emissions compared to current diesel 
engines by developing an MCCI combustion strategy capable of operating on blends of propane and DME. To 
achieve this goal, the program will develop and demonstrate a high efficiency mixing controlled combustion 
engine suitable for operation on propane and propane–DME blends. The use of mixing controlled combustion 
allows the engine to maintain the low-speed torque needed for many medium- and heavy-duty applications 
while allowing a high compression ratio to enable high efficiency.  

Overall Objectives 
• Development and assessment of a fuel system suitable for propane and propane–DME blends. 

• Computation-led optimization of the combustion system capable of achieving stable, robust 
combustion over a range of propane and DME blends. 

• Engine-level experiments to demonstrate engine efficiency and emissions of the optimized hardware 
configuration. 

• Quantification of overall system performance, benefits, and drawbacks through comparisons with 
existing combustion systems. System-level comparison to existing combustion modes using cycle 
simulation tools. 

Fiscal Year (FY) 2022 Objectives 
• Design and adapt a propane–DME fuel system to the target medium-duty test engine. 

mailto:kokjohn@wisc.edu
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• Set up test cell to enable combustion system development. 

• Evaluate predictive ability of propane–DME reaction mechanisms. 

Approach 
Achieving stable MCCI operation with propane and propane–DME blends comes with two primary challenges. 
The first challenge is the development of a high-pressure direct-injection fuel system suitable for propane–
DME. The second challenge is achieving stable ignition with a low cetane fuel such as propane. The project 
will address the fuel system challenges with pump designs that minimize wear and erosion from the low 
lubricity propane and DME at high pressures, and fuel injector designs that will contain the compressibility 
and tendency of cavitation. The ignition/combustion challenges will be addressed by building on the team’s 
extensive research into achieving stable combustion of low cetane fuels (e.g., gasoline). Approaches that will 
be considered include use of a glow-plug, exhaust re-breathing to trap hot residuals, and injection into the 
negative valve overlap region. The overall effort will include fuel system development, fundamental ignition 
measurements, optical engine and spray measurements, computational fluid dynamics-based optimization, and 
engine level testing/demonstration. 

Results 
The following key technical achievements were made in FY 2022: 

• Completion of a preliminary propane–DME fuel system design, build, and engine laboratory 
implementation. 

• Evaluation of existing reaction mechanisms for propane–DME blends. 

• Collection of baseline engine data for comparison. 

A propane–DME fuel system capable of injection pressures up to 500 bar has been designed and fabricated. 
Figure VI.B.5.1 shows the schematic and final fabricated fuel system. The system includes an improved oil 
system and a simplified fuel circuit. A bench procedure was developed and automated to simplify the usage of 
the bench.  

   
Figure VI.B.5.1 Fuel bench schematic and build 

Testing was performed to verify operability of the system and develop flow maps for use in the engine lab. The 
results are shown in Figure VI.B.5.2. The injector flow is nearly linear with respect to the pulse width of the 
injection commands. The trends are consistent across the pressure setpoints and engine speeds. At higher 
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pressure and longer pulse widths, a slight tapering of the fuel amount is noted. This is expected as the rail 
pressure drops when more fuel is consumed by the injector. 

 
Figure VI.B.5.2 Injection calibration data at 1,000 rev/min and 1,500 rev/min, ranging from 200 to 600 bar 

A bench-level model was developed and compared to measured data as shown in Figure VI.B.5.3. The results 
closely follow the modeled results performed on the pump-injection hardware deployed in the bench. The 
modeling captures the flow through the injector across the pressures and pulse widths tested. This provides 
confidence as the project continues to develop the system to higher pressures.  

 
Figure VI.B.5.3 Propane–DME injector calibration 

Experiments and simulations were performed to evaluate the performance of existing propane–DME reaction 
mechanisms that will be used in the computational fluid dynamics effort. This study is being conducted at the 
University of Central Florida's High-Pressure Extended Range Shock Tube for Advanced Research facility. 
This facility is capable of high-pressure experiments reaching up to 1,000 atm. The ignition delay times were 
captured using OH* (310 nm) and CH* radical chemiluminescent emission detection via window ports at the 
test location. Experiments were performed for neat DME, neat propane, and blends of propane and DME over 
a pressure range of 60–80 bar and a temperature range of 800 K–1,200 K. The results from the neat oxidation 
of propane are shown in Figure VI.B.5.4. The general trend of quickly expediting ignition with increased 
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temperature is observed in agreement with the model. No negative temperature coefficient behavior is 
observed in the measured temperature range (880 K–1,129 K) for propane oxidation.  

 
Figure VI.B.5.4 Ignition delay times for neat propane at 60 bar and 80 bar compared with Aramco 3.0 and Dames models 

The results are provided in Figure VI.B.5.5 for the 60:40 DME–propane blend. Below 1,000 K, with a 
reduction in temperature, ignition delay time increases until it attains a peak value. Beyond this peak value, 
further reduction in temperature shortens ignition delay time. This increase and decrease in ignition delay time 
are captured by the Aramco 3.0 model qualitatively. Quantitative prediction by the model needs further 
improvement, which will be pursued in the later stage of this project which involves chemical kinetic model 
improvement. 

 
Figure VI.B.5.5 Ignition delay time for DME–propane 60:40 blend at 60 bar compared with Aramco 3.0 and Dames models 

Laboratory setup was performed in both the metal and optical engines for the testing campaign to begin in FY 2023. 
Baseline data, which will be used for system-level model validation, were gathered. Three operating points (B25, 



Decarbonization of Off-Road, Rail, Marine, and Aviation (DORMA) 

 

292 Legacy On-Road Projects: Alternative Fuel Engines 

 

B50, B75) were chosen to cover a reasonable portion of the engine operating map and are typical of medium-duty 
engine operation, as shown in Figure VI.B.5.6 (left). At these three operating conditions, the engine was run with 
diesel fuel and used similar boundary conditions as the production calibration. At these loads, sweeps of the 
operating conditions were performed (intake pressure, exhaust gas recirculation rate, main start of injection (SOI) 
timing and air–fuel ratio). The engines indicated specific carbon dioxide (ISCO2) emissions and gross thermal 
efficiency (GTE) from the main SOI timing sweep are shown in Figure 6 (right). From this and all the other 
different test points, the engine out ISCO2 ranged from ~560 to 600 g/kWh and the GTE was seen to range from 
about 44% to 48%. These will be the target values to improve on when running on DME–propane fuels. 

  
BMEP – brake mean effective pressure; atdc – above top dead center 

Figure VI.B.5.6 (left) ISB engine operating map with three chosen operating points for the baseline engine testing. (right) 
Example ISCO2 and GTE over a main SOI timing sweep.  

The optical engine setup and test plan was developed in FY 2022. Experiments are scheduled to be completed 
in FY 2023. High-speed Schlieren images of a single fuel jet will be taken at three different SOI in-cylinder 
densities (7.5 kg/m3, 15 kg/m3, and 22.5 kg/m3) under non-reacting conditions. Non-reacting conditions will be 
created using a liquid nitrogen vaporizer that feeds pure, high-pressure nitrogen gas through a feedback-
controlled pressure regulator and an inline intake heater which allows for precise control of in-cylinder 
densities. Figure VI.B.5.7 shows a schematic detailing the optical engine’s construction and the field of view 
that will be captured using Schlieren imaging. 

 
Figure VI.B.5.7 Schematic diagram of optical engine showing important features 
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Conclusions 
• A propane–DME fuel system was designed, fabricated, and tested. The system is shown to be 

functional for installation in the engine laboratory for proof-of-concept testing.  

• Experiments were performed over a range of temperatures, pressures, and blends of propane and 
DME. The results were compared to existing models. In general, the models show reasonable 
predictive performance, but several areas of needed improvement were identified.  

• Laboratory setup in the optical and metal engines was completed, and baseline metal engine testing 
using diesel fuel was performed. Data were collected for model validation and technology assessment. 
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VI.B.6 High Efficiency, Ultra Low Emissions Heavy-Duty 10 Liter 
Natural Gas Engine Project (Cummins Inc.) 

Tim Lutz, Principal Investigator 
Cummins Inc. 
1900 McKinley Avenue 
Columbus, IN 47201 
Email: Timothy.P.Lutz@Cummins.com  

Kevin Stork, DOE Technology Manager 
U.S. Department of Energy 
Email: Kevin.Stork@ee.doe.gov  

Start Date: February 1, 2022 End Date: April 30, 2025  
Project Funding: $6,666,666  DOE share: $4,000,000 Non-DOE share: $2,666,666 
 

Project Introduction 
The costs of diesel engine and aftertreatment systems have increased significantly over the past two decades as 
both on-engine and aftertreatment emission controls have been implemented to meet regulations. The costs for 
these systems are expected to increase further to meet ultra-low nitrogen oxides (NOx) emissions. In 
comparison, spark-ignited natural gas engines meet emissions with a simpler architecture consisting of 
stoichiometric combustion and a three-way catalyst system to achieve ultra-low NOx. 

Natural gas engines have another potential benefit of lower greenhouse gas emissions due to a favorable 
hydrogen-to-carbon ratio of fuel composition compared to other liquid petroleum fuels. However, the natural 
gas engines in the market are still not as efficient as diesel engines used in commercial vehicles or equipment. 
The impact of this lower efficiency is somewhat offset by a relative advantage in fuel cost per unit of natural 
gas versus diesel. One additional customer metric of natural gas engine viability is the associated payback 
period. It is a measure of the time to recover an increase in capital expense from purchasing a new technology 
through reductions in operating cost or increases in revenue enabled by the technology. Currently, only 
customers with very high equipment utilization are finding acceptable payback periods for natural gas 
technology relative to diesel. Therefore, it is essential to have increased efficiency on current natural gas 
technology to reduce the payback period for broader adoption of the technology. 

Objectives 
The objective of the project is to research, develop, and validate a next-generation-combustion-system-
equipped heavy-duty natural gas engine that utilizes high tumble charge motion building upon a proven high-
cylinder-pressure-capable heavy-duty base engine platform in the 10-liter displacement range. 

Overall Objective 
• Demonstrate a diesel-like torque curve rating of at least 400 bhp and 1,350 lb-ft peak torque. 

• Demonstrate peak brake thermal efficiency (BTE) of 42% (>10% improvement over commercially 
available product). 

• Demonstrate cycle-average BTE of 36% on the Heavy Duty Federal Test Procedure cycle and 39% on 
the Ramped Modal Cycle Supplemental Emissions Test cycle. 

• Maintain 0.02 g/bhp-hr brake-specific NOx capability with a plan to reduce aftertreatment cost while 
meeting all other criteria pollutant limits for a 2027 U.S. Environmental Protection Agency/California 
Air Resources Board certification. 
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Fiscal Year 2022 Objectives 
• Create simulation models to predict engine performance based on other models developed for spark-

ignition engines. 

• Use these models to determine the engine architecture and path to reach program efficiency targets. 

• Begin the design of a new cylinder head with pent roof, tumble intake port geometry, and optimized 
combustion deck cooling. Head design will include double overhead camshafts with camshaft phasers 
or other variable valve timing technology and hydraulic lash adjusters. 

• Begin the design of the port-injected fuel system including injector installation, fuel rail, fuel filter, 
fuel regulator (if needed), and sensor(s). 

• Begin optimization of the combustion system using computational fluid dynamics (CFD) simulation. 

Approach 
CFD and engine simulation models will be created to design and optimize the cylinder head, valvetrain, intake 
manifold, pistons, and turbo match. Analysis-led design efforts will confirm the architecture direction to have a 
non-exhaust gas recirculation (EGR) combustion system. Engine simulation will be used to build confidence in 
the ability to achieve the BTE and power-density targets while meeting design limits. 

Upon completion of the design and analysis tasks, hardware will be ordered and an engine will be built. Initial 
testing will validate the analysis models and confirm the ability to achieve power and torque targets. Hardware 
options identified through analysis—such as different camshafts, pistons, or turbos—will be tested for effects 
on efficiency and emissions. The final hardware will be selected, and engine calibration and tuning will be 
completed to demonstrate the ability to meet the efficiency targets. Transient emissions testing will be done to 
demonstrate the ability to achieve ultra-low NOx emissions along with a reduction in greenhouse gas 
emissions. 

Results 
Key Accomplishments and Results in Fiscal Year 2022 

• Cylinder Head Design 

o Pent roof design concept with dual overhead camshafts is underway, including port injector 
installed in the head with an integral fuel rail. 

o Water jacket design for effective cooling around the spark plug and valve bridges is underway. 

• GT Power Engine Performance Analysis 

o A preliminary design of experiments (including valve timing, compression ratio, and combustion 
phasing complete at both rated power and torque peak) is complete. Directionally, this points to 
the benefits of high compression ratio with late intake valve closing (Miller Cycle) and retarded 
combustion phasing to limit knock as a preferred strategy on or near the torque curve. 

o Analysis showing the ability to hit the peak efficiency target of 42% BTE is complete. Additional 
work is needed to reduce the uncertainty in this analysis, but it is an encouraging result. 

o GT Power analysis showing that EGR will be effective in limiting exhaust temperatures is 
complete. The effect on BTE ranges from negligible to a small positive benefit. The presumptive 
direction for this project is to have an engine architecture without EGR; however, EGR will be 
considered as a way to limit exhaust temperatures if other strategies prove to be insufficient. 
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• Creation of combustion CFD model. Baseline studies of mixing and combustion at rated power and 
peak torque were completed. 

Discussion of Results 
Good progress has been made on the cylinder head 
shown in Figure VI.B.6.1. The pent roof head 
incorporates intake ports to generate tumble charge 
motion. Overhead cams with phasers are installed in a 
cam carrier bolted to the head. Port injectors are 
incorporated into the head, fed by a fuel rail that is also 
integrated into the head. Work on the cooling jacket 
design and other detailed features is underway. 

A design of experiments run in GT Power engine 
simulation studied the effects of combustion phasing 
(controlled by spark timing), compression ratio, and 
intake valve closing (IVC) on BTE at torque peak. The 
design of experiments was conducted at constant knock 
probability, which is a limiting factor in engine 
performance and efficiency. Increasing compression 
ratio by itself will increase efficiency but also increases 
the likelihood of damaging knock. Similarly, advancing combustion phasing will increase efficiency but also 
increases the likelihood of damaging knock. Late IVC by itself reduces temperatures in the cylinder at top dead 
center (TDC) by reducing the amount of compression work done on the trapped air in the cylinder, which 
reduces the likelihood of damaging knock. The tradeoff with late IVC is that it requires more boost to force the 
same amount of air into the cylinder, which can be a limiting factor. 

Figure VI.B.6.2 shows the results of 
this study where each curve is a 
different IVC value. What can be seen 
in these results is that for a given IVC, 
increasing compression ratio but 
retarding combustion phasing (to offset 
the increased knock probability) always 
results in an increase in BTE. It can 
also be seen that later IVC also 
consistently improved BTE. Based 
solely on these results, the best BTE is 
achieved with the highest compression 
ratio, most retarded combustion 
phasing, and latest IVC possible. 
However, there are practical 
considerations that will be studied 
further in this program. Spark timing 
that is too retarded risks misfire. Late 
IVC requires increased boost, which 
will be limited by turbocharger 
capability. In addition, the IVC for best 
BTE at high load may not perform well 
at low loads or idle. The cam phaser can 
adjust IVC to a more preferred timing at low loads, but there are limits to how much the phaser can change 
IVC. 

Figure VI.B.6.1 Cylinder head design 

Figure VI.B.6.2 GT Power simulation results at torque peak showing the 
effects of combustion phasing, compression ratio, and IVC on BTE 
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Next, a sweep of exhaust valve opening (EVO) was 
done using values for IVC, combustion phasing, and 
compression ratio selected from the previous design of 
experiments. Results at torque peak are shown in 
Figure VI.B.6.3. Advancing EVO to be earlier in the 
cycle increased BTE to a point, beyond which BTE 
started to decrease. In general, earlier EVO reduces the 
amount of work that can be extracted in the cylinder as 
the gases expend from combustion, reducing closed-
cycle efficiency. However, earlier EVO does provide 
more energy to the turbocharger, allowing it to 
generate more boost. The increased boost generates 
positive work during the intake stroke, which more 
than offsets the loss in expansion work with a net 
increase in BTE, up to a point. Beyond that, the loss in 
expansion work is more than can be recovered by 
increased open-cycle work. 

Note that the peak BTE predicted in this analysis is 43%, which is encouraging relative to the program target 
of 42%. However, these are uncalibrated models, and there is uncertainty in efficiency predictions as well as 
the ability to predict knock, which is a key limiting factor. While this is encouraging, work remains to reduce 
the uncertainty and gain confidence in this result. 

Figure VI.B.6.4 shows mixing of air and fuel 
driven by the tumble charge motion (with 
crank angle [CA] indicated). The port 
injector located near the bottom of the intake 
port starts injecting fuel shortly after the 
intake valve opens. The contours of 
equivalence ratio show fuel-rich zones as red 
and lean zones as blue. Note that with the 
late IVC strategy, some amount of fuel is 
pushed back into the intake port before the 
intake valve closes. Figure VI.B.6.5 shows 
the resulting combustion as indicated by 
temperature contours. This baseline case 
shows adequate mixing and combustion, but 
further analysis will be done to optimize 
these results. 

Figure VI.B.6.3 Effect of exhaust valve opening on BTE at 
torque peak 

Figure VI.B.6.4 Mixing of air and fuel at rated power 
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Figure VI.B.6.5 Combustion at rated power 

Conclusions 
• A design concept for the cylinder head is well underway. This includes dual overhead cams with 

phasers, pent roof with ports to generate tumble charge motion, and port fuel injectors installed in the 
head. 

• A GT Power model has been created adopting best practices for other spark-ignited models. 

• A preliminary design of experiments was completed in GT Power, varying combustion phasing (spark 
timing), compression ratio, and intake valve closing to optimize BTE. General trends show the best 
BTE is achieved with the highest compassion ratio, most retarded combustion phasing, and latest IVC. 
There will be practical limitations for compression ratio, combustion phasing, and IVC that will be 
assessed in future work. 

• A GT Power study of exhaust valve opening was completed. There is a specific value for EVO that 
provides an optimum balance of closed-cycle work and open-cycle work to produce the best BTE. 

• A combustion CFD model has been created. Baseline analysis cases have been completed showing 
adequate mixing of fuel and air. The combustion is also acceptable. Additional analysis will be 
conducted to optimize these results.  
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 Emission Control 
VI.C.1 Greatly Reduced Vehicle Platinum Group Metal (PGM) 

Content Using Engineered, Highly Dispersed Precious Metal 
Catalysts (Washington State University) 

Yong Wang, Principal Investigator 
Washington State University 
Voiland School of Chemical Engineering and Bioengineering 
Wegner Hall, Room 153 
P.O. Box 642710 
Pullman, WA 99164-2710 
Email: wang42@wsu.edu 

Siddiq Khan, DOE Technology Manager 
U.S. Department of Energy 
Email: Siddiq.Khan@ee.doe.gov  

Start Date: October 1, 2020 End Date: December 31, 2023  
Project Funding: $1,041,666  DOE share: $833,333 Non-DOE share: $208,333 
 

Project Introduction 
With the onset of super ultra-low emission vehicle (SULEV) and Tier III emissions standards, automotive 
PGM demand is driving global industry costs, from $19.1 billion in 2018 to $54.6 billion in 2020, resulting in 
significant supply deficits of Pd and Rh, which are the most expensive PGMs at present. Growing vehicle 
weight to meet customer expectations and safety requirements is further driving PGM usage. Given these 
drivers, along with the fact that greater than 95% of light-duty vehicle fleets employ stoichiometric 
powertrains with three-way catalyst (TWC) aftertreatment systems, there is an industry-wide call to maximize 
TWC activity while drastically reducing the PGM content. 

The key components of TWCs are PGMs (Pt, Pd, and Rh) for redox reactions (oxidation of CO and 
hydrocarbons [HC] on Pd and Pt; NO reduction on Rh) and oxygen storage materials (reducible oxides such as 
CeO2) that enable the operation of the catalyst under nominally stoichiometric conditions. The operating 
conditions under which TWCs need to perform effectively are very demanding; they must be active at low 
temperatures for cold start (The 150°C Challenge [1]) and be able to survive up to ~1,000°C under severe 
hydrothermal conditions (i.e., at high H2O concentrations). Additionally, they must be resistant to poisons 
originating from fuel and engine oil (mostly S and P). Conventional TWCs face two major limitations: (1) Rh 
or Pd sintering under intermediate aging and (2) further sintering and alloying of Rh and Pd under full useful 
life aging [2]. Another less critical limitation is the deactivation of Rh due to solid state reactions between Rh 
and Al2O3 at extreme temperatures [3], [4]. Currently, high Pd and Rh loadings are used to offset the activity 
loss due to sintering and alloying, drastically increasing the catalyst cost. For example, fresh TWCs typically 
have Pd or Rh particle sizes in a range of 3–5 nm, but towards the end of a vehicle’s full useful life, PGM 
particle sizes in TWCs often reach 50–100 nm, which means less than 2% of the PGM atoms are accessible for 
catalytic reduction of nitrogen oxides (NOx) and oxidation of HCs and CO [5]. High Pd and Rh loadings also 
unavoidably increase the chances of Pd and Rh mobility during catalyst preparation or under aging conditions, 
leading to Pd/Rh alloy formation with diminished TWC activities. 

mailto:wang42@wsu.edu
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Objectives 
Overall Objective 
Our overall objective is to demonstrate vehicle federal test procedure, US06 test performance, and highway 
fuel economy test performance comparable to a baseline (SULEV30) system with a reduction in PGM content 
by a factor of 2–4.  

Fiscal Year 2022 Objectives 
Our Fiscal Year (FY) 2022 objective was to focus on technology transfer and validation by incorporating the 
powder formulation into a slurry based washcoat and applying it to a suitable ceramic catalyst support. We 
conducted simulated engine tests (U.S. DRIVE TWC test protocols) and baseline with current BASF TWC 
catalysts, with the specific goal of meeting or exceeding the BASF baseline catalyst performance (SULEV30) 
with a factor of 2–4 reduction in PGM content. 

Approach 
To achieve the overall objective, we proposed to use atom trapping to create thermally durable single-atom 
catalysts (atSAC) recently reported by us in Science [6]. Rh deactivation by rhodate formation was mitigated 
by the use of modified alumina supports and washcoat preparation procedures by BASF. 

• Develop and optimize thermally durable Pd and Rh atSACs using practical BASF modified Al2O3 
supports with dispersed oxygen storage components (OSC, e.g., ZrO2 or CeO2). 

• Demonstrate the advantages of the Pd and Rh atSACs in an engineered form (washcoat substrate) over 
the baseline BASF catalysts.  

• Integrate the leading candidate catalyst formulation into a fully functioning light-duty vehicle 
aftertreatment system.  

We anticipated that this would effectively reduce Pd and Rh usage from the current 5–10 g Pd/vehicle and 0.4–
1.2 g Rh/vehicle to 1.25–2.5 g Pd/vehicle and 0.1–0.3 g Rh/vehicle, representing cost savings of $360–
$820/vehicle and $6.4 billion to $14.3 billion for the light duty sector in North America in 2025. We expect 
further cost savings in diesel oxidation catalyst applications after leveraging knowledge gained in PGM 
reduction from the TWC effort.  

Results 
• We have scaled up the synthesis of a lead catalyst formulation for the preparation of 10 g of catalyst.  

• We have demonstrated that the catalyst synthesized at 10-g scale exhibits the similar performance as 
the baseline BASF catalysts in NO reduction using the U.S. DRIVE protocols, but with five times less 
Rh content.  

• After successfully scaling up the synthesis of a lead catalyst formulation for the preparation of 10 g of 
catalyst, we have further scaled up the synthesis of the same lead catalyst composition for the 
preparation of 100 g of catalyst required for the core sample preparation.  

• 100 g of catalyst were synthesized and provided to BASF. Three core samples were prepared by 
BASF including a baseline and two samples with lead composition identified.  

We first examined ceria–alumina supports with increasing ceria content (CA08, CA13, CA30, CA50, here 
“CA” represents ceria–alumina and “08”, “13”, “30”, and “50” represent 8 wt%, 13 wt%, 30 wt%, and 50 wt% 
ceria content, respectively). These supports were provided by BASF to assess their ability to trap platinum (Pt) 
atoms compared to pure ceria prepared by decomposition of cerium nitrate (polyhedral ceria). All ceria–
alumina supports contained crystalline ceria as well as isolated cerium cations dispersed on alumina, but the 
two forms of ceria differed remarkably in their ability to trap Pt atoms. The atom-trapped Pt resided primarily 
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on the ceria crystallites, whereas the atomically dispersed cerium 
present in the form of Ce3+ cations on alumina was not effective 
in trapping Pt atoms, at least not at 800°C in air. 

Using CO oxidation as a probe reaction to evaluate the performance 
of the Pt catalysts, CA50 was the best catalyst support for achieving 
very good low temperature reactivity for the Pt catalyst (Figure 
VI.C.1.1). The ceria–alumina samples retained small crystallite sizes 
and helped preserve a high surface area compared to pure ceria, 
which lost almost all its surface area after heating at 800°C in air. 
However, in terms of atom trapping efficiency, pure crystalline ceria 
was the most effective, despite having a lower surface area and larger 
crystallite size. We found that just the presence of Ce3+ cations was 
not sufficient for atom trapping; the extended surface is needed to 
allow Pt to form the stable four-fold complex. We also found that the 
smallest ceria crystallites in CA08 provide the greatest thermal 
stability, since the ceria phase in CA08 sample did not show 
significant sintering or particle growth after heating to 800°C in air 
for 10 hr. From the viewpoint of developing sustainable emission 
control catalysts with the lowest rare-earth loading, we see 50% ceria 
as the optimal sample since its performance after depositing Pt 
exceeds that of pure ceria. 

Based on the trapping studies using Pt as discussed above, we 
have selected appropriate ceria–alumina supports to atom trap Rh. 
Several samples including PNNL3, PNNL5, PNNL6, and 
PNNL13 were synthesized by atom trapping, all containing 0.1 wt% Rh. The difference of these samples lies 
in the varied optimization conditions used for selective deposition of Rh on ceria domains. In addition, three 
baseline catalysts (B1, B2, and B3) with 0.5 wt% Rh were provided by BASF. 

These samples were all hydrothermally aged by BASF at 980°C under oscillating lean and rich conditions with 
10% steam. Then the light-off measurements were conducted, and results are shown in Figure VI.C.1.2. The 
lower half panels in Figure VI.C.1.2 (Run 2 input/output [I/O]) indicate that PNNL3 achieves similar activity 
as baseline B1, B2, and B3 catalysts, as evidenced by similar temperature required to reach 50% conversion of 
CO (Figure VI.C.1.2a), HC (Figure VI.C.1.2b), and NO (Figure VI.C.1.2c). 

 
Figure VI.C.1.2 Temperatures required to reach 50% conversion for (a) CO, (b) HC, and (c) NO. Upper panels (Run 4 I/O) 
were generated after sweeping to rich conditions, lower panels (Run 2 I/O) were generated before sweeping to the rich 

conditions. Catalyst testing conditions: gas hourly space velocity = 70,000 hr-1, oscillating feed (1 s lean – 1 s rich), feed 
contains CO, H2, O2, HC (C3, C3=), NO, CO2, H2O. 

PHC – polyhedral ceria 

Figure VI.C.1.1 oxidation on 1 wt% Pt/ceria–
alumina and Pt/ceria catalysts after reduction 

in flowing CO. Data plotted are for the third run. 
Experimental conditions for CO oxidation: 20 

mg sample, He = 75 ml/min, CO = 1.5 ml/min, 
O2 = 1 ml/min, ramp rate 2°C/min to 300°C. 
Reduction treatment: He = 75 ml/min and CO 
= 5 ml/min at 275°C for 1 hr. The improved 
performance of Pt/CA50 can be attributed to 
smaller crystallites of ceria on the alumina, 

providing a higher surface area and more facile 
oxygen transfer to the Pt metal crystallites 

formed during reduction. 
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After sweeping catalysts from lean to rich conditions, another light-off measurement was conducted; results 
are shown in the upper panel of Figure VI.C.1.2 (Run 4 I/O). Clearly, even after rich treatment, PNNL still 
exhibited similar activities as B1, B2, and B3, again evidenced by similar temperatures required to reach 50% 
conversion of CO (Figure VI.C.1.2a), HC (Figure VI.C.1.2b), and NO (Figure VI.C.1.2c). 

PNNL3 formulation was thus selected for the scaleup synthesis. Our separate activity testing confirmed that 
PNNL3 formulation can be replicated at 100-g scale which is required for the synthesis of core samples. After 
providing 100 g of PNNL3 sample to BASF, BASF developed a protocol to prepare the slurry and washcoat 
PNN3 on core substrates. A baseline sample with 0.5 wt% Rh was also wash coated on the core substrate. 
These core substrates will be hydrothermally aged and tested in the first quarter of FY 2023 to confirm that the 
PNNL3 prepared by atom trapping can achieve similar performance as the baseline catalyst but with five times 
less Rh. 

Conclusions 
• Pt was used to probe the atom trapping efficiency of commercial supports containing alumina. It was 

found that dispersion of Pt is dependent on the ceria content and domain size. Ceria crystallites trap Pt 
atoms while isolated Ce cations on alumina do not. This discovery enables the design of catalyst 
support and synthesis protocols to selectively trap Rh on a commercially available ceria–alumina 
support. 

• We identified a lead catalyst formulation based on commercially available supports, which gives 
similar performance with baseline catalysts but with five times less Rh content.  

• Catalyst synthesis was replicated at a 100-g scale, and the core samples were thus prepared and will be 
used to demonstrate the performance advantages over the baseline catalysts provided by BASF.  

Key Publications 
1. Pham, H., A. DeLaRiva, E. Peterson, R. Alcala, K. Khivantsev, J. Szanyi, X. Li, D. Jiang, W. Huang, 

Y. Sun, P. Tran, Q. Do, C. DiMaggio, Y. Wang, and A. Datye. 2022. “Designing Ceria/Alumina for 
Efficient Trapping of Platinum Single Atoms.” ACS Sustainable Chemistry and Engineering 10 (23): 
7603–7612. https://doi.org/10.1021/acssuschemeng.2c01380.  
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Project Introduction 
Platinum group metals (PGMs) are used in three-way catalysts (TWCs) for stoichiometric gasoline engine 
vehicles to simultaneously convert carbon monoxide, hydrocarbons, and nitrogen oxides into nitrogen, carbon 
dioxide, and water. For U.S. light-duty gasoline vehicles, about 3–8 grams of PGMs are used in each catalytic 
converter system, and the PGM loading is expected to increase for future vehicles, driven by increasingly 
stringent emissions standards, potentially lower engine exhaust temperatures, and higher emission control 
system durability requirements. The technical necessity for the current high PGM loadings is driven largely by 
(1) poor atomic efficiency (or metal dispersion) of PGMs on catalyst supports with the current synthesis 
approaches and (2) severe deactivation of unstable PGM nanoparticles in high-temperature engine exhaust. 
Therefore, the project team will develop catalyst technologies that not only maximize the PGM atom 
efficiency and intrinsic activity in the fresh state, but also maintain the benefits during aging with extended 
exposure in engine exhaust. 

During the first year of the project, the baseline catalyst technology has been defined and characterized in 
detail, and this state-of-the-art production catalyst technology will be used as the benchmark for the milestone 
targets. Practical and representative catalyst aging and testing protocols have been defined for use throughout 
the project to ensure consistency. Various preparation methods have been attempted to synthesize fresh 
catalysts with predominantly single-atom Pd and Rh structures, and their three-way catalytic performances 
have been evaluated after lean–rich cycling aging. Combining these species with engineered support materials 
led to much-improved, highly efficient Pd and Rh catalysts that have shown the potential for 60% reduction of 
the PGM loadings while maintaining performance. 

Objectives 
This project aims to enable new technologies to reduce PGM use in the U.S. gasoline vehicle fleet by 50% 
while meeting future emission regulations (including super-ultra-low-emission vehicle 30 [SULEV30] 
standards), thereby reducing TWC cost by 50% with no loss of performance or reliability over the baseline 
TWC system and enhancing the competitiveness of the U.S. automotive industry. 

Overall Objectives 
• Design and select optimal Pd and Rh structures in the form of isolated single atoms, coupled 

ensembles, or alloyed small clusters for high PGM dispersion, excellent intrinsic TWC activity, and 
promising aging resistance. 

• Optimize Pd- and Rh-support interaction through surface defect engineering and local structure design 
to enhance the stability under realistic aging conditions and maximize the density of targeted PGM 
species on selected catalyst supports such as alumina and zirconia. 

mailto:wei.1.li@gm.com
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• Design full-size monolithic catalysts, develop manufacturing procedures using the best-performing Pd 
and Rh formulations, and demonstrate fully formulated TWC technologies in engine or vehicle tests. 

Fiscal Year 2022 Objectives 
• Optimize Pd and Rh catalyst formulations at the powder level for equivalent performance and 

improved aging resistance at 60% less PGM loading. 

• Optimize Pd and Rh catalyst synthesis techniques at the core-sample level for equivalent performance 
and simplicity for large-scale production. 

• Perform advanced characterization and a reaction kinetics study to gain insights into the deactivation 
mechanism.  

Approach 
Our approach uses individual PGM atoms as building blocks—not necessarily as direct catalytic centers—to 
form highly active catalytic structures with near 100% dispersion. Pd and Rh structures in the form of isolated 
single atoms, coupled ensembles, or alloyed small clusters will be prepared and evaluated to identify the 
optimal catalytic sites. Concurrently, surface defects will be generated on the engineered support materials to 
provide the anchoring sites for these structures. 

The project team includes scientists, researchers, and engineers from five different organizations in industry 
and academia: General Motors LLC (GM), Pacific Northwest National Laboratory (PNNL), University of 
Virginia (UVA), University of Central Florida (UCF), and BASF. While multiple organizations are involved, 
each has well-defined tasks that make management of the overall project more efficient. GM and UCF will 
lead the project activities to develop supported Pd and Rh structures exhibiting near 100% dispersion with 
optimal interaction with the support materials. UVA and PNNL will carry out kinetic and characterization 
work to provide feedback for further materials development and optimization. BASF will take the lead on 
integrating the newly developed materials into full-size, fully formulated TWCs and work together with GM to 
evaluate/validate the full-size parts on an engine dynamometer and/or a vehicle. Moreover, GM manages all 
activities and serves as a central point of contact to integrate all the information for this project.  

Results 
Optimize Pd and Rh catalyst formulations at the powder level for equivalent performance and improved 
aging resistance at 60% less PGM loading 
The team reported spray-dried Rh-Ce/CeAlOx and Pd-CePr/CeAlOx concept catalysts at the powder level, 
showing equivalent light-off performance compared to the baseline technologies with 60% less PGM loading 
(0.2% Rh and 0.8% Pd by weight, respectively). A series of control samples were also synthesized and tested 
at the powder level to highlight the uniqueness and novelty of the proposed concepts. Because of multiple 
steps involved in the synthesis procedure and the complexity (such as PGM and promoter ratio optimization), 
the team continued to explore opportunities to further simplify the preparation methods for large-scale 
manufacturing without compromising catalyst light-off performance and aging resistance. 

Optimize Pd and Rh catalyst synthesis techniques at the core-sample level for equivalent performance 
and simplicity for large-scale production 
After a series of Pd and Rh catalyst concepts were proposed and proved efficient in PGM thrifting after lean–
rich cycling aging at the powder level, the team prepared core samples incorporating the new catalyst concepts 
while reasonably simplifying the catalysts’ synthesis procedure. After the first batch of core sample 
preparation, one catalyst formulation was ruled out because of unideal slurry properties for wash coating, and 
the other two were tested after GM lean–rich cycling. The performance of these latter two is reported along 
with their corresponding powder samples. As shown in Figure VI.C.2.1, we observed comparable—and in 
some cases even lower—T50s for the two new catalyst technologies at 60% less Pd loading relative to 2% 
Pd/Al2O3 by weight at both the powder- and core-sample levels, regardless of emission type. 
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IWI – incipient wetness impregnation; HT – hydrothermal; SD – spray-dried 

Figure VI.C.2.1 T50 comparison between newly formulated Pd concept catalysts and Pd baseline catalysts at both the 
powder-sample and core-sample levels. T50 is the temperature in Celsius where the emission conversion reaches 50%. 

Perform advanced characterization and a reaction kinetics study to gain insights into the deactivation 
mechanism  
To understand the potential impacts of supporting PGMs on Ce-containing materials and their response to 
lean–rich cycling aging, we assessed the redox properties of Pd and Rh as a function of O2- and H2-
pretreatment temperature and developed a protocol that attempts to isolate the effect of O2 pretreatment on 
PGM redox properties and eliminate the effect of H2 exposure on PGM restructuring. Additionally, to 
understand the potential impacts of reducing PGM loading, as well as the impacts of aging temperature on 
catalyst speciation and stability, we investigated a series of Pd/Al2O3 catalysts using CO chemisorption and 
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), then combined the characterization 
results with kinetics experiments to provide mechanistic insights. 

Conclusions 
Spray-dried Rh-Ce/CeAlOx and Pd-CePr/CeAlOx concept catalysts proved to be a viable technical pathway 
toward a 60% cut in Pd/Rh loadings at the powder level, and the Pd-CePr/CeAlOx concept also demonstrated 
consistent performance at the core-sample level. The unique PGM and support interaction appears to be the 
key to improved aging resistance, and the redispersion of PGM under high-temperature oxidative conditions 
leads to good dispersion after aging and thus equivalent light-off performance at lower PGM loading. 
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Project Introduction 
Post-2025, further reductions in nitrogen oxides (NOx) and carbon dioxide (CO2) emissions from heavy-duty 
(HD) diesel engines request the development of simulation tools capable of simulating the real driving 
emissions from HD diesel vehicles integrated with advanced aftertreatment (AT) systems. Supported by 
Navistar, Gamma Technologies (GT), Convergent Science Inc., Oak Ridge National Laboratory (ORNL), and 
Argonne National Laboratory (ANL), West Virginia University (WVU) will develop a high-fidelity simulation 
tool aimed at accurately predicting the fuel economy and exhaust emissions from HD diesel engines and real 
drive emissions from HD diesel trucks equipped with advanced AT systems, especially during cold- and hot-
start processes. The diesel AT system components include a diesel oxidation catalyst (DOC) and selective 
catalytic reduction (SCR). In this project, the research team will develop a high-fidelity 1D engine simulation 
model; a pseudo 2D AT system component model, with adaptive channel numbers along the radial direction 
and computational nodes along the channel axial direction; an optimized reaction chemistry simulating 
chemical reactions within the AT system components; a urea injection model; an algorithm enabling the 
adaptive resolution to the AT system component model; and reaction chemistry with changes in engine 
operating conditions, exhaust temperature, and exhaust gas composition. These models and this algorithm will 
be developed using high-fidelity computational fluid dynamics (CFD) simulation results as reference, 

mailto:hailin.li@mail.wvu.edu
mailto:gaoz@ornl.gov
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mailto:syed@gtisoft.com
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integrated into the GT-SUITE model platform, and validated against experimental data collected in this 
project. In the last phase of this project, the research team will apply the simulation tool to simulate advanced 
diesel engine combustion and AT system packages aimed for near-zero NOx emissions standards post-2025.  

Objectives 
This project seeks to: 

• Develop and validate the simulation tools that enable virtual coupling of engine combustion with AT 
systems so that original equipment manufacturers and the research community can use the simulation 
tools to simulate the real driving emissions from HD diesel trucks, further optimizing HD diesel 
engines and AT systems for near‐zero exhaust emissions. 

• Develop the pathways to near-zero NOx emissions. 

Overall Objectives 
• Examine engine combustion, emissions, and AT system performance under both steady-state and 

transient operating conditions. 

• Develop a 1D engine combustion model, urea injection model, and 2D and 3D AT system component 
models necessary for fast and accurate simulation of HD diesel engines and AT systems.  

• Integrate the engine and AT system component models into the GT-POWER model for integrated 
simulation of HD diesel engines and AT systems.  

• Develop an algorithm enabling the adaptive simulation of AT system components using 1D, 2D, and 
3D models with detailed mesh necessary for accurate and fast simulation.  

• Simulate the engine performance, combustion process, and exhaust emissions from HD diesel engines 
operated under both steady-state and transient operating conditions. 

• Simulate the real drive emissions from HD trucks operated on the road.  

• Develop the pathway toward near-zero NOx emissions from HD diesel vehicles.  

Fiscal Year 2022 Objectives 
• Examine engine combustion, emissions, and AT system performance under steady-state operating 

conditions. 

• Develop a CFD model capable of simulating HD diesel engine combustion and emissions.  

• Develop AT system component models. 

• Develop a 1D engine simulation model. 

• Develop a urea injection model.  

Approach 
The project combines experiments and simulations to develop and validate a numerical model simulating the 
real driving emissions from HD diesel vehicles integrated with advanced AT systems. The model will be 
applied to simulate the exhaust emissions from HD diesel engines and vehicles operated under transient cycles 
and to develop the pathway toward near-zero NOx emissions from HD diesel vehicles. 
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Experiments 
In this project, an HD Navistar 15 L A26 engine will be instrumented to measure the cylinder pressure, 
combustion process, and exhaust emissions. The project team will study the effects of engine speed, load, and 
exhaust temperature on the engine performance, combustion process, exhaust emissions, and AT system 
efficiency in converting hydrocarbons, carbon monoxide, and NOx under both steady-state and transient operating 
conditions. The fuel economy and exhaust emissions from HD vehicles will be experimentally examined. The 
data generated will be applied to validate the engine combustion and emissions models developed in this project. 
WVU will conduct the experimental work. Navistar will provide the engine dynamometer and engine control unit 
and the technical support that WVU will need to run the A26 engine in the test cell.  

Simulations  
This project will develop a 1D engine simulation model and AT component models capable of simulating the 
combustion process and exhaust emissions from an HD diesel engine. A CFD model capable of simulating the 
combustion and engine-out emissions will be developed and applied to provide high-fidelity data for the 
development of the 1D engine simulation model. The project team will develop an algorithm to select the most 
appropriate simulation model—the 1D, 2D, or 3D AT system component model or kinetic model—to enable 
fast simulation of real drive emissions from HD vehicles. The models developed will be integrated into the 
GT-SUITE platform and applied to simulate the performance, fuel economy, and exhaust emissions from both 
HD diesel engines and vehicles. WVU faculty and graduate students will develop the engine model, ANL will 
develop the engine CFD model, and ORNL and GT will develop the AT system component model.  

Results 
ANL has developed an engine CFD model for both closed and open engine cycles. The model is able to simulate the 
engine combustion process and in-cylinder formation of hydrocarbons, carbon monoxide, and NOx from an HD 
Navistar A26 diesel engine. The model will be validated against experimental data once the data are made available. 

WVU and ORNL have developed an SCR simulation model using both GT-SUITE and CONVERGE CFD models 
and ORNL chemistry. The model has been validated against the data simulated using in-house software developed 
by ORNL, which has been validated against experimental results in previous projects. Researchers have used this 
model to examine the simulation of the SCR system. Figure VI.C.3.1 shows the effect of exhaust gas temperature at 
inlet on SCR reduction efficiency in converting NO, NO2, and NOx. Conversion efficiency over 90% can be 
achieved at inlet temperatures over 250°C. As expected, longer simulation time is needed for 3D simulation than 1D 
and 2D simulation, especially at low inlet temperature, as shown in Figure VI.C.3.2. The research team will 
investigate the algorithm determining the criteria for selecting the resolution of models needed to simulate SCR 
system operation. 

 
Figure VI.C.3.1 Impact of inlet temperature on 

SCR efficiency in reducing NO and NO2 

Figure VI.C.3.2 Impact of intake temperature on 
simulation time using 1D, 2D, and 3D GT-SUITE models 
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GT developed a phenomenal urea injection simulation model and is currently integrating this model into the 
GT-SUITE model platform. The droplet size distribution (DSD) of the urea droplets were described using the 
log-normal distribution shown in Equation (1) and the Rosin-Rammler (RR) distribution expressed in Equation 
(2). Figure VI.C.3.3 shows the variation of the urea droplet distribution in Rosin-Rammler scale with changes 
in location. It is evident that the urea droplets become smaller at downstream points because of evaporation of 
urea droplets. The model developed can be used to simulate the evaporation of water, droplet size change, and 
urea thermolysis based on droplet radius (area, volume, and user expression). 

Figure VI.C.3.3 Urea RR droplet size distribution 

WVU and ORNL have developed a 5.8 L DOC and a 24 L SCR model in GT-SUITE. The SCR mechanism 
developed by ORNL has been integrated into GT-SUITE. The model integrated with ORNL chemistry was 
compared with the AT system model developed by ORNL. The results simulated in GT-SUITE were 
comparable with those simulated in the ORNL model. The GT-SUITE model was then applied to simulate 
transient operation of the AT system, as shown in Figure VI.C.3.4. It is evident that the effectiveness of the 
SCR system in reducing NOx emissions under transient operation can be simulated. 

Equation (1) 

( ) = ( ) −( ) Equation (2) 
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NH3 – ammonia 

Figure VI.C.3.4 GT-SUITE simulation results  

Conclusions 
The research team has developed the engine CFD model, urea injection model, and AT system model. The 
urea injection and AT system component models have been integrated into the GT-SUITE platform. The AT 
system model has been validated against the in-house simulation model developed by ORNL, which has been 
validated in previous research projects. The validated model can be applied to simulate the operation of SCR 
and DOC systems operated under transient cycles. The project team will apply this platform to develop the 
approaches and algorithm enabling the fast simulation of real drive emissions from HD vehicles. Such a tool 
can be applied to developing engine combustion and AT technologies, further reducing the greenhouse gas 
emissions and key pollutants such as NOx from HD diesel engines.  

The engine experimental work proposed for the first year has been delayed because of the temporary closure of 
WVU research. The research team has managed to secure an off-campus research facility for WVU to conduct 
the engine experimental work proposed in this project.  

Key Publications 
1. DOE Quarterly progress report, Q1, April 30, 2022 

2. DOE Quarterly progress report, Q2, July 31, 2022 

3. DOE Quarterly progress report, Q3, October 31, 2022   
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Project Introduction 
The advent of requirements for low nitrogen oxide (NOx) emissions, coupled with demand for increased 
durability, highlights the ever-growing need for tools to predict exhaust system performance, including both 
impacts of aging throughout useful life and performance at the end of useful life. Regulatory drivers continue 
to focus on reducing emissions and increasing durability of aftertreatment systems.  

Recent decades have brought significant improvements in both fuel economy and emissions through the 
continued development of both engines and emissions control catalysts—and through their integration as a 
system. Simulation tools have been substantial enablers of this improvement, as integrated engine and 
aftertreatment models have allowed for visualization of the dynamic interactions between the system 
components. For manufacturers, modeling efforts have an important role in product development and 
calibration. 

Both engine and aftertreatment device models have continued to progress, but the onset of new, fast-
approaching, challenging emissions regulations, such as for ultra-low NOx levels, is driving the need for 
further integration of combustion and aftertreatment systems in simulations. Therefore, there is a targeted need 
for research and development of modeling tools that would enable virtual optimization and calibration of 
combustion and aftertreatment to further improve efficiency and reduce emissions—while limiting platinum 
group metal content.  

This will require accurate component models that are able to break through key barriers such as spatially 
resolving the key factors of species composition and temperature, especially during challenging operation 
times such as cold start and low-load operations, where a high proportion of the total emissions occur. This 
project aims to address these barriers. 

Objectives 
The goal of this work is to develop an integrated simulation of combustion and aftertreatment systems to 
enable control optimization, thermal management optimization, insulation strategies, etc. while ensuring that 
conversion efficiencies of the components are improved. 

Overall Objectives 
• Computationally match the project’s Isuzu engine and baseline aftertreatment system performance for 

combustion and emissions to provide accurate predictions of exhaust temperature and emissions for 
aftertreatment models. 
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• Develop kinetic models for the diesel oxidation catalyst (DOC) and selective catalytic reduction 
(SCR) catalyst that include the effects of hydrothermal aging. 

• Implement high-fidelity models for urea spray and thermolysis.  

• Integrate all component models (engine, DOC, diesel particulate filter [DPF], and SCR with urea 
spray model) in GT-SUITE and validate against engine dynamometer testing.  

• Exercise the model to demonstrate near-zero emissions concept and real driving emissions 
performance. 

Fiscal Year 2022 Objectives  
• Develop the Zero-D Velocity–Composition–Frequency transported Probability Density Function 

(0D-VCF-tPDF) combustion model and validate it against computational fluid dynamics (CFD) 
simulations.  

• Build and calibrate the baseline engine model, a digital twin of a heavy-duty diesel engine. 

• Develop the baseline aftertreatment models for each component device.  

• Experimentally evaluate the baseline engine and aftertreatment system for model validation with 
engine experiments. 

• Perform laboratory aging of catalyst samples, and measure properties of the DOC and SCR materials 
using a synthetic exhaust flow reactor. 

• Recalibrate the Oak Ridge National Laboratory SCR model to predict the performance of the SCR 
material. 

Approach 
The approach to achieving the goal of this project is to develop an enhanced methodology for the integrated 
simulation of combustion and aftertreatment systems within the environment of the software tool GT-SUITE. 
GT-SUITE is a multi-physics system simulation platform and a well-established simulation standard in the 
industry. It can be used to perform coupled transient simulations of a wide variety of combustion engine and 
aftertreatment systems with very fast turnaround times. Dedicated libraries of flow, thermal, mechanical, and 
chemistry components allow any system to be built from the ground up. Typical aftertreatment devices with 
detailed reaction mechanisms of any catalyst can be easily simulated as a standalone system or as part of an 
integrated system. Gamma Technologies is performing the GT-SUITE work. 

The first part of the development process is to predict the raw in-cylinder emissions, spatial inhomogeneity in 
temperature, flow and composition in the combustion chamber, effects of turbulence chemistry interaction, and 
evolution of species via detailed chemical kinetics, which need to be accurately captured. The in-cylinder 
models capturing the various flow, turbulence, and combustion phenomena will be validated with results from 
analysis of measurement data (pressure and heat release rate analysis) and 3D-CFD simulations. The raw 
emission predictions will be compared against steady and transient emission measurements. 

The second part of the approach focuses on developing simulation capabilities for an enhanced aftertreatment 
system—including the DOC, DPF, and SCR—within a reduced dimensionality framework. There is no way to 
simulate the process other than by reduced dimensionality, because of (1) the required short turnaround time 
for the simulation predictions and (2) the fact that these multi-physics, multi-scale phenomena are coupled in a 
complicated fashion. However, validation of these simulation tools is based on synthetic exhaust flow reactor 
experiments at Oak Ridge National Laboratory, engine experiments at FEV North America Inc. (FEV), and 
full 3D unsteady methodologies (University of Wisconsin). The full engine and aftertreatment system, 
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including the DOC, DPF, and SCR, is validated with engine experiments run at FEV. Later in this project, 
researchers will develop models that account for hydrothermal aging of emissions control components, which 
can be used to predict the degradation (degradation factor) of catalyst performance with time, as they age. 
These models are essential to the development of accelerated aging protocols, which are expected to play a 
crucial role in demonstrating the compliance of aftertreatment systems for the full useful life of a vehicle. 
Tailpipe emissions from an integrated engine and aftertreatment system model will be validated via steady-
state tests and drive cycle tests. To address the need to correctly treat the liquid in the near-spray-nozzle region 
while simultaneously keeping the computation size to a reasonable level, the proposed strategy combines a 
Volume of Fluid (VoF) and a Lagrangian–Eulerian (LE) methodology. In the near field, where most of the 
liquid is not in spherical form, the VoF methodology will be employed. In the remaining part of the spray, 
where the liquid is essentially all in droplet form, the LE treatment will be used. This proposed treatment is 
denoted as VoFLE, and it will be used in the CFD validation of the aftertreatment models. 

All models developed in this effort—the combustion model, urea-water spray model, and the aftertreatment 
device models—will be distributed via the Gamma Technologies GT-SUITE software platform so that they 
can be used to optimize development of the engine and aftertreatment system, enabling original equipment 
manufacturers to achieve near-zero emissions for their fleets.  

Results 
Note: Elements of this project have been delayed because of the COVID-19 pandemic and associated supply 
chain issues. In addition, personnel issues in the Research and Sponsored Projects Office at the University of 
Wisconsin–Madison have slowed processing of orders and paying of invoices. 

The following key accomplishments for Fiscal Year (FY) 2022 are reported: 

• Accomplished the development of the 0D-VCF-tPDF combustion model and validation with CFD 
simulations. Model-predicted indicated mean effective pressure (IMEP) values are within 5% across 
all operating points, maximum pressure predictions were within 7 bar across all operating points, and 
the CA50 error was within 2.2 crank angle degrees (CAD).1 

• Accomplished the development and calibration of the baseline compression ignition engine, 
combustion chemistry and emissions formation, and aftertreatment models with data provided by 
Isuzu and calibrated with engine data taken at FEV. 

During the first quarter of the project, an aftertreatment system model, including the DOC, DPF, SCR, and 
ammonia slip catalyst, was calibrated on baseline synthetic flow reactor and engine data provided by Isuzu 
within a reduced dimensionality framework. Further validation of these simulation tools will require additional 
synthetic exhaust flow reactor experiments, engine experiments, and full 3D unsteady methodologies. The 
detailed models of the DOC, SCR, and ammonia slip catalyst aftertreatment system components were 
developed using synthetic exhaust flow reactor data, and the DOC and DPF performance data were validated 
with single-cylinder engine experiments.  

During the second quarter of the project, researchers further developed the combustion model used to predict 
the raw in-cylinder emissions, spatial inhomogeneity in temperature, flow and composition in the combustion 
chamber, effects of turbulence chemistry interaction, and evolution of species via detailed chemical kinetics. 
For this to be accomplished in a 0D/1D simulation framework, a model derived from the transported 
probability density function (tPDF) method was introduced. In this method, the gas inside the combustion 
chamber is considered as an ensemble of notional particles that can mix with each other following a physically 
accurate mixing model, exchanging mass/energy, and can interact with the walls of the combustion chamber 
and exchange heat energy. The state of the particles evolves according to various sub-models, such as spray 

 

1 CA50 is the crank angle at which 50% of the heat from combustion has been released. 
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dynamics and chemistry. In particular, the new model follows the velocity–composition–frequency (VCF) 
approach of tPDF method, which provides complete closure for velocity, composition, and turbulence 
quantities without resorting to further closure models. Within the 0D framework, the VCF tPDF approach (0D-
VCF-tPDF), described graphically in Figure VI.C.4.1, is one of the most advanced approaches to modeling 
combustion inside the cylinder. These kinetic models provide accurate predictions of emission species (such as 
NOx, unburned hydrocarbons, and soot) with very fast turnaround times compared to 3D-CFD. The in-cylinder 
models capturing the various flow, turbulence, and combustion phenomena were validated with results from 
analysis of measurement data (pressure and heat release rate analysis) and 3D-CFD simulations. The raw 
emission predictions were then compared against steady and transient emission measurements. 

 
Figure VI.C.4.1 Graphical description of the 0D-VCF-tPDF for diesel combustion 

During the third quarter of the project, researchers conducted engine combustion experiments with the Isuzu 
engine and baseline aftertreatment system installed at FEV with conventional ultra-low sulfur diesel fuel 
provided by Marathon Petroleum. These data enabled the validation of the combustion model with respect to 
performance. Model validation was completed against the experimental data and showed excellent agreement. 
Figure VI.C.4.2 shows the model results plotted against the engine data. Model-predicted IMEP values are 
within 5% across all operating points, maximum pressure predictions were within 7 bar across all operating 
points, and the CA50 error was within 2.2 CAD. 
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Figure VI.C.4.2 Model-predicted values (black lines) compared against experimental data (red lines). IMEP values are within 
5% across all operating points, maximum pressure predictions were within 7 bar across all operating points, and the CA50 

error was within 2.2 CAD. 

The emissions model generated satisfactory performance for NOx predictions and poor performance for soot 
predictions (see Figure VI.C.4.3). This model is undergoing additional improvements. 

 
Figure VI.C.4.3 Emissions predictions (black lines) compared to experimental data measured by FEV (red lines). The NOx 

model (top) shows satisfactory agreement, but the soot model (bottom) needs improvement. 
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Conclusions 
The conclusions of this year’s work are as follows: 

• The engine model can accurately predict the Isuzu engine performance. Model-predicted IMEP values 
are within 5% across all operating points, maximum pressure predictions were within 7 bar across all 
operating points, and the CA50 error was within 2.2 CAD.  

• The baseline engine, combustion, and aftertreatment models have been developed, calibrated, and 
validated against engine data taken at FEV and are ready for integration into a system model in 
GT-SUITE, where they will be further improved. 

• All project milestones and the go/no-go milestone for FY 2022 have been met, as shown in Table VI.C.4.1. 

Table VI.C.4.1 FY 2022 Milestone Table 

ID Milestones Type Description 

Y1-1  
Baseline aftertreatment 
system model calibrated Technical The aftertreatment system model was calibrated and verified 

under the conditions for baseline data provided by Isuzu. 

Y1-2  
Baseline combustion 
model complete Technical 

The 0D-VCF-tPDF approach was extended to improve accuracy in 
predicting emission quantities and other transient variables in a 
compression ignition engine. 

Y1-3  
Baseline combustion 
model validation complete Technical A comprehensively calibrated combustion model was completed 

with respect to prediction of performance. 

Y1-4 Catalyst aging complete Technical Aging of catalyst samples was completed (Umicore Autocat USA). 

GNG1 Baseline models developed 
and validated Go/No-Go Baseline engine, combustion, and aftertreatment models have 

been developed and validated against engine data taken at FEV. 
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Project Introduction  
Volvo’s SuperTruck 2 (ST2) builds on the success of the SuperTruck project that demonstrated vehicle freight 
efficiency (FE) improvements in excess of the program’s goals. Many SuperTruck technologies with 
customer-acceptable payback (e.g., aerodynamics, powertrain components, and tractor lightweighting) are now 
used in commercial trucks, thereby reducing national energy consumption.  

Federal data on truck utilization shows that a majority of Class 8 long-haul trucks operate at or below 65,000 
lbs gross combined weight, much lower than the maximum combined vehicle weight of 80,000 lbs. This 
implies that most trucks are underutilized and overdesigned, i.e., heavier and equipped with more powerful 
engines than needed to meet their actual operational requirements. Volvo’s ST2 will therefore demonstrate an 
all-new complete vehicle concept designed with an integrated approach to maximize FE. 

The project consists of three work packages organized in four sequential phases as illustrated below in Figure 
VI.D.1.1. During Fiscal Year (FY) 2019, the focus shifted from concept selection to technology development 
and integration, and then into the concept-truck build phase for FY 2020. During FY 2021, and due to 
unexpected COVID-19-related delays, the concept-truck build phase was prolonged, and a contract extension 
was submitted. The overall project timeline was updated, per below. 

 
Figure VI.D.1.1 Updated project schedule and phasing. Source: Volvo 
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Objectives  
Overall Objectives 

• Demonstrate greater than 100% improvement in vehicle ton-miles per gallon compared with a best in 
class 2009 truck, with a stretch goal of 120%. 

• Demonstrate 55% brake thermal efficiency (BTE) on an engine dynamometer. 

• Develop technologies that are commercially cost-effective in terms of a simple payback. 

FY 2022 Objectives 
• Finalize FE engine installation. 

• Complete vehicle demonstrator built and commissioning. 

• Demonstrated 55%-BTE engine. 

• Field tested demonstrator. 

Approach  
Volvo’s vision is to develop a super-efficient vehicle optimized for 65,000 lbs and designed for the long-haul 
drivers of the future. The truck has therefore been redesigned from the ground up to ensure that each 
component contributes to maximizing the payload capacity and fuel economy of the complete vehicle.  

The powertrain research in this project is guided by two goals, to demonstrate greater than 100% FE increase 
in a vehicle and to demonstrate 55% BTE of the engine in a test cell. These goals differ not only in level of 
efficiency required by the powertrain solution but also in the size of the design space. Consequently, the team 
is taking a two-pronged approach and will deliver one powertrain shaped as part of a total vehicle optimization 
toward maximum FE and another focused on demonstrating 55% BTE. Though the dual-path approach may 
yield two different system-level approaches, significant synergies exist in the fundamental areas of improving 
internal combustion efficiency. 

Results  
Powertrain System Development 
During FY 2022, the demonstration of the Volvo 13 L 55% BTE base engine was completed. The performance 
of the 11 L FE demonstrator engine was also verified. 

The fuel design study with ExxonMobil was completed at the University of Michigan. ExxonMobil provided a 
set of fuels with various compositions to the University of Michigan Auto Lab, where researchers explored 
fuel design impacts on criteria pollutant emissions and performance in a single-cylinder research engine. After 
extensive data analysis, some of the test fuels show significant promise for enhancing diesel combustion 
relative to conventional diesel fuel, specifically regarding NOx and soot emissions when compared at a 
“cruise” condition for the test engine that simulated the ST2 truck test condition. The decreased engine-out 
emissions observed with the experimental fuel blends can allow engine operation parameters to be adjusted in 
pursuit of efficiency targets or other objectives of interest without compromising baseline emissions levels.  

The Volvo 11 L high-efficiency engine platform was used as the base for the ST2 50% BTE FE engine. 
Combustion system improvements include an optimized turbocharger, addition of an exhaust gas recirculation 
pump, high-compression-ratio wave pistons, and a Miller cycle camshaft. The vehicle’s 48 V mild hybrid 
system, along with the engine-mounted 48 V integrated starter generator, facilitates the removal of the front 
engine accessory drive, which leads to an improvement in engine efficiency. During this fiscal year, the final 
system commissioning was completed for the FE engine. The base map tuning and engine calibrations were 
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completed to optimize performance for the intended duty cycles. The FE engine was installed into the vehicle 
demonstrator and successfully commissioned. 

Simultaneously, the SuperTruck team focused on the 55% BTE base engine commissioning and performance 
testing based on a Volvo high-efficiency 13 L engine platform in this fiscal year. The objective was to identify 
an engine hardware specification for maximum fuel efficiency at a single operating point. The technologies 
verified on the FE-optimized engine were redesigned for adaption to the 13 L engine platform and integrated to 
the 13 L engine for the final fuel economy demonstration. The high-compression-ratio wave pistons, injector 
specifications, and a multiple-injection strategy were explored for efficiency improvement. Multiple 
technologies in gas exchange (high-efficiency turbomachinery, 48 V exhaust gas recirculation pump, Miller 
cycle camshaft, and divided intake manifold) and friction and auxiliaries (low-viscosity engine oil, 48 V 
coolant pump, and fuel pump) were also investigated. The final performance demonstration was completed 
successfully and achieved the peak BTE of 50% on the base engine. 

The Rankine waste heat recovery (WHR) system was also commissioned towards the later part of this fiscal 
year, upgraded with an indirect condenser and a new alternator for performance testing and demonstration. The 
coolant WHR system was rebuilt with new components and software. The performance testing and final 
demonstration of both the Rankine WHR system and coolant WHR system are nearing completion. 

Aerodynamics 
The cab assembly was delivered to the Greensboro Technical Center during FY 2021. Modifications to the cab 
structure were required before installation onto the chassis. Those modifications were completed, and the cab 
was decked to the chassis in early FY 2022.  

Several steps were required to optimize the complete vehicle aerodynamics. Items included adjustment of the 
cab fairings, chassis fairings, and ground effects, as well as tuning the suspension to obtain the optimum ride 
height for aerodynamics. 

Advanced Lightweight Concepts 
During FY 2019, Metalsa delivered a complete lightweight frame assembly, which was 35% lighter than the 
standard steel frame assembly of an equivalent wheelbase. During FY 2020, Wabash National delivered the 
ST2 trailer, weighing in at 12,100 lbs with aerodynamic devices, which is much lighter than a typical, non-aero 
dry van.  

Throughout the fiscal year, some unplanned modifications to the cab and chassis were required to improve 
performance and robustness. These modifications somewhat offset the original weight reduction achievement, 
but the team was still able to deliver results that exceeded the 27,000 lbs tractor–trailer weight target. The team 
achieved a final curb weight of 26,200 lbs. 

Low Rolling Resistance Tires 
Advanced tires for the tractor and trailer have been installed onto the demonstrator. A test plan has been 
developed to evaluate the vehicle stopping-distance performance in wet and dry conditions, and preparations 
are in place to conduct these tests at Michelin’s Proving Grounds in South Carolina. 

Additionally, testing was initiated earlier in this fiscal year to assess the tire design impact on vehicle fuel 
consumption and tire longevity. These tests were conducted throughout the year and will yield results in the 
coming months. 

Hotel Mode 
Bergstrom provided on-site commissioning support for the heating, ventilation, and air conditioning heat 
pump. The system was modified to address air bleed issues. There was one component failure in the heating, 
ventilation, and air conditioning system, which was quickly addressed by Bergstrom. 
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Complete Vehicle Energy Management 
Motivo Engineering provided remote and on-site support for commissioning the battery management unit, 
door and steps integration, and troubleshooting minor issues with both hardware and software. In collaboration 
with Bergstrom, Motivo also delivered software updates for the tablet developed to interface with the heating, 
ventilation, and air conditioning system. Touchscreen programming was updated and operation was verified. 

Concept Trailer Development 
Wabash completed the engineering, build, and delivery of the ST2 trailer during FY 2020. Due to the lower 
ride height of the tractor and trailer, Wabash redesigned and delivered a replacement landing gear assembly to 
provide adequate clearance, which has now been installed. 

Demonstrator Vehicle Assembly  
System installation, integration, and complete vehicle commissioning was the major focus of the vehicle team 
throughout FY 2022. 

Installation activities included decking the cab to the chassis, completing the new brake system, and installing 
the 11 L FE engine. Headlamps were installed, and headlamp operation was verified. All cab and chassis 
aerodynamic devices were installed and adjusted. 

Due to the prototype nature of the systems and components used in the demonstrator, a considerable amount of 
time and effort were required to complete integration and commissioning. Vehicle systems such as braking, 
suspension, and door/step operation were tuned and verified. Powertrain error codes were investigated and 
addressed, and operation of the low- and high-temperature coolant pumps was confirmed. Integrated starter 
generator operation was also tuned and verified.  

By the end of this fiscal year, the complete vehicle demonstrator was successfully commissioned, and plans 
have been established for on-road testing. 

Conclusions  
The Volvo ST2 project focused on complete vehicle demonstrator build details, system tuning, and final 
commissioning during FY 2022. In parallel, the 55% BTE base engine and WHR systems were successfully 
commissioned, and performance testing was initiated. Preparations are underway for on-road testing and final 
verification of all targets. 

Acknowledgements  
Ralph Nine (National Energy Technology Laboratory Program Manager) and all partners of the ST2 team: 
Wabash National, Oak Ridge National Laboratory, Metalsa Roanoke, Johnson Matthey, Michelin Tire, 
Bergstrom, Motivo Engineering, University of Michigan, Knight Transportation, and Wegman’s Food Markets 

 

  



Decarbonization of Off-Road, Rail, Marine, and Aviation (DORMA) 

 

322 Legacy On-Road Projects: Advanced Engine Technologies 

 

VI.D.2 Cummins / Peterbilt SuperTruck II (Cummins Inc.) 
Jonathan Dickson, Principal Investigator 
Cummins Inc. 
P.O. Box 3005 
Columbus, IN 47201-3005 
Email: jon.a.dickson@cummins.com 

Siddiq Khan, DOE Technology Manager 
U.S. Department of Energy 
Email: Siddiq.Khan@ee.doe.gov 

Start Date: October 1, 2016 End Date: September 30, 2022  
Project Funding: $40,000,000 DOE share: $20,000,000 Non-DOE share: $20,000,000 
 

Project Introduction 
The trucking industry is faced with numerous challenges to reduce petroleum consumption while meeting 
stringent criteria emissions regulations and providing customer value. The United States has approximately 3.5 
million Class 8 vehicles on the road today, consuming 4.5 million barrels of petroleum per day. If only half of 
this fleet implemented half of the benefits proposed, at $3.85/gallon, the nation would see a fuel savings over 
$30 billion annually and reduce petroleum consumption by over half a million barrels per day. This reduction 
would have a positive environmental impact by eliminating 200,000 metric tons of CO2 emissions per day. 

The Cummins-led SuperTruck II project goals are to design, develop, and demonstrate a very-high-efficiency 
engine optimized around the drive cycle that will strongly increase vehicle freight efficiency. The baseline will 
remain the Model Year 2009 vehicle, and the demonstration vehicle will have similar specifications. The 
engine will maintain compliance with the current heavy-duty-diesel emissions regulation for line haul vehicles, 
while the vehicle system will remain compliant with the current greenhouse gas regulatory requirements. 

Objectives 
• Demonstrate a minimum of 55% brake thermal efficiency (BTE) using 65-mph cruise conditions on 

an engine dynamometer test. 

• Utilize the same engine system demonstrated on the dynamometer in a vehicle operating on real-world 
drive cycles. 

• Achieve a minimum of 125% freight ton efficiency (FTE) improvement over a relevant drive cycle 
(FTE = [miles per gallon] * [tons of freight]). 

• Track, promote, and report on cost-effective solutions, prioritizing those that have an approximately 
three-year payback period, utilizing a relevant customer counsel for understanding customer 
acceptance and expectations. 

Approach 
The approach for meeting the 55% BTE target is via careful dissection of the diesel cycle and reduction of 
losses via waste heat recovery (WHR). The engine was tuned to take advantage of ideal conditions for the 
aftertreatment effectiveness, thereby reducing the inefficiency of the exhaust gas recirculation (EGR) and 
injection timing systems. The closed-cycle efficiency was optimized for high expansion ratio via rapid heat 
release and insulated surfaces. The open cycle was optimized by using low-pressure EGR, ideal valve events, 
and a fixed-geometry turbocharger with optimal tip clearance and efficiency. The mechanical efficiency of the 
engine system was developed to use low-viscosity oil with variable lube and cooling pumps, all while running 
the engine at a low enough speed to minimize spin and pumping losses. The WHR system was designed as a 
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two-loop system harvesting both low-quality heat from the coolant and charge cooler and high-quality heat 
from the EGR coolers and tailpipe boiler. The WHR system was designed to be the primary cooling system for 
the engine under cruise operating conditions and only requires a small radiator for sustained high-load 
conditions. 

The powertrain has integrated the WHR system and an energy recovery system (motor/generator [M/G]) onto 
the Eaton automated transmission for compactness and efficiency reasons. During flat-road and uphill 
operations, this system can input power to the system to reduce fuel consumption. As the vehicle operates 
downhill, the engine can be decoupled from the powertrain, leaving the controls to apply power from the WHR 
system as needed and/or recover energy from the system through the M/G, to be stored in an onboard battery. 

The vehicle will achieve the high FTE through the combination of low motive resistance and lightweighting. 
Bridgestone will be supplying tires that can meet customer requirements for longevity yet reduce rolling 
resistance well beyond the current commercially available tires via compound development and siping design. 
The vehicle structure will include a new weight-saving composite design that will incorporate a kneeling 
suspension to aid in the reduction of aerodynamic load. The vehicle design will incorporate aerodynamic 
features to improve drag in all wind conditions via moving surfaces that react to changing winds detected by 
the onboard light detection and ranging (LiDAR) system. Finally, the drive axle will incorporate an advanced 
control system to ensure good low-speed traction with state-of-the-art low-parasitic, high-speed operation. 

The technical approach to achieving the freight efficiency improvement of the project has focused on reducing 
the engine cycle work per mile, improving the system-level BTE via engine and WHR improvements, and 
reducing the tare weight of the vehicle for an increased payload. 

Results 
The key accomplishments for Fiscal Year 2022 listed below are fundamental steps required to complete the 
project objectives. The project team has completed the following milestones: 

• The freight efficiency of the demonstration truck exceeded the objective of 125% improvement 
relative to the 2009 baseline set in the original SuperTruck project. 

• The 55% BTE objective was successfully demonstrated in 2021; the generated shaft work was greater 
than 55% of the fuel energy consumed, a significant improvement to engine efficiency over both the 
baseline 2009 model year engine as well as current production engines. 

• The Cummins powertrain was successfully installed in the Peterbilt demonstrator rolling chassis. This 
includes the high-efficiency engine, transmission with integral 48 V M/G and WHR, electrification 
thermal management system, 48 V battery, and aftertreatment with WHR tailpipe boiler. 

• Final in-vehicle powertrain calibration was completed for the WHR, axle disconnect, and hybrid 
powertrain. 

• The freight efficiency demonstrator vehicle was successfully completed. This includes the chassis 
assembly, installation of the powertrain and axle system, cab installation, fairing and hood, and tires. 

• The cabin interior trim for the freight efficiency demonstrator was finalized after the installation and 
validation of the wiring and electrical system. This process was streamlined by using an electrical 
buck to enable early system testing and validation to reduce the integration time on the final chassis. 

• The base Great Dane trailer was completed by Great Dane then shipped to Peterbilt for final 
installation of the solar panels and aerodynamic fairings prior to the freight efficiency demonstration. 

The progress in these key areas supports both the 55% BTE objective and the >125% FTE improvement 
objective of the project.  
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Powertrain preparation for the vehicle was performed (Figure VI.D.2.1) and included engine calibration in the 
test cell; sub-assembly of the powertrain for installation at Peterbilt; final electrical and controls integration; 
and final in-vehicle calibration of the WHR, 48 V M/G, and disconnect axle. 

 
Figure VI.D.2.1 Powertrain prepared for shipment to Peterbilt. 

 
Figure VI.D.2.2 Powertrain installation into rolling chassis. 

Key elements of the powertrain (Figure VI.D.2.2) include the WHR, engine and aftertreatment, 48 V mild 
hybrid system, and battery electrification thermal management system. The integration and build of the freight 
efficiency demonstrator vehicle was completed this year. Design features include the following: 

• A bespoke vehicle shape and new cab with centered driver position and cameras instead of mirrors for 
aerodynamic improvement (Figure VI.D.2.3). 

• A lightweight frame system. 

• 48 V accessories, including power steering and cooling fans (Figure VI.D.2.4). 

• An adjustable chassis height system for improved aerodynamics. 

Testing of the vehicle against the freight efficiency target yielded successful completion of the objective for 
>125% improvement. 
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Figure VI.D.2.3 Peterbilt Freight Efficiency Demonstrator. 

 
Figure VI.D.2.4 Peterbilt Cooling System and 48V ePS steering. 

Conclusions 
The Cummins-led SuperTruck II team has completed the sixth year of the planned five-year project. Due to 
pandemic-related supplier delays, the project was extended an additional year to September 30, 2022. The 
project team has developed the technology necessary for successfully achieving the freight efficiency objective 
and has demonstrated this objective. Several technology elements are moving forward into production.  

While the project has been successfully completed, with all objectives met, some additional testing at Peterbilt 
remains to be done on the demonstrator chassis. This final testing will be completed in January 2023. 

Key Publications 
1. DOE Quarterly progress report, Q17 – January 30, 2022 

2. DOE Quarterly progress report, Q17 – April 30, 2022 

3. 2021 Annual Merit Review – June 23, 2022 

4. DOE Quarterly progress report, Q19 – July 30, 2022 

5. DOE Quarterly progress report, Q20 – October 30, 2022 
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Project Introduction 
The objective of the SuperTruck 2 engine project is to research, develop, and demonstrate a heavy-duty engine 
that can meet 2010 federal emission standards and achieve 55% brake thermal efficiency (BTE) demonstrated 
in an operational engine at a 65 mph cruise point on a dynamometer. In addition, commercial viability of the 
technologies applied to this engine should be evaluated. 

Objectives 
Overall Objectives 

• Attain greater than or equal to 55% BTE, demonstrated in an operational engine at a 65 mph cruise 
point on a dynamometer. 

• Develop engine technologies that are commercially cost-effective. 

• Contribute to greater than 100% improvement in vehicle freight efficiency relative to a 2009 baseline. 

Fiscal Year 2022 Objectives 
• Evaluate a newly designed high-flow cylinder head (HFCH) for BTE improvement. 

• Optimize an organic Rankine cycle (ORC) waste heat recovery (WHR) system that contributes to 
achieving 55% BTE. 

• Complete technologies assessments for their respective commercial viability. 

Approach 
The work will include component- and system-level consideration of the base engine architecture, air system, 
combustion and fuel system, advanced aftertreatment, thermal management, and WHR. The project will 
involve analysis, development, testing, and down-selection of individual and system-level engine technologies, 
as well as integration of the final selected technologies into a prototype engine. 

Results 
HFCH 
Engine tests had shown BTE gains due to increased air-to-fuel ratio while minimizing parasitic pumping work. 
The focus had been on matching turbocharger size and efficiency to engine operating conditions. In addition to 
the external matching of the turbocharger, a new concept of the cylinder head (detailed in Figure VI.D.3.1) was 
investigated to improve the gas exchange process for in-cylinder trapped air mass, consequently increasing the 
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air-to-fuel ratio for combustion. A new cylinder head was proposed, and the shape and size of both intake and 
exhaust ports were rearranged and optimized (shown in Figure VI.D.3.1b). 

 
(a) baseline cylinder head (b) high-flow cylinder head 

Figure VI.D.3.1 The baseline cylinder head versus the newly designed HFCH 

Three-dimensional (3D) simulation was employed to quantify the gain in trapped air mass of the new cylinder 
head. The intake valve profile was also optimized to maximize the gain (Figure VI.D.3.2a). The 3D combustion 
simulation showed that a gain of 0.3% indicated thermal efficiency (ITE) could be achieved with this new 
cylinder head (Figure VI.D.3.2b). 

 
(a) optimization of intake valve profile for trapped mass (b) improvement on ITE 

Figure VI.D.3.2 3D simulation of HFCH performance 

The design of the new cylinder head was initiated. The concept of dual overhead camshafts was selected for the 
new head (shown in Figure VI.D.3.3). A support frame for the camshafts was designed to reduce the 
complexity of the head. A coolant inlet manifold was designed to distribute the coolant for the head. The 
intake manifold was redesigned for the center feed of the air and for the coolant return from the head. 

 
Figure VI.D.3.3 New designs of the HFCH: (a) valve cover, (b) dual overhead camshafts with support frame, (c) HFCH, (d) 
exhaust manifold, (e) coolant inlet manifold for the head, and (f) intake manifold with coolant return and exhaust-gas-

recirculation mixer 
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Thermal and structural analysis were conducted at AVL. Based on the thermal analysis, the minimum coolant 
flow rate for the new cylinder head was specified. Two electric water pumps were selected to provide the 
required coolant flow rate for the cylinder head and the crankcase separately. 

The materials for the prototype cylinder head and the camshafts’ support frame were recommended based on 
the structural analysis. The new camshafts and valvetrain were also verified via simulation. The design of each 
part was completed, and the parts were procured. 

The engine was assembled and shipped to Bosch at Farmington Hills, Michigan, for the testing. A design of 
experiment was employed to map out the BTE surface of this new cylinder head engine. The test results 
showed an improvement in BTE response surface from the testing (Figure VI.D.3.4a). The further tuning of the 
confirmation point shows that this engine could achieve greater than 51% BTE (Figure VI.D.3.4b). 

 
(a) BTE surface from design of experiment (b) optimized point from design of experiment 

Figure VI.D.3.4 Performance of the HFCH engine 

WHT – ORC 
To achieve 55% BTE, WHR plays a critical role. Navistar has selected ORC technologies as the prime path for 
WHR. To maximize ORC system efficiency, energy recovery options from all available waste heat sources 
were considered. The identified ORC system configuration is being supplied by Borg Warner, with controls 
provided by AVL and assembly and demonstration performed by Clemson University’s International Center 
for Automotive Research. The final test results at Clemson University met the target BTE of 3.0% with the 
55% BTE operational target boundaries achieved using a mule A26 engine. The ORC system, the A26 engine, 
and the aftertreatment system were disassembled and shipped back to Navistar for confirmation testing. The 
demonstration at Clemson University was successfully repeated at Navistar. 

Based on the initial ORC dynamometer testing results at Navistar, it was identified that the restriction 
reduction—both intake and exhaust sides—is a challenge to the overall system BTE. Both parallel charged air 
cooler (CAC) pre-heaters and parallel exhaust boilers were proposed. However, Borg Warner would not 
recommend the parallel exhaust boilers because of limited time to balance the working fluid flow between two 
exhaust boilers on the ORC cart. 

Simulation predicts a 0.2% overall BTE gain with the implementation of parallel CAC pre-heaters. Owing to 
limited space, the CAC pre-heaters were stacked vertically. The initial working fluid plumbing was in parallel. 
The testing results showed that the CAC pre-heaters out air temperature was about 75°C higher than the target. 
The analysis indicated that the working fluid did not distribute equally through the upper and lower CAC pre-



FY 2022 Annual Progress Report 

 

Legacy On-Road Projects: Advanced Engine Technologies 329 
 

heaters. The working fluid plumbing was then reconfigured in series for the CAC pre-heaters. The testing was 
repeated, and the CAC pre-heaters out air temperature came down to around 17°C above the target. Thus, a 
secondary test cell CAC was added to further reduce the air temperature. 

The final ORC setup at Navistar was completed. Insulation was added to minimize the exhaust heat loss. A 
low-viscosity lube oil, 0W16, was used to minimize the engine friction loss. A design of experiment was 
carried out to identify the optimal engine operating conditions for the overall BTE with ORC. Finally, a 
combined BTE of 55.2% was demonstrated (with respective contributions shown in Figure VI.D.3.5). 

 
FIS – fuel injection system 

Figure VI.D.3.5 Contributions of technologies toward 55% BTE 

Technologies Assessments 
After achieving the BTE goal, the tasks were to focus on the technologies assessments for their respective 
commercial viability, including the development time, risk, and cost (shown in Table VI.D.3.1). WHR has 
been identified as long-lead-time, high-risk, and high-cost development work to become commercially viable 
for the vehicles. On the other hand, implementation of the advanced aftertreatment system is more feasible and 
will accommodate the change in engine-out constituents. The assessment of the engine subsystems is also 
presented. The cylinder deactivation is included in the combustion system. 

Table VI.D.3.1 Technologies Assessments for Commercial Viability 

 1 to 3 years 4 to 7 years > 7 years Risk Cost 

Engine Subsystems  

Air System  X  Medium $$ 

Combustion System  X  High $$$$ 

Fuel System  X  Medium $$ 

Cooling System  X  Medium $$ 

Friction Reduction  X  High $$ 

Advanced Aftertreatment  

Diesel Exhaust Fluid  
Dosing System X   Low $$ 

Selective Catalytic 
Reduction System X   Low $ 

Diesel Particulate  
Filter System X   Low $ 

Control System X   Medium $$ 
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WHR  

Packaging / Weight   X Very High $$$$ 

Boiler   X High $$$$ 

Expander   X High $$$$ 

Condenser   X Medium $$$ 

Control   X High $$$$ 

Conclusions 
• An HFCH concept was proposed, simulated, designed, procured, and tested. The dynamometer test 

results showed that this new cylinder head concept could aid the engine to achieve 51% BTE. 

• A dual-loop ORC system was integrated with a prototype engine in a Navistar test cell for the final 
55% BTE demonstration on a dynamometer. The test results showed that this combined system could 
achieve 55.2% BTE. 

• The assessment of commercial viability for the engine subsystems, aftertreatment system, and WHR 
system was completed. The WHR system was identified as long-lead-time, high-risk, and high-cost 
development work to become commercially viable for the vehicles. 
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VI.D.4 Improving Transportation Efficiency through Integrated 
Vehicle, Engine, and Powertrain Research - SuperTruck 2 
(Daimler Truck North America) 

Darek Villeneuve, Principal Investigator 
Daimler Truck North America 
4555 North Channel Avenue 
Portland, OR 97217 
Email: darek.villeneuve@daimlertruck.com  

Jeff Murawa, Principal Investigator 
Detroit Powertrain 
13400 Outer Drive West 
Detroit, MI 48239-4001 
Email: Jeffrey.Murawa@daimler.com  

Siddiq Khan, DOE Technology Manager 
U.S. Department of Energy 
Email: Siddiq.Khan@ee.doe.gov  

Start Date: October 1, 2017 End Date: September 30, 2022  
Project Funding: $40,000,000 DOE share: $20,000,000 Non-DOE share: $20,000,000 
 

Project Introduction 
Achieving Daimler Truck North America (DTNA) increased targets for SuperTruck 2 (ST2) will require 
building on SuperTruck 1 (ST1) project’s success while considering commercial viability. DTNA will meet or 
exceed these targets through the development of several advanced vehicle and engine technologies. 

The ST2 program finished the last phase of the project in this budget period with the optimization and testing 
of our final demonstrator vehicle and engine. 

Objectives 
The objective of the ST2 program is to research, develop and demonstrate a Class 8 long-haul truck that can 
meet prevailing federal emissions standards, satisfy applicable safety and regulatory requirements, and achieve 
the following goals. 
Overall Objectives 

• Demonstrate 115% improvement in vehicle fuel economy (on a ton-mile-per-gallon basis) relative to a 
2009 Cascadia baseline (same as ST1). A stretch goal is 125% improvement. 

• Demonstrate an engine that meets or exceeds a 55% engine brake thermal efficiency (BTE) 
demonstrated in an operational engine at a 65-mph cruise point on a dynamometer. 

• Develop technologies that are commercially cost effective in terms of a simple payback. 

Fiscal Year 2022 Objectives 
• Finish building final demonstrator. 

• Optimize final vehicle feature integration into final demonstrator. 

• Perform dyno testing of engine. 

• Complete vehicle tests to demonstrate 115% improvement in fuel economy. 
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Approach 
The basic approach used by DTNA has been to take learnings from ST1 to create further aerodynamic 
improvements, energy management optimizations, improve tires, light weighting, and practical trailer 
improvements using a standard 53-foot trailer. The powertrain advancements beyond ST1 include combustion 
efficiency, along with gearing enhancements, advanced air handling, friction reduction, heat- and energy-loss 
mitigation, and an improved waste heat recovery system. 

We completed interior and exterior installations on the final demonstrator vehicle. Work continued on 
mechatronic features to gain functionality and reliability up until the test was initiated. Two individual road 
tests and two stationary tests were completed by the end of the program. The 55% BTE engine final tests were 
completed on a dynamometer at Oak Ridge National Laboratories (ORNL) with some follow-up testing in 
Detroit. Final data processing and results will be shared in the final report.  

Results 
The final demonstrator (Figure VI.D.4.1) accumulated a total of 9,929 miles before testing began with the last 
3,000 miles being issue free. Road testing began in August with both the Portland-Pendleton-Portland and the 
San Antonio-Dallas-San Antonio routes. Stationary tests for both the winter and summer mode were 
completed in September. 

 
Figure VI.D.4.1 The 2009 baseline and final demonstrator vehicles at start of testing 

Overall Weight  
The final tare weight of the ST2 model was 30,949 lb compared to the baseline tare weight of 33,546 lb. The 
increase payload of ST2 was 2,597 lb, thereby increasing ST2’s payload by 1.3 tons. Table VI.D.4.1 provides 
final weight comparisons used in testing. 

Table VI.D.4.1 Vehicle Weight Comparison 

 Baseline Vehicle Weight (lb) SuperTruck 2 Weight (lb) 

Steer 11,400 11,850 

Drive 26,700 24,750 

Trailer 26,900 28,400 

Total 65,000 65,000 

Tare 33,546 30,949 

Payload 31,454 34,051 
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Test Cell Demonstration Engine (55% BTE) 
The demonstration engine completed testing at ORNL by the end of 2021. Testing of the thermal barrier 
coated (TBC) pistons had been completed, but the time allotted for running the engine at ORNL ran out before 
the TBC cylinder head and valves could be completed. Detroit completed testing of the combustion chamber 
coating performance. 

With the TBC head and valves added to the package, the cumulative BTE of the core engine was 50.6%. 
Earlier in the ST2 program, development of the ST1 Waste Heat Recovery (WHR) (exhaust and exhaust gas 
recirculation [EGR] boiling only) continued using a better system based on cyclopentane working fluid. 
Including the cyclopentane WHR with the complete 50.6%, the core engine demonstrated a combined BTE of 
52.9%. The phase change cooling (PCC) WHR system was found to have higher performance through 
simulation. The PCC WHR engine assembly was completed but testing never started since the budget was 
depleted and test cell time was not available before the end of ST2 testing. The 55% BTE goal for the test cell 
demonstration engine would have been met based on the base engine performance, along with using the PCC 
WHR system simulation results. Figure VI.D.4.2 provides a waterfall view of the incremental improvement to 
engine BTE. 

 
TC – turbocharger; LIVC – late intake valve closing; LEVO – late exhaust valve opening; HT-LT – high 

temperature–low temperature 

Figure VI.D.4.2 55% BTE engine test results 

Thermal Barrier Coating 
For the final TBC testing in 2022, there was a ~0.3 g brake specific fuel consumption benefit thanks to the 
coated head alone and a further ~0.7 g from the pistons, giving an overall 1g benefit at best point for the 
complete coated combustion chamber, as shown Table VI.D.4.2. Worth noting is that the effect of the coatings 
on efficiency is wide-ranging, with a positive improvement across the entire engine operating range. 

During TBC testing, discoloration and loss of coating on the intake valves and seat was noted, which was 
likely caused by temperature shock from cold intake air interacting with the coated fire deck. (Figure IV.D.4.3) 
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TBC testing also revealed that coating parameters (material properties, coating thickness, and roughness) has 
significant influence on actual performance during testing. Slight deviation from optimal values of TBC can 
make engine freight efficiency worse. Furthermore, TBC measurably impacts the center of combustion, engine 
out NOx, and further optimization is needed to re-phase the combustion for same NOx to contribute to further 
freight efficiency improvement. Therefore, this investigation in the area of in-cylinder optimization has room 
for exploration regarding freight efficiency improvement, durability, and coating process variation. 

 
Figure VI.D.4.3 Coated fire-deck (cylinder head and valves) run in Detroit to demonstrate TBC 

SuperTruck 2 Road Test Raw Data 
The ST2 strategy, from the project’s beginning, was to focus on core technologies for the final demonstrator 
that show the most promising path to production. Core technologies in ST2 included tractor aerodynamics, tire 
rolling resistance reduction, core engine efficiency, and energy management. Tractor aerodynamics improved 
by 12% over ST1. The tractor tires also had a 12% reduction in rolling resistance. Lastly, the core engine 
efficiency improved by 5.7% over ST1 with several features. These changes will raise the industry expectation 
for significant fuel savings on Class 8 long-haul trucks. 

Based on results from our ST1 project, content selection narrowed the focus on ST2. We did not include WHR 
or high-voltage (HV) hybridization on the final demonstrator tractor nor pursue extreme trailer aerodynamic 
changes. Although these technologies demonstrated fuel savings on ST1, the feasibility for production was 
deemed low at the time due to multiple reasons, including unfavorable cost/benefit potential, identification of 
lower-cost alternative technologies (predictive EcoRoll vs HV hybrid), and adverse impact to other fuel 
economy measures (particularly WHR vs tractor aerodynamics). Drastic weight reduction using high-cost 
materials such as carbon fiber or complex chassis redesign has a long path towards production, so few 
resources were spent on these topics as well. Finally, trailer development was minimized since trailers are not 
part of DTNA’s core business, and extreme trailer aero measures proved to be operationally challenging and 
unproductive for fleets. 

While several technologies did make it to the final demonstrator, issues with software controls and hardware 
reliability caused some features to not function fully in the final test, resulting in less freight efficiency than 
expected. Dynamic load shift did not shift as much weight as expected; EcoSail, or predictive cruise, was not 
functional; boost and recoup hybrid were not functional; and the active aerodynamic panels did not have full 
deployment during all the individual tests. Lessons from the tests show the importance of reliable sensing, 
robust wiring, and thorough controls testing for all new features. Ensuring full functionality proved particularly 
challenging on a proof-of-concept for vehicles relying on prototype systems with low design maturity and high 
vehicle integration complexity. 
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One final note on the preliminary results is that the same 2009 baseline truck and trailer that were part of ST1 
were retested. The only change to this truck and trailer (other than basic maintenance) was installing new tires. 
The original tires used were no longer in production or available, so similar rolling resistance tires were 
selected. The actual rolling resistance of these new tires is currently unknown but is currently being tested. The 
actual 2009 vehicle performance results were better than anticipated and better than what was reported in ST1. 
An analysis of the 2009 tires and impact on the data will be provided in the final report. 

For the driving portions of the test cycle, the procedure used for measuring the relative fuel consumption 
between the ST2 and baseline vehicles was a modified version of the TMC Type IV Fuel Economy Test 
Procedure (RP1109), where the fuel measurement was made using high accuracy on-board flow meters. TMC 
Type IV is a procedure used to measure the fuel consumption of one vehicle relative to another and provides 
guidance for running an unbiased test. The procedure calls for a minimum of three valid test runs for each 
route. 

For the driving portions of the test cycle, the drivers are coached to remain on cruise control as much as 
possible with the goal of reducing non-random error. SuperTruck 2 is a comprehensive tractor/trailer program; 
as such, the Type IV test procedure was modified to swap only the drivers and flowmeters at the halfway point 
of each respective test route. Each truck’s diesel particulate filter was regenerated prior to each test run such 
that both trucks started with the same conditions.  

By the end of third quarter of 2022, all four freight efficiency tests were completed on time. A thorough 
analysis of the full results will be provided in the final project report.  

Parked Tests 
The stationary test duration for ST2 was set to the same five hours for the A/C cycle (summer mode) and five 
hours for the heating cycle (winter mode) as in ST1. The parked tests were conducted per TMC RP-432 
protocol, “Engine Off HVAC Performance Requirements for Truck Cabs with Sleepers.” All other test criteria 
of the TMC protocol were met that included the ability to start the vehicle after the test was completed.  

Table VI.D.4.2 Stationary Test Result 

 Summer Mode Test Winter Mode Test 

Test Conditions 

5 hours 
100°F ambient temperature 

50% relative humidity 
600 w/m2 solar loading 100 

5 hours 
0°F ambient temperature 

Cab Temperature Target 73°F ± 5°F 73°F ± 5°F 

Baseline Fuel Consumption 3.34 gallons 3.00 gallons 

ST2 Fuel Consumption 0.49 gallons 0.30 gallons 

The baseline 2009 Cascadia tractor consumed 3.0 gal and 3.34 gal of fuel for each of the five-hour winter and 
summer mode tests, respectively. This was very similar to the ST1 result for the 2009 baseline that consumed 
3.0 gal and 3.6 gal for the winter and summer modes. SuperTruck 2 consumed 0.3 gal and 0.49 gal for the 
winter mode and summer mode, respectively. Savings from the winter mode test stem primarily from the use 
of a fuel-fired heater for warming the sleeper and better insulation, compared to main engine idling as a heat 
source for the baseline. 

Conclusions 
All testing was completed on time, and detailed data analysis will be provided in the final report. Many 
technologies developed on ST2 have a short path towards production. The final report will provide further 
insights into production readiness. 
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• Tractor aerodynamics improved by 12% over SuperTruck 1.  

• Tractor tires have a 12% reduction in rolling resistance.  

• Core engine efficiency improved by 5.7% over SuperTruck 1 with several features impacted.  

Patent and Invention Disclosures 
1. Slocum, Jackson, Dinesh Madugundi, and Paolo Zanetti. 2021. “Arrangement of a Side Door on a Cab 

for a Commercial Vehicle.” Owner: Daimler AG (internal ref 2021P01884 GB) GB Patent 
Application No. 2118962.6 filed December 23. 

Key Publications 
1. Villeneuve, D., J. Girbach, and M. Bashir. 2022. “Improving Transportation Efficiency through 

Integrated Vehicle, Engine, and Powertrain Research – SuperTruck 2.” Presented at the 2022 Vehicle 
Technologies Office Annual Merit Review Meeting, Arlington, VA, June 23. 
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VI.D.5 Development and Demonstration of Advanced Engine and 
Vehicle Technologies for Class 8 Heavy-Duty Vehicle – 
SuperTruck II (PACCAR Inc.) 

Maarten Meijer, Principal Investigator  
PACCAR Inc. 
12479 Farm to Market Road 
Mount Vernon, WA 98273 
Email: maarten.meijer@paccar.com 

Siddiq Khan, DOE Technology Manager 
U.S. Department of Energy 
Email: Siddiq.Khan@ee.doe.gov 

Start Date: October 1, 2017 End Date: December 31, 2023  
Project Funding: $40,000,000  DOE share: $20,000,000 Non-DOE share: $20,000,000 
 

Project Introduction 
PACCAR Inc., through Kenworth Truck Company and PACCAR Technical Center, is collaborating in the 
design and development of a very high-efficiency engine with advanced combustion, reduced friction, 
advanced air management, and waste heat recovery. Collaborating partners are the National Renewable Energy 
Laboratory, Eaton Corporation, AVL North America, and The Ohio State University. A 48 V mild hybrid 
powertrain, enhanced through accessory electrification and advanced controls, is also under development. The 
powertrain will be incorporated into a highly aerodynamic and lightweight tractor–trailer combination. The 
vehicle concept includes advancements in rolling resistance, thermal management, and auxiliary components. 
Representative customer driving routes have been selected and will be used for development and optimization 
of the integrated vehicle controls package. Testing of engine, powertrain, and vehicle will demonstrate that 
project goals have been met. 

The combination of technologies is on track to provide greater than 120% improvement in vehicle freight 
efficiency (with the current prediction at 140%) at an affordable cost and with a short payback time. This level 
of fuel efficiency improvement, applied over the entire Class 7 and Class 8 vehicle fleet in the United States, 
will have a tremendous positive impact on the operating efficiency of truck fleets and significantly reduce 
fossil fuel energy dependency. 

Objectives 
The objective of this project is to research, develop, and demonstrate a Class 8 long-haul tractor–trailer 
combination that meets prevailing federal emission standards and applicable safety and regulatory 
requirements while achieving the objectives listed below. 

Overall Objectives 

• Greater than 100% improvement in vehicle freight efficiency (on a ton-mile-per-gallon basis), with a 
stretch goal of 120% relative to a 2009 baseline 

• Demonstrated 55% engine brake thermal efficiency (BTE) in an operational point representative of 
cruise conditions 

• Same or improved vehicle performance (acceleration and grade performance) relative to a 2009 
baseline  
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• Cost-effectiveness as expressed in terms of a simple payback to foster rapid market adoption of new 
technologies 

Fiscal Year 2022 Objectives 
• Waste heat recovery demonstration (4% BTE) 

• SuperTruck II engine build and testing (51% BTE) 

• Mild hybrid powertrain validation and integration 

• Vehicle design freeze 

Approach 
The project has been approached in three distinct but related areas: powertrain, vehicle, and engine. For the 
SuperTruck II vehicle demonstrator, the team is using a systems engineering approach while working with 
integrated teams, combining areas of technical expertise and leveraging existing development processes and 
tools. 

Although both the engine and vehicle efficiency targets require development and implementation of multiple 
new technologies, the aim of commercialization is consistently used throughout the selection procedure. As a 
result, commercialization feasibility of new technologies is evaluated by using a combination of the technology 
readiness level process, return on investment calculations, and multiple customer councils. 

A key element for the SuperTruck II powertrain is the implementation of a 48 V mild hybrid architecture, 
including the integration of an optimized Li-ion battery system. Primarily and directly because of the 
SuperTruck II program, 48 V electrification is regarded as a high-potential candidate for accelerated market 
introduction. This mild hybrid architecture is seamlessly integrated with the high-efficiency PACCAR MX-11 
engine, PACCAR transmission, 4x2 axle architecture, and low-rolling-resistance tires. In addition to direct fuel 
efficiency contributions, mainly due to regenerative braking power capability, the 48 V architecture also 
supports overnight (predictive) e-hoteling. The overall powertrain component optimization is performed by 
using extensive vehicle route simulations, including the various developed vehicle-energy-level software 
control strategies and driver needs. 

To find the right balance for the engine between optimum BTE and high future commercialization potential, 
concepts are categorized into three areas: conventional, modest innovation, and non-conventional. Detailed 
simulations revealed that implementing only the conventional concepts is not sufficient to achieve the 55% 
BTE target. Therefore, the team has fully adopted investigating the modest innovation design concepts and is 
exploring alternative combustion regimes from the non-conventional concepts. Non-conventional concepts that 
require significant mechanical changes—i.e., basic engine architecture design changes—were excluded. The 
optimization of highly coupled engine systems requires an integrated simulation and experimental approach. 
Dedicated test rigs for flow, combustion, and boost are used to validate the simulations, at a component and 
system level. The detailed insights from the experiments feed additional simulations in order to define the final 
engine hardware design. For example, the PACCAR SuperTruck II engine, tailored to waste heat recovery 
(WHR) architecture, is optimized by coupling the detailed engine and WHR Rankine cycle simulations. 

The vehicle design includes significant aerodynamic improvements such as tractor wheel well closeouts, 
camera-based mirrors, optimized windshield curvature and A-pillars, and reduced tractor–trailer gap. The 
tractor and trailer are undergoing significant lightweighting through the implementation of new designs for 
modular chassis, rear axle, and cabin. Vehicle energy use will be reduced significantly by applying highly 
efficient auxiliary electrification and cabin insulation. The overall energy management of the SuperTruck II 
vehicle demonstrator is supervised by a vehicle-level energy management controller concept. 
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Results 
Powertrain 
Mild-hybrid powertrain components, including the 48 V Li-ion battery system, power take-off (PTO) motor, 
and ultra-low nitrogen oxides (NOx) system, were installed on the proof-of-concept vehicle in 2022. The team 
focused on mechanical and electrical integration of the battery system, the 30 kW inverter, the PTO motor 
(Figure VI.D.5.1), the transmission controller unit, and the 3 kW DC-to-DC converter.1 Engine off-coast is the 
only remaining function to validate that will contribute to improved freight efficiency. 

Several approaches to optimal charging strategies during propulsion mode have been integrated with the 
optimal braking strategy. Thus, the controls for the entire driving cycle are completed and tested. Different 
methods have been tested and compared for energy savings and hoteling management. The methods have been 
tested on the Akasol battery pack, assuming 1 kW electrical loads for the predictive e-hoteling cycle. 

After verifying successful communication from the 48 V mild hybrid system, researchers were able to start the 
engine using the PTO motor. After a successful engine crank, the battery system was charged using the engine 
control unit. The team will continue integrating and validating the mild-hybrid system components on the 
proof-of-concept vehicle, with revisions to controller area network architectures and wiring diagrams as 
required to achieve desired functionality.  

During on-road testing of a high-current inverter in the test vehicle, the Akasol upper current limit was 
transiently exceeded. The Akasol pack and the MD30 software were modified to disable isolation fault 
detection via controller area network message to the Akasol battery management module. Once the request to 
disable isolation fault detection was removed, the Akasol pack functioned normally. 

 
Figure VI.D.5.1 PACCAR SuperTruck II PTO motor 

The validated powertrain, including controls and electrical architecture, is ready for integration into the final 
demonstration vehicle. The mild-hybrid powertrain contributes approximately 40% of our freight efficiency 
improvement.  

 

1 A DC-to-DC converter is an electronic circuit or electromechanical device that converts a source of direct current (DC) from 
one voltage level to another. 
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Engine 
Final proof-of-concept measurements for the engine have been completed. Dedicated test rigs have been 
utilized throughout the project to isolate the sub-system of interest while operating at the anticipated final 
engine demonstrator conditions. Activities this year focused mainly on validation of turbocharger efficiencies 
required to support the late inlet valve closing (Miller) cam timing and long-stroke concepts selected. 
Experimental activities were supported by detailed simulation activities. A 1D model was used to confirm the 
best turbocharger match and explore additional options in terms of turbocharger nozzle trims. When the 
turbocharger hardware was received, it was run on a production multicylinder engine, in combination with the 
pulsed optimized exhaust manifold, and run in parallel on the 1D model, showing good agreement and proving 
the anticipated overall turbocharger efficiency. 

The demonstration engine build (Figure VI.D.5.2) started this year, as the procurement of components 
concluded. Engine assembly progressed slowly because of several issues that needed to be addressed. The 
largest concern was that the crankshaft main bearing bore was undersized and needed to be enlarged before 
proceeding with the engine assembly. With the crankshaft main bearing bore within specifications, the engine 
assembly continued to completion of the short block and onto the long block. With the engine build completed, 
the team is ready for the final step of the project, which is demonstration of 55% BTE in the test cell. Various 
hardware variants (camshafts, turbochargers, injectors) are available for final engine efficiency optimization in 
the testbed, if needed. However, with the detailed simulations and sub-system proofs of concept in place, the 
team is confident about reaching the project goals on time. 

 
Figure VI.D.5.2 Prototype engine build 

Testing of the full WHR system at the design point and a wide range of alternate engine operating conditions 
has been completed. A WHR benefit of >4.0% BTE has been achieved at all operating conditions provided by 
the engine team, with an above-target result of 4.3% achieved at the design point. Characterization of 
sensitivity to coolant conditions, as well as flow restriction measurements for engine-side components, has also 
been completed. 

Vehicle 
Significant progress has been made on the demonstrator vehicle, with most of the larger tools being completed 
for the body-in-white (Figure VI.D.5.3). Tools include the roof, cab door assembly, both side outer skins 
(including the door aperture), rear wall skin, and both floor skins. Tractor architecture comprises 
approximately 49% of our current freight efficiency goal, with tractor aerodynamic improvements contributing 
an additional 20% toward our goal. 
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Figure VI.D.5.3 Rendering of PACCAR SuperTruck II cab and trailer (left) and clay model of cab (right) 

Interior development continues with a focus on the instrument panel, sleeper compartment, and rear console. 
Also considered within interior development are project scope and definition, design theme, material 
selections, and interior layout of center drive with a focus on the instrument panel, two-tier headliner, sleeper 
compartment, and packaging of electronic controllers on the left side, right side, and rear console (Figure 
VI.D.5.4). Next steps will include creating A-surfaces, solid modeling, and design for manufacturing and 
assembly review. The electric heating, ventilation, and air conditioning (e-HVAC) heat pump system was built 
by MAHLE, our supplier. The e-HVAC system is in the final stages of performance testing at the supplier 
before being integrated into the demonstrator vehicle. 

 
Figure VI.D.5.4 Rendering of PACCAR SuperTruck II cab interior (left) and e-HVAC system (right) 

One focus of the project has been electric power steering solutions to enable engine off-coast operation as a 
means of supporting fuel economy goals. Several systems were investigated, and an axle-mounted electric 
power steering system was selected over other alternatives, including electric-over-hydraulic solutions. This 
concept retains our existing geometry for wheel cut and Ackermann but will allow us to do away with the 
hydraulic assist pump. The drive-by-wire technology offers some packaging advantages that could be useful in 
future vehicle platforms to improve aerodynamics and ergonomics, along with other improvements. 

Computational fluid dynamics analysis has shown that the skirt and tail concept on the lightweight trailer 
should provide an estimated 43% increase in drag performance over a standard utility trailer. Stoughton plans 
to kick off tooling for the components of the lightweight trailer in the fourth quarter (Q4) of 2022. Current 
activities include developing the auxiliary aero components, and the project is on track to have the aero skirts 
designed and available by the time the rest of the trailer is complete in Q2 2023.  
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Conclusions 
The PACCAR-led team has integrated the approaches for engine, powertrain, and vehicle into the prototypes 
for experimental component and system-level validation. Final engine and powertrain hardware components 
have been fabricated and assembled, and design activities for the final vehicle demonstration have progressed. 
Based on the proof-of-concept experimental results, it can be concluded that the project is well on track to 
meet its objectives and to be completed within budget by the contractual deadline of Q4 2023. 

The status of the three key project research areas is summarized below. 

Powertrain 
• Installed and validated 48 V mild hybrid powertrain components on proof-of-concept vehicle. 

• Implemented and validated electrical and controls architecture. 

• Tested overall powertrain concept and performance on proof-of-concept vehicle. 

Engine 
• Completed final component/sub-system proof-of-concept measurements. 

• Procured engine hardware and completed engine build. 

• Started final engine demonstration testing. 

• Achieved WHR benefit of >4.0% BTE at all operating conditions provided by the engine team, with 
4.3% achieved at the design point. 

Vehicle 
• Completed majority of tooling for cab structure. 

• Making final revisions to interior design, with a center drive position as one of the key features. 

• Conducting final performance validation on e-HVAC system. 

• Started final vehicle build. 

Key Publications 
1. DOE quarterly progress report, Q17 – January 30, 2022 

2. DOE quarterly progress report, Q18 – April 30, 2022 

3. 2021 Annual Merit Review Presentation, June 23, 2022 

4. DOE quarterly progress report, Q19 – July 30, 2022 

5. DOE quarterly progress report, Q20 – October 30, 2022 
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Project Introduction 
Today’s transportation vehicle customers are demanding that manufacturers produce engines with lower 
weight and improved efficiency to reduce fuel consumption, emissions, and costs associated with vehicle use, 
while maintaining or even increasing engine performance. Developing the next generation of high-efficiency, 
very low-emission internal combustion engines thus requires a combination of new combustion strategies, 
advanced materials, and new materials processing techniques to further increase engine efficiency and reduce 
weight.  

Objectives 
The objective of this collaborative project between General Motors (GM), Oak Ridge National Laboratory 
(ORNL), The Ohio State University (OSU), Michigan Technological University, and ECK Industries Inc. is to 
develop an advanced medium-duty truck engine. This engine is to be equipped with advanced materials and 
combustion technologies capable of achieving ≥10% fuel efficiency improvement and ≥15% engine weight 
reduction when compared to the 2015MY (model year) GM L96 VORTEC 6.0 L V8 engine compliant with 
applicable U.S. Environmental Protection Agency emission standards, with performance demonstrated via 
simulation coupled with engine dynamometer testing. 

Approach 
This project is proposed as a large-scale engine design and demonstration enabled by an advanced materials 
and manufacturing development program, with a comprehensive plan spanning a period of four years in two 
phases. The project begins with engine architecture design and analysis activity, advanced materials and 
manufacturing process development and down-selection. It culminates in an engine test cell evaluation with 
optimal materials and manufacturing solutions supporting final vehicle simulation. The final engine test is to 
verify engine weight reduction and performance to the funding opportunity announcement (FOA) 
objectives [1]. 

Several advanced combustion technologies are investigated, including stoichiometric combustion, increased 
compression ratio, aggressive exhaust gas recirculation (EGR) dilution, and load point optimization. High-
strength and heat-resistant materials are developed and incorporated with novel metal casting and additive 
manufacturing (AM) processes to produce highly durable engine structures to maximize performance of the 

mailto:Qigui.wang@gm.com
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materials and systems with minimum mass and cost. The opportunity to include advanced materials and 
manufacturing in conjunction with high-potential combustion system and engine technologies also creates the 
chance to revisit the most appropriate engine specification to realize the desired efficiencies while reducing 
engine weight cost-effectively. A point of focus is the most cost-effective solution to promote wide market 
acceptance using the right materials in the right place and right process for the right parts. Single- and multi-
material solutions for key engine components are investigated. Integrated computational materials engineering 
(ICME) [2], [3] and computer-aided engineering (CAE) tools are fully utilized to accelerate both engine design 
and material and manufacturing solution development and optimization.  

Results  
Based on Phase 1 research and development, advanced combustion and materials technologies have been 
developed and down-selected for the proposed medium-duty truck engine capable of meeting requirements. 

Task 3.1 Design and Build Engines to Facilitate Test Cell Evaluation of Proposed Medium-Duty Truck 
Solution Incorporating Components 
Subtask 3.1.1 – Design of Phase 2 engine cylinder head and block was completed, as shown in Figure 
VI.D.6.1 and Figure VI.D.6.2, incorporating the relevant advanced combustion and materials technologies 
developed in Phase 1, such as dual ignition, uniform combustion cooling, and charge motion control. 

  
Figure VI.D.6.1 Cylinder head system Figure VI.D.6.2 Engine block system 

Subtasks 3.1.2–3.1.3 – Figure VI.D.6.3 and Figure VI.D.6.4 show the design completion of valvetrain, 
induction, and exhaust systems that enable Atkinson cycle strategies, enhanced EGR (E-EGR), and variable 
induction system strategies. 

  

 
Figure VI.D.6.3 Valvetrain system Figure VI.D.6.4 Induction (left) and EGR (right) systems 

Subtasks 3.1.4–3.1.8 — Figure VI.D.6.5 shows the design completion of fuel and coolant pump systems 
capable of ultra-high-pressure (UHP) fuel injection and advanced combustion cooling enhancement. Figure 
VI.D.6.6 shows the design of the Phase 2 engine completed with integration of all the advanced combustion 
and materials technologies developed in this project. With the developed material solutions, the Phase 2 engine 
mass is more than 15% lighter than the baseline engine, while the engine displacement is increased from 6.0 L 
to 6.6 L. Table VI.D.6.1 compares the Phase 1 engine fuel economy improvement measured from various 
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advanced combustion technologies with the CAE model predictions. It can be noted that the reported fuel 
economy improvement of 9.1% is on track to meet or exceed the project target of 10% once the pre-chamber 
spark plug benefit is added. 

 
Figure VI.D.6.5 Fuel (top) and coolant pump (bottom) 

systems 
Figure VI.D.6.6 Complete Phase 2 engine system 

Table VI.D.6.1 Comparison of Measured and Predicted New Technologies to Baseline L96 Engine at 
Weighted Average Greenhouse Gas Emissions Model (GEM) Cycle Operating Points 

 
PFI – port fuel injection; TBD – to be determined 

Task 3.2 Demonstration of the Highest-Payoff Materials and Manufacturing Solutions for Key Engine 
Components for the Proposed Medium-Duty Truck Engine 
Subtasks 3.2.1–3.2.2 – A novel low-pressure precision sand casting (LPPSC) process has been developed for 
casting high-quality aluminum cylinder head and engine blocks through a comprehensive casting process 
simulation and multiscale defect and microstructure modeling, gating, and riser system, as well as LPPSC 
process parameter optimization. The fatigue strength of the LPPSC heads at 250°C has improved by at least 
20% compared with baseline heads (Figure VI.D.6.7). 
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Figure VI.D.6.7 S-N fatigue data of LPPSC and baseline 319 alloy cylinder heads tested at 250°C 

Subtask 3.2.3 – The Phase 2 piston has been designed and printed with ORNL’s 
Al-Ce-based DuAlumin-3D alloy, as shown in Figure VI.D.6.8. The Phase 2 AM 
piston is ~11 grams lighter than a cast aluminum production piston. CAE durability 
analysis indicates that the AM piston design exceeds the piston safety factor 
requirements. Figure VI.D.6.9 shows stress–life (S-N) and staircase fatigue testing 
of both AM and cast aluminum pistons. The high cycle fatigue (HCF, 10^7 cycles) 
strength of the AM pistons at 300°C is improved by at least 50% in comparison 
with the cast aluminum production pistons. 

 
Figure VI.D.6.9 S-N fatigue data of AM-printed and cast aluminum pistons tested at 300°C 

Subtask 3.2.4 – The new design of the chills, gating, and riser system has produced high-quality cast steel 
cranks with minimum microporosity in Phase 2, as shown in Figure VI.D.6.10. Fatigue performance of the 
Phase 2 cast steel cranks with the new gating system (called 2nd set cranks) is much improved in comparison 
with the cranks made in Phase 1 (1st set cranks), particularly in the high cycle fatigue regime (>300,000 cycles) 
(see Figure VI.D.6.11). The Phase 2 steel cranks have fatigue performance similar to that of the forged steel 
baseline cranks. After hot isostatic pressing (hipping), the Phase 1 cranks show better fatigue performance than 
the forged ones. It is believed that the Phase 2 cranks should do the same after hipping, indicating that the cast 
steel alloy developed in the project has inherent advantages over the baseline forged steels. 

Figure VI.D.6.8 AM-printed 
Phase 2 pistons 
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Figure VI.D.6.10 New cast steel crank casting 
design (top) and a Phase 2 crank made by the 

project team (bottom) 

Figure VI.D.6.11 S-N fatigue data of cast tell cranks in various 
conditions compared with the forged baseline cranks 

Subtask 3.2.5 – Through-process modeling and local materials property simulation, following the ICME 
approach, has been continuously conducted on Phase 2 cast aluminum cylinder head and engine block, cast 
steel, and nodular iron cranks, as well as cast and AM aluminum pistons, to ensure their designs to meet 
performance and durability requirements. Figure VI.D.6.12 shows the through process modeling flow for the 
LPPSC aluminum engine block. After the block casting geometry and gating/riser system is optimized, the 
comprehensive casting process modeling is carried out to simulate the mold filling and solidification. With the 
modeling capabilities developed at GM for multiscale defects (e.g., porosity and oxides) and microstructure 
simulation, nodal-based microstructure (e.g., the secondary dendrite arm spacing) and defect population (e.g., 
porosity volume fraction and sizes) are predicted throughout the entire block casting. Based on the simulated 
defects and microstructure from casting process modeling, location-specific material properties (e.g., tensile 
and fatigue properties) can then be predicted and incorporated in the CAE performance and durability analysis 
of the block casting. Similarly, the through-process modeling and ICME approach has been applied to other 
castings, such as cast steel crankshaft. Figure VI.D.6.13 shows an example of using casting process modeling 
capability in crank casting gating/riser system optimization. 

 
Figure VI.D.6.12 Through process modeling 

approach flow for cast aluminum block. 
Figure VI.D.6.13 Casting process simulation and casting quality (e.g., 

porosity) prediction in cast steel crank. 

Modeling of AM and cast aluminum microstructure has been continuing at OSU using a cellular automaton 
technique. In this budget period, cast aluminum microstructure simulation has been focused on columnar to 
equiaxed transition (CET). Modeling of AM microstructure has been carried out in grain structure simulation. 
Figure VI.D.6.14 shows an example of the CET simulations of the Al-8.6%Si-0.32%Mg-0.44%Fe-0.22%Mn 
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alloy during casting solidification. Figure VI.D.6.15 shows an example of AM grain microstructure evolution 
for a vertical multipass build case. 

 
Figure VI.D.6.14 CET simulation for cast aluminum alloy solidified under an average cooling rate of 5-10 K/S, with and 

without random nucleation 

 
Figure VI.D.6.15 Cellular automaton simulation of AM grain structure. Laser speed of 1.5 M/S and thermal properties of 

AlSi10 alloy used. Top row shows thermal profile; bottom figures show individual grains. 
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Conclusions 
Phase 2 engine design has been completed with incorporation of advanced combustion and materials 
technologies developed in Phase 1. Based on the technology development and verification, conducted both 
computationally and experimentally, the designed Phase 2 engine should be able to achieve the FOA objective 
of 10% fuel economy improvement and 15% mass reduction. The ICME approach has been used in the project 
to link materials, manufacturing, and system design into a holistic computational framework to enable the 
design and manufacturing of key engine parts with location-specific microstructure and material property 
modeling. 

Key Publications 
1. Moodispaw, M.P., B. Chen, A.A. Luo, Q. Wang. 2022. “Achieving Metallurgical Bonding in 

Aluminum/Steel Bimetallic Castings.” American Foundry Society Transactions, Paper 22-040. 
Presented at CastExpo and Metalcasting Congress, Columbus, OH, April 23–26, 2022. 
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Project Introduction 
The next-generation high-efficiency 
engine development project is a 39-
month U.S. Department of Energy 
Office of Energy Efficiency and 
Renewable Energy Vehicle 
Technologies Office-funded research 
and development effort. As shown in 
Figure VI.D.7.1, the goal of the project 
is to combine advanced combustion 
system technologies, thermal 
management strategies, and advanced 
materials to demonstrate a turbocharged 
gasoline engine with peak efficiency 
exceeding the best of today’s hybrid 
electric vehicle engines. While the 
market share of battery electric vehicles 
is increasing, most light-duty vehicles 
are projected to contain conventional or 
hybrid internal combustion engines well beyond 2030. Improvements in engine efficiency and reductions in 
powertrain weight have strong leverage to reduce vehicle-related carbon dioxide emissions for decades to 
come. This project develops engine-efficiency and weight-saving technologies that enable competitive, 
profitable internal combustion engines, targeting the highest-production-volume powertrains. 

The project will achieve more than 20% drive cycle fuel economy improvement through a significant increase 
in compression ratio, highly dilute stoichiometric combustion, and various actions to reduce friction and 
weight. Application of advanced materials and additive manufacturing methods will also be investigated to 
facilitate efficiency improvements and to achieve a 15% weight reduction target. 

The project team consists of Ford Motor Company, FEV North America, and Oak Ridge National Laboratory. 
Each partner brings strengths to this collaboration, and the combined knowledge in powertrain, combustion, 
component design, analytical development, and manufacturing will ensure a successful project. 

Objectives 
The objective of this project is to develop an engine with advanced combustion technologies capable of 
achieving ≥23% fuel efficiency improvement relative to a baseline 2016 model year 3.5 L V6 EcoBoost F150. 

Figure VI.D.7.1 Specific power versus maximum efficiency 
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The engine will be compliant with applicable U.S. Environmental Protection Agency emissions standards and 
the fuel economy improvement will be demonstrated via engine dynamometer testing coupled to vehicle drive-
cycle simulations. Advanced materials and weight-saving technologies will also be used to demonstrate the 
capability of ≥15% weight reduction of the baseline engine. These targets are particularly challenging given 
that the baseline engine is already a lightweight, downsized, boosted engine. 

Fiscal Year 2022 objectives are as follows: 

• Continue single-cylinder engine (SCE) dynamometer studies supporting calibration optimization. 

• Complete fabrication, assembly, and test prep of the first multi-cylinder engine (MCE).  

• Complete evaluation of the weight savings and study additional weight-reduction actions.  

Approach 
To achieve the project goals, work has been divided into several overlapping workstreams, as illustrated in 
Figure VI.D.7.2. The technology selection process was strongly guided by analytical tools, including three-
dimensional flow and combustion modeling as well as structural and thermal analysis. Key items related to 
engine efficiency, outlined in the blue dotted circles of Figure VI.D.7.2, are being demonstrated and developed 
using SCEs. The final status of the fuel economy and weight targets will be demonstrated via dynamometer 
testing of a complete MCE, outlined in yellow, along with regulatory drive-cycle simulations. 

 
Figure VI.D.7.2 Development approach 

This report will emphasize the project’s combustion system development, efficiency, and hardware design 
aspects. A second report, focused on materials and lightweighting, has been prepared for the Materials 
subprogram’s annual report. 

Results  
High-level engine assumptions were developed to support the project’s fuel economy and weight objectives. 
Analytical assessments led to the selection of a 3.7 L inline six-cylinder engine with a bore-to-stroke ratio of 
0.75, a 14:1 compression ratio, and part-load stoichiometric exhaust gas recirculation (EGR) dilution capability 
in the range of 35%–50%. 

Work during this reporting period has been focused in three areas: (1) verifying the dilution tolerance of the 
combustion system using SCEs; (2) manufacturing, assembling, and preparing to test MCEs; and (3) 
completing the weight assessment of the engine. 
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Dilution Tolerance Verification 
Analytical tools were leveraged during the design of the combustion system to extend stable combustion to 
very high concentrations of EGR. Results indicated that the active prechamber combustion system should be 
stable to 40% EGR. SCE testing was conducted to verify the analytical assessment with example results at 
1,500 rpm, 5.6 bar net mean effective pressure (NMEP) shown in Figure VI.D.7.3.  

The upper left graph of Figure VI.D.7.3 illustrates how the selected technologies address the knock limit of typical 
stoichiometric gasoline combustion. Because of the high geometric compression ratio, the engine is significantly 
knock limited even at 5.6 bar NMEP when operating with a conventional spark plug and valve timing. The 
continuously variable valvetrain can be leveraged to operate with an early intake valve closing (EIVC) thereby 
reducing the effective compression ratio and the tendency for knock (arrow A). At 0% EGR, the engine is still 
somewhat knock limited, but as cooled EGR is added, combustion phasing can be improved to the minimum 
advance for best torque. Further knock relief is expected from using the pre-chamber ignition system, but at this 
operating point, minimum advance for best torque is reached with the combination of EIVC and cooled EGR.  

The upper right graph of Figure VI.D.7.3 illustrates how, with a typical spark plug ignition system (blue line), 
the burn duration increases and eventually combustion becomes unstable at high rates of EGR. The active pre-
chamber ignition system (green line) dramatically decreases the burn duration (arrow B) and extends the useful 
dilution limit from 20% EGR to 40% EGR. The lower graph shows the impact of combining EIVC, active 
prechamber ignition, and cooled EGR on net specific fuel consumption (NSFC). A 14% improvement in 
NSFC was achieved relative to the 0% EGR, conventional cam timing, spark plug ignition system.  

 
APC = active pre-chamber; °ATC = degrees above top center 

Figure VI.D.7.3 Combustion phasing, burn duration, and NSFC improvement for a 1,500 rpm, 5.6 bar NMEP EGR sweep 
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Manufacture and Assembly of the MCE 
One major achievement this year was completing the manufacture of 
all MCE components. Once the components had been manufactured, 
engine assembly was carried out in two build phases. The first build 
phase was conducted with a non-functional block and was used to 
identify assembly issues and as an assembly buck for the construction 
of the test pallet and instrumentation. Once the phase-one build was 
completed, a fully functional engine was assembled and installed on 
the engine pallet. Once palletized and instrumented, the engine was 
installed in an engine dynamometer test cell and is expected to begin 
testing by year-end 2022. 

A control system to operate the engine has been developed in parallel 
with the engine hardware. This engine includes many technologies 
and actuators not present on Ford’s production engines. As a result, 
significant work was required to design and build a control system 
suitable for completing the required dynamometer testing. The 
following is a simplified description of the control system hardware. 
Much of the engine control is managed by two engine control 
modules, one operating the pre-chamber ignition system, and the other 
operating most of the typical remaining engine actuators. Additional 
stand-alone modules were required to interface with the continuously 
variable valvetrain system, electronic water pump, pre-chamber air injectors, and the EGR valve. Prototype 
wiring harnesses were designed and built to provide the necessary connections, and a production engine 
control strategy was modified to accommodate the new actuators. Portions of the control system have been 
bench tested to validate compatibility and function.  

Overall Weight Reduction Status 
All MCE components are now available and have been weighed. The total engine weight, assuming a passive 
pre-chamber (PPC) ignition system, has been calculated based on these individual component measurements. 
The current prototype 3.7 L engine achieved a 4.3% weight reduction relative to the 2016 model year 3.5 L V6 
EcoBoost engine baseline (Figure VI.D.7.5). Therefore, additional weight actions are required to achieve the 
15% reduction target. Three items account for a majority of the shortfall to the target. (1) The boost system 
complexity was increased to facilitate higher boost pressures for more aggressive Miller valve timings. This 
resulted in a weight penalty for the boost system instead of the expected weight benefit. (2) The engine stroke 
was increased to improve thermal efficiency. This resulted in a significant increase in the weight of the engine 
block and crankshaft. (3) The engine architecture shift to an inline engine did not result in the anticipated 
weight reduction. This can be partially attributed to the long stroke and the required crankshaft structure. 

An additional 5.3% weight reduction has been investigated by considering items not included in the project 
proposal, but in line with other actions demonstrated in the current prototype. These additional actions would 
maintain the current engine’s fuel economy and performance but were not incorporated into the MCE 
hardware to avoid additional cost. The status of the engine weight reduction, with these items included, is 
captured in the “3.7 L I6 – Weight Actions” column of Figure VI.D.7.5 and consists of the following items:  

• Reduced crankshaft weight (hollow main bearing journals). 

• Composite intake manifold. 

• Magnesium cam carrier and UniAir bricks. 

• Catalyst system inlet and exhaust downpipe optimization (reduced number of bolted connections). 

Figure VI.D.7 4 Assembled and palletized 
prototype engine 
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A path to achieve the 15% weight reduction target is possible but requires additional weight actions and some 
of these actions have the potential to impact the engine fuel efficiency or performance objectives. One way to 
achieve the 15% weight reduction target would be to utilize a single twin-scroll turbocharger instead of the 
current dual turbocharger boost system. This action would limit the early intake valve closing knock benefit 
and could degrade the engine’s full load performance. The status of the engine weight reduction with a twin-
scroll boost system is shown in the “3.7 L I6 – Further Study” column of Figure VI.D.7.5. The following items 
are examples of actions that have been studied that improve the weight reduction benefit to the 15% target: 

• Single twin-scroll turbocharger boost system (achieves weight target with reduced performance). 

• EGR cooler and EGR flow enhancement throttle delete. 

• Reduced peak engine speed. 

• Reduced engine stroke. 

 
Figure VI.D.7.5 Path to 15% weight reduction 

Conclusions 
Simultaneously meeting the fuel economy and weight targets of this project presents many challenges. In the 
third year of this project, SCE testing was conducted confirming the combustion system is capable of stable 
operation with up to 40% EGR. Manufacturing of the MCE prototype parts was completed as well as the 
assembly of the first MCE. A control system was designed, and the associated wiring harnesses were 
fabricated and tested. Finally, weight assessments were completed based on these individual component 
measurements for several engine configurations. The net impact on engine weight of increasing the engine 
displacement, adding fuel economy technologies (low-pressure cooled EGR, continuously variable valvetrain, 
active cooling system, and long stroke), and utilizing lightweighting technologies (composites, additive 
manufacturing, and changing from a “V” to an “I” architecture) was a 4.3% reduction. Actions achieving an 
additional 5.3% without compromising fuel economy or performance were identified and analyzed. Several 
pathways to achieving 15% weight reduction were identified, but each requires some compromise in either 
performance or fuel economy. These efforts directly support the mass-reduction and efficiency-improvement 
goals of the project. 
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VI.D.8 New Two-Cylinder Prototype Demonstration and Concept 
Design of a Next-Generation Class 3-6 Opposed Piston 
Engine (Achates Power, Inc.) 
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4060 Sorrento Valley Boulevard  
San Diego, CA 92121  
Email: redon@achatespower.com 

Siddiq Khan, DOE Technology Manager 
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Project Introduction 
A healthy economy and environment require reliable, secure, clean, and cost-effective transportation. 
Commercial vehicle engines are the fastest growing source of transportation emissions, and one most resistant 
to electric vehicle substitution. Commercial vehicle engines face a wide range of power and torque 
requirements in different applications, thus multiple engine displacements are typically offered, each with 
unique engine designs (bore, stroke, block design, etc.) requiring significant development cost.  

Opposed-piston (OP) engines have demonstrated potential to reduce carbon dioxide (CO2) and nitrogen oxides 
(NOx) while costing less to manufacture compared to conventional engines of the same power and torque. This 
cost advantage can be further improved by using a common bore, stroke, block design, etc., to span the range 
of Class 3 to Class 6 vehicles by adding/subtracting cylinders, thereby minimizing the cost of development and 
manufacturing of a scalable engine platform. However, the performance and emissions implications of scaling 
the number of cylinders is not well understood in the OP engine. This research project will advance the cost 
effectiveness of high-efficiency, low-emissions engines by experimentally validating simulation models of a 
three-cylinder, six-piston and a novel two-cylinder, four-piston OP engine with electrified air handling 
components and simulating the performance of a four-cylinder, eight-piston engine. 

Objectives 
Overall Objective 

• Improve the cost-effective development of high-efficiency, low-emissions diesel OP engines for the 
commercial vehicle sector. 

• Optimize engine performance over several cylinder counts of fixed bore and stroke. 

• Investigate engine performance opportunities through air and combustion optimization, such as 
electrified turbochargers, electrified exhaust gas recirculation (EGR) pumps, intake and exhaust chest 
volume, intake port design, and combustion chamber design. 

Fiscal Year 2022 Objectives 
• Simulate and optimize two-cylinder OP performance in baseline vehicle drive cycles to verify >10% 

miles per gallon (MPG) improvement. 

• Develop baseline three-cylinder OP engine datasets for model predictive control (MPC) optimization 
at Clemson University. 
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• Build, shakedown, and baseline a novel two-cylinder OP engine at Achates Power. 

• Validate novel 1D and 3D air handling optimization models and a 3D computational fluid dynamics 
(CFD) combustion bowl geometry optimization model on a two-cylinder engine with experimental 
results. 

Approach 
The approach taken to increase the cost effectiveness of OP engines utilizes a combination of 1D and 3D 
simulations and engine experiments. Data from a prototype OP engine, built and tested at Achates Power, 
generates a set of diesel combustion performance and emissions data that is then used to develop and validate 
1D GT Power (Clemson University), 3D open cycle (Clemson University), and 3D closed cycle (University of 
Wisconsin) models. These validated models are then extrapolated and used to guide hardware and control 
decisions that support a family-of-engines concept, with a fixed bore and stroke but varying cylinder count to 
cover a range of torque and power requirements. The hardware based on these simulation results is procured 
and experimentally tested to further validate model prediction. These models are then extrapolated to simulate 
engine configurations that cannot be readily tested, such as an increase in cylinder count to four compared to 
the two- and three-cylinder engine variants developed for this program. The results of these simulations will 
guide a concept engine design that will package into a Class 4 Isuzu vehicle and be modeled over a 
representative drive cycle that shows >10% MPG improvement over the baseline vehicle. 

Results 
The key Fiscal Year 2022 accomplishments listed below are fundamental to complete the objectives of the 
project and to achieve >10% MPG improvement over a baseline Model Year (MY) 2015 commercial vehicle. 
The prototype three-cylinder OP engine was extensively tested at Clemson University to develop datasets 
required for model validation and MPC generation. Vehicle simulation at Clemson University predicts >14% 
MPG improvement compared to the MY 2015 baseline vehicle for a novel two-cylinder OP engine, which was 
built and shaken down at Achates Power.  

Vehicle Drive Cycle Fuel Economy Estimation 
• Optimized shift schedule and final drive ratio for a simulated two-cylinder OP engine powered 

baseline vehicle (Figure VI.D.8.1). 

• A net improvement of 12.4% MPG was estimated over five drive cycles, with the largest improvement 
of 17.78% on an interstate route. 

 
Figure VI.D.8.1 Shift optimization for a two-cylinder OP engine operating in a baseline vehicle over the Federal Test 

Procedure (FTP) drive cycle 
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Experimental Results 
• Validated Clemson University’s experimental facility and extensively tested a three-cylinder OP 

engine over a wide range of operating points under hot steady-state conditions (Figure VI.D.8.2a) and 
provided validation data for 1D and 3D simulation models and MPC algorithm calibration (Figure 
VI.D.8.2b). 

• Built and broke in novel two-cylinder OP engine at Achates Power (Figure VI.D.8.3). 

• Developed e-turbo controls methodology for supplying required air and boost pressure for relevant 
operating condition. 

 
IMEPn – net indicated mean effective pressure; GHRR – gross heat release rate; aTDC – above top dead center 

Figure VI.D.8.2 (a) Experimental speed and load map of hot steady state points acquired at Clemson University for model 
validation and MPC algorithm calibration. (b) Cylinder pressure and heat release plot from Clemson University. 

 
Figure VI.D.8.3 E-turbo installation on novel two-cylinder OP engine 
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Model Predictive Control Development 
• Used experimental data to validate GT Power model and interrogated the GT Power model to provide 

steady-state training data for artificial neural networks (ANNs). 

• ANNs were used to estimate cylinder charge and exhaust temperature using a variety of input 
conditions (Figure VI.D.8.4a). 

• Developed a 0D control-oriented model to optimize control actions with respect to dynamic 
constraints. 

• Estimated EGR transport delay by discretizing the EGR pipeline into multiple control volumes and 
utilizing 0D filling and emptying dynamics to capture the concentration and temperature change in 
each volume (Figure VI.D.8.4b). 

 
Figure VI.D.8.4 (a) Error distribution of ANN cylinder model. (b) EGR transport delay with electric EGR pump 

Combustion Chamber Optimization 
• Updated 3D CFD combustion optimization to include various injector and swirl parameters. 

• Investigated the impact of the number of injector holes (with constant total effective fuel flow area) 
and determined that smaller nozzle hole diameters resulted in different spray penetration, liquid-fuel 
vaporization rates, and Sauter mean diameter (SMD) (Figure VI.D.8.5). 

• Combustion bowl geometries depend on the number of fuel injector nozzle holes; even nozzle holes 
per injector result in more symmetric piston bowls compared to optimal geometries predicted from an 
odd number of nozzle holes per injector.  

• Combustion bowl geometries depend on the level of swirl in cylinder, generally with similar 
symmetry for varying swirl level but with altered chamber shapes.  
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Figure VI.D.8.5 Total number of parcels and liquid-fuel mass in domain, SMD, and spray penetration for 2-hole nozzle (left) 

and 6-hole nozzle (right) configurations 

Conclusions 
The following accomplishments were made during Fiscal Year 2022: 

• A two-cylinder OP engine equipped with an e-turbo was assembled and broken in at Achates Power. 

• The three-cylinder prototype OP engine has been extensively tested at Clemson University, providing 
validation data for 1D and 3D models.  

• Model predictive controls have been developed from validated 1D models and have been used to 
estimate difficult-to-measure parameters such as trapped cylinder conditions. These capabilities are 
utilized in transient response characterization and control. 

• Vehicle simulations of a two-cylinder OP engine suggest a greater than 12% improvement in MPG 
compared to a baseline MY 2015 vehicle over a five-drive-cycle average, with an improvement of 
nearly 18% on an interstate route. 

• Combustion volume and chamber CFD optimization by the University of Wisconsin identified that 
bowl geometries depend on the number of fuel injector nozzle holes, with an even number of holes 
resulting in more symmetric piston bowls compared to an odd number of nozzle holes per injector. 

• University of Wisconsin combustion CFD also identified that combustion bowl geometries depend on 
the level of swirl in a cylinder, generally with similar symmetry for varying swirl level but with 
altered chamber shapes. 
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4. 2021 Annual Merit Review Presentation, June 23, 2022. 

5. DOE quarterly progress report, Q7 – July 30, 2022. 
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Project Introduction 
Commercial vehicle engines are the fastest-growing source of transportation emissions and the source most 
resistant to powertrain substitution. Because of the high impact of commercial vehicles, the California Air 
Resources Board (CARB) has passed the Heavy-Duty Engine and Vehicle Omnibus Regulation, which 
requires a 90% reduction in nitrogen oxide (NOx) emissions (to 0.02 g NOx/bhp-h) by the year 2027, in 
addition to reducing CO2 and particulate matter emissions. Furthermore, CARB proposed new low load drive 
cycles representing the challenges with maintaining aftertreatment temperatures and catalyst activity in real-
world driving scenarios, while also implementing longer life warranty periods on aftertreatment systems (from 
450,000 miles to 800,000 miles). Hybridization and electrification of powertrains can help resolve new 
regulation requirements by operating an engine in a more efficient and cleaner range; the architecture, 
however, adds significant system cost, which hampers commercial adoption. Opposed-piston (OP) engines 
have demonstrated potential to reduce CO2 and satisfy CARB emissions regulations while costing less to 
manufacture compared to conventional engines of the same power and torque. OP engines, however, 
experience higher relative pumping and frictional losses at low load compared to conventional engines. 
Therefore, OP engines with hybridization can help mitigate the low-load challenges of the OP engine and the 
high cost of hybridized conventional powertrains, as well as significantly reducing emissions and increasing 
efficiency of the commercial vehicle sector. Furthermore, OP engines can virtually eliminate greenhouse gas 
and criteria emissions and aftertreatment components with the use of alternative and renewable fuels, such as 
hydrogen, dramatically improving the cost-effectiveness of the technology over conventional engines, 
conventional hybrid powertrains, battery electric vehicles, and fuel cell vehicles. 

Objectives 
Overall Objective 
The proposed project will demonstrate advanced OP two-stroke technology for heavy-duty commercial 
vehicles with hybridization that significantly improves energy efficiency and reduces emissions over 
conventional engines in the 2025–2030 timeframe. This heavy-duty hybrid powertrain project will demonstrate 
the ability to beat CARB’s Clean Truck criteria emissions standards for NOx and particulate matter while also 
reducing CO2 emissions by 13%–20% compared to a non-hybrid OP baseline, which is already 7% lower CO2 
compared to Model Year 2021 conventional engines (2021 U.S. Environmental Protection Agency heavy-duty 
standard). In addition, zero- or near-zero-emissions capability of the OP engine will be investigated through 
the use of hydrogen fuel. 

Fiscal Year 2022 Objectives 
• Engine performance, engine-out and tailpipe-out emissions for hybrid powertrain model development 
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• Hydrogen combustion computational fluid dynamics (CFD) simulation 

• Single-cylinder OP engine adaptation for hydrogen combustion 

Approach 
The approach to performing this project is to leverage the best tools available and expertise from the partners. 

Achates Power is using its existing heavy-duty truck engine to collect performance and emissions data for 
Clemson University to build and correlate the 1D model that will be used as a basis for the hybridization 
studies. 

Achates Power, in collaboration with the University of Wisconsin, is developing a 1D and CFD model to 
evaluate various strategies and provide the specifications for the single-cylinder engine that will be used to test 
hydrogen fuel. 

The team at Achates Power is using these findings to design and procure components to upgrade one of the 
single-cylinder OP research engines to operate on hydrogen. 

Results 
Engine Performance, Engine-Out and Tailpipe-Out Emissions for Hybrid Powertrain Model Development 
Data Collection 
Achates Power collected data on their 10.6 L heavy-duty OP engine and provided it to Clemson University for 
the hybrid powertrain model development and correlation. The data consisted of engine and aftertreatment 
system data, including all the necessary engine parameters to correlate the GT-Power models for three 
different combustion modes. The engine and aftertreatment are shown in the test cell in Figure VI.D.9.1. 

 
Figure VI.D.9.1 10.6 L heavy-duty Achates Power engine and aftertreatment system in the test cell 

Figure VI.D.9.2 illustrates some of the data that were collected from the high-efficiency mode (hybrid with 
stop-start [HSS]). 
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Figure VI.D.9.2 10.6 L heavy-duty Achates Power engine HSS brake thermal efficiency 

With these data, engine and aftertreatment models were developed at Clemson University. In addition, various 
vehicle models were developed for conventional and hybridized vehicle architectures. These included a 
conventional vehicle model to serve as a reference, a mild parallel hybrid, and a series hybrid. 

Hydrogen Combustion Analysis and Single-Cylinder Engine Procurement 
The scope of the hydrogen combustion study was to define an initial combustion strategy and system adequate 
to achieve reliable combustion in the single-cylinder engine.  

Minimal modifications to the baseline diesel combustion system were made to accommodate hydrogen 
combustion. For instance, a spark plug trench was added to the piston crown to provide an uninterrupted path 
between the spark location and the combustion volume in the center of the cylinder.  

 
Figure VI.D.9.3 Single-cylinder combustion system layout 

BorgWarner provided injectors derived from current production gasoline direct injectors and equipped with a 
single large-diameter hole suitable for the initial hydrogen testing. The flow rate from this first round of 
injectors will be somewhat limited but should provide enough to generate representative combustion data that 
can be used for model correlation. 
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One-dimensional analysis was performed to generate representative 
boundary conditions to run the open cycle CFD analysis that determines 
the flow field, temperature distribution, and constituent distribution in the 
cylinder at the start of the close cycle simulation. The analysis was also 
used to verify the intake and exhaust port selection. 

The combustion CFD analysis helped define three modes of operation that 
will be evaluated during testing: 

• Low-load point, idle and cold start: Spark ignition combustion; 
direct injection of hydrogen during compression stroke; ignition 
from external source. Hardware (i.e., source location) could be 
optimized in the future. 

• Mid- and high load point: Pilot- or spark-assisted compression 
ignition combustion. Although CFD suggests that the OP engine 
can operate with hydrogen as the standalone fuel for compression 
ignition combustion, pilot- or spark-assisted compression ignition will provide much more control 
over the rate of pressure rise, combustion stability, etc., as well as efficiency improvement. 

• High-speed, high-load point: Non-premixed compression ignition combustion. Ignition will rely on 
free turbulent jet mixing between hydrogen and air; ambient temperature will be sufficiently high to 
sustain hydrogen auto-ignition. 

 

Figure VI.D.9.5 Spark ignition hydrogen combustion 

 

Figure VI.D.9.6 Pilot-assisted compression ignition hydrogen combustion 

Figure VI.D.9.4 BorgWarner injector 
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Figure VI.D.9.7 Single-injection compression-ignition hydrogen combustion 

The University of Wisconsin–Madison developed a process using gaseous parcels for the hydrogen spray 
modeling. The process was very successful and will be used for the rest of the project. 

Conclusions 
The following accomplishments were made during Fiscal Year 2022: 

• Data were generated to build and correlate the 1D hybrid powertrain model, and model development was 
started. 

• An initial combustion strategy was defined for hydrogen combustion, and the modeling process was 
developed. 

• A single-cylinder OP engine for hydrogen combustion was designed, procured, and assembled. 

Key Publications  
1. DOE quarterly progress report, Q1 – April 30, 2022 

2. DOE quarterly progress report, Q2 – July 30, 2022 

3. 2021 Annual Merit Review Presentation, June 23, 2022  

4. DOE quarterly progress report, Q3 – October 30, 2022 
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