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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

List of Abbreviations, Definitions, and Nomenclature
0D, 0-D zero-dimensional

1D, 1-D one-dimensional

1-PE 1-phenylethanol

2CP two-color pyrometry

2D two-dimensional

25DMF 2,5-dimethylfuran

2-EP 2-ethylphenol

2M2B 2-methyl 2-butene

2-PE 2-phenylethanol

3D, 3-D three-dimensional

3-EP 3-ethylphenol

4Comp four-component surrogate fuel

4-EP 4-ethylphenol

A ampere(s)

A30 Co-Optima gasoline blend containing 30% aromatics, by volume
AC alternating current

A/C air conditioning

ACEC Advanced Combustion and Emission Control
ACEM Advanced Cycle Efficiency Manager
ACI advanced compression ignition

ACS American Chemical Society

AEC Advanced Engine Combustion
AFIDA Advanced Fuel Ignition Delay Analyzer
AFR air/fuel ratio

AFRstoich stoichiometric air-fuel ratio

AHC aromatic hydrocarbon

AHRR apparent heat release rate

Al auto-ignition

AISI American Iron and Steel Institute
aka also known as

AKI anti-knock index

ALE arbitrary Lagrangian—Eulerian

alk alkane

Acronyms iiii
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ALK

AMFI

ANL

APC

Ar

ARES

aro

ASI

ASME
ASOI, aSOI
ASTM

at.%

atdc

aTDC, ATDC
aTDCr

atm

Au

a.u.

AVFL

AVL BOOST
AZ

bara, bar-a, bar(a)

BDI
BET
BETO
BL
BMEP
BOB
BP
BSFC
BTDC, bTDC
BTE
BTEX
BTU
BuOH
C

Predominantly alkylate-containing Co-Optima gasoline blend

additive mixing fuel injection (low-temperature gasoline combustion control system)

Argonne National Laboratory

air per cylinder

argon

a rotational rheometer

aromatic

after start of injection

American Society of Mechanical Engineers
after the start of injection

ASTM International, formerly American Society for Testing and Materials
atomic percent

after top dead center

after top dead center

after firing top dead center

atmosphere(s)

gold

arbitrary units

Advanced Vehicles/Fuels/Lubricants
internal combustion engine simulation software
Arizona

bar absolute

barrier discharge ignition
Brunauer-Emmett-Teller

Bioenergy Technologies Office

boundary layer

brake mean effective pressure

blendstock for oxygenate blending
bandpass

brake specific fuel consumption

before top dead center

brake thermal efficiency

benzene, toluene, ethylbenzene, and xylene
British thermal unit

n-butanol

carbon
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C Celsius

Co small hydrocarbon

Cl1 hydrocarbon with one carbon atom

C2 hydrocarbon with two carbon atoms

C3 hydrocarbon with three carbon atoms

C4 hydrocarbon with four carbon atoms

C5 hydrocarbon with five carbon atoms

C6 hydrocarbon with six carbon atoms

C8 hydrocarbon with eight carbon atoms

C9 hydrocarbon with nine carbon atoms

Cl1 hydrocarbon with eleven carbon atoms

C18 hydrocarbon with eighteen carbon atoms

Ca calcium

CA California

CA crank angle

CA10 crank angle at 10% mass fraction burned

CAS0 crank angle at 50% mass fraction burned

CAC charge air cooler

CAD crank angle degree(s)

CB carbon black

CB#1 custom blend gasoline-like fuel with higher ¢-sensitivity, RON, and S than regular
gasoline

CCD charged coupled device

Cd cadmium

CDA cylinder deactivation

CDC conventional diesel combustion

Ce cerium

CeO; cerium dioxide

CERC U.S.-China Clean Energy Research Center

CFA grade no. 2-D S15 diesel emissions-certification fuel from Chevron-Phillips Chemical
Co., batch A

CFB No. 2 S15 emissions-certification diesel fuel

CFD computational fluid dynamics

CFH Central Fuel Hypothesis

CFR Cooperative Fuel Research

CH4 methane

Acronyms \'%
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CyH4 ethylene
CyHg ethane
CsHs propane
CsHis octane
CHA chabazite
CH>O formaldehyde
CHT conjugate heat transfer
CI compression ignition
CI conversion inflection
CIERA cavitation-induced erosion risk assessment
CLEERS Crosscut Lean Exhaust Emissions Reduction Simulations
cm centimeter(s)
cm’ cubic centimeter(s)
CNG compressed natural gas
CN cetane number
CNN convolutional neural networks
Co cobalt
Co. company
CcO Colorado
CcO carbon monoxide
CO, carbon dioxide
CONVERGE computational fluid dynamics software package
Co-Optima Co-Optimization of Fuels and Engines
Corp. Corporation
CO-TPR temperature-programmed reduction using CO as reducing gas
cP centipoise
CPFR constant pressure flow rig
CPU central processing unit
CR, cr compression ratio
CRADA cooperative research and development agreement
CRC Coordinating Research Council
crpm cam revolutions per minute
Crr rolling resistance coefficient
cSt centistoke(s)
CSU Colorado State University
CT Connecticut
Vi Acronyms



CT
CTAB
CTO

Cu

cucC
Cu-CHA
Cu(OH),
Cu/SAPO-34
CcvcCcC

d

Da
dATDC
DBE
DBI
DBI-EI
DC

DC
DCCO
DCPM
DD13
DD15
DDI-PFS
deg
D-EGR
DFI
DFT

DI

DIB
DISI
DLC
DISI
DMA
DOE
DOHC
DOI, doi
DRG

computed tomography

cetyl trimethyl ammonium bromide
cesium titanates

copper

clean-up catalyst

copper chabazite

copper hydroxide
coppet/silicoaluminophosphate zeolite
constant volume combustion chamber
day

Damkohler number

degrees above top dead center

double bond equivalent

diffused background illumination
diffused back illumination extinction imaging
District of Columbia

direct current

deceleration cylinder cut-off
dicyclopentylmethane

Detroit Diesel baseline 13 liter engine
Detroit Diesel baseline 15 liter engine
double direct injection partial fuel stratification
degree(s)

dedicated exhaust gas recirculation
ducted fuel injection

density functional theory

direct injection

diisobutylene

direct injection spark ignition
diamond-like carbon

direct injection spark ignition
dynamic mechanical analysis

U.S. Department of Energy

dual overhead camshaft

digital object identifier

directed relation graph
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DRIFTS
DS
DSC
DSF
DSL
DSR

EO

E10
E30
E100
E85
EAL
EB25
ECN
eDEAC, EDEAC
EDS
EEE
e.g.
EGAI
EGR
EHN
EIHC
EO
EOE
EOI
EPA
erpm
Estorea

et al.
etc.
ETH Zurich
EtOH
EVC
EVO
Exp, exp
FACE

diffuse reflectance infrared Fourier transform spectroscopy
down speed

differential scanning calorimetry

dynamic skip fire

dimpled stepped-lip

dynamic species reduction

gasoline (neat)

10% ethanol, 90% gasoline blend

30% ethanol, 70% gasoline blend

ethanol (neat)

85% ethanol, 15% gasoline blend
Environmentally acceptable lubricants

25% by mass ethylbenzene, 75% by mass EEE
Engine Combustion Network

electrically actuated cylinder deactivation
energy-dispersive spectroscopy

certification gasoline

exempli gratia, “for example”

end-gas autoignition

exhaust gas recirculation

2-ethyl-hexylnitrate, a common diesel fuel ignition improver
emissions index of unburned hydrocarbons
engine-out

end of energizing

end of injection

Environmental Protection Agency

engine revolution(s) per minute

accumulated stored energy in solid material

et alii (Latin, meaning and others)

et cetera (Latin, meaning and the rest)
Eidgendssische Technische Hochschule Ziirich
ethanol

exhaust valve closing

exhaust valve opening

experiment; experimental

Fuels for Advanced Combustion Engines

viii Acronyms
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FACE-F Fuels for Advanced Combustion Engines — Gasoline F

FBP final boiling point

Fe iron

FE fuel economy, fuel efficiency

FEA finite element analysis

FEM finite element method

FF firing fraction

FFE U.S. Environmental Protection Agency fuel economy highway driving cycle

FGF-LLNL Fuels for Advanced Combustion Engines Gasoline F — Lawrence Livermore National
Laborator

FIB focused ion beam

FID flame ionization detector

FPTF fluid power test facility

FREI Flames with Repetitive Extinction and Ignition

FSN filter smoke number

ft foot

ft-1b, ft-1b foot pound(s)

FTE freight ton efficiency

FTIR Fourier-transform infrared spectroscopy

FTP Federal Test Procedure

FTP-75 Federal Test Procedure

FY Fiscal Year

g gram(s)

G' dynamic stiffness

gal gallon

GBDI groundless barrier discharge igniter

GCI gasoline compression ignition

GC-MS gas chromatograph — mass spectrometer

Gd gadolinium

GDCI gasoline direct injection compression ignition

GDI gasoline direct injection; gasoline direct injector

GEN-V Fifth generation

G EQN G-Equation model

GF-5 Current lubricant specifications defining the performance level requirements in terms of
engine tests

GF-6 Next lubricant specifications currently under development for higher fuel efficient
performance

Acronyms ix



Advanced Engine and Fuel Technologies

GM
GPa
GPF
GPU
GTDI
GTE

H,O
H>0»
HAADF-STEM
H/C

HC
HCCI
HCI

HD
HDR
HF
HFIR
HO
HO;
HOV, HoV
HP

HPC

hr

HR

HT

HT
HWY
HWFET

IBP

General Motors

gigapascal(s)

gasoline particulate filter
graphic processing unit
gasoline turbocharged direct injection
gas turbine efficiency

George Washington University
hour(s)

high

protium, a hydrogen isotope
deuterium, a hydrogen isotope
diatomic hydrogen

water

hydrogen peroxide

high-angle annular dard-field scanning transmission electron microscopy
hydrogen-to-carbon ratio
hydrocarbon

homogeneous charge compression ignition
hydrogen chloride

heavy-duty

high dynamic range

heat flux

High Flux Isotope Reactor
water

hydroperoxyl radical

heat of vaporization

high porosity
high-performance computing
hour(s)

heat release

heat transfer

high temperature

highway

Highway Fuel Economy Test
Hertz

initial boiling point

X Acronyms



i-BuOH, iBuOH
IC

ICE
ICEF
ICMOS
ID

ID

ie.
IEEE
IL

IL
ILASS
IMEP
IMEPg, IMEP,
IMEPn
in

IN

Inc.
INCA
i-PrOH, iPrOH
IQR
ISFC
ITE
IvC
IVO

J

K

K

Ka

keV

kg
KH-RT
kHz
KIVA
kJ
KLSA
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isobutanol

internal combustion

internal combustion engine

Internal Combustion Engine Fall Technical Conference
intensified complementary metal oxide semiconductor camera
ignition delay

identification

id est, “that is”

Institute of Electrical and Electronics Engineers

ionic liquid

[linois

Institute for Liquid Atomization and Spray Systems
indicated mean effective pressure

gross indicated mean effective pressure

net indicated mean effective pressure

inch(es)

Indiana

Incorporated

Integrated Calibration and Application tool (software)
isopropanol

interquartile range

indicated specific fuel combustion

indicated thermal efficiency

intake valve closing

intake valve opening

joule(s)

Kelvin

empirically determined coefficient that varies with operating conditions
Karlovitz number

kiloelectron Volt(s)

kilogram(s)

Kelvin Helmholtz—Rayleigh Taylor

kilohertz

Fortran-based computational fluid dynamics software
kilojoule(s)

knock limited spark advance

Acronyms
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kPa kilopascal(s)

kph kilometer(s) per hour

kW kilowatt(s)

kWh, kW-hr kilowatt-hour(s)

KY Kentucky

L1 liter(s)

L low

LA Louisiana

LANL Los Alamos National Laboratory
Ibs., Ibs pounds

LD light-duty

LED light-emitting diode

LES large eddy simulation

LESI Lagrangian-Eulerian Spark-Ignition
LFS laminar flame speed

LHV lower heating value

Li lithium

LIF laser-induced fluorescence

LIVC late intake valve closing

LLC Limited Liability Company

LLNL Lawrence Livermore National Laboratory
LNF stock GM engine

LPG liquefied petroleum gas

LSE GM long-stroke engine

LSODE Livermore Solver for Ordinary Differential Equations
LSPI low speed pre-ignition

LSU Louisiana State University

LT low temperature

LTAT low-temperature aftertreatment

LTC low-temperature combustion

LTC-G low-temperature combustion — gasoline
LTGC low-temperature gasoline combustion
LTHR low-temperature heat release

LTP low-temperature plasma

LVF liquid volume fraction

M medium
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m meter(s)

m? square meter(s)

m? cubic meter(s)

MAF mass air flow

MAP manifold absolute pressure, manifold air pressure
MAPO maximum amplitude pressure oscillation
MAT mixture air temperature

MbH mit beschrankter Haftung

MBT maximum brake torque

MCCI mixing-controlled compression ignition
MCE multi-cylinder engine

MCM-41 Mobil Composition of Matter No. 41
MCP multichannel plate

MD medium-duty

MD molecular dynamics

MD25 25 vol% methyl decanoate in CFB
MDPR mean depth penetration rate

MEMS micro-electromechanical system
MeOH methanol

MER molar expansion ratio

MFR mass flow rate

Mg magnesium

mg milligram(s)

M/G motor/generator

mi mile(s)

MI Michigan

min minute(s)

MH maximum torque

MKS MKS Instruments

ml milliliter(s)

ML minimum torque

mm millimeter(s)

MM multimode

MMF merit function

MOC methane oxidation catalyst

mol mole, molar

Acronyms xiii
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mol% mole fraction

MON motor octane number

MOU memorandum of understanding

MPa megapascal(s)

mPA millipascal(s)

MPE methylpropyl ether

mpg, MPG mile(s) per gallon

mph mile(s) per hour

MPI Message Passing Interface

ms millisecond(s)

MS mail stop

MS mass spectrometry

MW megawatt(s)

MW molecular weight

MY model year

MZ-WSR multizone well-stirred reactor

N Newton(s) (unit of force)

N2 diatomic nitrogen

N30 Co-Optima gasoline blend containing 30% naphthenes by volume
Na sodium

NA North America

NACV North American Commercial Vehicle
NAP-XPS near-ambient-pressure X-ray photoelectron spectroscopy
NC North Carolina

n.d. no date

Ne electron density

NG natural gas

NGC next generation Cascadia: 2017 production Cascadia tractor
NH; ammonia

Ni nickel

nm nanometer(s)

N-m, Nm Newton-meter(s)

NM non-methane

NMEP net mean effective pressure

NMHC non-methane hydrocarbons

NMOG non-methane organic gases

Xiv Acronyms
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NMR nuclear magnetic resonance spectroscopy
No. Number

NO nitric oxide

NO« oxides of nitrogen

NR natural rubber

NREL National Renewable Energy Laboratory

ns nanosecond(s)

n/s number per second

NSC NOy storage component (catalyst component)
NTC negative temperature coefficient

Nu Nusselt Number

NUIG National University of Ireland, Galway

NVO negative valve overlap

NY New York

O atomic oxygen

(0)3 diatomic (molecular) oxygen

(O} ozone

030 Co-Optima gasoline blend containing 30% olefins by volume
OAC oxygenated aromatic compound

0/C oxygen-to-carbon ratio

OD optical density

OEM original equipment manufacturer

OH hydroxyl radical

OH* excited-state hydroxyl radical

OHC oxidation half cycle

o)1 octane index

OK Oklahoma

ON/CR octane number per compression ratio requirement
OP operating point

ORC organic Rankine cycle

ORNL Oak Ridge National Laboratory

OSC oxygen storage component (catalyst component)
OSP oil-soluble polyalkylene glycol

P phosphorus

P pressure

PA Pennsylvania

Acronyms XV
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PACE Partnership on Advanced Combustion Engines
PAG polyalkylene glycol

PAH polycyclic aromatic hydrocarbon

PAO poly(alphaolefin)

PASS Protection of Aftertreatment Systems from Sulfur
Pb lead

P, Pc compressed pressure

PC pre-chamber

PCI pre-chamber ignition

PCP peak cylinder pressure

PCSI pre-chamber spark ignition

PCV positive crankcase ventilation

Pd palladium

PdALLO3 palladium aluminum oxide

PFI port fuel injection

PFP peak firing pressure

PFS partial fuel stratification

PGM platinum group metal

P-h Pressure enthalpy

PHEV plug-in hybrid electric vehicle

phr part per hundred rubber

Pin intake pressure

PIONA paraffins, iso-paraffins, olefins, naphthenes, and aromatics
PLC public limited company

PLIF planar laser-induced fluorescence

PLII planar laser-induced incandescence

PM particulate matter

PMI particulate mass index

PNA passive NOy adsorber

PNNL Pacific Northwest National Laboratory
P.O. Post Office

P2p pin-to-pin

PPCI partially premixed compression ignition
ppm part(s) per million

ppmv part(s) per million by volume

PRF primary reference fuel

Xvi Acronyms



psi
PSM
PSU
Pt

PT, P-T
PTO
PTS
PTWA
Pub
PVD
PVO
Q1

Q4

R2

RANS

Re, 1¢
RCCI
RCM
R&D
RD387
RD5-87
RDS5-87-A
RDS5-87-B
RFF

Rh

RHC

RI

RIF
RIF-ist
r/min

RM

RMS
RNG

RO;

ToHC

pound(s) per square inch
particulate size mimic
Pennsylvania State University
platinum
pressure—temperature

power take-off

Publications Tracking System
plasma transfer wire arc
publication

physical vapor deposition
positive valve overlap

first quarter

fourth quarter

FY 2019 Annual Progress Report

coefficient of determination: the proportion of the variance for a dependent variable that
is explained by an independent variable or variables in a regression model

Reynolds-averaged Navier—Stokes
compression ratio

reactivity-controlled compression ignition
rapid compression machine

research and development

real gasoline

research-grade regular E10 gasoline

research-grade regular E10 gasoline, AKI = 88, RON =92.0
research-grade regular E10 gasoline, AKI = 87, RON = 90.6

roller finger follower

rhodium

reduction half cycle

ringing intensity

representative interactive flamelet
representative interactive flamelet — in situ tabulation
revolution(s) per minute
rubber-maker

rubber-making silica
re-normalization group

organic peroxy radicals

oxidation half cycle rate

Acronyms xvii
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ROHR, RoHR
ROI

RON

rpm, RPM
r-ratio
IRHC

RSD

S

S

S

S15

S'min

SACI
SAE
SAGE

S/B
sccm
SCE
SCR
sec
S-GDI
Si

SI
SIDI
SINL
St
SMD
SNL
SOE
SOI
SOI2
SPI
SPIE

SS

rate of heat release

rate of injection

research octane number

revolution(s) per minute

ratio of the half-cycle rates, rruc/ronc
reduction half cycle rate

rainbow schlieren deflectometry
second(s)

sensitivity

octane sensitivity (S = RON — MON)

15 parts per million sulfur

minimum torque from rheometer cure test

spark-assisted compression ignition

SAE International, formerly the Society of Automotive Engineers

a combustion model that comes with the CONVERGE CFD software and includes

detailed chemistry
stroke-to-bore ratio
standard cubic centimeter(s) per minute
single-cylinder engine

selective catalytic reduction

second(s)

stoichiometric gasoline direct injection
silicon

spark ignition

spark ignition direct injection

spatially integrated natural luminosity
laminar flame velocity

Sauter mean diameter

Sandia National Laboratories

start of energizing

start of injection

start of the second injection for partial fuel stratification

stochastic pre-ignition

the international society for optics and photonics, formerly known as the Society of

Photographic Instrumentation Engineers

steady state

xviii Acronyms
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SSz-13 aluminosilicate zeolite

ST spark timing

ST1 SuperTruck 1

ST2 SuperTruck 2

Std standard

STLE Society of Tribologists and Lubrication Engineers
SULEV super ultra-low emission vehicle

SUNY The State University of New York
SVTRIP Stochastic Vehicle Trip Prediction, a software tool that can predict vehicle speed traces
t time

T temperature

T incubation period

T kg/T: measure of rolling resistance of tires
T25 25 vol% tri-propylene glycol mono-methyl ether in CFB
TAMU Texas A&M University

TBBS N-t-butyl-2-benzothiazole sulfenamide
TBC thermal barrier coating

Trpc temperature at bottom dead center

Te, Tc compressed temperature

TCS50 time at which 50% of cure has taken place
TC90 time at which 90% of cure has taken place
TCF Technology Commercialization Fund
TCR thermochemical recuperation

TDC top dead center

TG Co-Optima test gasoline

TGA thermogravimetric analysis

THF tetrahydrofuran

Ti titanium

Tin intake temperature

TN Tennessee

TOF turnover frequency

TOL toluene

TP two-phase

TPD temperature programmed desorption
TPGME tri(propylene glycol) methyl ether

TPI transient plasma ignition
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TPRF toluene primary reference fuel

TR time-resolved

TRL technology readiness level

TSF toluene standardization fuel

TWC three-way catalyst

X Texas

u' turbulent velocity fluctuation

UC Davis University of California, Davis

UConn, UCONN  University of Connecticut

UDDS Urban Dynamometer Driving Schedule

ug/hr micrometer(s) per hour

UK United Kingdom

UM University of Michigan

U.S. United States

USCAR United States Council for Automotive Research LLC

U.S. DRIVE United States Driving Research and Innovation for Vehicle efficiency and Energy
sustainability

v velocity

A% volt(s)

VA Virginia

V/C volume/control

VI viscosity index

VN vanadium nitride

vol% percent by volume

Vs. versus

VSM visible soot mass

VTO Vehicle Technologies Office

w Watt

WA Washington

WCX World Congress Experience, a conference of SAE International

WG water gauge

WHR waste heat recovery

WI Wisconsin

WIMRC Warwick Innovative Manufacturing Research Centre

wt% weight of the component divided by total sample weight, multiplied by 100

Wiotal total work required to reach material failure

XX Acronyms



XPS

Yo

YSI
ZDDP
Zero-RK
ZSM-5

List of Symbols

e}

°aTDC, °ATDC
°bTDC

°C

°CA

°F

AMW

'y
Lot

A > 2 6V

=

uL, pl
pum
umoleg™!
us

%
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X-ray photoelectron spectroscopy

mass fraction of nitrogen gas

yield sooting index

zinc dialkyldithiophosphate

Zero-Order Reaction Kinetics combustion software package

Zeolite Socony Mobil-5

degree(s)

degree(s) after top dead center

degree(s) before top dead center

degree(s) Celsius

crank angle degree(s)

degree(s) Fahrenheit

change in molecular weight

ratio of specific heats

parameter that characterizes forced autoignition of the end gas

parameter that characterizes “hot spot”

fuel-conversion efficiency (= work per cycle / chemical energy injected)

greater than

angular position

equivalence ratio (ratio of actual air-to-fuel ratio to stoichiometric air-to-fuel ratio)

air excess ratio

less than

micron

microgram(s)
microliter(s)
micrometer(s)
micromole(s) per gram
microsecond(s)

percent

fuel/air equivalence ratio

fuel/air equivalence ratio

Acronyms

XXi



Advanced Engine and Fuel Technologies

Om fuel/charge-mass equivalence ratio (the same as ¢, but the fuel is normalized by the
total charge mass rather than only the air mass (Sjoberg I1.5 definition: mass-based
fuel-air equivalence ratio)

T residence time
Timain main ignition delay time (1 ms)
Tsim simulated period of time

Xxii Acronyms
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Executive Summary

On behalf of the Vehicle Technologies Office of the U.S. Department of Energy, we are pleased to introduce
the Fiscal Year (FY) 2019 Annual Progress Report for the Advanced Engine and Fuel Technologies Program.
In support of the Vehicle Technology Office’s goal for future U.S. economic growth, the Program focuses on
early-stage research and development to improve understanding of combustion processes, fuel properties, and
emissions control technologies, generating knowledge and insight necessary for industry to cost-effectively
develop the next generation of engines and fuels.

One of the most promising and cost-effective approaches to improving the fuel economy of the U.S. vehicle
fleet is to introduce the next generation of higher-efficiency, very-low-emission combustion engines that meet
future federal emissions regulations into the passenger and commercial vehicle markets. Advanced fuel
formulations that can incorporate non-petroleum-based blending agents could further enhance engine
efficiency, reduce greenhouse gas emissions, and provide fuel diversification. Also, innovations in
combustion, fuels, emissions control, air control, turbomachinery, and energy recovery could potentially
increase fuel economy considerably compared to today’s vehicles. The expected national economic,
environmental, and energy security benefits from these next-generation engines and fuels would be significant
inasmuch as the majority of vehicles sold over the next several decades will still include an engine.

The Program has set the following goals for passenger and commercial vehicle fuel economy improvements.

e By 2030, increase light-duty engine efficiency to demonstrate 35% improvement in passenger vehicle
fuel economy (25% improvement from engine efficiency and 10% from fuel co-optimization) relative
to a 2015 baseline vehicle, while meeting the U.S. Environmental Protection Agency Tier 3 Emission
and Fuel Standards

e By 2030, improve heavy-duty engine efficiency by 35% relative to a 2009 baseline vehicle and
identify cost-effective high-performance fuels that can further increase efficiency up to an additional
4%, while meeting prevailing U.S. Environmental Protection Agency emissions standards

The Program utilized advanced combustion processes to increase engine efficiency, resulting in a modeled
passenger vehicle fuel economy improvement of 19.4% (over a Model Year 2015 baseline) in FY 2019.

This report highlights progress achieved by the Advanced Engine and Fuel Technologies Program during FY
2019. The nature, current focus, and recent progress of the Program are described together with summaries of
National Laboratory, industry, and university projects that provide an overview of the exciting work being
conducted to address critical technical barriers and challenges to commercializing the next generation of
higher-efficiency engine, emissions control, and fuel technologies for passenger and commercial vehicles.

Gurpreet Singh, Program Manager Advanced Engine and Fuel Technologies Program
Vehicle Technologies Office

Gurpreet Singh Siddiq Khan
Program Manager Technology Development Manager
Advanced Engine and Fuel Technologies Program Vehicle Technologies Office
Vehicle Technologies Office

Kevin Stork
Kenneth C. Howden Technology Development Manager
Technology Development Manager Vehicle Technologies Office
Vehicle Technologies Office

Michael Weismiller

Technology Development Manager
Vehicle Technologies Office

Executive Summary xxiii
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Vehicle Technologies Office Overview

Vehicles move our national economy. Annually, vehicles transport 11 billion tons of freight—about $35
billion worth of goods each day'—and move people more than 3 trillion vehicle-miles.> Growing our economy
requires transportation and transportation requires energy. The transportation sector accounts for
approximately 30% of total U.S. energy needs® and 70% of U.S. petroleum consumption.* The average U.S.
household spends over 15% of its total family expenditures on transportation, making it the most expensive
spending category after housing.’

The Vehicle Technologies Office (VTO) has a comprehensive portfolio of early-stage research to enable
industry to accelerate the development and widespread use of a variety of promising sustainable transportation
technologies. The research pathways focus on fuel diversification, vehicle efficiency, energy storage, and
mobility energy productivity that can improve the overall energy efficiency and efficacy of the transportation
or mobility system. VTO leverages the unique capabilities and world-class expertise of the National
Laboratory system to develop innovations in electrification, including advanced battery technologies;
advanced combustion engines and fuels, including co-optimized systems; advanced materials for lighter-
weight vehicle structures; and energy efficient mobility systems.

VTO is uniquely positioned to address early-stage challenges due to strategic public-private research
partnerships with industry (e.g., U.S. DRIVE, 21 Century Truck Partnership) that leverage relevant expertise.
These partnerships prevent duplication of effort, focus DOE research on critical R&D barriers, and accelerate
progress. VTO focuses on research that industry does not have the technical capability to undertake on its own,
usually due to a high degree of scientific or technical uncertainty, or that is too far from market realization to
merit industry resources.

Annual Progress Report

As shown in the organization chart (below), VTO is organized by technology area: Batteries & Electrification
R&D, Materials Technologies, Advanced Engine & Fuel R&D, Energy Efficient Mobility Systems,
Technology Integration, and Analysis. 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) 2019. In this APR, each project active during FY 2019 describes work conducted in support
of VTO’s mission. Individual project descriptions in this APR detail funding, objectives, approach, results, and
conclusions during FY 2019.

! Bureau of Transportation Statistics, U.S. Department of Transportation, Transportation Statistics Annual Report 2018, Table 4-1. https:/www.bts.gov/tsar.

2 Transportation Energy Data Book 37" Edition, Oak Ridge National Laboratory, 2019. Table 3.8 Shares of Highway Vehicle-Miles Traveled by Vehicle Type,
1970-2017.

3 Ibid. Table 2.1. U.S. Consumption of Total Energy by End-use Sector, 1950-2018.

4 Ibid. Table 1.12. U.S. Transportation Petroleum Use as a Percent of U.S. Petroleum Production, 2018.

% Ibid. Table 10.1 Average Annual Expenditures of Households by Income, 2016.
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Advanced Engine and Fuel Technologies Program
Overview

Introduction

The Advanced Engine and Fuel Technologies Program supports the Vehicle Technologies Office’s goals of
increasing domestic energy security through fuel diversification, improving vehicle efficiency and reducing
emissions, and reducing vehicle initial and operating costs for consumers and businesses. The Program focuses
on early-stage research and development (R&D) to improve understanding of the combustion processes, fuel
properties, and emission control technologies while generating knowledge and insight necessary for industry to
develop the next generation of engines and fuels.

The Program utilizes unique capabilities and expertise at the National Laboratories and collaborates closely
with academia and industry to strengthen the knowledge base of the next generation of higher-efficiency, very-
low-emissions combustion engines for passenger and commercial vehicles. In addition, a science-based
understanding of how engine efficiency and emissions are affected by fuel properties, and conversely, how
engines can be modified to take advantage of desirable fuel properties, could enable further efficiency
improvements. The fundamental knowledge and new understanding developed by this Program can be used to
co-optimize engines, fuels, and emission controls (exhaust aftertreatment). Market introduction of these co-
optimized high-performance fuels and advanced engines that meet prevailing emissions regulations could
expeditiously reduce petroleum use in U.S. highway transportation over the next several decades, during which
time the Energy Information Administration reference case forecasts that the vast majority of vehicles sold will
still include an engine.®

Goals

The Advanced Engine and Fuel Technologies Program sets the following goals for improvement of the fuel
economy of passenger and commercial vehicles:

e By 2030, increase light-duty engine efficiency to demonstrate 35% improvement in passenger vehicle
fuel economy (25% improvement from engine efficiency and 10% from fuel co-optimization) relative
to a 2015 baseline vehicle, while meeting the U.S. Environmental Protection Agency Tier 3 Emission
and Fuel Standards

e By 2030, improve heavy-duty engine efficiency by 35% relative to a 2009 baseline vehicle and
identify cost-effective high-performance fuels that can further increase efficiency up to an additional
4%, while meeting prevailing U.S. Environmental Protection Agency emissions standards.

The Program utilized advanced combustion processes to increase engine efficiency, resulting in a modeled
passenger vehicle fuel economy improvement of 19.4% (over a Model Year 2015 baseline) in Fiscal Year (FY)
2019.

The U.S. Environmental Protection Agency Tier 3 Bin 30 emissions standards for passenger vehicles would
achieve a greater than 80% reduction in combined emissions of nitrogen oxides (NOx) and non-methane
organic gases and a 70% reduction in particulate matter (PM) emissions (to less than 3 mg/mi) compared to the
previous Tier 2 Bin 5 standard. Future catalyst and emission control systems must be able to operate efficiently

% Energy Information Administration, Annual Energy Outlook 2018. Reference case scenario forecasts that even in 2050, over
96% of all highway transportation vehicles sold will still have internal combustion engines.
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at the lower exhaust temperatures of advanced combustion engines (i.e., greater than 90% conversion of
criteria pollutants at 150°C) to achieve these extremely low criteria pollutant emission levels.

Status of Current Technology

Gasoline and diesel internal combustion engines continue to be attractive options to power transportation
vehicles, owing to significant advances in engine combustion, emission control, and fuel technologies that
continue to increase the fuel efficiency of these engines and simultaneously reduce their exhaust emissions.
Also, these engines can be readily adapted to use natural gas and biofuels such as ethanol and biodiesel.
Integrated with hybrid and plug-in hybrid electric vehicle powertrains, these engines can be operated at fuel-
efficient speed-load conditions. This next-generation hybrid engine—electric drivetrain could offer a cost-
competitive and fuel-efficient powertrain as the U.S. transportation sector transitions to full electrification.

Spark-ignition (SI) gasoline engines power the majority of the U.S. light-duty vehicle fleet. They generally
operate with stoichiometric combustion to allow the use of highly efficient and cost-effective three-way
catalysts for emission control. Engine technology advances in recent years such as direct fuel injection, flexible
valve timing and lift systems, improved combustion chamber design, and reduced mechanical friction losses
are contributing to substantial improvements in gasoline engine efficiency. Boosted air handling and direct-
injection fueling systems have enabled gasoline SI engine downsizing, which has been a major trend during the
last decade, to improve light-duty vehicle fuel economy. Further efficiency improvement of downsized engines
through higher compression ratios has been constrained by current fuel properties. Fuel autoignition, which
causes engine knock, and low-speed pre-ignition, which can cause catastrophic engine failures, limit increasing
compression ratio and efficiency of SI engines.

Lean-burn gasoline combustion engines have higher efficiencies but require lean-NOy emission controls to
meet the more stringent U.S. emissions regulations. Advances in lean-burn gasoline combustion and emission
controls are critical for introducing this higher-efficiency technology in the U.S. market. Increased thermal
efficiency can also be achieved with stoichiometric dilute combustion (i.e., high levels of exhaust gas
recirculation). Remaining stoichiometric avoids the cost and complexity of lean aftertreatment systems, while
still providing some of the benefits of reduced pumping losses, reduced heat transfer, and increased ratio of
specific heats.

Achieving high efficiency in lean-burn and dilute gasoline engines depends on creating combustible mixtures
near the spark plug and away from cylinder walls. A comprehensive understanding of the dynamics of fuel-air
mixture preparation is required, including intake air flows and fuel sprays as well as their interactions with the
combustion chamber surfaces over a wide operating range and generation of appropriate turbulence to enhance
flame speed. Improved simulation tools are being developed for optimizing lean-burn and dilute systems over
the wide range of potential intake systems, piston geometries, and injector designs. Also, robust, high-energy
ignition systems and mixture control methods are being investigated to reduce combustion variability at lean or
dilute, highly boosted conditions and achieve reliable ignition and combustion; examples include high-energy
plugs, plasma, corona, and laser ignition systems.

Low-temperature combustion (LTC) strategies such as homogeneous charge compression ignition, pre-mixed
charge compression ignition, and reactivity-controlled compression ignition exhibit high efficiency with very
low levels of engine-out NOx and PM emissions, thereby potentially reducing exhaust aftertreatment
requirements. Significant R&D efforts have focused on air handling and conditioning of intake air, fuel-air
mixing, fuel property impacts, combustion timing control, and transient response. Progress in LTC strategies
continues to expand the operational range, covering speed and load combinations consistent with light- and
heavy-duty drive cycles.

Multimode combustion strategies combine two operating modes to achieve overall higher efficiency compared
to SI-only operation. Examples include (a) boosted spark ignition during starting and high-load operation to
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meet cold-start emissions requirements and achieve suitable power density, and (b) LTC modes under low and
medium loads for high efficiency. R&D efforts have focused on controlling transitions between the two operating
modes, expanding the speed and load range during LTC, improving cold operation, and reducing combustion
noise.

Diesel engines deliver fuel economies that are considerably higher than those of comparable SI engines. Key
developments in combustion and emission controls have enabled manufacturers to achieve the mandated
emissions levels and introduce new diesel-powered vehicles to the U.S. market. The U.S. Department of Energy
(DOE) research has contributed to progress in all of these areas. However, diesels in passenger cars have had
limited market penetration in the United States, primarily due to the cost of the fuel injection and emission
control system components required to reduce emissions. The heavy-duty diesel is the most common engine for
commercial vehicles because of its high efficiency and outstanding durability. Efficiency gains were modest in
the early 2000s, when R&D efforts focused on meeting increasingly stringent heavy-duty engine criteria
emissions standards while reducing fuel use and system cost. After the manufacturers met the U.S.
Environmental Protection Agency 2010 emissions standards for NOx and PM, efforts turned to further
improving engine efficiency and system durability. Continued R&D to improve boosting and thermal
management and to reduce and/or recover rejected thermal energy has resulted in current heavy-duty diesel
engine efficiencies in the range of 43%—-45%. Advanced combustion regimes and demonstrated waste heat
recovery technologies can further improve overall engine efficiency to as high as 57%.

The Co-Optimization of Fuels and Engines (“Co-Optima”) initiative, which kicked off in 2016, is a
collaboration between the Advanced Engine and Fuel Technologies Program and the Bioenergy Technologies
Office. A National Laboratory R&D consortium was formed to investigate the co-development of advanced
fuels and engines, which offered a great opportunity to improve engine efficiency and diversify the fuel
supply. Research focuses on identifying fuel properties that enable optimized engine performance and on
developing a fuel-property-based approach that could provide the technical information needed to define future
fuel requirements. Market introduction of advanced fuel and engine technologies can be accelerated by
addressing the fuel property limitations and barriers to more efficient light-duty and heavy-duty engines. The
market will define the best means to blend and provide these fuels.

Although NOy and PM engine-out emissions are significantly lower for advanced LTC strategies and lean-burn
technologies such as conventional and advanced diesel combustion strategies for light- and heavy-duty engines
as well as lean-burn gasoline engines, further reductions are needed to meet future stringent regulations. Also,
higher hydrocarbon and carbon monoxide emissions require additional controls, which are often a challenge
with the low exhaust temperatures (about 150°C).

Selective catalytic reduction with urea as reducing agent (urea-SCR) technology has been used for NOyx control
in Tier 3 light- and medium-duty vehicles, heavy-duty engines, and other diesel engine applications in the
United States. All diesel vehicle manufacturers have adopted urea-SCR since it has a broader temperature range
of effectiveness than competing means of NOy reduction and allows the engine/emission control system to
achieve higher fuel efficiency. Although urea-SCR is a relatively mature catalyst technology, more support
research to aid formulation optimization and minimize degradation effects, such as hydrocarbon fouling, was
conducted.

PM produced by direct-injection technology utilized for most advanced gasoline engines, although smaller in
mass than diesel particulates, may still represent significant emissions in terms of particulate number counts.
PM emissions from dilute combustion gasoline engines are not fully understood; their morphology and
chemical composition are also affected by combustion. Research has been conducted to develop filtration
systems (for smaller-diameter PM) that are durable and that introduce only low fuel economy penalties
(generally caused by increased backpressure and the need to regenerate the filter).

Complex and precise engine and emission controls require sophisticated feedback systems employing new types
of sensors. NOx and PM sensors are under development and require additional advances to be cost-effective,
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accurate, and reliable. Upcoming regulations with increased requirements for onboard diagnostics will be a
challenge for manufacturers trying to bring advanced fuel-efficient solutions to market. Sensors and catalyst
diagnostic approaches will be key elements of emission control research in the next few years.

Overall costs of current light- and medium-duty diesel engine systems remain higher than those of conventional
gasoline systems. These costs are partly due to complex engine and exhaust gas recirculation systems and the
catalyst expense and volume associated with urea-SCR systems and diesel particulate filters. Pragmatic research
has substantially reduced the combined fuel penalty for SCR/diesel particulate filter systems, but further
reductions are plausible. Another improvement being pursued is to pair NOy trap technology with SCR
catalysts. The advantage is that the SCR catalyst uses the NH; produced by the NOx trap, so no urea injection is
needed. Formulations and system geometries have been researched to reduce cost by reducing the overall
precious metal content of the NOy trap+SCR systems, making the systems more feasible for light-duty vehicles

Current Technical Focus Areas and Objectives

The Advanced Engine and Fuel Technologies Program supports early-stage R&D to improve the
understanding of, and ability to manipulate, internal combustion engine combustion processes, generating
knowledge and insight necessary for industry to develop the next generation of engines and fuels. The Program
uses cutting-edge research to strengthen the knowledge base and technical expertise in high-efficiency,
advanced combustion engines and fuels, leveraging unique facilities and capabilities at the National
Laboratories and close collaboration with academia and industry.

The Program objectives are as follows:

e Accelerate the fundamental understanding of advanced combustion strategies that simultaneously
show higher efficiencies and very low emissions, elucidating the effects of critical factors such as fuel
spray characteristics, in-cylinder air motion, heat transfer, and others

e Develop science-based understanding of how engine efficiency and emissions are impacted by fuel
properties and, conversely, how engines can be modified to take advantage of desirable fuel properties
and control of emissions from co-optimized fuels/engines to meet future emissions regulations

e Reduce the fuel use penalty while improving the effectiveness and durability of emission control
(exhaust aftertreatment) devices to enable advanced combustion strategies and high-performance
fuels, as well as reduce the use of platinum group metals

e Develop precise and flexible engine controls, as well as sensors for control systems and engine
diagnostics, to facilitate adjustments of parameters that allow advanced combustion engines to operate
over a wider range of engine speed and load conditions

e Further advance engine technologies such as turbo-machinery, flexible valve systems, advanced
combustion systems, and fuel system components to reduce parasitic and other losses to the
environment, and incorporate waste heat recovery technologies to recover engine exhaust energy

The Program maintains close collaboration with industry through a number of 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 emission control
systems, fuel distributors and retailers, National Laboratories, and universities. The collaboration is conducted
through numerous groups, including the Advanced Combustion and Emission Control Technical Team and the
Driving Toward Net-Zero Carbon Fuels Tech Team of the U.S. DRIVE (Driving Research and Innovation for
Vehicle efficiency and Energy Sustainability) Partnership and the Engine Powertrain Team of the 21st Century
Truck Partnership. Additional collaboration is carried out under the Advanced Engine Combustion
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Memorandum of Understanding and the Cross-Cut Lean Exhaust Emission Reduction Simulation (CLEERS)
activity of the Advanced Engine Cross-Cut Team.

The Advanced Engine and Fuel Technologies Program focuses on the following research areas (Figure 1):
combustion fundamentals, co-optimization of fuels and engines, alternative fuel engines, emission control
R&D, high-efficiency engine technologies, lubricant technologies, and system-level efficiency improvement.
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.

Advanced Engine and Fuel Technologies

I I I — 1
) Co-Optimization of . High Efficiency Engine
Combustion Research Fuels and Engines Emission Control R&D Technologies

System-Level Efficiency

Alternative Fuel Engines
Improvements

Figure 1 Research areas within the Advanced Engine and Fuel Technologies Program

Combustion Research

Combustion research activities focus on measuring, understanding, and modeling the physical and chemical
processes that take place during combustion in an internal combustion engine. This is accomplished by
leveraging the unique diagnostic tools, including advanced laser, high-intensity X-ray, and neutron-based
measurements, to study fuel injection, air mixing, and combustion events. High-fidelity physical models of
fuel injection, spray break-up, heat transfer, turbulence, and combustion phenomena are developed based on
theory and measurements, as are detailed and accurate chemical kinetics models used to simulate surrogate
fuels and determine their impacts on combustion efficiency and emissions. These models are needed for
accurate numerical simulations of engine combustion. Simulations can allow for rapid iteration of design and
diagnosing issues that are opaque to experimental measurements. High-throughput simulations have the
potential to enable “virtual calibration,” greatly reducing the development costs for new engines. However,
attaining predictive accuracy from engine simulations remains one of the most challenging problems in
engineering.

The Partnership to Advance Combustion Engines (PACE) National Laboratory consortium started in FY 2019.
PACE is focused on utilizing the rapid growth in computing power and DOE investment in leadership class
computing, including plans to deploy exascale (10'® floating point operations per second) computing in 2021.
The vision for PACE is to combine unique experimental capabilities with leadership computing and emerging
machine learning and artificial intelligence techniques to deliver predictive accuracy from engine simulations,
enabling smarter engine design and breakthroughs in engine efficiency. The consortium model focuses the
resources of six National Laboratory programs on common key barriers to efficiency in light-duty engines and
creates a consolidated flagship effort that enhances engagement with industry.

Co-Optimization of Fuels and Engines

Early-stage research focuses on fuel property impacts on combustion to determine fuel characteristics that
enable higher efficiency in advanced combustion strategies. Research topics include performance of tailored
blend stocks, including bioderived, synthetic, and petroleum-based blend stocks. They are expected to increase
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engine efficiency, specifically on advanced fuels that enable maximum performance of advanced conventional
and kinetically controlled combustion strategies.

Alternative Fuel Engines

R&D activities focus on overcoming technical barriers to the implementation of alternative fuels. Fuels such as
natural gas and drop-in biofuels frequently have technical barriers that impede their implementation in
traditional engines. Work to overcome these barriers will include support for new alternative fuel engine
offerings and evaluation of the emissions impact of novel alternative fuels.

Emission Control R&D

The lower exhaust temperatures of advanced internal combustion engines make conventional aftertreatment
systems less effective. Research on exhaust aftertreatment systems for these advanced combustion engines will
focus on catalyst technologies that are active at the lower exhaust temperatures, namely those that provide
greater than 90% conversion efficiency at about 150°C. Early-stage fundamental research at the National
Laboratories, in close collaboration with industry and academia, addresses barriers to achieving key
performance metrics such as catalyst activity, selectivity, and durability. Research will also address cost-
effectiveness by reducing the use of precious metals through single-atom catalysis and the development of
alternatives to platinum group metals.

High-Efficiency Engine Technologies
Projects research and develop technologies for more efficient, clean, advanced engine/powertrain systems to
improve passenger and commercial vehicle fuel economy.

System-Level Efficiency Improvement

R&D projects focus on system-level improvements to achieve vehicle performance targets. These include
improving drivetrain efficiency and reducing aerodynamic drag and tire rolling resistance. For off-road
vehicles, system-level efficiency improvements can also be accomplished with more efficient fluid power
systems.

Technical Highlights

Combustion Research

Sandia National Laboratories is providing the scientific understanding needed to design, optimize, and
calibrate the next generations of medium-duty diesel engines that comply with increasingly stringent pollutant
emissions regulations while achieving thermal efficiencies exceeding 50%. In FY 2019, they (1) developed a
conceptual model for turbulent flow evolution and vortex formation in stepped-lip combustion chambers,

(2) identified combustion system design and/or operating parameters that are predicted to enhance vortex
formation in stepped-lip combustion chambers for main injections starting near top dead center, (3) developed
an experimental approach to study catalyst heating operation in the small-bore optical diesel engine and
perform initial thermodynamic and high-speed imaging studies, and (4) began construction of the new
medium-duty diesel research engine. (Busch, 1.1)

Sandia National Laboratories conducted diesel combustion research in conjunction with combustion and flow
modeling and simulation by Wisconsin Engine Research Consultants to develop a fundamental understanding
of how in-cylinder controls can improve efficiency and reduce pollutant emissions of both conventional diesel
and advanced low-temperature combustion; quantify the effects of fuel injection, mixing, and combustion
processes on thermodynamic losses and pollutant emission formation; and improve computer modeling
capabilities to accurately simulate these processes. In FY 2019, they (1) developed and applied diagnostics to
quantify combustion-mode effects on heat transfer and efficiency; (2) used simulation predictions to guide and
complement multiple-injection experiments; and (3) determined how mixing and jet interactions are affected
by in-cylinder flows, the decay of spray-generated turbulence, large-scale structures, and/or entrainment wave
effects on the bulk jet during the injection dwell. (Musculus, 1.2)
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Sandia National Laboratories is working to achieve better understanding of ignition physical and chemical
processes and use this information to develop more reliable engine simulation submodels. Relevant ignition
processes include plasma formation from deposited electrical energy, plasma-to-flame transition, and flame
kernel development. In FY 2019, researchers (1) evaluated the influence of ozone (O3) addition on spark-
assisted compression ignition strategies, (2) prototyped various pre-chamber and barrier discharge ignition
systems, and (3) measured transient plasma ignition characteristics including potential O3 formation. (Ekoto,
L.5)

Argonne National Laboratory uses X-ray diagnostics of sprays to provide insight into the fundamentals of

sprays and to generate quantitative data for development and validation of advanced injection simulations. In
FY 2019, the research team (1) optimized the workflow for data analysis of X-ray tomography measurements
of the internal flow passages of fuel injectors; (2) performed exploratory measurements using X-rays to probe
the near-wall region of sprays impinging on surfaces, determined what measurement quantities are important
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and feasible, and planned for the development of a built-for-purpose spray chamber for future spray—wall
studies; and (3) completed first-of-their kind three-dimensional measurements of a cavitating diesel nozzle,
including high-resolution measurements of the internal liquid and gas distributions. (Powell, 1.6)

Fundamental data are needed to develop robust models that can be used to improve the understanding of the
multiple physical and chemical processes that occur within combustion engines. Argonne National Laboratory
is therefore using its rapid compression machine to acquire autoignition data at conditions representative of
today’s and future internal combustion engines and improve modeling capabilities. In FY 2019, researchers
sought to quantify the autoignition behavior of binary olefin/aromatic blends with the aim of understanding
and modeling chemical kinetic interactions. The team acquired autoignition data for binary blends of an iso-
olefin, 2-methyl 2-butene, and an aromatic, covering wide ranges of temperatures, pressures, stoichiometries,
and blending ratios. Researchers also improved previously developed scaling analyses to identify physical and
chemical parameters that govern flame-driven compression ignition, with applications to mild ignition in rapid
compression machines and to spark-assisted compression ignition in internal combustion engines.
(Goldsborough, 1.7)

Argonne National Laboratory is improving gasoline direct injection engine efficiency and expanding the tools
to enable significant improvement of the current ignition technology. This project focuses on modeling
conventional spark ignition as well non-conventional ignition technologies such as low-temperature plasma
and pre-chamber ignition. In FY 2019, the project team (1) modeled a real low-temperature plasma ignition
experiment and validated computational fluid dynamics results against experimental data, (2) explored low-
temperature plasma ignition processes by evaluating the impact of plasma kinetics and fluid dynamics,

(3) expanded low-temperature plasma studies to simulate advanced igniter geometries that are of interest to
industry, and (4) planned future work to improve and expand conventional spark ignition models. (Scarcelli,

1.8)

Researchers at Oak Ridge National Laboratory are using a thermodynamics-based approach to identify and
pursue opportunities for improved efficiency in internal combustion engines. The specific combustion strategy
is high dilution from exhaust gas recirculation for spark-ignited combustion enabled by fuel reforming through
thermochemical recuperation. In FY 2019, researchers focused on the thermodynamics of consuming
reformate in an engine, examining differences in the energy content of primary reforming products (Hz and
CO) between a 1st Law of Thermodynamics energy basis (enthalpy) and a 2nd Law of Thermodynamics basis
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Figure 4 Simulated engine efficiency as a function of molar expansion ratio under stoichiometric conditions:
(1) 1st Law of Thermodynamics basis and (b) 2nd Law of Thermodynamics basis (Syzbist, 1.9)
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(exergy)—a discrepancy that could be attributed to the molar expansion ratio. Oak Ridge National Laboratory
completed an experimental investigation to improve understanding of molar expansion ratio’s role in engine
efficiency. (Szybist, 1.9)

Oak Ridge National Laboratory is implementing high-fidelity neutron imaging capabilities using the High Flux
Isotope Reactor (HFIR) and Spallation Neutron Source for advanced transportation research, with the specific
objectives of improving design and control of complex advanced combustion systems and guiding model
validation and input. The project’s FY 2019 focus was to support improved fuel injector and spray models for
predictive simulation. FY 2019 achievements include demonstrating neutron imaging of fuel injection in a
dynamic capacity at the HFIR, showing the ability to both visualize and quantify internal injector dynamics,
developing an approach to allow for quantitative measurement of “sub-pixel” displacement of the needle in a
gasoline direct injector using ensemble neutron imaging of cyclic dynamic operation, developing a new
experimental apparatus to enable dynamic imaging of all internal components of the Engine Combustion
Network’s Spray-G-style gasoline direct injector, and completing preliminary designs for a new spray chamber
to enable imaging of spray impingement on a wall at various orientations. (Wissink, 1.10)

Lawrence Livermore National Laboratory is developing predictive chemical kinetic models for gasoline,
diesel, and next-generation fuels, as well as for fuel components used in surrogate fuels; combining component
models into surrogate fuel models to represent real transportation fuels; and using these models to simulate
advanced combustion strategies in engines. In FY 2019, it (1) developed fuel surrogate kinetic models with
more representative components for real fuels to increase accuracy of autoignition predictions and to cover a
range of real fuels; and (2) validated kinetic mechanisms over a range of temperature, pressure, and
equivalence ratio conditions relevant to engine combustion. (Pitz, 1.11)

Lawrence Livermore National Laboratory is advancing the state of the art in engine simulation through the
development of fast and accurate models and working with industry partners to prove capability and impact of
combustion chemistry software. In FY 2019, it (1) investigated the impact of reduced mechanisms on engine
simulation results, (2) developed fast solvers for one-dimensional diffusion flames, and (3) released Zero-
Order Reaction Kinetics software as open-source. (Whitesides, 1.12)

Los Alamos National Laboratory is developing mathematical and computer algorithms and software to
advance speed, accuracy, robustness, and range of applicability of FEARCE, an internal combustion engine
modeling software, to be a more predictive computer code. In FY 2019, Los Alamos National Laboratory

(1) developed a four-valve direct-injection, spark-ignition (DISI) engine system for validation of FEARCE,
(2) validated progress of FEARCE on experimental data of the four-valve DISI engine; collaborated with

Dr. Magnus Sjoberg of Sandia National Laboratories on the DISI setup and experimental data, (3) constructed
systems to use Chemkin reactive chemistry software, (4) continued spray model development for both
predictive spray break-up and subsequent droplet transport and droplet fate, and (5) continued the process of
commercialization of FEARCE. (Carrington, 1.13)
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Figure 5 The Engine Combustion Network (ECN) Spray G case: injection of gasoline in quiescent nitrogen at 600 kPa, with
(a) showing the Kelvin Helmholtz-Rayleigh Taylor (KH-RT) spray model and (b) showing the penetration depth of the liquid
spray and vapor compared to ECN experimental data (Carrington, 1.13)

Oak Ridge National Laboratory supported a multi-year collaborative effort using high-performance computing
resources and graphic-processing-unit-enabled numerical solvers to evaluate the impact of increased
simulation detail on the predictive accuracy and computational needs of computational fluid dynamics engine
simulations. In FY 2019, it (1) refined the conjugate heat transfer modeling approach coupled with Reynolds-
Averaged Navier—Stokes and large eddy simulation turbulence submodels, (2) evaluated the impact of these
model refinements on predictive accuracy and computational requirements, and (3) adapted modeling tools for
use on new high-performance computing resource and evaluated improvements in computational capabilities
for engine simulation. (Edwards, 1.14)

Argonne National Laboratory focused on fundamental understandings that inform advanced compression
ignition use in a multimode operating strategy in FY 2019 to (1) evaluate advanced compression ignition
control methodologies by utilizing static autoignition data and (2) develop an active pre-chamber ignition
system for advanced compression ignition operation. (Rockstroh, 1.15)

Argonne National Laboratory focused on developing the Nek5000 computational fluid dynamics platform into
an effective exascale code for high-fidelity internal combustion engine simulations. This involves
implementing the state-of-the-art submodels for combustion,

spray, and ignition and validating against several benchmark \L::\:;I
engine experiments. These efforts will enable high-fidelity
internal combustion engine simulations with minimal

numerical inaccuracies. In FY 2019, the project g
(1) demonstrated the ability to quantitatively predict flow,
including variability, under high-load and low-load
conditions; (2) improved the capability of Nek5000 to model
turbulent reacting flows; and (3) demonstrated the scalability
of the engine simulations on leadership class machines.
(Ameen, 1.16)

Figure 6 Cross-section view of single-cylinder heavy-
duty Caterpillar research engine at Argonne
National Laboratory (Kolodziej, 1.17)

Argonne National Laboratory characterized the particulate
emissions between diesel and gasoline mixing-controlled
compression ignition combustion at high load and
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demonstrated spark-ignition combustion as a possible solution to gasoline compression-ignition engine
combustion stability at low load and idle in FY 2019 by (1) demonstrating low-load operation of a high-
compression-ratio gasoline compression-ignition engine using knock-free spark-ignition combustion with good
combustion stability and (2) measuring the particulate morphology of gasoline and diesel mixing-controlled
compression ignition combustion at high load. (Kolodziej, 1.17)

Argonne National Laboratory developed the cavitation-induced erosion risk assessment (CIERA) tool to allow
for qualitative and quantitative predictions of erosion likelihood and severity. In FY 2019, it (1) developed and
implemented a framework to quantify the incubation period, or time before material removal; (2) benchmarked
the predictive capability of CIERA against standard approaches through comparison against available optical
data from the literature; (3) identified best practices for predicting cavitation and erosion using the mixture
modeling approach; (4) implemented representative interactive flamelet — in situ tabulation (RIF-ist) in the
CONVERGE code; (5) performed extensive quantitative validation against gas jet flames followed by high-
pressure spray flames; and (6) coupled the RIF-ist approach with detailed soot models and demonstrated
prediction of slow-forming species and soot emissions. (Som, 1.18)

Co-Optimization of Fuels and Engines

The U.S. Department of Energy (DOE) Co-Optimization of Fuels and Engines (Co-Optima) initiative is
accelerating the introduction of efficient, clean, affordable, and scalable high-performance fuels and engines.
FY 2019 marked the start of Co-Optima’s second and final three-year phase. With boosted spark-ignition (SI)
light-duty (LD) engine research completed in FY 2018, the initiative focused on LD multimode approaches
that combine SI and other forms of combustion (e.g., advanced compression ignition [ACI]) to increase LD
vehicle fuel economy. FY 2019 also marked the completion of much of the medium- and heavy-duty
(MD/HD) mixing-controlled compression-ignition research and increased focus on MD/HD ACI combustion
research. The Co-Optima initiative has provided new knowledge has spurred promising research directions and
led to unanticipated observations—for example, established fuel properties predict performance for some ACI
approaches but not others—that have been important for developing research plans for FY 2020 and beyond.
Recent Co-Optima accomplishments have also significantly improved the state of the art in fuel kinetics and
engine simulations. (Wagner, 11,1)

Oak Ridge National Laboratory is studying how differing high-octane fuel formulations can be used to enable
increased engine efficiency and estimating the magnitude of the effect that increased engine efficiency has on
vehicle fuel economy. Researchers provide assessments of the potential benefits offered by improving gasoline
octane ratings to support technoeconomic evaluations of potential future biofuel formulations in the United
States, focusing on aspects of high-load, boosted spark ignition operation as a part of a multi-mode combustion
strategy that utilizes advanced compression ignition at part-load conditions to improve efficiency. In FY 2019,
the project (1) completed publication of the U.S. DRIVE (United States Driving Research and Innovation for
Vehicle efficiency and Energy sustainability) Fuels Working Group High-Octane Fuels Study Report,

(2) determined the relationship between fuel properties and the R factor for fuel economy calculation, and

(3) initiated a study to examine whether boosted spark ignition operation at high loads and speeds is limited by
motor octane rating rather than research octane rating. (Sluder, 11.2)
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Co-Optima’s FY 2018 findings led to questions about ACI kinetics and
the properties of the fuels used to study ACI. To address these
questions, Oak Ridge National Laboratory (ORNL) partnered with
General Motors Company to install a new single-cylinder engine that is
capable of operating in a production-intent ACI combustion strategy.
ORNL also partnered with Shell Global Solutions to develop a fuel
matrix that is representative of fuels that are possible to make in a
refinery (rather than using high concentrations of single-component
fuels). In addition, the researchers developed an experimental matrix
that allows them to see several fuel-specific differences at various
engine operating conditions. (Szybist, 11.3)

Sandia National Laboratories is providing the science base needed to
understand how emerging alternative fuels impact highly efficient
direct-injection spark-ignition light-duty engines being developed by _ _ ) _
industry, elucidating how engine design and operation can be optimized Figure 7 The new single-cylinder engine
. . . at ORNL, used to investigate multimode
for clean and efficient use of future fuels, and developing and applying  ¢ompustion for Co-Optima (Szybist, I1.3)
advanced optical diagnostics for probing in-cylinder processes. In FY
2019, they (1) clarified why particulate matter index fails to predict
engine-out soot particulate matter for boosted stratified-charge spark-ignition engine operation, (2) determined
the octane requirement of a multimode engine that uses mixed-mode combustion at low to moderate loads, and
(3) quantified the potential of a multimode engine to increase vehicle fuel economy. (Sjoberg, 11.4)

To understand the effect of future renewable fuels on sprays, Sandia National Laboratories has acquired
temporally and spatially resolved liquid volume fraction measurements of liquid plume position and dynamics
for a range of fuels. The understanding provided by these unique datasets motivates the design and
optimization of gasoline direct-injection systems that respond well to a wide variety of future renewable fuels.
In FY 2019, researchers (1) developed a high-throughput facility and diagnostics for ensemble-average liquid
volume fraction from computed tomography of high-speed extinction imaging, (2) completed a large database
including more than a dozen fuels and operating conditions spanning intake flash-boiling to late injection, and
(3) measured end-of-injection dribble and liquid film deposits on the injector for a range of conditions.
(Pickett, 11.5)

Engines using low-temperature gasoline combustion (LTGC) have the potential to reduce fuel costs and CO»
emissions by 30% or more over current spark-ignition (SI) engines. It is critical to understand the effects of
fuel properties on autoignition under LTGC-like conditions, including temperatures, pressures, and high
dilution levels typical of these engines. In FY 2019, Sandia National Laboratories evaluated eight different
fuels under well-premixed LTGC conditions with the same intake temperature. The research team found that
the octane index gives a very poor correlation for the autoignition timing of naturally aspirated LTGC and that
the lean mixtures used for LTGC were the biggest factor in causing the octane index to perform poorly for
LTGC combustion. Researchers also evaluated a new custom fuel blend designed to improve LTGC
performance compared to regular gasoline, finding that a fuel with properties similar to the blend would be
better than regular gasoline for LTGC, SI, boosted-SI, or multimode LTGC-SI engines. (Dec, 11.6)

Oak Ridge National Laboratory uses single-cylinder engine experiments to characterize potential fuel
consumption benefits of various multimode advanced compression ignition (ACI) operating modes over state-
of-the-art spark-ignited (SI) engines. In FY 2019, the project team (1) quantified the impact of fuel chemical
function characteristics on spark-assisted and kinetically controlled compression ignition strategies focused on
multimode operation, (2) demonstrated the performance of ACI strategies on a 12:1 compression ratio engine
and the effect of the fuel choice on the maximum SI achievable load, and (3) quantified the trade-off between
ACIT and SI performance due to fuel chemistry effects on the required intake pressure and temperatures at a
relatively low compression ratio with a wide range of Co-Optima core fuels. (Curran, 11.7)
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Oak Ridge National Laboratory sought clarity on the relationship between fuel properties and low-speed pre-
ignition (LSPI). Downsized and turbocharged spark-ignited engines are greatly effective at improving fuel
economy, but the increased specific outputs of these engines make them more prone to damaging phenomena
such as LSPI. In FY 2019, the project team confirmed that LSPI number count is highly correlated to fuel-wall
interaction, illustrated that lubricant effects are independent of only fuel-wall interaction, and developed a new
engine platform to investigate fuel property effects on fuel-wall interactions relevant to LSPI. (Splitter, I1.8)
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Figure 8 Impact of engine control parameters on the intake
pressure requirement over all test conditions (Rockstroh, 11.9)

Researchers at Argonne National Laboratory
investigated five Co-Optima gasolines with different
octane sensitivities. The purpose was to characterize
the ignition delay behavior of the fuels over a range
of engine-relevant conditions using experimental
data from a rapid compression machine (RCM) and
chemical kinetic simulation. The researchers
successfully demonstrated the use of static
autoignition delay data to generate fuel reactivity
maps, which can be implemented in advanced
compression ignition (ACI) engine control strategies
for combustion phasing control in a multimode
spark-ignition engine. Furthermore, the team
investigated correlations between the engine control
parameters and the thermodynamic state at the time
of autoignition, ultimately correlating engine boost
requirements to compressed pressure in an RCM
over a range of intake temperatures and two
equivalence ratios. In addition, the team completed a
design of experiments study to correlate the engine

control parameters on the ACI operating range in a multimode engine platform to distinguish fuel-specific

effects on operating parameters. (Rockstroh, 11.9)

Argonne National Laboratory is investigating how
the physical properties of vehicle fuels affect the
fuel injection process and the mechanisms of
spray atomization. Researchers study the mixture
formation in a spray chamber under conditions
that mimic a gasoline direct-injection engine. The
research team performed three-dimensional X-ray
tomography measurements that quantify the near-
nozzle fuel distributions under flash-boiling
conditions for three alcohol fuel blends. With
these same fuel blends, researchers performed
ultra-small-angle X-ray scattering measurements
to determine two-dimensional distributions of the
near-nozzle surface area. Near-nozzle density and
surface area were combined to build a map of the
Sauter mean diameter in the near-nozzle spray
atomization region. These experiments
successfully quantified the near-nozzle fuel
density distribution, surface area, and Sauter mean
diameter of flash-boiling sprays across a range of
fuel properties. (Powell, 11.10)
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Figure 9 The surface area of fuel droplets as a function of
position for three fuel blends at a distance 1 mm from the fuel

injector (Powel, 11.10)
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Argonne National Laboratory identified the effects of fuel composition and engine intake conditions on
combustion, autoignition, and knocking characteristics in FY 2019 by (1) developing a better understanding of
the synergistic octane blending behavior of prenol in different base fuels, (2) investigating the correlation of a
lean advanced compression ignition fuels rating metric on the Cooperative Fuel Research octane rating engine
compared to modern advanced compression ignition multimode engines, and (3) creating a new test
methodology to experimentally characterize the low-temperature chemistry of stoichiometric mixtures.
(Kolodziej, 11.11)

Argonne National Laboratory addresses challenges associated with measuring the autoignition properties of
potential future fuels and fuel blends, interpreting their performance in combustion engines (in terms of knock
and combustion phasing), and properly modeling their behavior in zero- and multi-dimensional simulation
frameworks. This project acquired data for select high-performance fuels (i.e., isoalcohols) blended into a
research-grade gasoline, covering a range of thermodynamic conditions and a range of blending levels. The
team also acquired autoignition measurements for a representative ether, covering a range of thermodynamic
conditions. (Goldsborough, 11.12)

Sandia National Laboratories is developing advanced combustion strategies for mixing-controlled
compression-ignition engines that are synergistic with renewable and/or unconventional fuels in a manner that
enhances domestic energy security, economic competitiveness, and environmental quality. FY 2019 work
aimed to determine the extent to which the use of oxygenated fuels, when combined with ducted fuel injection
(DFI) and charge-gas dilution, can simultaneously lower the soot and nitrogen oxide (NOy) emissions from
mixing-controlled compression-ignition engines, as well as the corresponding impacts on other regulated
emissions and efficiency. The research team concluded that employing DFI in combination with only 25 vol%
of an oxygenated fuel can curtail in-cylinder soot incandescence by approximately two orders of magnitude for
the two-duct configuration employed in this study. One order of magnitude comes from using DFI, and the
second comes from blending with the oxygenated fuel. (Mueller, 11.13)

Piston bowl-rim
Fuel-injector tip

Duct

I Liquid fuel
Vapor-fuel/charge-gas mixture
Il Autoignition zone
a. 7~ Products of rich combustion
=== Diffusion flame
Thermal NO production zone

Figure 10 (a) Schematic of DFI with a single duct. (b) Rendering of the two-duct assembly installed in the optical engine.
(Mueller, 11.13)

National Renewable Energy Laboratory is developing experimental and simulation tools to characterize fuel
ignition behavior in support of advanced combustion engine development; supporting the development of
research fuels, surrogates, and blends, and related reduced kinetic mechanisms to further enable
codevelopment of advanced combustion engines and high-performance fuels; linking bench-scale, constant-
volume combustion-chamber-based fuel ignition measurements to single-cylinder research engine studies to
enable rapid predictive feedback of engine performance for complex fuel blends; and developing
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understanding of fuel chemical and physical properties that enable co-optimization of high-performance fuels
and high-efficiency engines. In FY 2019, researchers (1) developed constant-volume combustion-chamber-
based ignition delay measurements to quantify ¢-sensitivity for fuels showing ¢-sensitivity in published engine
combustion studies and (2) supported development of a ¢-sensitivity metric to apply to fuel screening for ACI
and multimode strategies. (Zigler, 11.14)

National Renewable Energy Laboratory is using a simple, straight quartz tube flow reactor connected to a dual
gas chromatograph system to analyze autoignition products and soot precursor molecules to gain insight into
skeletal reaction mechanisms. Researchers tested the ability of the flow reactor to observe ¢-sensitivity using
heptane and primary reference fuels by varying ¢ and residence time at low temperatures. It was determined
that operation at elevated pressures is required to clearly observe ¢-sensitivity; work is under way to increase
operational pressure up to 10 bar. The project also measured methylpropyl ether autoignition in the flow
reactor at two residence times to validate the kinetic mechanism. These data were used to improve a kinetic
model that was developed at Massachusetts Institute of Technology. The researchers used flow reactor results
in combination with quantum mechanical calculations to explain the differences in yield sooting index (an
experimentally measured parameter for the sooting tendency of a molecule) values from the different isomers.
(Fioroni, I1.15)

Lawrence Berkeley National Laboratory is developing scenario co-optimization software as part of the
Co-Optima effort. The co-optimizer gives experimentalists and computational scientists an easy-to-use
optimizer that enables them to autonomously steer their laboratory experiments and to optimize the parameters
in their simulation models, respectively. This project is adding new capabilities: bi-level optimization,
constrained optimization, and the use of different types of surrogate models that steer experimentation and can
be used to quantify the uncertainty of experimental outcomes across the experimental domain. In FY 2019, the
team developed, verified, and demonstrated new bi-level optimization capabilities with surrogate modeling.
The team also demonstrated the methods’ efficiency and effectiveness on real engine data provided by Oak
Ridge National Laboratory and National Renewable Energy Laboratory, as well as a simulation model from
Lawrence Livermore National Laboratory. In addition, the project extended surrogate modeling capabilities to
radial basis functions and demonstrated that surrogate model predictions are sensitive to outlier data, indicating
that expert knowledge is needed when selecting data for training the surrogate. (Mueller, 11.16)

Pacific Northwest National Laboratory seeks to advance understanding of the role of molecular-level solution
structures, such as clustering, hydrogen-bonding networks, and crystallization, on fuel properties in a finished
fuel. The research team is using nuclear magnetic resonance spectroscopic measurements and molecular
dynamics simulations to develop predictive models that correlate molecular-level solution structures within
fuel components to fuel properties and performance. During FY 2019 work, alcohol clusters and hydrogen-
bonding networks for C1-C4 alcohols were observed in single-component surrogate fuels, as well as in
gasoline. Researchers determined that alcohol concentration, the nature of the alcohol and of the fuel, and
temperature influence the balance between cluster size and population and the extent of hydrogen-bonding
network formation. (Bays, 11.17)
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As part of the Co-Optima initiative, Oak Ridge National Laboratory is using targeted flow reactor studies to
evaluate the compatibility of Co-Optima candidate blendstocks with emissions control catalysts and identify
opportunities for alternative emissions control strategies that make use of novel fuel chemistry. In FY 2019,
the project team measured catalyst light-off for a series of binary, ternary, and quaternary blends of Co-Optima
blendstocks to determine why fuel blends containing up to 30% of several different Co-Optima blendstocks all
show similar catalyst light-off performance, even though the pure blendstocks have substantially different
catalytic reactivity and surrogate blendstock for oxygenate blending (BOB) components. The team determined
that aromatic constituents inhibit the catalytic reactivity of other fuel components, resulting in similar catalyst
light-off temperatures for fuel blends containing similar levels of aromatics. (Pihl, I1.18)
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Figure 11 Hydrocarbon conversion vs. three-way catalyst inlet temperature under stoichiometric synthetic exhaust conditions for
pure fuel components (dark lines) and 30% ethanol blends (light lines) with (a) a surrogate BOB containing 55% iso-octane, 25%
toluene, 15% n-heptane, and 5% 1-hexene; (b) n-heptane; (c) iso-octane; and (d) toluene. The conversion of pure ethanol is
denoted by the gray line in each chart, and the chemical structures of the fuel components in each experiment are shown within
their respective charts. (Pihl, 11.18)

Oak Ridge National Laboratory investigated the effects of fuel properties on particulate matter and gaseous
emissions and how fuel property changes impact emissions across the potential range of air—fuel stratification
modes. In FY 2019, it (1) quantified the impact of fuel aromatic content and fuel distillation curve on advanced
compression ignition particulate matter mass emissions; (2) demonstrated how changes in the level of air—fuel
stratification during advanced compression ignition combustion influence all forms of hydrocarbon emissions,
including particulate matter and both oxygenated and non-oxygenated gaseous species; and (3) quantified the
changes in hydrocarbon emission speciation as air—fuel stratification varies from fully premixed to highly
stratified within potential advanced compression ignition modes of the multimode operating space. (DeBusk,
11.19)

Lawrence Livermore National Laboratory is developing and improving chemical kinetic models for high-
performance fuels and base fuels and using the models to simulate combustion properties at boosted spark
ignition, advanced compression ignition, and mixing-controlled compression ignition engine conditions.

In FY 2019, it (1) developed and improved chemical kinetic models for 5—7 high-performance fuels and base
fuels for multimode, advanced compression ignition, and mixing-controlled compression ignition engine
conditions so that the kinetic models accurately predict fuel behavior at engine conditions and (2) predicted
sooting propensity behavior of mixing-controlled compression ignition blendstocks when blended into a diesel
base fuel. (Pitz, 11.20)

Lawrence Livermore National Laboratory is demonstrating new Co-Optima tools for stakeholders to evaluate a
blendstock’s potential with respect to market estimates. In FY 2019, it (1) assessed the validity of the Central
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Fuel Hypothesis with respect to using the octane rating of a blendstock for oxygenate blending (BOB) to
capture its blending performance with oxygenates and bio-derived hydrocarbons; (2) quantified the potential to
optimize the BOB and finished fuel performance using a chemical kinetic model for the inputs to the boosted
spark-ignition merit function, specifically, the research octane number and the octane sensitivity;

(3) coordinated with the Co-Optima Fuel Properties Team to test the BOB and blendstock combinations found
in the virtual fuel search to have the largest variation in the boosted spark-ignition merit score; and

(4) validated the model octane predictions using new test data collected using the ASTM standard
measurements for research octane number (D2699) and motor octane number (D2700). (McNenly, 11.21)

To better understand fuel-engine interactions under different operating conditions, Argonne National
Laboratory has developed computational fluid dynamics (CFD) models for four engine platforms that cover
the full spectrum of multimode combustion. Recognizing that knock is a major bottleneck to achieving higher
thermal efficiency in boosted spark-ignition combustion, the research team developed a new, more efficient
model to study fuel effects on knock-limited spark advance and indicated thermal efficiency with knock
constraint. To study the advanced compression ignition mode of combustion, researchers conducted a CFD
study to reveal the correlation between mixture/thermal stratification and cylinder wall temperature and their
impact on combustion phasing control. A computational framework using a hybrid combustion modeling
strategy in CFD was developed for lean mixed-mode engine operation and was demonstrated to be able to
capture pressure and heat release rate traces, as well as cyclic variability. The new computational model was
then leveraged to investigate effects of NOx chemistry and different fuel properties through sensitivity analysis.
(Som, 11.22)

The University of Alabama is accelerating deployment of co-optimized fuels and engines that will reduce fuel
consumption, criterion pollutants, and greenhouse gas emissions. Specifically, it will acquire combustion
measurements in a constant pressure flow rig with optical access and develop models to predict combustion
characteristics based on known fuel and ambient conditions. In FY 2019, it (1) integrated time-resolved
diagnostics systems to the test facility; (2) acquired simultaneous data at diesel conditions using over 400
injections in quick succession; and (3) analyzed rainbow schlieren deflectometry, OH* chemiluminescence,
and two-color pyrometry data to describe the flame evolution process. (Agrawal, 11.23)
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numerical accuracy. In FY 2019, the Figure 12 Second-cycle predictions for an advanced compression ignition
research team completed baseline engine operating condition, showing two configurations of DSR replicating

simulations for DSR and completed and the detailed baseline predictions (Middleton, 11.24)
demonstrated the project’s DSR model

for two types of engine combustion conditions, observing good agreement with baseline simulations.
(Middleton, 11.24)
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tension. (Schoegl, 11.25)

initiative, seeking to establish a foundation for
small-volume, high-throughput fuel testing, where
relevant fuel metrics are quantified in a micro-
combustion experiment. The approach for micro-
liter fuel characterization relies on cyclical
combustion events within a heated micro-tube.
This combustion mode is known as FREI (Flames
with Repetitive Extinction and Ignition) and relies
on self-excited instabilities that are sensitive to
fuel properties. In FY 2019, the project team used
micro-combustion tests at an intermediate pressure
to demonstrate the existence of relevant
combustion phenomena up to 10 bar. Researchers
obtained new results showing the loss of an
unstable combustion regime at diluted conditions,
creating new pathways for fuel testing at high
pressures. The project also quantified droplet

300 350

oscillation to measure surface tension and viscosity with 20% accuracy. (Schoegl, 11.25)

Yale University and The Pennsylvania State University are collaborating to gather and develop information
that describes the effects of biofuel composition on soot formation. This project has defined a fundamental fuel
property called yield sooting index (Y SI) that quantifies the tendency of fuels to form particulates in

combustion systems. The key
advantage of YSI is that it enables
high-throughput measurements with
low sample volumes (<0.1 mL),
which allowed over 50 biofuels to
be tested in FY 2019. These
measurements showed that properly
chosen biofuels have the potential to
reduce soot formation in internal
combustion engines. Since YSI
employs a well-defined laboratory-
scale flame, the results can be
simulated numerically. Simulations
in FY 2019 validated detailed
chemical kinetic mechanisms,
identified key reaction pathways,
and provided insight into the
emissions characteristics of
hypothetical fuels that have not yet
been synthesized. (Pfefferle, 11.26)

Alternative Fuel Engines
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Figure 14 Sooting tendencies measured for several carbohydrate-derived biofuel
molecules and for the Co-Optima test gasolines. A larger value corresponds to a
sootier fuel. THF = tetrahydrofuran; TG = Co-Optima test gasoline. (Figure: Charles

McEnally, Yale) (Pfefferle, 11.26)

Colorado State University is addressing fundamental limitations to achieving diesel-like efficiencies in heavy-
duty on-road natural gas engines. Its main project goal is to increase the peak torque efficiency. In FY 2019, it
(1) designed, assembled, and tested an exhaust gas recirculation cart for cooperative fuel research engine
testing; (2) demonstrated the effect of exhaust gas recirculation on flame speed and end-gas autoignition in the
cooperative fuel research engine and rapid compression machine; (3) validated a reduced chemical kinetic
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mechanism for use in engine and rapid compression machine modeling; and (4) completed CONVERGE and
GT-Power models of the cooperative fuel research engine and validated with blind tests. (Olsen, I11.1)

To enable highly efficient natural gas combustion engines, University of Minnesota Twin Cities is converting a
small portion of the incoming methane-containing natural gas to more reactive, higher-molecular-weight
hydrocarbons using a catalytic reaction called oxidative coupling of methane (OCM). These more reactive
hydrocarbons created by the OCM process can influence combustion at low (<10%) concentrations in the
intake air and can enable highly efficient natural gas engine combustion modes. In FY 2019, researchers

(1) selected a Sr/La»xOj catalyst for all future project work based on its selectivity and conversion at low
temperatures, (2) evaluated the short-contact-time reactor concept in both experiments and simulation, and

(3) achieved the first budget period go/no-go milestone of greater than 10% methane conversion and 20%
selectivity to C2 hydrocarbon products that may consist of ethane, ethylene, and acetylene. (Northrop, 111.2)

Southwest Research Institute focused on improving the efficiency of a gasoline engine by using advanced
petroleum and bio-derived fuels in a dedicated exhaust gas recirculation (D-EGR) engine in FY 2019 by

(1) quantifying the impact of refinery fuel blending on hydrogen production in the dedicated cylinder of a
D-EGR engine and (2) demonstrating a 25% reduction in petroleum consumption through a combination of
D-EGR engine operation, optimized refinery fuel blending, and bio-derived fuel component addition. (Briggs,
111.3)

Oak Ridge National Laboratory utilized the unique properties of propane to enable higher efficiency in direct
injection engines in FY 2019 to (1) understand unique opportunities of propane for high compression ratio and
dilution tolerance in stoichiometric spark-ignition operation with increased stroke and overexpansion,

(2) quantify products and enthalpy balance of propane catalytic reforming over a range of temperature and
space velocity conditions, and (3) develop a high-pressure fueling system to supply direct injection fuel rail
pressure to the multi-cylinder engine. (Szybist, 111.4)

Argonne National Laboratory, National 100
Renewable Energy Laboratory, Oak Ridge ] T heedpdanos
National Laboratory, and Sandia National T freshpaAzos
Laboratories are collaborating to investigate
fundamental combustion processes for pre-
chamber spark-ignition (PCSI) concepts to
enable diesel-like efficiency in medium- and
heavy-duty natural gas engines. This project
involves early-stage research to achieve this
efficiency by extending the lean dilution
limit and/or exhaust gas recirculation
dilution limit, as well as shortening burn .
duration, with integrated aftertreatment. The 0 boarssadtll ol N
project has designed a modular PCSI system,
sharing key design parameters and CatalystInlet T (°C)

maintaining as much commonality as

possible across bench-scale, single-cylinder Figure 15 Methane oxidation catalyst light-off curve (figure: Melanie
engine (SCE), and multi-cylinder research Debusk, Oak Ridge National Laboratory) (Zigler, 111.5)
engine platforms. Other FY 2019 activities

include performing SCE simulations with CONVERGE computational fluid dynamics, modifying the
Advanced Fuel Ignition Delay Analyzer to adapt a PCSI module in place of the existing piezoelectric diesel
injector, modifying an existing direct-injection heavy-duty optical SCE for a natural gas PCSI to study pre-
chamber output penetration to the main chamber and characterize flame propagation versus sequential
autoignition, exploring a new approach to characterizing engine thermodynamics to provide insight on how
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PCSI shifts the thermodynamic balances, and developing a new methane oxidation catalyst for lower-
temperature conversion. (Zigler, I11.5)

National Renewable Energy Laboratory is conducting early-stage research to understand fundamental
challenges and potential for propane blends to support advanced compression ignition using direct injection.
Laboratory researchers previously conducted scale experiments to understand how propane behaves with the
high-pressure direct-injection fuel injector types required for injecting fuel during the compression stroke.
FY 2019 research expanded these bench-scale injection control studies to span a range of fuel properties,
including those of propane. The project also continued adapting the Advanced Fuel Ignition Delay Analyzer
constant-volume combustion chamber platform to conduct experiments on propane blend ignition delay
performance under advanced compression-ignition-relevant conditions. (Zigler, I11.6)

Emission Control R&D
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focused measurement, OEM - original equipment manufacturer) (Pihl, IV.1)

analysis, and modeling
activities aimed at developing
the strategies, data sets, and device parameters needed for better models of catalytic emissions control devices.
FY 2019 administrative efforts included organizing a CLEERS workshop and facilitating CLEERS focus
group teleconferences. ORNL also supported the Advanced Combustion and Emissions Control Tech Team’s
Low-Temperature Aftertreatment Team in developing evaluation protocols for low-temperature catalysts and
identifying future research directions. In addition, ORNL conducted extensive experiments to measure the
impacts of exhaust gas composition and temperature on the storage and release of nitrous oxide (NO) on a Pd-
exchanged zeolite passive NOy adsorber material. Researchers developed and revised a conceptual mechanism
to explain trends in both NO storage capacity and uptake rates. (Pihl, IV.1)

Through the Crosscut Lean Exhaust Emissions Reduction Simulations initiative, Pacific Northwest National
Laboratory supports fundamental research projects in four topic areas: selective catalytic reduction (SCR),
passive NOx (oxides of nitrogen) adsorbers (PNAs), multifunctional devices, and low-temperature
aftertreatment (LTAT). Resources are shared among these efforts to allow for active response to current
industrial needs. In FY 2019, the team (1) provided molecular insight toward the “mysterious” deactivation of
Cu/SAPO-34 SCR catalysts, (2) achieved atomic Pd dispersion for Pd/SSZ-13-based PNAs, (3) published four
low-temperature catalyst test protocols (Oxidation, Storage/Release, Three-Way Catalyst, and NH3-SCR) in
open literature, (4) discovered an approved method to enhance oxygen activation for improved low-
temperature CO oxidation activity, and (5) developed a new technique to measure local permeability in
multifunctional filters with zoned catalyst coatings. (Wang, IV.2)
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Oak Ridge National Laboratory is (1) developing emissions control technologies that achieve >90% reduction
of pollutants at low temperatures (<150°C) to enable fuel-efficient engines with low exhaust temperatures to
meet new U.S. Environmental Protection Agency Tier 3 emissions, (2) identifying advancements in
technologies that will enable commercialization of advanced combustion engine vehicles, and (3) advancing
understanding of fundamental surface chemistry mechanisms that either enable or limit low-temperature
emissions control. In FY 2019, researchers (1) synthesized a new class of novel supports to be investigated for
improved durability and low-temperature oxidation; (2) demonstrated hydrocarbon trap functionality and
durability of platinum-group-metal-free zeolite; (3) evaluated Pd/SSZ-13 (aluminosilicate zeolite) for passive
NOxy adsorption and discovered a deactivation mechanism that occurs during evaluation as a single component;
and (4) demonstrated the potential and durability of combining a non-platinum-group-metal zeolite, Pd/SSZ-13
PNA, and an oxidation catalyst to treat low-temperature emissions. (Toops, IV.3)

Oak Ridge National Laboratory is conducting research on an emissions control concept known as passive
selective catalytic reduction. In FY 2019, the team (1) demonstrated a pathway for higher fuel efficiency with
an improved passive selective catalytic reduction aftertreatment system architecture while meeting U.S.
Environmental Protection Agency Tier 3 emissions levels, (2) identified potential strategies to reduce CO
emissions during rich engine operation, and (3) procured and installed a MAHLE Jet Ignition engine as the
engine platform for this project. (Prikhodko, IV.4)

Oak Ridge National Laboratory is conducting research and development to understand the fundamental
chemistry of automotive catalysts, identify strategies for enabling self-diagnosing catalyst systems, and address
critical barriers to market penetration. In FY 2019, researchers (1) determined a detailed model structure for
fitting Cu-redox half-cycle kinetic parameters, (2) assembled selective catalytic reduction catalyst samples for
analysis, and (3) built a reactor for performing transient response experiments. (Partridge, [V.5)

Pacific Northwest National Laboratory is developing protocols in collaboration with United States Council for
Automotive Research to improve or optimize the properties of solid-state ammonia storage materials based on
the information collected during the prior years. In FY 2019, the project focused on ways to develop
experimental protocols to synthesize and quantify novel non-halide-containing materials to eliminate corrosive
HCI generation observed in the metal halide ammine complexes. Three classes of novel materials were
synthesized by a combination of co-precipitation, ion-exchange techniques, and solid-state synthesis: zeolite-
based materials, amorphous oxides, and crystalline oxides. The team (1) achieved 10—15 wt% ammonia
storage capacity in zeolite-based materials, (2) used a combination of metal doping and the Si/Al ratio to
successfully decrease the temperature of ammonia release from 250°C to 150°C without loss of capacity, and
(3) used ab initio and molecular dynamics simulations to identify the energetics of silicate, titano-silicate, and
aluminosilicate materials. (Karkamkar, IV.6)

Pacific Northwest National Laboratory is developing a novel active selective catalytic reduction (SCR) phase
that, when employed in the SCR on diesel particulate filter configuration, will enable improved passive soot
oxidation capacity versus current SCR catalysts while retaining the necessary NOx reduction performance
efficiency to be attractive for the heavy-duty diesel application. In FY 2019, the team (1) demonstrated that
coprecipitation of Mn with ZrO, or CeO, bulk oxide is the optimum method of selective catalytic oxidation
(SCO)-phase synthesis, (2) demonstrated that 10 wt% Mn coprecipitated with 90% ZrO, is the near-optimum
SCO-phase chemistry for NO oxidation activity and efficient Mn usage, (3) discovered that the active site for
NO oxidation is the interface of Mn-dimer and ZrO,, (4) demonstrated evidence of three separate pathways for
SCR rate enhancement from inclusion of an SCO phase, (5) demonstrated improved low-temperature SCR
performance and significantly increased NO; availability on the binary catalyst under SCR reaction conditions
versus the SCR catalyst alone, and (6) discovered a unique ion-exchange aging mechanism that must be
considered for accurate replication of field aging at the bench scale for SCR-SCO binary catalyst systems.
(Rappe, IV.7)
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Oak Ridge National Laboratory is addressing the challenges associated with emissions control compliance
during vehicle cold start and transients encountered as a result of hybridization or low-temperature
combustion. Key focuses include measuring the detailed exhaust chemistry during cold start of boosted spark-
ignition, diesel, and hybrid spark-ignition engine platforms at engine out and downstream of relevant
emissions control systems, including three-way catalysts and hydrocarbon (HC) traps. FY 2019 research aimed
to characterize gasoline direct injection cold-start emissions using market-available vehicles, with a special
focus on HC speciation upstream and downstream of the HC trap to study how different HC chemistry (e.g.,
functional group) affects the HC trap’s effectiveness during cold start. Project researchers measured detailed
gaseous emissions generated in the first 250 seconds of the cold-start Federal Test Procedure drive cycle on
modern gasoline direct injection vehicles and determined the specific key molecular species contributing to
total HC emissions. (Debusk, 1V.8)

High Efficiency Engine Technologies

Volvo Group is working to develop and demonstrate an all new complete vehicle concept designed with an
integrated approach to maximize freight efficiency. In FY 2019, the team (1) finalized a new cab interior
concept design, (2) completed component and sub-system studies, and (3) completed aerodynamic
optimization of the complete vehicle. (Amar, V.1)

Cummins Inc. is designing, developing, and demonstrating a
very-high-efficiency engine optimized around the drive cycle
that will yield a very high increase in vehicle freight efficiency
compared to the 2009 baseline vehicle. In FY 2019, the project
(1) demonstrated 50.3% brake thermal efficiency (BTE) of the
new platform; (2) upfit the transmission integral 48 V, P2.5
mild hybrid system into the powertrain mule development
truck; (3) fit engine waste heat recovery system components
onto the 55% BTE development engine and began test cell
development of the system; (4) identified a pathway to 55%
BTE, considering the losses of the 50% BTE (engine only)
system; (5) finalized the demonstrator vehicle outer body and
began procurement; (6) confirmed the exceedance of the
aerodynamic drag target for the demonstrator vehicle; , o :
R . Figure 17 Transmission integral WHR turbine
(7) confirmed that the demonstrator vehicle’s tire rolling expander system. This system has begun rig
resistance coefficient reduction will exceed the target; and testing and will be developed further in the test
(8) confirmed the weight target analytically for the cell with integration into the mule vehicle in the
demonstrator vehicle. (Dickson, V.2) first quarter of 2020 (Dickson, V.2)

Navistar, Inc., is researching, developing, and demonstrating a heavy-duty engine that can meet 2010 federal
emissions standards and can achieve 55% brake thermal efficiency demonstrated in an operational engine at a
65-mph cruise point on a dynamometer. In FY 2019, the team (1) evaluated cylinder deactivation technology
for fuel economy, (2) improved air system efficiency for the SuperTruck 2 engine, (3) investigated a novel
fuel-system configuration to increase combustion burn rates, (4) identified an organic Rankine cycle waste heat
recovery system that contributes to achieving 55% brake thermal efficiency, and (5) continued the gasoline
compression ignition investigation at Argonne National Laboratory. (Zukouski, V.3)

Daimler Trucks North America is developing and demonstrating a greater than 100% improvement in overall
freight efficiency on a heavy-duty Class 8 tractor-trailer measured in ton-miles per gallon. In FY 2019, the
project (1) built and tested the A-sample integration vehicle on the road, (2) progressed from a 40% clay model
into a single theme full-scale model in the design studio, (3) built and placed in a test cell an engine with a
two-stage turbocharger and intercooled air system, (4) procured parts for waste heat recovery and set up parts
into a test cell, and (5) selected concepts for major systems such as split cooling and the boost recoup motor
location. (Villeneuve, V.4)
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PACCAR Inc. is researching, developing, and demonstrating a Class 8 long-haul truck and trailer combination
that can meet prevailing federal emissions standards and applicable safety and regulatory requirements. In FY
2019, the team (1) finalized the design for the vehicle cab and trailer aerodynamics, (2) completed the vehicle
design for chassis and components, (3) defined the control system for hardware-in-loop and model-in-loop
testing, (4) defined the powertrain architecture, (5) continued investigation of combustion recipe, and

(6) finalized the engine design and combustion recipe and selected suppliers. (Hergart, V.5)

General Motors is developing and demonstrating a downsized, boosted, lean, low-temperature combustion
(LTC) engine system capable of achieving 15%—17% fuel economy improvement relative to a contemporary
naturally aspirated, stoichiometric combustion engine consistent with relevant emissions constraints. The
project is focused on the integration and development of the engine as well as demonstration of the overall
engine system performance potential over the Federal Test Procedure (FTP) drive cycles as well as the harsh
conditions associated with real-world driving. In FY 2019, it (1) developed and demonstrated LTC engine
calibration and control algorithms necessary for robust transient operation and LTC/spark-ignition combustion
mode shifts with a prototype controller; (2) developed and demonstrated LTC engine calibration and control
strategies necessary for robust operation over the hot FTP drive cycle consistent with stability objectives;

(3) developed and demonstrated LTC engine calibration and control strategies necessary for robust operation
over the hot FTP drive cycle consistent with fuel economy, engine-out emissions, and stability objectives; and
(4) developed and demonstrated LTC engine calibration and control strategies necessary for robust operation
over the cold FTP drive cycle consistent with fuel economy, engine-out emissions, and stability objectives.
(Yun, V.6)

Delphi Technologies, PLC, is working to improve engine fuel efficiency by developing a production-feasible
electrically actuated cylinder deactivation valve train that will enable internal combustion engines to employ
an advanced combustion strategy known as dynamic skip fire. During FY 2019, the team (1) verified the
deactivation roller finger follower and electrical
actuators on a cylinder head function, (2) completed
dynamics testing, (3) evaluated rocker arm load,
(4) successfully completed 400 h durability testing,
(5) used emission test data from a dynamic skip fire
equipped vehicle to generate dyno testing points,
(6) selected speed/loads to test the electronic
deactivation hardware on the dynamometer,
(7) determined the duration of each firing fraction
used in each speed/load zone of vehicle test data that
is covered by the selected speed/load test conditions
for dynamometer testing, and (8) predicted 5.92%
Figure 18 Durability test configuration (Roe, V.7) fuel economy gain compared to the baseline non-
deactivation engine. (Roe, V.7)

HRL Laboratories, LLC, is increasing internal combustion engine efficiency and decreasing heat loss from the
combustion chamber with temperature-following thermal barrier coatings. In FY 2019, the project

(1) demonstrated scalable low-cost processes to coat valves, pistons, and port liners; (2) optimized
temperature-following thermal barrier coating properties, including surface roughness, surface sealing, thermal
conductivity, and heat capacity; (3) demonstrated durability of temperature-following thermal barrier coatings
in engine tests; and (4) quantified efficiency gains achieved with thermal barrier coatings by simulation and
experimental engine testing. (Schaedler, V.8)

Argonne National Laboratory is working to develop and demonstrate technologies that will achieve a 50%
increase in freight efficiency over a 2016 baseline and will lead to the commercialization of clean vehicle
solutions for medium-duty (MD) and heavy-duty (HD) trucks. In FY 2019, the project team (1) explored the
ignition behavior of potential low-life-cycle-greenhouse-gas fuels to assess fuel properties; (2) defined the

Advanced Engine and Fuel Technologies Program Overview 25



Advanced Engine and Fuel Technologies

engine requirements; (3) determined the choice and location of air-handling actuators and sensors; (4) explored
the electrified MD powertrain architectures for a pickup and delivery van; (5) tested the baseline vehicle over
selected duty cycles; (6) developed MD and HD route prediction algorithms; and (6) developed technologies
for lightweight components, reduced aerodynamic drag, and low-rolling-resistance tires. (Freyermuth, V.9)

Lubricant Technologies

Ford Motor Company and Argonne National Laboratory have teamed to demonstrate the potential to reduce
mechanical friction—a key factor in lost energy input—using advanced high-porosity (HP) plasma transfer
wire arc (PTWA) coatings, surface finish, and design on the power cylinder system containing cylinder bore,
piston rings, piston skirt, bearings and crankshaft, and advanced engine oils. This project developed (1) a

process for depositing and honing HP

PTWA coatings to achieve different 14
porosity levels with improved surface
finish on free-standing cylinder liners and

engine blocks, (2) various techniques for
characterizing coatings, (3) a method for 1
achieving micro-polishing crankshaft

journals, (4) a technique for depositing 08
nano-composite vanadium nitride (VN)- -
Cu and VN-Ni coatings on piston rings '
and piston skirts, (5) a method for £ o4
laboratory friction and wear assessment

for generating a Stribeck curve, (6) a 02
method for evaluating friction reduction

M Cast Iron
1.2

mHPPTWA3

Cylinder Bore Wear Rate pg/hr

potential of PTWA coatings and micro- 0

polished journals using a motored Production

cranktrain rig, and (7) a method for

evaluating wear (durability) of PTWA Figure 19 A comparison of cylinder bore wear rate between cast iron
coatings and ring coatings using a liner and HP PTWA 3 coating in contact with production, physical vapor
radiotracer method. (Gangopadhyay, deposition, and diamond-like carbon ring coatings (Gangopadhyay, VI.1)
VL1)

George Washington University, GMC, and Valvoline New Product Development Lab are collaborating to
develop prototype low- and ultra-low-viscosity oils and demonstrate that they improve fuel economy, as well
as to develop surface materials technologies to maintain current durability for future engines using ultra-low-
viscosity oils. For future vehicles, a 2018 platform engine with modern fuel-efficient technologies was used to
measure vehicle performance and fuel efficiency. In FY 2019, the project team completed the design and
fabrication of surface textures on the 2018 platform engine with fuel-efficient technologies incorporated. The
textured parts were installed into the engine and tested on an engine dynamometer test to evaluate engine
efficiency improvement using the SW-30 baseline oil. In addition, microencapsulated friction modifiers were
incorporated into an ultra-low-viscosity oil formulation and tested in an engine chassis dynamometer in a
vehicle. (Hsu, V1.2)

System-Level Efficiency Improvement

PPG Industries, Inc., is developing sidewall compounds containing non-treated and treated Agilon® silica
fillers to improve rolling resistance of tires, while taking into account other performance parameters relevant to
non-tread tire components. The project team prepared two optimized silica prototypes and tested them in
sidewall rubber compounds made with different variations of filler and curative loadings. Traditional
performance parameters were determined, as well as parameters related to resistance to compound degradation.
Results showed that functionalized silica technology can deliver the project goals by producing an improved
overall compound performance balance, with relatively low hysteresis, while maintaining resistance to
degradation. (Dos Santos, VII.1)
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A multilaboratory effort (Argonne
National Laboratory, lead; Oak Ridge
National Laboratory; and Pacific
Northwest National Laboratory) is
underway to develop high-performance
hydraulic fluids and wear-resistant
coatings to improve the efficiency,
durability, and environmental
compatibility of off-road hydraulic
components. The project team has
successfully developed binary and
ternary composite base fluids from
polyalphaolefin and different bioderived
esters. The composite fluids exhibit
superior rheological and frictional
properties, as well as wear and scuffing
protection capabilities, compared to fully
formulated, commercially available
fluids. The project has also developed
Figure 20 Test loop of the fluid power test facility (Fenske, VII.2) catalyst coatings that demonstrate

extreme resistance to wear under severe
boundary conditions and significantly reduce friction over the uncoated test samples. In addition, the project
completed the concept design, engineering design, and construction of an experimental fluid power test loop,
as well as the integration of the loop with a data acquisition and control system. (Fenske, VII.2)
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Oak Ridge National Laboratory is researching technologies to improve the energy efficiency of fluid power
systems for off-road vehicles, focusing on development of eco-friendly additives for hydraulic fluids. In FY
2019, researchers (1) designed and synthesized candidate ionic liquids as eco-friendly additives for
polyalkylene glycol and (2) demonstrated reduced toxicity of candidate ionic liquids and improved lubricating
performance benchmarked against conventional additives. (Qu, VIL.3)

This multilaboratory effort (Argonne National Laboratory, Oak Ridge National Laboratory, and Pacific
Northwest National Laboratory) focuses on the development and evaluation of stable, energy-efficient fluids
and additives that increase the efficiency and durability of components (pumps, valves, actuators, and motors)
used in hydraulic fluid systems in off-road vehicles. In FY 2019, the project prepared a series of dendritic
polymers that display good shear stabilities for their respective high molecular weights and demonstrated the
polymers’ superior viscosity index when a semi-crystalline segment is present. The team also demonstrated the
efficient synthesis of polar co-polymers via controlled radical polymerization. In addition, the project achieved
a multifunctional viscosity index improver that displayed comparable shear losses to the benchmark, but 5-7
times greater anti-wear properties. (Cosimbescu, VII.4)
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The University of Minnesota is
developing an efficient, compact, and
smooth variable displacement propulsion
motor to improve the efficiency of off-
highway vehicles. During FY 2019, the
project team constructed a comprehensive
dynamic model of the variable
displacement linkage motor (VDLM) that
predicts all major energy losses and the
torque ripple, as well as a novel kinematic
model using an inverse cam design that
prescribes the follower motion to generate
the cam profile. A motor design code was
developed that constructs the motor

geometry from a given set of parameters,

sizes links and bearings for the applied

loads, and detects interference between
components. Utilizing a multi-objective genetic algorithm, researchers also explored the design trade-offs
between motor efficiency, size, and torque ripple, resulting in a solution with over 97% efficiency across the
displacement range and 2.8% torque ripple at maximum displacement. Finally, the research team performed a
detailed design of a single-cylinder prototype for the purpose of validating the mathematical models. (Van de

Ven, VILY)

Figure 21 Diagram of the VDLM mechanism (Van de Ven, VII.5)

The 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. The general idea is to develop a system architecture that marries the comparative advantages of
hydraulic actuation and electrical actuation. As the project is in its first year, the primary objective was to
establish the feasibility of the approach. Results indicated that, for all three representative machine platforms,
the proposed system architecture can increase efficiency by approximately three times. A control algorithm has

been developed that
provides good position
tracking despite
switching in the pressure
rails. A concept of tightly
integrating an axial flux
rotary electric motor with
a radial ball piston
pump/motor has been
developed for use with
the proposed system
architecture. Preliminary
analysis shows that this
combination offers
designs that can meet the
desired efficiency and
power density. (Li, VIL.6)
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Figure 22 Hybrid hydraulic-electric architecture (HECM - hydraulic-electric control module)

(Li, VIL.6)
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Purdue University seeks to introduce a new electro-hydraulic (EH) technology that drastically changes the
current design approach of fluid power systems for off-road machines. This technology introduces a novel EH
hybrid solution that benefits from both electric (ease of control) and fluid power (high power density)
technologies. The approach includes simulations, prototype fabrication, and experimentation. FY 2019
activities included simulations aimed at design considerations for a four-quadrant EH hydraulic unit (the main
energy conversion unit) and an individualized EH system (layout and control architecture for the usage of the
EH unit to realize an individualized hydraulic drive). The project successfully formulated a design of a
combined electric and hydraulic machine suitable for 15 kW actuation, with overall efficiency above 80% in
the range of typical application. (Vacca, VIL.7)
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Figure 23 Proposed layouts for the EH system: closed center with accumulator (left); open center (right)
(Vacca, VILT)

Invention and Patent Disclosures

1.

U.S. Patent No. 10,202,929 Issued: Dec, J.E., and R.F. Renzi. 2019. “Additive-Mixing Fuel-Injection
System for Internal Combustion Engines.” Issued February 12, 2019. (Dec, 1.4)

U.S. Patent No. 10,138,855 Issued: Mueller, C.J. 2018. “Ducted Fuel Injection with Ignition Assist.”
Issued November 27, 2018. (Mueller, 11.13)

U.S. Patent No. 10,161,626 Issued: Mueller, C.J. 2018. “Ducted Fuel Injection.” Issued
December 25, 2018. (Mueller, 11.13)

U.S. Patent No. 10,371,689 Issued: McNenly, Matthew, Geoffrey Oxberry, Ahmed Ismail,
Nicholas Killingsworth, and Daniel Flowers. 2019. “Ultra-Compact System for Characterization of
Physical, Chemical and Ignition Properties of Fuels.” Issued August 6, 2019. (McNenly, I11.21)

. U.S. Patent Number 10,427,137 Issued: Kyriakidou, Eleni, Todd J. Toops, Jae-Soon Choi,

Michael J. Lance, and James E. Parks II. 2018. “Exhaust Treatment Catalysts with Enhanced
Hydrothermal Stability and Low Temperature Activity.” Issued October 1, 2019. (Toops, IV.3)

Invention Disclosure: Qu, J., H. Luo, and X. He. 2019. “Eco-Friendly lonic Liquids as Lubricant
Additives.” ORNL Invention Disclosure #201904491. (Qu, VII.3)

U.S. Provisional Patent, Serial No. 62/801,137, Filed: Li, Perry Y. 2019. “Hybrid Hydraulic-Electric
Actuation Architecture Hybrid.” Filed February 5, 2019. (Li, VIL.6)
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Project Introduction

Faster combustion improves the efficiency of a diesel engine, and in medium-duty diesel engines, interactions
between the fuel sprays and the piston bowl walls play a key role in determining heat release rates. Stepped-lip
pistons can promote the formation of vortices that are correlated with faster, more efficient heat release, but
this behavior is observed primarily for late injection timings at which the engine is not operating at its peak
efficiency [1],[2],[3]. The project objectives were to explain the physical mechanisms responsible for this
phenomenon, to identify measures that may enhance vortex formation, and to quantify the extent to which
these measures may improve the engine’s thermal efficiency.

Diesel exhaust aftertreatment systems effectively eliminate pollutants such as soot, nitrogen oxides, and
unburned hydrocarbons, but only after their temperature reaches approximately 200°C. The goal of engine
operation during the first minutes after a cold start is to quickly heat up the exhaust aftertreatment system
while minimizing untreated pollutants. Catalyst heating operation involves multiple injections during the later
stages of combustion to maximize exhaust temperature/enthalpy, and an effective catalyst heating strategy is
critical for meeting increasingly strict pollutant emissions regulations. Because this mode of combustion is not
well understood, efforts were devoted to developing an experimental methodology to provide initial insights
into the mixture formation, combustion, and pollutant formation processes using thermodynamic
measurements and high-speed imaging.

Finally, a new medium-duty diesel research engine was constructed to enable continued research into the
aforementioned topics, as well as cutting-edge research into methods of reducing wall heat loss to improve
efficiency.

Objectives

This project provides scientific understanding needed to design, optimize, and calibrate the next generations of
medium-duty diesel engines that comply with increasingly stringent pollutant emissions regulations while
achieving thermal efficiencies exceeding 50%.

Overall Objectives

e Develop conceptual models for spray-wall interactions, combustion, and pollutant formation in direct-
injection diesel engines
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e Provide scientific understanding of aspects of combustion chamber design that enable improvements
in efficiency and/or reductions in pollutant emissions

e Develop conceptual models that describe fuel injection, mixture formation, combustion, and pollutant
formation during catalyst heating operation.

Fiscal Year 2019 Objectives

e Develop a conceptual model for turbulent flow evolution and vortex formation in stepped-lip
combustion chambers

o Identify combustion system design and/or operating parameters that are predicted to enhance vortex
formation in stepped-lip combustion chambers for main injections starting near top dead center (TDC)

e Develop an experimental approach to study catalyst heating operation in the small-bore optical diesel
engine, and perform initial thermodynamic and high-speed imaging studies

e Begin construction of the new medium-duty diesel research engine.

Approach

Analysis of experimental data leads to the hypothesis that promoting vortex formation will increase efficiency
and reduce pollutant emissions in a diesel engine with stepped-lip pistons. Because the computational fluid
dynamics (CFD) simulations (performed by Wisconsin Engine Research Consultants, a subcontractor) have
demonstrated qualitative agreement with experimental results, the simulations are applied to identify
combustion system operating and design parameters that may be expected to enhance vortex formation
resulting from spray-wall interactions with stepped-lip pistons. The synthesis of the experimental and
simulation results leads to a conceptual model for turbulent flow evolution in stepped-lip diesel combustion
chambers.

A new experimental approach is developed to study catalyst heating operation and provide insight into mixture
formation, ignition, combustion, and pollutant formation mechanisms. Thermodynamic measurements and
high-speed optical and infrared imaging provide initial insights into this complex combustion regime and serve
as a dataset for continued development of simulation capabilities.

A new medium-duty diesel research engine was constructed in 2019 to enable:
e Continued research into piston bowl geometry effects and catalyst heating operation

e Cutting-edge heat transfer research with low-thermal-mass coatings on combustion chamber surfaces.

Results
Key accomplishments:

e A new conceptual model describes the key phenomena responsible for the evolution of turbulent flow
and the formation of toroidal vortices resulting from spray-wall interactions in the stepped-lip
combustion chamber.

o The height of the squish region is identified as a key parameter to promote vortex formation for main
injections starting near TDC. A dimpled stepped-lip (DSL) piston concept has been developed, and
simulations predict it will enhance vortex action for main injections starting near TDC.

e For catalyst heating operation, experimental data indicate that the pilot and main injections are likely
the most significant contributors to unburned hydrocarbon emissions in the exhaust.
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Improving the efficiency of diesel engines requires fundamental understanding of the processes that govern
fuel-air mixing rates. For engines with stepped-lip pistons, interactions between the fuel sprays and the piston
bowl have dramatic effects on flow and mixing. Continued analysis of experimental and CFD simulation
results has resulted in a conceptual model that describes key phenomena that drive the evolution of turbulent
flow in a particular stepped-lip combustion chamber. Figure I.1.1 shows this model on a vertical plane
containing a single spray axis. The figure depicts how the stepped-lip piston bowl geometry redirects the
spray’s outward, downward momentum and how shear in the boundary layer between the penetrating spray
and the wall generates vorticity (local rotation of the flow).
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Figure 1.1.1 Conceptual model describing the evolution of turbulent flow in a stepped-lip combustion
chamber. Note that the effects of combustion are not considered in this version of the model.

The spray’s momentum transports this vorticity to the squish region, where a toroidal vortex forms. At the
same time, the outward penetration into the squish region creates an adverse pressure gradient that drives flow
back inward near the cylinder head. This backflow, combined with the counterclockwise vorticity in the upper
portion of the spray, results in a toroidal vortex above the step region.

This conceptual model applies to conditions for which the stepped-lip piston effectively creates vortices: at
relatively late main injection timings. While injections starting near TDC advance the combustion phasing and
improve the engine’s efficiency, the strength and longevity of the toroidal vortices decrease, and the mixing-
controlled portion of the combustion event becomes slower [4]. Thus, it is hypothesized that measures that
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promote vortex formation for near-TDC injection timings will increase fuel-air mixing rates and therefore
result in further efficiency improvements. A further CFD investigation focuses on whether combustion system
operating and design parameters can promote vortex formation at the near-TDC injection timing. The only
parameter predicted to achieve this is the space in the squish region (between the piston top and the cylinder
head). A modified stepped-lip geometry is created to achieve this increase in squish region space; the resulting
geometry is called a DSL piston and is shown in Figure 1.1.2.

Dimpled stepped-lip (DSL) piston

Original stepped-lip
piston profile

Seven dimples added:
one for each spray

D
W
R
S

Figure 1.1.2 The DSL piston. This design was created to test the hypothesis that increased space between the top piston
surface and the cylinder head will promote vortex formation as the fuel sprays separate from the piston surface.

The effects of changing injection timing with the stepped-lip piston, as well as the effect of changing the bowl
geometry on the flow structure, are visualized in Figure 1.1.3. Toroidal vorticity is shown on a vertical cutting
plane for a crank angle approximately 5 degrees after the end of the main injection. Interactions between the
fuel spray and the piston bowl have strongly influenced the structure of the turbulent flow above the piston.
The DSL piston effectively restores the rotational flow topology that is lost with the stepped-lip piston when
the main injection timing is advanced to near TDC. Continued research efforts will be devoted to developing a
DSL-like piston for the new medium-duty diesel engine to test the hypothesis that enhanced vortex formation
will lead to thermal efficiency improvements.
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Toroidal vorticity, 14.9° CA ASOlyain

(A)Stepped-Iip piston,

late main injection
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(B)Stepped-Iip piston, clockwise
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predicted to form 10
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counterclockwise rotation,
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(C) DSL piston, -1 Clockwise
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rotation predicted -2

CA — crank angle; ASOI — after start of injection

Figure 1.1.3 Toroidal vorticity (vorticity vector perpendicular to the page) for a vertical plane containing a spray axis.
(A) Stepped-lip piston, main injection starting in the expansion stroke. (B) Stepped-lip piston, main injection starting near
TDC. (C) DSL piston, main injection starting near TDC.

Fuel injection strategies for catalyst heating operation often include one or more pilot injections, a main
injection, and one or more post injections. The variable quantity and timing of each injection event create an
excessively large parameter space, so these initial studies are performed with a pilot-main-post injection
strategy to provide insight into sources of unburned hydrocarbon emissions. The quantities and timings of each
injection event are controlled as described in Table I.1.1.

Table 1.1.1 Injection Timings and Quantities for Initial Study of Catalyst Heating Operation

. .. Pilot Main Main .. Post
Al quantity timing quantity e i quantity
Fixed at Fixed at Vary between
15 CAD ATDC it ¢ >%>7M& 49_30cADATDC 2+ 6Me

CAD - crank angle degrees; ATDC — after top dead center

These various injection strategy calibrations are utilized in the running engine while maintaining a coolant
temperature of 30°C. Unburned hydrocarbon emissions levels are measured, and Figure 1.1.4 shows the
emissions index of unburned hydrocarbons (EIHC) for each variation of post injection timing. EIHC levels are
also shown for pilot-main injection strategies using dashed lines. While adding a post injection to a pilot-main
injection strategy, the amount of unburned hydrocarbons per kilogram of fuel injected decreases. Regardless of
injection strategy calibration, EIHC tends to increase as post injection timing is retarded. Increasing the main
injection quantity typically reduces unburned hydrocarbons, particularly for late post injection timings.
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Figure 1.1.4 EIHC as a function of the crank angle at which the post injection starts. Adding a post injection to a pilot-main
injection strategy always decreases the mass of unburned hydrocarbons formed for the given fuel mass.

These results show that the pilot and main injections are significant sources of unburned hydrocarbons, and
that the ability of a post injection to oxidize these hydrocarbons is diminished for late injection timings and
small main injection quantities. Results from high-speed imaging experiments (not shown) suggest that
combustion of the pilot and main takes place primarily within the piston bowl. Furthermore, early post
injections can interact directly with the bowl contents, but late post injections are targeted above the bowl and
are not observed to interact with the bowl contents. Thus, late post injections may be limited in their ability to
reduce unburned hydrocarbon emissions.

Conclusions

The DSL piston design provides evidence that changes in piston geometry can enhance the formation of the
vortices that form by interaction with the bowl surface. DSL-like piston designs will be developed to test the
hypothesis that stronger vortices can increase heat release rates and, thereby, efficiency.

Experimental evidence suggests that the pilot and main injections are important sources of unburned
hydrocarbon emissions in catalyst heating operation.
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Project Introduction

Regulatory drivers and market demands for lower pollutant emissions, lower carbon dioxide emissions, and
lower fuel consumption motivate the development of cleaner and more fuel-efficient engine operating
strategies. Most current production engines use a combination of both in-cylinder and exhaust emissions-
control strategies to achieve these goals. The emissions and efficiency performance of in-cylinder strategies
depend strongly on flow and mixing processes associated with fuel injection and heat losses.

Low heat transfer (HT) is desirable for increasing engine thermal efficiency and/or increasing exhaust
temperatures to improve performance of turbocharging, exhaust emissions controls, and waste heat recovery.
A large contributor to the higher thermal efficiency of advanced combustion modes is often a reduction in HT.
For instance, reactivity-controlled compression ignition has achieved indicated thermal efficiencies as high as
59%, compared to 47% for conventional diesel, with HT losses reduced from 16% to 11% [1]. Even though
the HT was responsible for much of the improvement in efficiency, the reduction was largely serendipitous,
without direct design intention to reduce HT, which is generally difficult to achieve. Indeed, this year, in a new
report of efforts to achieve 21st Century Truck Partnership goals for 50% or higher brake thermal efficiency,
engineers from Cummins noted that HT is responsible for over 50% of the gap between theoretical and
realized engine efficiency, making it “the largest area of opportunity, but also arguably the most difficult to
impact” [2]. Different combustion modes have different spatio-temporal evolution of in-cylinder combustion/
flows that affect HT, so to design combustion to minimize HT, it is important to understand how in-cylinder
processes of different combustion modes affect HT.

Objectives
This project includes diesel combustion research at Sandia National Laboratories and combustion and flow
modeling and simulation by Wisconsin Engine Research Consultants.

Overall Objectives

e Develop fundamental understanding of how in-cylinder controls can improve efficiency and reduce
pollutant emissions of both conventional diesel and advanced low-temperature combustion

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

e Improve computer modeling capabilities to accurately simulate these processes.
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Fiscal Year 2019 Objectives
e Develop and apply diagnostics to quantify combustion-mode effects on heat transfer and efficiency

e  Use simulation predictions to guide and complement multiple-injection experiments

e Determine how mixing and jet interactions are affected by in-cylinder flows, the decay of spray-
generated turbulence, large-scale structures, and/or entrainment wave effects on the bulk jet during the
injection dwell.

Approach

This project uses an optically accessible, heavy-duty, direct-injection diesel engine (Figure 1.2.1). For the HT
measurements, 13 fast-acting (2.5 us response time) surface thermocouples are installed into a round puck that
is mounted into the cylinder wall, as shown in the photograph in the lower right of Figure 1.2.1. The surface
heat flux (HF) during combustion in the engine is derived from the transient temperature response of the
cylinder-wall thermocouples. The piston crown has a cut-out in line with the thermocouples so that the
thermocouples are directly exposed to impinging diesel jets and combustion. As shown in Figure 1.2.1, two
fueling options are available: (1) gasoline direct injection (GDI) using a Bosch side-injector mounted in the
cylinder wall and (2) a centrally mounted Delphi DFI-1.5 common-rail diesel injector. The choice of
injector(s) for the experiments depends on the combustion mode, as described in the results section.

For the results presented here, a window in place of one of the exhaust valves in the cylinder head provides
imaging access to the squish region above the piston, as well as to a small portion of the piston bowl, in line
with one of the diesel jet trajectories. A high-speed intensified complementary metal oxide semiconductor
(ICMOS) camera equipped with a 310-nm bandpass (BP) filter images chemiluminescence emission from
excited-state hydroxyl radicals (OH*), which are produced during combustion in relatively hot regions. Hence,
the OH* imaging combined with thermocouple measurements shows the interaction between in-cylinder
combustion and HT losses.

Diesel Fuel-Injector 7

Mirror 346 nm BP Filter
[ ICMOS Camera

Cylinder— | F1 2~ | =
Head \ I ©00O
1P
/—Cylinder—Head Window
) /Thermocouple Puck
Side-Wall —, -
GDI

Figure 1.2.1 Schematic showing the top half of the optical engine. Fueling options are a side-wall mounted GDI and a
centrally located diesel fuel injector. The annotated photograph on the bottom right shows a round puck with surface
thermocouples that is mounted in the cylinder wall. The camera position provides for imaging through the cylinder-head
window.
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Figure 1.2.2 shows results from a homogeneous-charge compression ignition (HCCI) type of operating
condition, using a premixture of gasoline primary reference fuels (PRFs) n-heptane and iso-octane at a load of
4.8 bar gross indicated mean effective pressure (IMEPg). The GDI and diesel injectors were actuated near the
beginning of the intake stroke to deliver iso-octane and n-heptane, respectively, in quantities with iso-octane at
57% of the total mixture (PRF57). With such early injection, the fuels were relatively homogeneous at

ignition.

In Figure 1.2.2, four key OH* chemiluminescence images at different crank angle degree (CAD) positions
from one of the cycles show the progression of combustion. The measured HF for each of the thermocouples,
as well as the apparent heat release rate (AHRR), is plotted above the images. In each of the images, the
approximate location of key thermocouples is indicated by color-coded and labeled circles according to
Figure 1.2.1. From the perspective of the camera, thermocouples D1, T0, and U1-U3 are nearly along the
camera line of sight so that they appear close together in the image.
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Figure 1.2.2 AHRR and thermocouple HF measurements (top) and key OH* chemiluminescence images from one cycle of
HCCl-type combustion. See Figure 1.2.1 for physical locations of thermocouples, indicated by labels and color-coded circles.
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In the plot at the top of Figure 1.2.2, the HF generally increases slightly after low-temperature heat release near
346 CAD, though this is not visible in the images because no detectable OH* chemiluminescence is emitted
during low-temperature heat release. Weak OH* chemiluminescence first appears at 366 CAD, near the peak
AHRR. The OH* chemiluminescence quickly brightens at 367 CAD as HF of all thermocouples starts to
increase, all at nearly the same time. OH* chemiluminescence quickly disappears after 368 CAD, near the end
of the heat release, while the HF continues after combustion while hot gases are near the wall, such that the HF
spikes are not as narrow nor in phase with the AHRR.

While the HF of all thermocouples can be characterized as increasing sharply at the onset of rapid combustion
for the premixed conditions of Figure 1.2.2, the characteristics are different for other combustion modes.
Figure 1.2.3 shows corresponding HF, AHRR, and key OH* chemiluminescence images for a conventional
diesel combustion (CDC) condition, for which the diesel injector delivers n-heptane starting at 350 CAD and
at a load of 4.3 bar IMEPg. The diesel injector is mounted in the cylinder head such that the trajectory of one
of the jets is aligned with thermocouples D1, TO, and U1-U3 from the perspective of the camera. In

Figure 1.2.3, the luminosity recorded in the images includes not only OH* chemiluminescence but also some
soot natural luminosity. Also, the energizing of the injector solenoid interferes with the HF measurements,
appearing as a downward and then upward spike from 347 to 353 CAD.
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Figure 1.2.3 AHRR and thermocouple HF measurements (top) and key OH* chemiluminescence images from one cycle of
CDC. See Figure 1.2.1 for physical locations of thermocouples, indicated by labels and color-coded circles.
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For this operating condition, the ignition delay is relatively short, so a hot diffusion flame is established before
the jet impinges on the wall where the thermocouples are located. Starting shortly after the start of combustion
and after the injector solenoid energizing interference has ceased, the HF increases from 360 CAD to about
366 CAD, where it then increases more sharply. The OH* chemiluminescence images show that jet
impingement on the wall occurs near 363 CAD, however. The low-level HF ahead of jet impingement (as
indicated by OH* images) could be due in part to the pressure rise associated with combustion, radiative HT,
or compression of the boundary layer ahead of the jet. After impingement, the thermocouples in line with the
jet axis increase first, followed by thermocouples on either side of the jet, matching the spatial progression
observed in the OH* chemiluminescence images as the jet impinges and flattens on the wall. However, there is
a 3-degree crank-angle delay from impingement observed in the OH* chemiluminescence images to the rapid
increase in HF. This also may be due to compression of the boundary layer ahead of the jet, or potentially to
soot deposits for CDC conditions that may insulate the thermocouples for a short time.

A third operating condition, partially premixed compression ignition (PPCI), is shown in Figure 1.2.4. This
operating condition also uses n-heptane delivered by the diesel injector, but with an earlier start of injection at
335 CAD at a load of 4.0 bar IMEPg and with nitrogen dilution of the intake oxygen to 12.6% to simulate low-
temperature combustion conditions using high exhaust gas recirculation. For this condition, the OH*
chemiluminescence images show that ignition starts near the wall and quickly proceeds through the rest of the
impinged jet, resulting in a narrow AHRR spike at the top of Figure 1.2.4. Similar to the CDC condition, low-
level HF precedes hot ignition, but in this case, it is more likely due to direct jet impingement on the wall,
though some boundary layer compression may also contribute.

To explore the possible contribution of boundary layer compression to increased HF, simple scaling arguments
are invoked. Figure 1.2.5 shows a comparison of fired and motored HF for the CDC condition, with the shaded
area indicating the difference in HF before jet impingement on the wall. Also shown in Figure 1.2.5 are two
different scalings of the motored HF according to two limiting scenarios, either one-dimensional (1-D) scaling
of the boundary layer (BL) thickness according to the penetration distance of the jet, or isotropic scaling
according to the volume of the penetrating jet. The effects of real three-dimensional fluid mechanics ahead of
the jet that compress the boundary layer are expected to lie between these two extremes. Indeed, the measured
HF lies between these two limits, suggesting that boundary layer compression may play an important role in
local HT losses for operating conditions with jet impingement. However, other measurements in the literature
in a constant-volume chamber did not observe a HF increase ahead of jet impingement [3], so this hypothesis
needs to be revisited more carefully under fully non-reacting conditions where complications from combustion
are not present.

Finally, in addition to the work on wall HF, the project continued simulation activities to develop insight into
the interactions between multiple injections. Figure 1.2.6 shows cross-sections of fuel, carbon monoxide (CO),
and OH in a split-injection diesel jet as predicted by the simulations. The contributions to each of these
quantities from the fuel of the two injections is separated in the plots. At the start of second-stage ignition, the
simulations show that the second injection has mixed with first-injection residual jet to greatly increase local
fuel concentration—the red color in the top fuel image, indicating high fuel concentration, is almost entirely
from the second injection. Even so, products from first-stage ignition, such as CO, are primarily from first-
injection fuel, again shown by the red color in the CO cross-sections. Importantly, the simulations therefore
predict that the second-injection fuel is intimately mixed with first-stage ignition products of the first injection
as the second-stage ignition commences. Later, after ignition, the OH cross-sections show that second-stage
ignition products, such as OH, are primarily from the first-injection fuel. Even so, the simulations with a single
injection show that the first injection would not ignite without the second injection. These simulation
predictions provide guidance for planning what key measurements to include in fundamental experiments on
mixing between injections and effects on ignition.
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Figure 1.2.4 AHRR and thermocouple HF measurements (top) and key OH* chemiluminescence images from one cycle of
PPCI. See Figure 1.1.1 for physical locations of thermocouples, indicated by labels and color-coded circles.
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Figure 1.2.6 Cross-sections of simulation-predicted fuel, CO, and OH according to the contributions of each injection of a
split-injection diesel jet. Fuel and CO are at the start of second-stage ignition, and the OH is after the peak heat-release
rate.

Conclusions
e Cylinder-wall heat flux measurements coupled with simultaneous OH* chemiluminescence imaging

provide phenomenological insight into in-cylinder physical and chemical processes affecting heat
transfer losses.

e Heat flux increases ahead of jet impingement for both CDC and low-temperature combustion, which
is consistent with the hypothesis of boundary layer compression by penetrating jet, but further
experiments are required to confirm the hypothesis.

e Future data analysis will provide similar insight into heat losses across multiple combustion modes.

e Split-injection simulations predict little displacement of the first-injection residual jet by the second
injection, but much inter-jet mixing. Ignition products are from the first-injection fuel, but no ignition
occurs without the second injection. These predictions help to guide experiments.

Combustion Research 43



Advanced Engine and Fuel Technologies

Key Publications/Presentations

1.

Wissink, M.L., S.J. Curran, G. Roberts, M. PB Musculus, and C. Mounaim-Rousselle. 2018.
“Isolating the Effects of Reactivity Stratification in Reactivity-Controlled Compression Ignition with
Iso-Octane and n-Heptane on a Light-Duty Multi-Cylinder Engine.” Int. J. Engine Research 19 (9):
907-926.

Hessel, R., R. Reitz, and M. PB Musculus. 2019. “A Visual Investigation of CFD-Predicted In-
Cylinder Mechanisms That Control First- and Second-Stage Ignition in Diesel Jets.” SAE Technical
Paper 2019-01-0543 (April).

Li, Z., G. Roberts, and M. PB Musculus. 2019. “Dilution and Injection Pressure Effects on Ignition
and Onset of Soot at Threshold-Sooting Conditions by Simultaneous PAH-PLIF and Soot-PLII
Imaging in a Heavy Duty Optical Diesel Engine.” SAE Technical Paper 2019-01-0553 (April).

Qiu, L., R. Reitz, E. Eagle, and M. PB Musculus. 2019. “Investigation of Fuel Condensation Processes
under Non-Reacting Conditions in an Optically-Accessible Engine.” SAE Technical Paper
2019-01-0197.

Li, Z., and M. Musculus. 2018. “Multiple Injection Interactions on Ignition and Onset of Soot by
Simultaneous PAH-PLIF and Soot-PLII Imaging.” AEC Meeting (August), USCAR, Southfield, MI.

Musculus, M. 2018. “How Jets Get It All Mixed Up: Combustion Research Using Laser Diagnostics
in Optical Engines at Sandia National Laboratories.” Technical Seminar (November), UC Davis.

Li, Z., and M. Musculus. 2019. “Experimental Investigation of Cylinder-Wall Heat Flux under Five
Combustion Modes: CDC, SIDI, HCCI, PPCI, RCCIL.” AEC Meeting (January), ORNL.

Musculus, M. 2019. “Comparison of Combustion Modes.” Co-Optima 4th Annual All Hands Meeting
(March), ORNL.

Musculus, M., D. Splitter, K. Kelly, C. Zhang, P. Miles, and R. Wagner. 2019. “The Benefits and
Challenges of Pushing Engine BTE to Very High Levels (60%+): Where Is the Point of Diminishing
Returns?” 21st Century Truck Partnership IC Powertrain Tech Team Meeting videoconference
(April).

References

1.

Splitter, D.A., R.M. Hanson, S.L. Kokjohn, and R.D. Reitz. 2011. “Reactivity Controlled
Compression Ignition (RCCI) Heavy-Duty Engine Operation at Mid-and High-Loads with
Conventional and Alternative Fuels.” SAE Technical Paper 2011-01-0363.

Mohr, D., T. Shipp, and X. Lu. 2019. “The Thermodynamic Design, Analysis and Test of Cummins’
Supertruck 2 50% Brake Thermal Efficiency Engine System.” SAE Technical Paper 2019-01-0247.

Pickett, L., and J. Lopez. 2005. “Jet-Wall Interaction Effects on Diesel Combustion and Soot
Formation.” SAE Technical Paper 2005-01-0921.

Acknowledgements

This research was sponsored by the U.S. Department of Energy’s Office of Energy Efficiency and Renewable
Energy. Optical engine experiments were conducted at the Combustion Research Facility, Sandia National
Laboratories, Livermore, California. Sandia National Laboratories is a multi-mission laboratory managed and
operated by National Technology and Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear Security Administration
under contract DE-NA0003525.

a4

Combustion Research



FY 2019 Annual Progress Report

.3 Spray Combustion and Soot Formation Cross-Cut Engine
Research (Sandia National Laboratories)

Lyle M. Pickett, Principal Investigator
Sandia National Laboratories

P.O. Box 969, MS 9053

Livermore, CA 94551-9053

E-mail: LMPicke@sandia.gov

Michael Weismiller, DOE Technology Development Manager

U.S. Department of Energy
E-mail: Michael. Weismiller@ee.doe.gov

Start Date: October 1, 2018 End Date: September 30, 2019
Project Funding (FY'19): $1,490,000 DOE share: $1,490,000 Non-DOE share: $0

Project Introduction

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

Objectives
Overall Objectives

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

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

Fiscal Year 2019 Objectives

e  Organize workshop activities for the ECN, including monthly web meetings, standards, and topic
organization

e Release comprehensive online ECN databases for diesel Spray D and Spray C (cavitating), including
liquid penetration, vapor penetration, ignition, combustion, and soot formation processes

e Investigate internal flow leading to a different rate of injection (ROI) and mixture formation affecting
diesel combustion

e Develop a three-dimensional spray diagnostic for multi-hole gasoline direct-injection sprays,
including liquid penetration and plume direction under cold-start and flash-boiling operation

e Characterize mixing and soot formation for multiple-injection sprays with wall impingement.

Approach
The ECN, a multi-institution collaboration, has been established to accelerate the progression of predictive
CFD modeling capabilities and leverage the expertise of the global spray research community. Having highly
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vetted, quantitative datasets online [1] for both diesel and gasoline targets allows CFD models to be evaluated
more critically and in a manner that has not happened to date. Productive CFD evaluation requires new
experimental data with better quantification for the spray and the relevant boundary conditions, but the
analysis also includes a working methodology to evaluate the capabilities of current modeling practices.
Activities include the gathering of experimental and modeling results at target conditions to allow a side-by-
side comparison and expert review of the current state of the art for diagnostics and engine modeling.

Experiments are performed in high-temperature, high-pressure spray facilities prepared to represent either
diesel or gasoline engine conditions at the time of injection. Target conditions, such as the ECN diesel

“Spray A” or “Spray D” operating condition, which uses an n-dodecane (single-component) fuel, or the
gasoline “Spray G” operating condition for an eight-hole injector, are chosen as baseline conditions. Activities
this year included construction of and experiments using transparent nozzles that match the geometry of the
target fuel injector, development of diagnostics suited to a new high-throughput flow spray chamber, and
experiments using multiple injections and with wall impingement to address combustion and soot formation
dynamics. The topic of internal nozzle flow coupled to spray mixing is reviewed in this document. The
references included discuss the other major objectives for this fiscal year and are available as a report.

Results

The project team constructed real-size, optically transparent nozzles to aid in understanding the initial
conditions within a fuel injector, as well as how these conditions influence the spray delivery. The nozzles
mount at the end of a modified solenoid-actuated ECN Spray A or Spray C/D injector body, as shown in
Figure 1.3.1. The transparent nozzles were machined and then hydroeroded to reach the same flow number,
inlet rounding, and convergence as ECN Spray D. The transparent nozzles were clamped to metal injectors that
had been ground flat just downstream of the usual metal needle-seat sealing surface [2],[3],[4].

Microscopy of ECN
acrylic “KS — D1" Spray D
#134

-0.5 0 05

Figure 1.3.1 Transparent nozzle construction and mounting for Spray D replicate

Visualization of fluid movement inside the nozzle at the beginning of injection led to a discovery about needle
valve movement inside the injector, which ultimately is critical for CFD modeling approaches. At the left of
Figure 1.3.2 is shown high-speed imaging prior to the start of actual injection. The sac is initially full of liquid
in this case, and as the needle begins to move, gas from the outside of the nozzle is pulled into the hole [2].
This result may be considered surprising because as the needle lifts open, high-pressure fuel should enter the
sac and push liquid out of the hole, rather than the other way around. However, these observations led to
further investigation of needle-movement measurements performed using X-ray diagnostics and confirmed by
optical measurements within the nozzle [3], as shown in the middle of the figure. The indicated measurements
are specifically for the movement of position N relative to the tip of the nozzle, as shown at the right of the
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figure. The arrow in the figure shows that there is a displacement of the needle by approximately 5 um well
before (~100-200 ps) the actual start of injection. This feature is repeatable for different injectors and is within
the resolution of the experiment. If this needle movement is applied directly as the needle lift within CFD,
injection occurs much earlier than the actual start of injection. The ingestion of gas into the injector instead
suggests that the gap at the needle-seat region, Position G, has not opened yet, and, in fact, the volume of the
sac and hole must be increasing at first to draw gas inside the nozzle while contact at sealing surfaces remains.

To investigate the hypothesis that elasticity between injector components could cause an increase in volume as
the needle moves and then opens, the project team performed finite element stress (FEA) analysis of the loaded
injector, as shown at the right of Figure 1.3.2. As a boundary condition, an axial force was applied to the needle to
replicate the injector sealing force. To study the actual metal injector, the project used all steel components, not
the hybrid version shown in Figure 1.3.1 with both steel and acrylic. The upper end of the nozzle body was fixed
to permit displacement/motion of the mating needle and nozzle pieces. The FEA simulations show the loaded
state when the injector is fully closed and the reverse process to contact, but no load would represent the opening
of the injector. FEA shows that the needle tip deforms approximately 3—4 pum axially relative to the tip or needle-
seat datum, consistent with the measurement indicated by the arrow. The needle and nozzle both deform in the
negative axial direction, but the needle moves more relative to the tip as it makes contact at the seat. Therefore,
the bottom of the needle (Position N) is expected to move relative to the seat (Position G) as forces are relieved
on the needle at the time of injection, ultimately causing an expansion of the volume in the sac and hole.
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Figure 1.3.2 (left) Backlit imaging of the start of injection in the transparent Spray D replica with 1,000 bar injection
pressure; (middle) measurement of needle tip movement N relative to nozzle tip by X-ray phase contrast imaging at
Argonne National Laboratory, with data posted to the ECN website for Spray A, C, and D injectors [1]; (right) FEA predicting
elastic deformation for metal injector components with needle valve in closed, loaded position

A key takeaway from these results is that the measured needle tip movement must be corrected for nozzle
elasticity to represent the actual gap in the needle-seat region [2]. For example, the dashed line in Figure 1.3.2
is the Spray D data corrected by 5 um. This corrected profile is more appropriate for needle lift in internal flow
CFD simulations and is recommended for use throughout the community.

While correct needle movement is important for accurate CFD simulations of internal flow, another important
aspect is the initial gas—liquid state within the injector. The project studies using transparent nozzle
visualization showed that gas is usually mixed into the injector at the end of injection [4]. Experimental results
showed that the volume of gas in the sac after the needle closes depends upon the vessel gas pressure. Higher
back pressure results in less cavitation and a smaller volume of ambient gas into the sac. However, a pressure
decrease mimicking the expansion stroke causes the gas within the sac to expand significantly, proportional to
the pressure decrease, while also evacuating liquid in front of the bubble. Because of the gas exchange and
expansion, the sac may be significantly evacuated of liquid at the start of the next injection.
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Utilizing the corrected needle-lift profile and the limiting condition of a completely evacuated sac, the project
team performed CFD simulations of the needle movement while also considering very fine cell resolution in
the needle-seat region to accurately model the restriction during startup of injection [2]. The resulting
predictions of mass flow rate through the hole are shown in Figure 1.3.3. The simulations show that gas
injection leads liquid injection by approximately 10 us; however, gas injection continues for the next 100 ps.
Even after the hole mass flow rate (MFR) increases rapidly, a gas mixture dissolved into liquid is injected for a
substantial time. By 125 ps ASI, the gas mass fraction decreases to near-zero levels, suggesting complete
evacuation of gas from within the sac.

The shape of the ramp-up in MFR may be compared to the educated/virtual profile currently recommended for
ECN Spray D simulations (at 100 MPa), as also plotted in Figure 1.3.3. To adjust and evaluate the ramp-up
MEFR shapes, the educated ROI is time-shifted by 29 ps. The ramp-up slope for the educated ROI is consistent
with the simulation MFR, neglecting the initial slower ramp. However, the educated ROI does not have the
oscillations in ROI, which are related to the sac pressure oscillations. Such ROI oscillations may have a
significant influence on the entire mixing field, particularly the onset of large-scale structures.
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Figure 1.3.3 MFR at the hole as a function of the time ASI of the liquid jet. MFR is recalculated as gas MFR and liquid MFR.
Educated/virtual ECN ROIs are also shown for comparison. Nitrogen mass fraction for the fluid exiting the hole is indicated
on the right axis.

Evidence that gas in the sac can alter the developing spray is found in high-speed microscopic imaging of
Spray D and Spray C [7]. Figure 1.3.4 compares the initial Spray C penetration with regular cooling of the
injector to 90°C (in blue) and without cooling (approximately 150°C, in red). The images are rendered dark
black where there is overlap between the two conditions. While timed to the same start of liquid injection, the
cooler spray tends to penetrate more quickly. While the exact initial condition for the internal sac of the metal
Spray C injector is unknown, it is expected that the hotter injector will have more gas in the sac. Having more
gas within the injector, the ROI will ramp up more slowly, as indicated by Figure 1.3.3.
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Figure 1.3.4 Overlaid, false-color long-distance microscopy images of Spray C #037 cooled (cyan, 90°C) and uncooled (red,
150°C) injectors. Overlapping regions are indicated in black. 900 K, 22.8 kg/m3, 0% oxygen gas.

A subtle difference in penetration of a few millimeters may not seem significant, but models of the jet
penetration show that differences in the mixing field persist into the ignition region (and timings ASI), as
shown in Figure 1.3.5. Incorrect predictions of mixing, caused by inaccurate modeling of even the internal
portions of the injector, may result in inaccurate combustion simulations.
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Figure 1.3.5 One-dimensional modeled mixture fractions for Spray C cooled (Cl) and uncooled (UCI) injectors using altered
ROl and transient spreading angle models [7]. The percent difference color scale ranges from 0% to 50% (=50% in white),
and the mixture fraction ranges from O to 0.4.

Conclusions

Research in spray combustion this year has provided new information important for fuel sprays extending even
inside the fuel injector. The ECN uses the diesel targets discussed, and the ECN community now uses the
experimental data provided to improve CFD models that will be used to optimize future engine designs. Key
activities for Fiscal Year 2019 included the following:

e Examination of internal nozzle flow using transparent nozzles, leading to discoveries about needle
movement elasticity and gas exchange within the sac to create initial conditions with significant gas in
the sac

e CFD simulations showing altered and slower ROI because of initial gas within the injector and more
precise accounting for needle gap movement
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e Near-field microscopy indicating clear differences in mixing and spray penetration, dependent upon
the injector and the state of the sac, which persist to the timing of ignition and combustion.

Please see the references below for details about many other achievements/activities for Fiscal Year 2019.

Key Publications
See References [2],[3],[4],[5],[6] below.
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Project Introduction

Improving the efficiency of internal combustion engines is critical for meeting global needs to reduce
petroleum consumption and CO; emissions. Engines using low-temperature gasoline combustion (LTGC) (a
superset of homogeneous-charge compression ignition [HCCI]) have a strong potential to contribute to these
goals since their thermal efficiencies meet or exceed those of diesel engines. They also have very low NOyx and
particulate emissions. LTGC can be applied either as a full-time operating strategy or, for light-duty engines,
as part of a multimode combustion strategy in which the engine switches to conventional spark ignition at high
loads. This multimode approach provides high efficiencies during LTGC operation at low and intermediate
loads where light-duty engines operate most of the time and maintains high power density by switching to
spark ignition for high loads. Full-time LTGC provides high efficiencies at all loads, as required for medium-
and heavy-duty applications. LTGC engines have potential to cost less than diesels, and by providing medium-
and heavy-duty engines that use gasoline with high efficiency, LTGC could help balance the demand for
gasoline and diesel fuel, a problem that is expected to worsen if only conventional technologies are used. In all
applications, LTGC allows gasoline to be used with high efficiency for better use of crude oil supplies and
lower overall CO; production.

Although substantial progress has been made in understanding LTGC, several important aspects require
additional research. In particular, rapid control of combustion timing remains a key technical barrier to the
commercialization of these engines, and several studies related to this barrier were conducted at the Sandia
LTGC Engine Laboratory in Fiscal Year (FY) 2019. The main effort in this area focused on further
investigations and demonstrations of the potential of a new combustion-timing control method, first introduced
last year, called additive-mixing fuel injection (AMFI), which can provide control over a wide range of
conditions. A second effort involved developing a greater understanding of the use of partial fuel stratification
(PES) to control combustion timing. PFS has the advantage of providing near-instantaneous, next-cycle control
but with a more limited control range than AMFI. However, the two techniques are synergistic, allowing them
to be combined for more effective control of combustion timing.

Another technical barrier to practical LTGC engines involves low-load operation and combustion efficiency.
The AMFTI system provides a means to substantially improve low-load LTGC operation without the use of
charge heating, and initial studies were conducted to determine the potential of this technique.

Finally, improved simulation tools are required to better understand LTGC and to optimize fuel-injection
strategies and other parameters. Accordingly, we have continued our collaborations with the State University
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of New York (SUNY)-Stony Brook to conduct computational fluid dynamics (CFD) simulations using large-
eddy simulation (LES) to determine this technique’s capability to predict PFS operation in LTGC engines.

Objectives
Overall Objectives

e Provide the fundamental understanding (science-base) required to overcome the technical barriers to
the development of LTGC engines for light-duty and medium- and heavy-duty applications

e Explore methods of exploiting this fundamental understanding to develop practical techniques that can
overcome these barriers to LTGC engines.

Fiscal Year 2019 Objectives
e Expand the understanding of the operating and control range for the new AMFI system

e Investigate the use of partial fuel stratification produced by double direct-injection PFS to control
autoignition at naturally aspirated and low-boost conditions

e Collaborate with SUNY—-Stony Brook to conduct CFD modeling to better understand the mixture
formation with double direct-injection PFS

e Complete a study of the chemistry of ¢-sensitivity, its relationship to octane sensitivity, and
implications for fuel composition

e Continue collaborations with Lawrence Livermore National Laboratory to validate and improve
kinetic models and surrogates.

Approach

Experimental studies were conducted in the Sandia LTGC Engine Laboratory using the all-metal single-
cylinder LTGC research engine (displacement = 0.98 L). This facility allows operation over a wide range of
conditions, and it has been designed to provide precise control of virtually all operating parameters, allowing
well-characterized experiments. This LTGC research engine was derived from a Cummins B-series diesel, but
the diesel piston was replaced with a custom LTGC piston having an open combustion chamber and a broad,
shallow bowl. The compression ratio is 14:1 for all data presented in this report. The engine is equipped with a
centrally located gasoline-type direct injector capable of 300 bar injection pressures supplied by General
Motors. A research-grade E10 gasoline (gasoline blend with 10% ethanol) that is representative of regular-
grade gasolines sold in the United States (called RD5-87) was used for these studies.

For improved control of combustion timing and improved operation at naturally aspirated and low-boost
conditions, the engine’s fueling system has been modified to include the AMFTI system. This system doses the
fuel with very small, but well-controlled, amounts of an ignition-enhancing additive each engine cycle, which
provides robust control of autoignition timing and greatly reduces or even eliminates the need for charge
heating. This new control system was first introduced last year, and it was found to work very well at the
conditions investigated. Additional studies were conducted this year to understand the effects of other
operating parameters, specifically charge temperature, higher intake-boost pressures, and exhaust gas
recirculation (EGR), on the capabilities and benefits of the AMFI system. Based on understanding from
previous works, the potential of combining additive mixing (AMFI) with controlled fuel stratification to
improve low-load operation was also explored. Other previous works have shown that PFS has several
potential benefits for higher-load LTGC, so studies were conducted on the use of PFS over a wide range of
conditions for both non-additized fuel and additized fuel. These studies included an investigation of the ability
of PFS to control combustion timing through a significant change in fueling rate. Additionally, we worked
with collaborators at SUNY—Stony Brook to apply CFD with LES to a PFS sweep to determine the ability of
these simulation tools to match experimental data.
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Results

Control of combustion timing is perhaps the most challenging barrier to practical LTGC engines. Last year, we
introduced a new, robust combustion-timing control technique with the inherent potential for control through
rapid transients. This technique, called AMFI, can control combustion timing over a wide range, and it can also
significantly reduce or even eliminate the heating/hot-residuals that are typically required to achieve
autoignition in LTGC engines. The latter greatly simplifies the engine design, increases the power density,
increases the thermal efficiency, and improves low-load operation.

Figure 1.4.1 presents a block diagram schematic of the AMFI system. The system works by injecting very
small amounts of an ignition-enhancing additive into the fuel to change the fuel’s autoignition reactivity and
thereby control the combustion timing (measured by the crank angle of the 50% burn point [CA50]) as the
engine speed and load vary over the operating map. The additive used is 2-ethyl-hexylnitrate (EHN), a
common diesel fuel ignition improver. The high-speed piezo-electric valve near the center of the block
diagram schematic meters the tiny amounts of additive (~tenths to hundredths of a cubic millimeter) into the
fuel each engine cycle. With these small amounts, it is estimated that a gallon-sized additive reservoir would
only require refilling at service intervals of ~7,000 miles at a cost of ~$20, which is far less than the ~$150
savings in gasoline consumed over this same interval, compared to a conventional spark-ignition gasoline
engine.
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Figure 1.4.1 Block diagram of the AMFI system

AMFI control of LTGC has been demonstrated for changes in fueling rate, engine speed, and low-boost
operation [1]. In FY 2019, investigations of the potential of the AMFI system were expanded to include the
effects of intake temperature (Tin), the performance of AMFI under higher-boost conditions requiring EGR,
and the ability of the AMFI system to provide improved performance and CA50 control for low-load
operation.

Figure 1.4.2 shows that the AMFI system allows LTGC operation with no charge heating (Ti, = 40°C) but that
even modest increases in charge temperature can significantly reduce the amount of additive required to
maintain the desired combustion stability criterion, ringing intensity (RI) =3 MW/m? [2] in this case. The
reduction in additive required is particularly large for the lowest equivalence ratio (¢) tested, ¢ = 0.36.
Additionally, these results show that even if significant intake heating is applied, the additive remains effective
and can still be used to precisely control CA50, as done for the higher T;, data points in Figure 1.4.2.
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Figure 1.4.2 Amount of additive required for intake temperatures (Tin) from 40°C to 100°C for ¢ = 0.36, 0.4, and 0.44.
Additive amounts are those required to maintain Rl = 3 MW/m=. Intake pressure (Pin) = 1 bar; 1,200 rpm.

The ability of the AMFI system to control CA50 to maintain a constant RI = 5 MW/m? with changes in intake
pressure (Pin) is shown in Figure 1.4.3. Figure 1.4.3(a) presents data from FY 2018 showing that the amount of
additive required is reduced as the intake pressure is increased from 1.0 bar to 1.3 bar, representing moderate
intake boosting. This occurs because the increased pressure enhances the autoignition [3], analogous to the
effect of increased Tin. As the figure shows, the AMFI system can compensate for this by reducing the amount
of additive supplied. However, extrapolating the additive data to higher P;, shows that the amount of additive
required will go to zero as Pj, is increased to about 1.4 bar, and at higher Pi,, the fuel will be overly reactive
even with no additive. For this reason, EGR is commonly used to reduce the reactivity of the charge at higher
intake pressures (see for example Dec, et al. [3]). To determine whether the AMFI system can provide
effective CA50 control at conditions using significant EGR, a new study was conducted in which Pi, was
increased to 1.6 bar and a relatively large amount of EGR, 48.3%, was used. This Pi, was selected because it is
well above the lowest Pi, requiring EGR, and the amount of EGR used is well above the minimum required to
prevent overly advanced combustion timing at this Pj,, thus ensuring that the AMFI system was evaluated
under conditions in which EGR has a large effect on autoignition. The results presented in Figure 1.4.3(b) show
that the AMFI system continues to work very well under these high-EGR conditions. As Figure 1.4.3 shows,
the AMFI system can compensate for changes in fueling rate (¢m = 0.35, 0.37, and 0.39), and for each fueling
rate, the CA50 can be adjusted by varying the amount of additive supplied. NOx emissions remain far below
the U.S. 2010 heavy-duty limit of 0.27 g/kWh for all data points. Furthermore, additional studies showed that
even if the EGR rate varies, the amount of additive can be adjusted to compensate and maintain the desired
CA50. This seamless tradeoff between additive and EGR indicates that the AMFI system should work well
through transients in which amount and composition of the EGR are expected to vary.

Low-load operation is another important technical barrier to the commercialization of high-efficiency LTGC
engines. Previous works have shown that obtaining good combustion efficiency at low loads requires the use
of well-controlled fuel stratification [4]. Perhaps more importantly, for conventional LTGC operating
strategies, it can be difficult to obtain enough heat from retained or rebreathed hot residuals to achieve
autoignition at low loads. With the AMFI system, the additive enhances the autoignition reactions, but this
effect alone is not sufficient for robust autoignition at low loads. However, the additive also makes the fuel
¢-sensitive, meaning that richer regions in a stratified charge autoignite faster, even though they are cooler
because of greater vaporization cooling from the larger amount of fuel. (Note that non-additized gasoline is not
very ¢-sensitive at naturally aspirated conditions [5].) Thus, with the AMFI system, stratifying the charge at
low loads to improve combustion efficiency simultaneously enhances the autoignition, allowing robust
autoignition with little or no heating and with only moderate amounts of additive.
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Figure 1.4.3 (a) Amount of additive required to maintain Rl = 5 MW/m2 as Pi is increased from 1.0 bar to 1.3 bar at ¢ =
0.38. (b) CA50 and NOx emissions vs. the amount of additive supplied for Pin = 1.6 bar with 48.3% EGR, for three fueling
rates, om = 0.35, 0.37, and 0.39 [5]. Tin = 60°C, 1,200 rpm.

This ability of the AMFI system to allow good low-load operation is demonstrated by the experimental results
in Figure 1.4.4. For these data, the T, was held constant at a relatively low value of 60°C, and the additive/fuel
ratio was held constant at the amount required to get good autoignition for a well-mixed charge at ¢ = 0.32.
The highest load shown, ¢ = 0.31, requires only mild charge stratification, and a start-of-injection (SOI) timing
of 290 crank angle degrees (CAD) is used (i.e., 290 CAD after top dead center [TDC]-intake, or 70 CAD
before TDC-compression), as shown in the Figure 1.4.4 legend. As fueling is reduced to ¢ = 0.286, the
combustion efficiency falls, causing the gross indicated mean effective pressure (IMEPg) to drop faster than
the fueling rate; however, increasing the stratification by retarding the SOI to 305 CAD brings the combustion
efficiency back, significantly increasing the IMEPg at ¢ = 0.286. As the fueling is further reduced, the SOI is
progressively retarded in a series of steps to maintain good combustion efficiency, and the increased
stratification also keeps CA50 in the range for good combustion stability with no adjustment of the amount of
additive or the Tin, as the fueling is reduced down to the lowest load shown, IMEPg = 2.0 bar. At this load, the
indicated thermal efficiency is still 37%, which is quite high compared to other combustion modes, and there is
good potential for further improvement.
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Figure 1.4.4 Load (IMEPg) vs. fueling rate (¢) for stratified operation at low loads using a single direct injection (DI) at the
SOI timings shown in the legend. Tin = 60°C, Pin = 1.0 bar, 1,200 rpm.

PFS is a technique that has several advantages for improving LTGC at higher loads if the fuel is sufficiently
¢-sensitive. For this technique, an early fuel injection (SOI1), typically with an SOI = 60 CAD after TDC-
intake, establishes a base fuel concentration, then a second injection at a variable time during the compression
stroke (SOI2) produces a distribution of local equivalence ratios above the base ¢. When the fuel is ¢-sensitive,
this ¢ distribution causes the autoignition to occur sequentially from the richest region to the leanest, which
increases the combustion duration, reducing the peak heat release rate and, therefore, the maximum pressure
rise rate. This has the advantages of (1) reducing the combustion noise or allowing a more advanced CA50 for
higher efficiency at the same noise level, (2) allowing a higher fueling rate at the same CAS50 without
increasing noise or without inducing engine knock, or (3) various combinations of noise reduction, CA50
advancement, and increased load. PFS can also control CA50 because the richest regions produced by the PFS
autoignite first, advancing the combustion timing compared to a well-mixed charge at the same global
equivalence ratio. Figure 1.4.5 illustrates this ability to control CA50 with PFS at a P;, of 1.3 bar, for which the
RD5-87 gasoline is ¢-sensitive. For an SOI2 = 200 CAD (early in the compression stroke), the charge is fairly
well mixed, and CAS50 is quite retarded (374 CAD = 14 CAD after TDC-compression). Then, as SOI2 is
retarded to 325 CAD (late in the compression stroke), the amount of stratification increases substantially,
advancing CA50 by about 8 CAD.

It is also important to develop simulation tools that can predict the behavior of LTGC combustion under
stratified and partially stratified conditions in order to better optimize fuel injection strategies and other
parameters. To this end, our collaboration partners at SUNY—Stony Brook have conducted CFD simulations
using LES of LTGC with PFS in the engine under the same conditions used for the experimental data in
Figure 1.4.5. As the figure shows, the CFD-LES results match the experimental data well over the range of
SOI2s investigated, giving confidence in the computational results. Future studies are planned using a
matching optically accessible engine to verify the model’s ability to correctly simulate fuel distributions under
PFS conditions. Once validated, this simulation technique can provide a wealth of information about in-
cylinder conditions that can be used to improve LTGC combustion but that would be difficult to measure
experimentally.

The data in Figure 1.4.5 show that PFS can adjust CA50 over a fairly wide range; furthermore, because the
technique involves only changes in fuel injection, CA50 adjustments with PFS occur on the next engine cycle,
making them essentially instantaneous.
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Figure 1.4.5 A comparison between experimental measurements and CFD-LES simulations of CA50 as a function of SOI2
timing for PFS operation. For this typical PFS condition, the fuel was split 80/20 between SOI1 and SOI2. Pi, = 1.3 bar, Tin =
125°C, ¢ = 0.36, 1,200 rpm. Both CA50 and SOI2 are CAD after TDC-intake.

To investigate the potential of PFS for transient control, the engine’s fueling rate was varied from ¢ = 0.42 to
¢ = 0.32 in a series of steps using only PFS to maintain an acceptable CA50. Results for straight RD5-87
gasoline are shown by the red data points in Figure 1.4.6. For this PFS-controlled load sweep, Ti, was held
constant at 152°C, and as ¢ was reduced, the stratification was progressively increased by retarding SOI2 or
increasing the fuel fraction in the second injection. The greater stratification increased the autoignition
reactivity (see Figure 1.4.5), compensating for the effect of the lower ¢, to maintain good combustion stability.
(For reference, this reduction in ¢ would have required Ti, to be increased by about 23°C if PFS had not been
applied.) In addition to controlling CA50 for good combustion stability, carefully controlling the PFS kept
NOx below the U.S. 2010 heavy-duty (HD) limit, as shown on the right-hand axis of Figure 1.4.6. These results
show that PFS can provide near-instantaneous CA50 control through a transient, but its control range is more
limited than that of the AMFI system. Therefore, it may be advantageous to combine the fast PFS control with
AMFI control to extend the control range.
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Figure 1.4.6 Fueling rate (¢) sweeps using PFS to control CA50 for the straight E10 gasoline (red) and for EHN-additized E10
gasoline (black) with an adjustment in the amount of additive at ¢ = 0.36 to demonstrate combined PFS and AMFI control.
Tin = 152°C for the straight fuel and 60 °C for the additized fuel, Pin = 1.0 bar, 1,200 rpm.
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The black data points in Figure 1.4.6 show a fueling-rate sweep using PFS to control CA50 for EHN-additized
fuel, combined with adjustment of the amount of additive at ¢ = 0.36, as might be done using a combined
AMFI-PFS control strategy. For these data, Ti, was held constant at 60°C, which increases the charge density
compared to the straight fuel, so loads (IMEPg) are higher for a given ¢, as can be seen in the figure. As with
the straight fuel discussed above, stratification was increased as ¢ was reduced to maintain stable combustion.
From ¢ = 0.42 to ¢ = 0.38, NOx remains low, but at ¢ = 0.36, NOx emissions begin to rise. The amount of
additive was then increased as shown in the legend, which allowed the amount of stratification to be reduced,
decreasing NOy emissions back to near the U.S. 2010 limit. Stratification alone was then used to maintain the
CAS50 as ¢ was reduced from 0.36 to 0.32.

Conclusions

New investigations were conducted to further understand and demonstrate the capabilities of the
AMFI combustion-timing control and operating system for LTGC engines, first introduced last year.

o The AMFI system allows LTGC operation with little or no charge heating, but even modest
increases in charge temperature greatly reduce the amount of additive required. The additive
remains effective for precise CAS50 control, even with significant charge heating.

o Intake boost enhances autoignition, reducing the amount of additive required to achieve
autoignition, and for Pj, > 1.4 bar, EGR is required to prevent overly advanced combustion, even
if no additive is supplied.

o The AMEFI system continues to provide precise CA50 control and control through changes in
engine load, even when significant EGR 1is used at these higher boost pressures (Pi, > 1.4 bar).

o Adjusting the amount of additive can smoothly compensate for variations in EGR to obtain the
desired CA50.

Good LTGC operation was obtained for low loads down to IMEPg = 2 bar using the AMFI system
combined with controlled fuel stratification. Additive amounts remain low because stratification
enhances the effect of the additive in addition to improving low-load combustion efficiency.

An extensive study of PFS over a wide range of conditions showed that PFS can provide near-
instantaneous, next-cycle CAS50 control for both non-additized and additized regular E10 gasoline.
The CAS50 control range is significant, but PFS must be combined with AMFTI or another technique to
obtain the full control authority required for LTGC engines.

CFD-LES simulations of LTGC operation using PFS for CA50 control matched the experimental
results well over a range of second-injection timings, showing the potential of CFD with LES to
improve the understanding of in-cylinder processes in LTGC engines.

PFS was demonstrated to be capable of providing CA50 control for a 24% reduction in fueling rate
while maintaining NOy below U.S. 2010 heavy-duty standards using straight E10 gasoline. An
example of combined AMFI and PFS control through a load sweep was also presented.
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Project Introduction

Aggressive U.S. Department of Energy (DOE) Vehicle Technologies Office gasoline engine fuel economy and
pollutant emissions targets can be met through some combination of reduced heat transfer, lower throttling
losses, shorter combustion durations, lower combustion temperatures, improved mixture preparation, and
higher compression ratios. Charge dilution by air or exhaust gas recirculation (EGR) is the most common
method to achieve many of these benefits for low-power conditions, but the benefits of increased dilution are
offset by poorer combustion stability. A major limitation of higher dilution levels is slow early burning rates
with conventional inductor coil ignition systems. Advanced ignition technologies are needed to produce larger
and more energetic ignition volumes while still performing well under elevated cylinder densities and charge
motions. There is also opportunity for ignition systems to be an important source of radicals and heat that are
used to tailor gasoline reactivity for advanced compression-ignition strategies. However, there is a lack of
foundational understanding of igniter mechanisms for new technologies, which inhibits the development of
production-ready systems.

Objectives

The objective is to achieve better understanding of ignition physical and chemical processes and use this
information to develop more reliable engine simulation submodels. Relevant ignition processes include plasma
formation from deposited electrical energy, plasma-to-flame transition, and flame kernel development.
Experiments were performed in a single-cylinder research engine and ignition test vessels, each with optical
access. In situ optical diagnostics and ex situ gas sampling measurements were used to elucidate important
ignition process details. The project audience is automotive original equipment manufacturers, Tier 1
suppliers, and technology startups.

Overall Objectives
o Identify ignition technologies that enable effective combustion control for advanced gasoline engines

o Measure fundamental properties of ignition using advanced optical diagnostics

e Develop accurate and robust ignition process models for engine simulations.
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Fiscal Year 2019 Objectives

e Evaluate the influence of ozone (O3) addition on spark-assisted compression-ignition (SACI)
strategies

e Prototype various pre-chamber and barrier discharge ignition systems
e Measure transient plasma ignition characteristics, including potential O3 formation.

Approach

Research to characterize different ignition processes and associated engine combustion has leveraged
experimental and numerical results from multiple partners. Prior to Fiscal Year (FY) 2019, the primary
ignition technology investigated was transient plasma ignition (TPI), a form of low-temperature plasma formed
by very-short-pulse, high-voltage electrical discharges. In FY 2019, additional ignition technologies evaluated
included radio frequency corona and conventional inductor coil spark systems. Prototype igniters were also
developed, such as barrier discharge igniters that augment radical formation, and plasma pre-chamber igniters
that extend dilution tolerance limits without active fueling. In-house ignition test facilities were used to
characterize thermal energy deposition, ignition volume, and radical formation for a range of electrode
configurations. Impactful results were shared with Riccardo Scarcelli of Argonne National Laboratory, who
modeled both the plasma discharge using non-equilibrium plasma solvers such as VizGlow or VizSpark and
the associated transition to a sustained flame using the computational fluid dynamics solver, CONVERGE.

Methods to tailor fuel properties through the use of onboard generated Os—a powerful oxidizing chemical
agent generated through coronal discharges in intake air—for SACI combustion strategies were also explored.
For these experiments, O3 was seeded in the intake, and ignition was from a conventional sparkplug.
Complementary rapid compression machine experiments at the PRISME Laboratory at the University of
Orléans, France, were used to investigate the change in gasoline reactivity with Oz addition.

Results

Performance and emissions characteristics for fuel-lean SACI combustion strategies with 30 ppm of added O3
were explored in a single-cylinder, optically accessible, spray-guided research engine. End gas reactivity was
previously found to increase with Oz addition [1], but end gas autoignition still requires intake heating of
150°C or more for low-load operating conditions. For FY 2019 engine experiments, additional end gas thermal
energy was supplied by the spark-initiated deflagration. Stratification helped to strengthen the deflagration but
was also the primary source of nitrogen oxide (NOy) emissions and thus had to be minimized. Intake pressure
was fixed at 1.0 bar, and the intake temperature was kept at 80°C or lower. Engine load was varied between
1.5 bar and 5.5 bar indicated mean effective pressure (IMEP), and engine speed varied between 800 rpm and
1,600 rpm. Fuel stratification was achieved by a late-cycle injection of ~10%—-25% of the total fuel and was
used to maintain stable operation for the lowest loads. For each condition, spark timing, second start-of-
injection timing, and fuel split between the main and second injection were optimized to maximize efficiency,
with NOy emissions held below 5 g/kg-fuel. Impactful results are as follows (see Figure 1.5.1):

e Ozone addition decreased indicated specific fuel consumption (ISFC) by up to 9% across the map.
e Atomic oxygen initiated low-temperature heat release reactions in the end gas.
e End gas temperatures required for autoignition were reduced by up to 200 K with O3 addition.

e Relative to stratified operation, homogeneous operation reduced NOx emissions by an order of
magnitude while maintaining comparable efficiency, albeit over a more limited load/speed range.
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Figure 1.5.1 Plots of ISFC and NOx emissions as a function of load at engine speeds of 800-1,600 rpm for
stratified and homogeneous SACI operation with intake-seeded O3

A simplified analysis was developed to evaluate the end gas thermal energy deficit needed to initiate
autoignition. As can be observed in Figure 1.5.2(a), heat release rates from the initial spark deflagration were
well matched, regardless of whether or not there was in-cylinder Os. Accordingly, the increased thermal
energy from the early deflagration was estimated from the integrated heat release up to the onset of low-
temperature heat release, identified by the initial positive value in the profile difference. The green hatched
area illustrates that the integrated energy is attributed exclusively to the early deflagration heat release.

e Ozone addition only influences end gas autoignition chemistry and not the deflagration.

e The energy deficit was greatest for higher engine speeds (i.e., shorter residence times) and lower loads
(i.e., leaner and hence less reactive end gas mixtures).
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Figure 1.5.2 (a) Schematic illustration of the heat release difference with and without O3z addition and
(b) the end gas energy deficit needed for optimal end gas autoignition estimated from the integrated
heat release up to low-temperature heat release
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To further reduce engine-out NOx emissions, it is necessary to reduce or eliminate charge stratification. Doing
this requires more robust ignition systems that can extend lean and dilute ignition limits while also promoting
faster initial burn rates. These features likewise benefit more conventional combustion strategies by enabling
greater dilution rates and shortening combustion durations. Accordingly, TPI ignition and early flame
characteristics were investigated in an optically accessible ignition test vessel for near-atmospheric lean and
EGR dilute propane/air mixtures. Transient plasma was generated using an available high-voltage (~35 kV),
short-duration (~12 nanoseconds) pulse generator, with a ten-pulse burst discharged at 10 kHz. A wide-gap
pin-to-pin (P2P) as well as partial and full barrier discharge igniter (BDI) configurations were evaluated. The
first BDI had a flush-mounted and exposed anode tip, while the second had the tip covered by a high-
dielectric-strength epoxy. Detailed schematics and images of igniter discharge characteristics are provided in
Figure 1.5.3. From these images it can be observed that P2P consistently produces twin streamers that bulge in
the middle and connect at both electrodes, while both BDI configurations form luminous streamers around the
insulator that produce large radical concentrations. High-speed schlieren imaging was used to characterize
discharge streamer phenomena and estimate flame propagation rates. Flame propagation measurements were
benchmarked against a similar operating point that used a high-energy inductive coil sparkplug (93 mlJ).

Schematic Experimental setup Discharge behavior
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Figure 1.5.3 (a) Schematic of the prototyped pin-to-pin (top), partial BDI (middle), and full BDI (bottom), with
(b) corresponding images of the igniter in the ignition test vessel and (c) images of the discharge in air
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Lean and EGR dilute ignition limits for spark ignition and TPI were measured as a function of discharge
voltage and are plotted in Figure 1.5.4; corresponding discharge energy for each pulse in the ten-pulse burst is
also provided. The black vertical dashed line corresponds to the lean or dilute ignition limit for the inductive
coil spark igniter. For each TPI igniter, the upper solid boundary represents the highest voltage possible
without an associated transition to breakdown, while the lower dashed boundary corresponds to the lowest
voltage where a sustained ignition kernel could be reliably achieved.

e Inductive spark equivalence ratio (¢) and EGR dilution ignition limits were 0.56 and 32%,
respectively. These values were extended for all TPI, with the smallest gains for the P2P (0.52 and

36%), followed by the partial BDI (0.45 and 41%), and the largest ignition limit extension with the
full BDI (0.41 and 45%).

e When five-pulse bursts were used for TP, an ignition kernel would form but would not be sustained.
These results indicate that the subsequent pulses provided expansion energy to the developing kernel.

e Both BDI configurations required larger discharge voltages (and hence energies) to achieve ignition
but also had a wider range of acceptable discharge voltages for successful ignition.
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Figure 1.5.4 Plots of lean and dilute ignition limits in quiescent propane/air mixtures for P2P, partial BDI, and full BDI as
a function of discharge voltage for ten-pulse bursts at 10 kHz as well as corresponding inductive spark reference values

To evaluate the influence of TPI on burn rates under fuel-lean conditions, heat release traces for a fixed ¢

of 0.6 were calculated from high-speed pressure measurements, with traces for each igniter plotted in

Figure 1.5.5. Note that similar measurements were performed for multiple lean and dilute operating points.
Flame kernel images at the 3% and 10% burn times are overlaid on the plot with the corresponding point in the
heat release trace identified. For all TPI discharges, the discharge voltage was adjusted to the maximum value
that still avoided inter-electrode breakdown.

e Relative to the spark igniter, total burn durations decreased by 27% for the P2P, 43% for the partial
BDI, and 53% for the full BDI. The full BDI burn duration at ¢ = 0.6 was faster than for the spark at
¢=1.0.

e The 0 to 10% burn rates increased significantly relative to the spark ignition, by 70%, 96%, and 131%,
respectively, for the P2P, partial BDI, and full BDI. Furthermore, peak BDI heat release rates were
more than double the spark igniter peak values.
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e Schlieren images of the ignition kernel at the 3% and 10% burn times illustrate substantially larger
ignition kernel volumes for TPI relative to spark ignition, and a larger amount of flame front
corrugation that likewise increases propagation speeds.
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Figure 1.5.5 Heat release rates for ignition at a fixed ¢ of 0.6 for the three TPI igniters and the inductive spark igniter
evaluated. Images of the ignition volume at the 3% and 10% burn time are overlaid on the plot.

The final activity discussed in this report is the measurement of O3 generated in the static ignition cell by full
BDI discharges in air. The goal was to see if sufficient Oz (up to 30 ppm) can be generated for the SACI
strategy described earlier using only BDI discharges in the intake or early compression stroke. Hence, the fuel
additive and enhanced ignition would be from the same source. For these experiments, air and varying
amounts of EGR gases were used to fill the ignition test vessel at a range of pressures between 1 bar and 8 bar.
A ten-discharge pulse burst at 10 kHz was performed for a range of total discharge energies. Total O3
concentration in the cell at the end of the pulse burst was measured using an ultraviolet light absorption
technique described in last year’s report [2]. A contour plot of O3 concentration for a half-liter displacement
engine cylinder as a function of initial pressure and pulse burst discharge energy is provided in Figure 1.5.6.
Additional results were acquired to evaluate the influence of initial temperature and EGR concentration on O3
yield but are not shown here for brevity.

e Ozone yield increased with higher discharge energy and lower ambient pressure. Both effects
increased the reduced electric field, which in turn increased the plasma strength.

o For discharge energies above 130 mJ, a low pressure limit resulted from breakdown transition.

e For atmospheric-temperature air, 10—12 ppm O3 was reliably generated from the ten-pulse burst,
meaning three-pulse bursts should generate sufficient Oz for the SACI strategy described earlier.

e Increased ambient temperatures and EGR addition decreased O3 yields by more than half (not shown),
which suggests additional engine tests are needed to verify performance.
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Figure 1.5.6 Ozone yield from full BDI ten-pulse bursts in desiccated, atmospheric-temperature air as a function of initial

pressure and discharge energy. Reported concentrations are corrected to match a 0.5-liter displacement engine

cylinder. The cyan contour indicates the pressure and total energy combination required to produce 10 ppm of Os.

Conclusions

A suite of experiments were performed to measure fundamental processes associated with active ignition and
to evaluate how novel TPI technologies could be leveraged to enable clean and efficient modes of engine
combustion that are not currently possible with conventional inductor coil ignition systems. The project has
multiple National Laboratory, university, and industry partners, with data generated in our lab used to inform
complementary simulation submodel development activities. Main conclusions are as follows:

Ozone-addition SACI produced excellent efficiency for low-to-moderate engine loads and speeds,
with NOy emissions held below regulated exhaust levels for homogeneous charge mixtures. However,
moderate stratification was needed for lower loads and higher speeds, which in turn increased NOx
emissions by an order of magnitude. It was concluded that stronger initial burn rates in lean mixtures
need to be delivered by the ignition system.

Large ignition volumes and reduced electrode heat losses for repetitively pulsed TPI led a factor of 2
increase in early flame burn rates relative to conventional spark ignition. Preliminary engine tests with
BDI indicate these igniters likewise achieve faster early burn rates relative to conventional spark
ignition.

Ozone yields produced from full BDI pulse burst discharges were sufficient for the O3-addition SACI
strategy outlined above. Yields were found to increase with discharge voltage and decrease with
higher ambient pressures, temperatures, and EGR dilution. Accordingly, the substitution of a
conventional spark plug and coil with full BDI enables a combination of onboard tailoring of fuel
reactivity for kinetically controlled combustion strategies and enhanced ignition.
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Project Introduction

Fuel injection systems are one of the most important components in the design of combustion engines with
high efficiency and low emissions. A detailed understanding of the fuel injection process and the mechanisms
of spray atomization is needed to implement advanced combustion strategies with improved engine
performance. X-ray diagnostics can provide unique data in the study of fuel injection; they are highly
penetrative and can generate quantitative, unambiguous measurements of useful spray properties, even in the
optically opaque region very near the nozzle. This project uses X-ray diagnostics of sprays to provide insight
into the fundamentals of sprays and to generate quantitative data for development and validation of advanced
injection simulations.

Objectives
Overall Objectives

e Utilize the unique capabilities of Argonne’s Advanced Photon Source to improve the fundamental
understanding of fuel injectors, the injection process, and fuel atomization and mixing

o Generate quantitative measurements of fuel injection under engine-relevant conditions, to be used to
enable the development and validation of improved computational models of fuel injection

e Collaborate with injector manufacturers and engine designers, giving them access to our unique
diagnostic tools, with the goal of improving their ability to build clean-burning, efficient engines.

Fiscal Year 2019 Objectives

e  Optimize the workflow for data analysis of X-ray tomography measurements of the internal flow
passages of fuel injectors

e Perform exploratory measurements using X-rays to probe the near-wall region of sprays impinging on
surfaces; determine what measurement quantities are important and feasible, and plan for the
development of a built-for-purpose spray chamber for future spray-wall studies

o Complete first-of-their kind three-dimensional (3D) measurements of a cavitating diesel nozzle,
including high-resolution measurements of the internal liquid and gas distributions.
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Approach

The aim of this project is to develop and perform high-precision measurements of fuel injection and sprays to
further the development of accurate computational spray models. These measurements are performed at the
Advanced Photon Source at Argonne National Laboratory. This source provides a very-high-flux beam of
X-rays, enabling quantitative, time-resolved measurements of sprays with very high spatial resolution. The
X-rays are used for five different measurement techniques: tomography to measure injector nozzle geometry,
radiography to measure spray density, phase contrast imaging to acquire high-speed images, fluorescence to
track atomic elements, and small-angle scattering to measure droplet size [1]. Each of these techniques
complements other diagnostics by providing unique and useful information that cannot be obtained in other
ways.

In the process of making these measurements, Argonne collaborates with industrial partners, including engine
and fuel injection system manufacturers. Industry access to these diagnostics increases the understanding of the
fundamental science behind their products. The group also collaborates with spray modelers to incorporate this
previously unknown information about the spray formation region into new models. This leads to an improved
understanding of the mechanisms of spray atomization and facilitates the development of fuel injection
systems designed to improve efficiency and reduce pollutants.

In addition to measurements of injectors and sprays, the group explores other applications of X-ray diagnostics
for combustion research. Measurements of cavitating flows provide unique data to improve the fundamental
understanding of internal fuel flow and its role in spray atomization, as well as the relationship between
injector geometry, cavitation, and nozzle damage. Recent measurements have also evaluated the use of X-rays
as a diagnostic for shock tubes, natural gas injectors, and spark ignition. These new applications broaden the
impact of the work and help to improve the fundamental understanding in other areas important to advanced
combustion, including fundamental chemistry, gas jets, and ignition.

Results

Over the last several years, our group has developed and refined the process of making high-resolution scans
of the internal flow passages of fuel injectors and delivering 3D models of their geometry to be used for
computational fluid dynamics simulations. The main bottleneck to automated generation of a 3D injector
geometry from X-ray data is the determination of the surface, a process called segmentation. In segmentation,
the measured data is converted into a binary map that classifies each voxel as belonging to either injector metal
or flow domain, accurately locating the metal surface at the transitions between these domains. The
segmentation method itself relies heavily on user input, particularly the selection of value(s) of grayscale voxel
intensity to be used as threshold(s) to distinguish between different materials. This can often be challenging in
the presence of artifacts from reconstruction or noise from low-light conditions in dense or thick objects.

In Fiscal Year 2019, a significant effort was undertaken to streamline this process using an approach borrowed
from biomedical applications using convolutional neural networks (CNN). As opposed to intensity-based
thresholding, this approach relies on context in the image and hence is called semantic segmentation. A
schematic of the algorithm used to generate the geometries using the CNN is shown in Figure 1.6.1. The CNN
approach requires training data that include both raw X-ray nozzle images as well as manually created 3D
models of those nozzles. The CNN algorithm “learns” from the training data and can then accurately segment
new nozzles based on the raw X-ray measurements. The algorithm streamlines a process that used to require
about 30 man-hours into less than 30 minutes of processing, and little manual intervention. The accuracy of the
new procedure has been documented in Tekawade et al. [2].
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This innovation will enable us to greatly expand our capacity for generating fuel injector geometries. With this
new capacity, a range of new experiments become possible, including broad surveys of many injectors,
looking at manufacturing variability, tolerances, and erosion over time.

input / output size:
512x512

Slice orthogonally, GPU stich from patches,
make patches 4 gt_energte iso-surface,
CPU CPU simplify and smooth

CPU - central processing unit; GPU — graphics processing unit

Figure 1.6.1 Schematic overview of the algorithm that enables the new approach to 3D segmentation using a two-
dimensional CNN architecture

In the next several years, much of our light-duty work will be focused on improving cold-start emissions. One
significant problem during cold start is fuel impinging on walls, leading to elevated particulate levels. Because
X-rays can make quantitative measurements in environments that are too optically dense for other diagnostics,
they will be a useful tool for studying spray impingement. In Fiscal Year 2019, we performed several
exploratory measurements of spray impingement. Figure 1.6.2 shows the results from our first attempt,
mapping the density distribution of a gasoline direct injection spray as it impinges on a wall. We are able to
capture the density near the wall and track the motion of a wall film and rollup vortex. Other experiments have
explored high-speed X-ray imaging and its ability to capture individual droplet collisions, splashing, and
particle tracking. These first measurements are being used to test the feasibility and to prioritize the design
features of a future spray chamber dedicated to X-ray measurements of impinging sprays. With the knowledge
gained in 2019, we will design and fabricate a fit-for-purpose facility that enables quantitative measurements
of spray/wall interactions, and ultimately unique data for the development and validation of improved
computational simulations of the process.
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Figure 1.6.2 Measurements of the average near-wall density field in a gasoline direct injection spray impinging on a wall

Manufacturing variations in the geometric features inside injectors, such as inlet corner sharpness and orifice
diameter, can have a significant influence on the fuel flow inside the nozzle, causing cavitation or flow-
separation near the nozzle walls. The occurrence of cavitation can not only lead to erosion in injectors, but can
also have an impact on the downstream spray development. For this reason, internal flow is a major area of

Combustion Research 71



Advanced Engine and Fuel Technologies

fuel injection research. However, since steel nozzles are opaque to visible light, most research has been limited
to either purpose-built transparent replicas or practical diesel injectors that have been modified for optical
access. X-rays, however, are not limited by the opacity of a steel injector body, and we have taken advantage
of this to quantify cavitation and flow separation inside steel nozzles.

In Fiscal Year 2019, X-ray tomography was used to build a time-averaged 3D map of the liquid and gas
distributions inside the Engine Combustion Network “Spray C” single-hole diesel nozzle. This research nozzle
is designed to promote cavitation and is an ideal candidate for this work. X-ray images of the flow through the
nozzle were acquired as the injector fired and the nozzle was rotated. The resulting images were run through a
computational tomography reconstruction, and the results are shown in Figure 1.6.3. The regions of gas and
liquid are clearly resolved, with a sharp, wrinkled boundary between them. The gas region is highly
asymmetric, and its location and “thickness” correspond with the radius of the inlet corner that lies just
upstream at the entrance to the nozzle.

Figure 1.6.3 Measurements of the average liquid (red) and gas (green) distribution inside a single-hole steel diesel injector

These measurements represent the first 3D measurements of injector cavitation in a round steel nozzle,
operating at realistic diesel pressures with real fuel. The results have been shared with several computational
simulation groups and are being used to improve the accuracy of cavitation and flow simulations.

Conclusions

X-ray diagnostics can reveal the flows inside fuel injectors as well as diagnose the mixing of fuel and air. Such
measurements are not possible using other imaging techniques and represent a powerful data set for
development and validation of computational models of fuel flow. This data is crucial for the development of
accurate spray models and for the detailed understanding of spray behavior. Improvements to these models
will speed the development of cleaner, more efficient engines.
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Project Introduction

Accurate, predictive combustion models are necessary for the reliable design and control of next-generation
engines able to meet mandated fuel economy and emissions standards, with associated reductions in
development times and costs for new configurations [1]. The imprecision of available models prevents
adoption of detailed simulation techniques within current design processes. Existing engineering-scale models
can achieve satisfactory performance at some operating points; however, they are not sufficiently robust to
cover complete ranges of conventional engine operation or to apply to novel/advanced combustion concepts.
Therefore, there is a critical need to improve the understanding of the multiple physical and chemical processes
that occur within combustion engines, including chemical ignition, fluid-chemistry interactions, and pollutant
formation/decomposition. Advancing these understandings requires fundamental data that can be acquired,
with sufficiently low experimental uncertainties, at conditions representative of engine combustion chambers.
There is a particular lack of data to quantify the autoignition behavior of full-boiling-range fuels, to formulate
robust multicomponent surrogate blends to replicate these fuels, and to develop/validate chemical kinetic
models for individual constituents and blends. Moreover, there is a need to advance the capability to accurately
estimate and reduce uncertainties in kinetic models of transportation fuels.

Objectives
Overall Objectives

e Acquire autoignition data using Argonne National Laboratory’s rapid compression machine (RCM) at
conditions representative of today’s and future internal combustion engines, including high pressure
(P = 15-80 bar), low-to-intermediate temperatures (T = 650 K—1,100 K), and a range of fuel loadings

e Improve understandings of advanced compression ignition phenomena and develop modeling
capabilities for full-boiling-range fuels

e Collaborate with combustion researchers within the U.S. Department of Energy’s Office of Vehicle
Technologies and Basic Energy Sciences program to accurately quantify uncertainties in chemical
kinetic models in order to improve their predictability for a range of fuels.

Fiscal Year 2019 Objectives

e Quantify the autoignition behavior of binary olefin/aromatic blends with the aim of understanding and
modeling chemical kinetic interactions

Combustion Research 75


mailto:Scott.Goldsborough@anl.gov
mailto:Michael.Weismiller@ee.doe.gov

Advanced Engine and Fuel Technologies

e Improve scaling analysis for chemico-physical interpretations of flame-driven compression ignition
for application to RCM data interpretation and advanced compression ignition in engines

e Further investigate non-ideal RCM operation using a higher-order computational fluid dynamics
software.

Approach

RCMs are sophisticated experimental tools that can be employed to acquire fundamental insight into fuel
ignition and pollutant formation chemistry, as well as fluid-chemistry interactions, especially at conditions that
are relevant to advanced low-temperature combustion concepts as well as boosted spark-ignition strategies [2].
RCMs can create and maintain well-controlled, elevated temperature and pressure environments (e.g.,

T =600 K-1,100 K, P = 5-80 bar) in which the chemically active period preceding autoignition can be
monitored and probed via advanced in situ and ex situ diagnostics. The ability to utilize wide ranges of fuel
and oxygen concentrations within RCMs, from ultra-lean to over-rich (e.g., ¢ = 0.2-2.0+), and spanning dilute
to oxy-rich regimes (e.g., O> = 5% to >21%), offers specific advantages relative to other laboratory apparatuses
such as shock tubes and flow reactors, where complications can arise under such conditions. Fuels’ exothermic
behavior at such conditions is not well characterized, even though the exothermic behavior is important for a
range of combustion engine phenomena. Furthermore, the understanding of interdependent chemico-physical
phenomena, such as “non-uniform ignition,” that can occur at some conditions within RCMs is a topic of
ongoing investigation within the combustion community, while interpretation of facility influences on datasets
is also being addressed [3]. Combustion researchers are developing approaches to implementing novel
diagnostics that can provide more rigorous constraints for model validation compared to integrated metrics
such as ignition delay times, e.g., quantification of important radical and stable intermediates such as H>O, and

C2H4 [4],[5].

The project team is using Argonne National Laboratory’s twin-piston RCM to acquire data necessary for a
broad range of fuels, while making improvements to the facility’s hardware and data analysis protocol to
extend its capabilities and fidelity. Multidisciplinary collaborations are undertaken at Argonne National
Laboratory and other U.S. laboratories, as well as with researchers at national and international institutions,
including complementary RCM facilities.

Results
Key accomplishments for Fiscal Year 2019 include the following:

e Acquired autoignition data for binary blends of an iso-olefin, 2-methyl 2-butene (2M2B), and an
aromatic, toluene (TOL), covering wide ranges of temperatures, pressures, stoichiometries, and
blending ratios.

e Acquired additional RCM data for an E10 regular gasoline (gasoline blend with 10% ethanol) as part
of the Coordinating Research Council Fuels for Advanced Combustion Engines Working Group’s
Advanced Vehicles/Fuels/Lubricants (AVFL) 31b project.

e Revised scaling analyses developed previously to identify physical and chemical parameters that
govern flame-driven compression ignition, with applications to mild ignition in RCMs and to spark-
assisted compression ignition in internal combustion engines.

o Initiated investigations using detailed, multidimensional reacting flow software (NEK5000) to
understand impacts of non-ideal RCM operation.

Olefins and aromatics are important constituents of transportation-relevant fuels and are found in varying
quantities in commercial gasoline. They also represent production routes for biomass to liquid transportation
fuel. The presence of the C=C double bond in olefins gives these hydrocarbons advantageous characteristics.
For instance, short-chain olefins have greater knock resistance than their saturated homologues. Olefins can
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impart higher octane sensitivity (defined as research octane number minus motor octane number,

RON — MON) to gasoline fuels, and thus can be used to displace aromatics in the fuel. At high concentrations,
however, olefins can alter the fuel stability and promote the formation of gums, which are detrimental to
injector hardware. In addition, olefins are important intermediates that form during combustion, and their
generation can be a first step toward soot formation.

Extensive work has been undertaken to study the autoignition and combustion chemistry of linear olefins, with
far fewer studies devoted to branched structures. The intent of this work was to follow on from Fiscal Year
(FY) 2018 activities and contribute to fundamental understandings of how iso-olefins and aromatics interact
during oxidation. Experimental measurements were conducted with binary blends of a representative
iso-olefin, 2M2B, and a representative aromatic, TOL. The tests were performed over a temperature range of
Tc =700 K-1,000 K; a pressure range of Pc = 25 bar and 45 bar; ¢ = 0.5-2.0; and four blend ratios, from 3/0
(2M2B/TOL) to 0/3. Representative pressure—time histories are presented in Figure 1.7.1a, while a summary of
the measurements is depicted in Arrhenius format in Figure 1.7.1Db.

The data indicate that the chemical kinetic interactions are non-linear, where the reactivity appears to be
dominated by 2M2B at the two intermediate blend levels (2/1 and 1/2), with TOL not significantly suppressing
the autoignition chemistry. Collaborations are ongoing with Lawrence Livermore National Laboratory to
model the chemical kinetics of these blends.
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Figure 1.7.1 Autoignition behavior of binary blends of 2M2B + TOL: (a) pressure-time histories at Tc = 940 K, Pc = 45 bar,
¢ = 1 highlight changes in fuel reactivity as TOL is added; (b) ignition delay times summarize, in Arrhenius format, the
non-linear blending behavior of TOL, with conditions covering Tc = 700 K-1,000 K, Pc = 25 bar and 45 bar, and ¢ = 1. Two
test shots are shown at each experimental condition, demonstrating very good repeatability of the measurements. Circles
in (b) indicate the points where data are shown in (a).

Also in FY 2019, new experimental measurements were conducted with an E10 full-boiling-range gasoline as
part of the Coordinating Research Council Fuels for Advanced Combustion Engines Working Group’s
AVFL31Db project. The fuel matrix for that work utilizes 19 gasoline-type fuels of varying RON, sensitivity,
and ethanol content formulated for Coordinating Research Council AVFL20 [6]. Fuel #1 (RON =91,

MON = 84.5) was used in the FY 2018 tests, with conditions selected for direct comparison against analogous
measurements made at the Massachusetts Institute of Technology’s Sloan Automotive Laboratory.
Discrepancies noted between the datasets prompted the new set of measurements. Interpretation of the
discrepancies is ongoing.

Another topic continued in FY 2019 was associated with the challenge of non-uniform ignition in RCMs.
Flames and/or reaction fronts initiate at some conditions as a result of non-uniformities in the mixture (e.g.,
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“hot spots”), thereby leading to compression heating of the reacting gas such that measured autoignition times
are accelerated [2],[7]. The coupled physico-chemical behaviors that exist in the RCM reaction chamber are
analogous to those during uncontrolled end gas compression ignition resulting from turbulent flame
propagation in internal combustion engines, as well as those within advanced compression-ignition schemes
such as spark-assisted compression ignition [8].

Extending work from FY 2018, scaling arguments were reformulated to characterize the competing processes
of (a) “hot spot” quenching vs. ignition, (b) flame extinction vs. propagation, and (c) flame consumption/
forced autoignition vs. homogeneous ignition. The reformulated parameters were compared against an
extensive data set of numerically simulated, “hot spot” initiated flames (using a one-dimensional reacting flow
code [ASURF] [9]). Spherical symmetry was employed in the simulations using a centrally located “hot spot”
to minimize the computational cost, while syngas blends (CO/H, = 80/20) with reliable kinetics and transport
were used as the fuel. Lean fuel loadings of ¢ = 0.2 and 0.5 were employed to mimic experimental RCM data
[10],[11]; these loadings are also representative of spark-assisted compression-ignition operation [8]. Wide
ranges of temperature and pressure were covered (900 K—1,120 K, 1.5-15 bar), while the singular “hot spots”

ranged in size from 0 mm to 2 mm with elevated temperatures of 1% to 90% greater than the surroundings,
ie., T'=1.01-1.90.

The parameters that characterize “hot spot” quenching (/7)) and forced autoignition of the end gas (/%) are
presented in Equations (Egs.) (1) and (2), and their correlations with the simulation database are shown in
Figure 1.7.2a and Figure 1.7.2b, respectively.
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Figure 1.7.2 Correlations from one-dimensional flame simulations [12] highlighting influence of (a) /ot parameter
on hot-spot quenching and (b) /7 parameter on end-gas compression ignition.

A number of features of 7}, can be deduced from Eq. (1), where large values make it more probable for “hot
spot” quenching to occur. The first bracketed term represents the kinetic sensitivity of the mixture, while the
natural logarithm term represents the magnitude of heat loss, which is seen to be dependent on a normalized
temperature gradient, heat transfer properties, and a timescale of the unperturbed chemical reactivity. Fuels
that are thermally sensitive, i.e., with large A, are more affected by heat loss, as are mixtures with high
reaction orders (in this case, owing to density changes). For diffusively limited heat transport (as in the
parametric simulations), the Nusselt number (Nu) is identically }4, but in engine scenarios, enhanced heat flow
will increase /7, through Nu. It is noted that mixtures with large yand o can facilitate “hot spot” quenching,
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while geometries with small 74, do not have the capacity to retain heat. Finally, influences of 7’ are complex,
as 7" can influence the thermal sensitivity of the kinetics (via the Arrhenius number at Tj, <A') but can also
lead to more rapid rates of heat loss. It should be noted that flame initiation is possible under conditions in
which the “hot spot” thermally quenches, owing to radical generation that can occur early, but this feature is
not captured in Eq. (1).

Important features of /7, can be deduced from Eq. (2), where the first bracketed term again represents kinetic
sensitivity, the second group the normalized heat addition due to the chemical energy release in the flame, and
the third term the extent of flame consumption, or the product of the normalized compression heating rate and
the time to bulk ignition. Eq. (2) indicates that thermally sensitive mixtures have a greater propensity for
perturbation. Additionally, under conditions where the reaction order is high, such as for fuels with a negative-
temperature-coefficient (NTC) region where RO, and HO; chemistry are important, the mixture can be
sensitive to forced autoignition, even if it is thermally insensitive (i.e., small or even negative A). The
mixture heat capacity is also influential via y, which can enhance or suppress chemical sensitivities. Next,
when the chemical heat release is high, for instance, because of stoichiometric fuel loadings and low levels of
dilution, or for low mixture heat capacities, there is a greater tendency for forced autoignition. When the
normalized flame consumption is large, e.g., via high flame speeds (or enhanced by flame wrinkling), there can
be a greater probability for forced autoignition. Finally, when the induction times are long, or the flame
initiates early, there is more time available for the flame to perturbatively affect the reactivity of the end gas.

The scaling arguments are found to be useful since they indicate that experimental parameters have potential to
suppress “hot spot”-initiated flame formation (e.g., via bath gases with high thermal diffusivity) or to avert
flame compression of the end gas (e.g., via lean/diluted mixtures or bath gases with high heat capacity).

Finally, the project team used a detailed, multidimensional reacting flow software (NEK5000) to
computationally investigate the development and evolution of non-idealities within the reaction chamber (e.g.,
“hot spots”) that have potential to alter the measurements. For instance, unintended fluid and gas dynamics can
result from operational issues such as piston asynchronicity, or turbulence generation/amplification during
piston compression. These non-uniformities can alter the progress of chemical reaction and be observed as
facility bias or as mild ignition. As discussed, past work has employed reduced-order scaling analyses and
lower-order computational techniques, e.g., irrotational flow, Reynolds averaging. However, these
formulations can alter interpretations of the calculations; therefore, a higher-order framework was pursued in
this work. The current activity is ongoing in collaboration with ETH Zurich.

Conclusions

e Acquired autoignition data for binary blends of an iso-olefin, 2M2B, and an aromatic, TOL, covering
wide ranges of temperatures, pressures, stoichiometries, and blending ratios

e Revised previously developed scaling analyses to identify physical and chemical parameters that
govern flame-driven compression ignition, with applications to mild ignition in RCMs and to spark-
assisted compression ignition in internal combustion engines

o [Initiated investigations using higher-order, multidimensional reacting flow software (NEK5000) to
understand impacts of non-ideal RCM operation.
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Project Introduction

Due to the United States’ heavy reliance on gasoline engines for automotive transportation, efficiency
improvements of advanced gasoline direct injection (GDI) combustion concepts have the potential to
dramatically reduce foreign oil consumption. However, combustion strategies such as stratified, dilute, and
boosted operation present challenging conditions for conventional ignition systems, thereby limiting the
attainable benefits of these advanced combustion concepts. Advanced ignition systems for GDI engines enable
the continued use of conventional combustion systems (reducing cost/risk) while providing potentially
substantial benefits to fuel economy. In-depth understanding of the ignition physics and advanced ignition
models will aid the development of dilution-tolerant, high-efficiency, and low-emissions GDI combustion
systems.

Objectives
This research project addresses the technological barrier of limited attainable GDI engine efficiency due to the
lack of robust spark ignition dilute combustion technology and controls, which is essentially caused by:

e Limited understanding of advanced ignition mechanisms enabling high-efficiency GDI engines
e Limited availability of modeling tools to support the development of advanced ignition systems.

While the ultimate benefit is the improvement of GDI engine efficiency, the goal of this project is to expand
the tools (knowledge and models) to enable significant improvement of the current ignition technology. This
project focuses on modeling conventional spark ignition as well non-conventional ignition technologies such
as low-temperature plasma (LTP) and pre-chamber ignition.

Fiscal Year (FY) 2019 Objectives
e Model areal LTP ignition experiment and validate computational fluid dynamics (CFD) results
against experimental data

e Understand LTP ignition processes by evaluating the impact of plasma kinetics and fluid dynamics

Expand LTP studies to simulate advanced igniter geometries that are of interest to industry

Plan future work to improve and expand conventional spark ignition models.
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Approach

This is a simulation effort that aims at improving the fundamental understanding of advanced ignition
processes and building comprehensive models that can be leveraged to potentially simulate any ignition system
of interest. Advanced diagnostics from project partners Sandia National Laboratories (SNL or Sandia) and
Michigan Technological University are leveraged with the intent to enhance the fundamental understanding of
ignition processes of conventional as well as non-conventional technologies and provide a dataset for model
validation. High-fidelity thermal and non-thermal plasma simulations are carried out using the commercial
solvers VizGlow/VizSpark through a collaboration with Esgee Technologies Inc. and University of Texas at
Austin. The goal of these simulations is to provide proper understanding of the plasma properties as a result of
the electrical discharge characteristics. The analysis of non-equilibrium plasma characteristics is carried out in
collaboration with industry partners actively working in the field of LTP, such as Transient Plasma Systems
and Tenneco (formerly Federal Mogul). The impact of LTP systems on engine combustion is being evaluated
in collaboration with the University of Perugia. Novel ignition modeling capabilities are ultimately
implemented into the CFD engine code CONVERGE that is largely used in the automotive industry.

The main tasks planned at Argonne National Laboratory are the following:

e Expand the capabilities of conventional spark ignition models to improve the predictive nature of
these models at challenging (boosted, dilute, cold-start) engine operation

e Improve the fundamental understanding of non-conventional ignition technologies (LTP, pre-chamber
ignition) that are being evaluated by the automotive industry

e Build and develop comprehensive models that can be used to simulate conventional as well as non-
conventional ignition processes in internal combustion engines

e Use the developed models to guide the research and development of advanced ignition systems to
achieve highly dilute and highly efficient combustion in GDI engines.

Results

Previously, during FY 2018, a pin-to-pin electrode geometry coupled with nanosecond high-voltage electrical
discharge was simulated using the non-equilibrium plasma solver VizGlow. The comparison between Argonne
simulations and Sandia experiments in terms of plasma chemical and thermal properties in the proximity of the
positive electrode (anode) indicated a close quantitative agreement. An initial step was made to convey the
improved LTP knowledge into the development of an LTP ignition model for CFD engine simulations. The
information generated using VizGlow was used to initialize the post-discharge plasma characteristics in
CONVERGE CFD, by a mixed deposition of plasma species and thermal energy. The LTP ignition mechanism
showed substantial differences with respect to thermal ignition. The ignition process was the result of the local
accumulation of active species that triggered the fuel kinetics above a certain threshold. However, simulation
results could not be validated due to the absence of experimental data.

Major accomplishments in FY 2019 can be summarized as follows:
e LTP ignition simulations were performed and validated against experiments.
e  Multi-pulse LTP discharge was simulated, and plasma properties were evaluated from pulse to pulse.

e In-depth analysis of the impact of plasma chemistry on LTP ignition was performed using detailed
kinetics.

e LTP simulations were extended to advanced igniter geometries being evaluated by industry
(groundless barrier discharge igniter [GBDI], Corona).

e Action items were defined to continue the development of conventional spark ignition models.
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LTP [gnition Simulations Performed and Validated against Experiments

A real LTP ignition event tested at Sandia was simulated using VizGlow and subsequently CONVERGE. The
VizGlow simulations used the detailed geometry of both the pin electrodes and voltage boundary conditions
measured at Sandia. The model was calibrated to agree with experiments in terms of post-discharge plasma
regime (glow or spark). VizGlow simulations identified the distribution of thermal (temperature) and chemical
(atomic oxygen, O) plasma properties in the gap between the two pin electrodes. The post-discharge
distribution was mapped into CONVERGE CFD, and the simulation of a multi-pulse discharge was carried out
using the assumption that each pulse would provide the same amount of thermal/chemical energy deposition.
Figure 1.8.1 shows the comparison between optical data from Sandia and CFD simulations from Argonne. By
applying the VizGlow output to CONVERGE, simulations could not reproduce the LTP ignition event. By
enhancing the chemical properties (represented by O) by a factor of 10, simulations qualitatively agreed with
experiments. This factor of 10 was shown to account for simplistic assumptions that can be summarized as
follows:

e Subsequent pulses do not necessarily deliver the same plasma deposition at quiescent conditions.

e The kinetic mechanism did not include important plasma/fuel species that can trigger ignition.

t=0.25ms t=0.75ms t=15ms t=2.25ms

SNL
schlieren
images

CFD using
Temp/[O]
from
VizGlow

CFD using

10+[0]
from ‘

VizGlow

Figure 1.8.1 Comparison between optical images and CFD simulation of LTP ignition processes

Multi-Pulse LTP Discharge Simulated and Plasma Properties Evaluated from Pulse to Pulse

The plasma solver VizGlow was used to simulate multiple high-voltage nanosecond pulses in rapid succession.
The main challenge for such simulation is represented by the large separation of scales between the time of the
nano-pulsed discharge (tens of ns) and the inter-pulse or dwell time between pulses (tens or hundreds of ps).
Additionally, the VizGlow tool currently does not possess an implicit time-step solver. An ad-hoc explicit
time-step formulation allowed completing a simulation of three subsequent pulses in one-week computational
time. The results are shown in Figure 1.8.2. At later pulses, the streamer discharge becomes faster, and
increased deposition of active species and thermal energy is shown. By capturing the pulse-after-pulse
deposition, future CFD results of LTP ignition processes are expected to deliver improved agreement with
experiments.
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Figure 1.8.2 Simulation of three subsequent nano-pulses
and impact on plasma properties (electron density, Ng)

In-Depth Analysis of the Impact of Plasma Chemistry on LTP [gnition Performed Using Detailed Kinetics

The analysis of the impact of plasma and fuel kinetics on LTP ignition processes was carried out by a zero-
dimensional batch reactor that takes the time-resolved electron density and electric field from VizGlow
simulations, calculates electron impact rate coefficient through BOLSIG+, and finally solves for temporal
variation in species and temperature. The full non-equilibrium air plasma kinetics from Adamovich et al. [1]
and the combustion kinetics from University of California, San Diego [2], were used in Cantera to calculate the
reaction coefficient rates. Figure 1.8.3 shows the temporal evolution of some of the most significant plasma
species that have a relevant impact on ignition processes. Ozone (O3) and nitrogen oxides (NO) are known to
enhance autoignition processes. Fuel radical (C3H7) generated during the plasma discharge also enhances
ignition. Furthermore, atomic oxygen (O) that does not react with the fuel radicals recombines to produce
ozone later during the post-discharge. Future plasma and CFD ignition simulation will have to include all these
species in the kinetic model.
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Figure 1.8.3 Temporal evolution of plasma species during and
after a nano-pulsed discharge

LTP Simulations Extended to Advanced Igniter Geometries Being Evaluated by Industry (GBDI, Corona)

Before FY 2019, all high-fidelity plasma simulations have been performed on a simple, canonical pin-to-pin
electrode configuration. However, industry partners are more interested in realistic, advanced LTP igniter
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geometries. This year, non-equilibrium plasma calculations have been expanded to simulate two geometries of
significant interest to the automotive original equipment manufacturers:

8. The GBDI developed by General Motors and Tenneco
9. The radio-frequency Corona igniter from Tenneco.

The simulation of the GBDI was carried out in collaboration with Sandia. A Sandia in-house made version of
GBDI (here referred to as Version 1) was initially modeled using VizGlow. Figure 1.8.4 shows a qualitative
comparison between simulation results and images from Sandia calorimetry. The surface streamers were
covering a large portion of the dielectric barrier and some streamers into air generated at the interface between
the power anode and the dielectric insulator. Those streamers could reach the walls of the calorimeter and
trigger arcing events. Additional simulations on an advanced GBDI geometry with the power electrode fully
covered by dielectric material (GBDI Version 2, not shown here) indicated that the streamers into air could be
significantly weakened and the arcing events prevented.
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Figure 1.8.4 Comparison between simulation (Argonne, left) and
optical images (Sandia, right) of LTP discharge from a GBDI

The simulation of radio-frequency Corona discharge was carried out in collaboration with Tenneco and
University of Perugia, Italy. The LTP discharge from one of the tips of a Corona igniter was simulated with
VizGlow. The main challenge from this series of simulations was imposed by the radio-frequency signal,
which stays continuously active for hundreds of microseconds (10 s), while the simulation computational
time-step needs to be low, i.e., on the order of picoseconds (107!% s), to properly resolve the streamer activity.
Overcoming the challenge required optimum mesh generation and large computational resources. Finally, it
was possible to simulate a few tens of microseconds of Corona discharge, approaching quasi-steady behavior,
in a few weeks of computation time. Figure 1.8.5 shows the temporal evolution of thermal and chemical
plasma properties as a result of a combination of positive and negative streamers from a radio-frequency
discharge in a Corona igniter.

86 Combustion Research



FY 2019 Annual Progress Report

t=11pus t=25ps t=4.0ps

NE (#/mS) 1'10“.6 510 :.I:'1021

POSITIVE NEGATIVE POSITIVE

0(ppm) 109‘ 5000 1.9900

D —

- —

Figure 1.8.5 Temporal evolution of LTP discharge and plasma
properties from a radio-frequency Corona igniter

Action ltems Defined to Continue the Development of Conventional Spark-ignition Models
In FY 2019, the following progress was also made for conventional and advanced spark-ignition modeling:

The Lagrangian-Eulerian Spark-Ignition (LESIT) model developed at Argonne under this program was
fully documented in a conference/journal paper that was awarded as best paper in the numerical
simulation track at the 2018 ASME Internal Combustion Engines Fall Conference.

The LESI model implementation into CONVERGE CFD was awarded under the FY 2019 Technology
Commercialization Fund program. As a result of this award, LESI will soon become a new capability
of CONVERGE.

A cooperative research and development agreement with an automotive industry partner (Fiat
Chrysler Automobile) is being finalized for FY 2020 and FY 2021, with the goal to further develop
and expand the LESI model.

Pre-chamber ignition modeling studies have been initiated in collaboration with principal investigators
at Sandia National Laboratories (Isaac Ekoto) and Argonne National Laboratory (Toby Rockstroh).

Conclusions

An LTP ignition experiment carried out at Sandia was modeled using VizGlow and then CONVERGE
CFD. Simulations were compared with optical data, showing good qualitative agreement, which
nevertheless required increasing the amount of atomic oxygen calculated by VizGlow by a factor of
10.

The simulation of a multi-pulse LTP discharge with VizGlow revealed that the change of mixture
properties from one pulse to the next increases the deposition of thermal and chemical energy at later
discharges. Fluid dynamics was shown to play an important role in the temporal evolution of the
mixture properties.

Detailed kinetics study using a full batch reactor highlighted the importance of plasma species, such as
NO and O3, as well as fuel radicals. Such species should be included in the mechanism scheme for
VizGlow and CONVERGE CFD simulations, as these greatly impact LTP ignition processes.
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e Advanced LTP igniter geometries (GBDI, Corona) were simulated with VizGlow, showing good
qualitative agreement with experimental data.

e Future work was properly laid out to further improve spark-based ignition models developed by
Argonne National Laboratory.
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Project Introduction

The overarching goal of this project is to use a thermodynamics-based approach to identify and pursue
opportunities for improved efficiency in internal combustion engines. The combustion strategy identified as
the most promising approach to improving light-duty engine efficiency is high dilution from exhaust gas
recirculation (EGR) for spark-ignited combustion enabled by fuel reforming through thermochemical
recuperation. The overall efficiency advantages for high EGR conditions are summarized in a thermodynamic
modeling study by Caton [1] and include decreased pumping work, decreased heat transfer, and increased ratio
of specific heats (y). The amount of EGR that can be used is limited due to combustion instabilities, but the
dilution limit can be extended for additional efficiency improvements with the use of high flame speed
components, namely H». This project is pursuing fuel reforming to generate H, in an effort to extend the EGR
dilution limits for spark-ignited combustion in the most thermodynamically favorable way possible. Ideally,
this involves using exhaust heat to drive endothermic reforming reactions to increase the chemical fuel energy
to achieve thermochemical recuperation, a form of waste heat recovery.

Efforts in Fiscal Year (FY) 2019 specifically focused on the thermodynamics of consuming reformate in an
engine. Unlike the hydrocarbons that are in gasoline, the primary products of reforming, H, and CO, have a
higher energy content on a 1st Law energy basis (enthalpy) than they do on a 2nd Law basis (exergy). An
earlier modeling investigation illustrated that the physical manifestation for the discrepancy between the 1st
and 2nd Law bases could be attributed to the molar expansion ratio (MER), or the ratio of product moles to
reactant moles [2]. Further, that study showed that the 2nd Law basis was a better indication of the work
potential of a fuel, meaning that reformate, which has MER < 1, potentially incurs an efficiency penalty.
Developing a better understanding of the relationship between the MER of a fuel and engine efficiency could
provide insights into potential efficiency limitations associated with reforming processes. Thus, FY 2019 work
was focused on generating and analyzing data to develop a better understanding between MER and efficiency.

Objectives

Overall Objectives

o Identify and characterize the potential of catalytic EGR loop reforming to achieve waste heat recovery
through thermochemical recuperation and to extend the dilution limit of an engine

e  Perform thermodynamics-focused analysis to determine the efficiency potential of this strategy
relative to other emerging combustion strategies.
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Fiscal Year 2019 Objectives
e Complete an experimental investigation into the role of MER on 1st and 2nd Law engine efficiency

e Develop a correlation to estimate the change in engine efficiency based on MER and other variables.

Approach

An experimental campaign was conducted to investigate the effect of MER in a spark ignition engine using the
four fuels shown in Table 1.9.1. These fuels were chosen because they represent a wide range of MER, from
0.852 to 1.058. These fuels were investigated in a single-cylinder version of a Ford 1.6 L Ecoboost engine with
a compression ratio of 10.1:1. The liquid fuel (iso-octane) was delivered using the stock centrally mounted
direct injection fueling system, whereas the gaseous fuels were fumigated into the intake manifold and were
metered using a mass flow controller. The engine was operated at 1,500 rpm at an engine load of 6.5 bar
indicated mean effective pressure when the crank angle at 50% mass fraction burned (CA50) combustion
phasing was 8 crank angle (CA) degrees after firing top dead center (aTDCY). The engine was operated with
constant fueling over a combustion phasing sweep, and under stoichiometric conditions as well as fuel-lean
conditions.

Table 1.9.1 Fuels Matrix Experimentally Investigated

Fuel H/C[-1] o/c[-1] MER[-] AMW [%] AFRstoich[-] LHV[kJ/g] Exergy[kl/g] Exergy/LHV
Iso-Octane 2.250 0.000 1.058 -0.055 15.052 44.31 46.09 1.040
Propane 2.667 0.000 1.040 -0.039 15.600 46.357 47.45 1.024
Methane 4.000 0.000 1.000 0.000 17.160 50.009 50.44 1.009
95 vol% €O, 5vol% H, 0.105 1.000 0.852 0.174 2.297 9.8222 8.9927 0.916

H/C: hydrogen-to-carbon ratio; O/C — oxygen-to-carbon ratio, AMW — change in molecular weight;
AFRstoich — stoichiometric air—fuel ratio; LHV — lower heating value

In order to help interpret the experimental findings, modeling using Chemkin was performed using a two-zone
model for knock assessment. While Chemkin is a modeling tool designed to simulate chemical kinetics, the
focus of this study was on the thermodynamic changes with different fuels. In order to focus on the fuel-
specific thermodynamics, a Weibe function was specified and kept constant for all fuels to simulate the
deflagration event, beginning at -11 to 30 CA degrees aTDCf, which effectively transports mass from the
unburned zone to the burned zone at a known rate. The chemical kinetic reactions in the unburned zone were
turned off, but the chemical kinetic reactions in the burned zone were on. This allowed the composition of the
burned zone to achieve chemical equilibrium, which is important for accounting for the energy of chemical
dissociation at the high temperatures.

Results

In order to isolate the thermodynamic difference based on fuel type, efficiency must take into account the gross
work produced by the engine, but not the pumping work. This is because, at a constant load, the different fuels
require different amounts of pumping work due to the molar flow rate into the intake manifold. Also, it is
necessary to correct the results for combustion efficiency. Specifically, the gaseous fuels have better air-fuel
mixing and lower hydrocarbon emissions. Thus, to isolate the study to the fuel-specific thermodynamics, only
the burned fuel should be considered.

Once calculating the gross efficiency considering only the burned fuel, engine efficiency can be plotted for
each fuel type as a function of combustion phasing on both a 1st and 2nd Law basis, as shown in Figure 1.9.1.
For the hydrocarbon fuels, iso-octane has the highest efficiency on a 1st Law basis, followed by propane and
then methane, with a total efficiency difference of approximately 1 percentage point between iso-octane and
methane throughout the combustion phasing sweep. The efficiency for the CO/H; blend is substantially lower,
about 6 percentage points. Throughout all of these fuels, there is a consistent trend of 1st Law efficiency
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decreasing as MER decreases, in agreement with the earlier modeling study [2]. On a 2nd Law basis, all of the
hydrocarbon fuels produce the same efficiency throughout the combustion phasing sweep. This was the
expected result based on the earlier modeling study [2]. However, the CO/H; blend continues to exhibit a
lower efficiency by approximately 1 to 1.5 efficiency points. This indicates that the majority of the efficiency
difference on a 1st Law basis can be attributed to molar expansion ratio effects, but that there are other fuel-
specific considerations that need to be taken into account for the CO/H; blend.
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Figure 1.9.1 Engine efficiency as a function of CA50 combustion phasing on the basis of (a) 1st Law of Thermodynamics
and (b) 2nd Law of Thermodynamics

One of the possible reasons for the lower 2nd Law efficiency for the CO/H; blend is the difference in exhaust
temperature. Figure 1.9.2 shows that while all of the hydrocarbon fuels have nearly identical exhaust
temperatures throughout the combustion phasing sweep, the exhaust temperature for the CO/H; blend is higher
by about 80°C. As a result, heat transfer differences between the fuels cannot be eliminated as a possible
source of the efficiency differences. There are a number of other possibilities for these differences, including
the fact that combustion analysis also revealed some late-cycle heat release for the CO/H» blend that was not
observed for the other fuels, and in addition, there are large differences in the thermodynamic gas properties.
Thus, modeling can be employed to investigate these fuel-specific thermodynamic differences further.

Using Chembkin to model the thermodynamic processes in the engine had several desirable attributes. First,
modeling could be done under adiabatic conditions; thus, the heat transfer differences could be removed and
other fuel-specific thermodynamic effects could be isolated. Second, a much wider range of fuels could be
investigated than would be feasible to include for an experimental condition. For the modeling study, alkanes
included C1 (methane) to C8 (iso-octane), alkenes included C2 (ethene) to C6 (hexene), aromatics included
benzene and toluene, alcohols included ethanol and iso-butanol, and acetylene was included as the only alkyne.
Additionally, a range of CO/H; blends was also included, ranging from 1 mol% CO to 95 mol% CO.

Combustion Research 91



Advanced Engine and Fuel Technologies

The modeled engine efficiency for the range of fuels investigated is shown in Figure 1.9.3 on both a 1st Law

# Iso_Octane lambda 1.0
| —®Methane lambda 1.0
=4—Propane lambda 1.0
—-CO/H2 lambda 1.0
0 5 10 15 20 25 30

CAS50 [ deg CA aTDCf ]

Figure 1.9.2 Engine exhaust temperature for each fuel as a function of CA50 combustion phasing

and 2nd Law basis as a function of MER. For the 1st Law basis, there is a general trend of increasing
efficiency with MER, but the overall correlation is relatively poor (R? = 0.73). Additionally, there are

chemistry-specific trends that are evident. Specifically, the alkanes have higher efficiency than alkenes or
aromatics at the same MER. Further, there is a wide range of variability for the reformate blends (CO/H») at a

constant MER. Relative to the overall spread in the 1st Law differences between fuels, the grouping of

efficiency on a 2nd Law basis is significantly tighter, and there is no correlation between 2nd Law efficiency,
which would be expected if 2nd Law efficiency already accounted for the molar expansion ratio. Ultimately,
though, the reformate blends continue to exhibit a wide spread of efficiency on a 2nd Law basis, meaning that

there are factors in this correlation that are not yet accounted for.
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Figure 1.9.3 Simulated engine efficiency as a function of MER under stoichiometric conditions: (a) 1st Law of
Thermodynamics basis, and (b) 2nd Law of Thermodynamics basis

Further analysis of the total chemical heat release rate from the combustion process reveals two distinct phases

of combustion, as shown in Figure 1.9.4. The first of these is from the deflagration heat release event, as
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defined by the Wiebe function in the simulation. The second phase of the heat release is associated with
recombination of water in CO; in the burned gas zone. The high temperatures of the burned zone cause
chemical dissociation of the water and CO,. As the combustion chamber cools through the expansion stroke,
water and CO; recombine in accordance with thermal equilibrium, releasing additional heat. This has the effect
of transporting some of the heat release until later in the expansion stroke. This analysis found that the
dissociation of these species had to be considered in order to account for the fuel-specific dissociation. The
amount of energy associated with CO» dissociation and recombination is higher than that of water; at a
temperature of 2,300 K, approximately 10% of CO; is dissociated, whereas only 3% of water is dissociated.
Thus, fuels that have higher concentrations of CO; in the combustion products will be expected to transport
more of the heat release to later stages of the expansion stroke, thereby reducing thermodynamic efficiency.

1.2

Wiebe Function Heat
Release to Simulate
1 Deflagration. Endothermic
dissociation reactions
occur in burned zone,
effectively shifting HR to
later in cycle.
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Figure 1.9.4 Heat release rate for alkane fuels from the Chemkin two-zone simulations showing the initial deflagration
heat release as defined by a Wiebe function, followed by a late-cycle heat release (HR) from the recombination of
dissociated CO2 and water

Based on the Chemkin simulations, an empirical correlation, shown below, was created to be able to predict
the relative efficiency change of a fuel relative to a baseline fuel. This correlation considers the change in
molecular weight (MW) of the fuel during combustion, as well as the concentrations of CO, and H>O in the
exhaust. The change in the molecular weight of the fuel is simply an alternate way to express the MER, since
mass is conserved during combustion. Figure 1.9.5(a) shows the gross efficiency of the engine as predicted by
the correlation vs. the Chemkin simulations, illustrating that this correlation adequately captures the efficiency
trend of the reformate fuels, which was not accounted for when considering only MER in Figure 1.9.3.

Merit
b« (AMW; — AMW y0tine) [Z] + € (€04 — €O pasetine) lexh mol frac] + d = (H0; — Hp0pqse1ine)lexh mol frac)

Nbaseline

b=-0.979; c=-9.342; d=8.167
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Figure 1.9.5(b) then applies this correlation to the experimental data collected as part of this study, with
iso-octane being considered as the baseline fuel. It can be seen that the correlation does a reasonable job of
capturing the efficiency trend for methane and propane. The trend with reformate is directionally captured, but
there is also room for improvement, which may be possible by considering the trapped residuals when
calculating the change in MW, as well as developing the model to consider heat transfer.
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Figure 1.9.5 Performance of the empirical efficiency correlation for (a) simulation results from Chemkin and
(b) experimental data

Conclusions

In FY 2019, progress was made in developing a better understanding of the role of MER on engine efficiency.
This is being studied because reformate is being used in the Oak Ridge National Laboratory EGR-loop
catalytic reforming combustion strategy, but reformate also represents a fuel with dramatically reduced MER
relative to gasoline and may represent a limit to the potential efficiency increase with this combustion strategy.

e Experimental data showed that 1st Law efficiency decreased as MER decreased.

e Ona2nd Law basis, there were no longer any fuel-specific efficiency differences for the hydrocarbon
fuels, supporting the idea that MER is the physical manifestation between 1st and 2nd Law
differences.

e However, the 2nd Law basis didn’t fully account for the lower efficiency of the reformate fuel blend.

e Modeling investigations showed that in addition to accounting for MER, it is necessary to consider the
chemical dissociation of the burned zone, which effectively transports heat release until later stages of
the expansion stroke and reduces engine efficiency.

The results from this study will be analyzed further and published during FY 2020.
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Project Introduction

Neutrons are very sensitive to light elements such as hydrogen and lithium, while at the same time being able
to penetrate through common engineering metals such as iron and aluminum alloys (Figure 1.10.1a). These two
properties make neutrons well suited for probing a variety of automotive components such as particulate
filters, exhaust gas recirculation coolers, fuel injectors, oil in engines, oil residues in filters, batteries, and
advanced materials. Neutron imaging is based on the interactions of a sample with a neutron beam. The
interactions are dependent on sample thickness, density, and elemental composition and result in absorption
and scattering of neutrons within the sample. A two-dimensional position-sensitive detector placed behind the
sample can measure the transmitted neutron flux (Figure 1.10.1b). When combined with a high-precision
(~1/100 of a degree) rotational stage, it is possible to perform computed tomography (CT) scans and thus
generate three-dimensional images of working fluids inside real devices. Samples can be analyzed at one
position, or a complete reconstruction can provide a cross-section of the entire sample at resolutions ranging
from 50 to 100 microns.

- X-rays (100 keV) Dynamic imaging setup:
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Figure 1.10.1 (a) Mass attenuation coefficients versus atomic number for neutrons and x-rays [1] and
(b) schematic of neutron-imaging apparatus for dynamic imaging and CT scans on fuel injectors

96 Combustion Research


mailto:wissinkml@ornl.gov
mailto:Michael.Weismiller@ee.doe.gov

FY 2019 Annual Progress Report

Objectives
Overall Objectives
e Implement high-fidelity neutron imaging capabilities using the High Flux Isotope Reactor (HFIR) and

Spallation Neutron Source for advanced transportation research. Once fully developed, these
capabilities will enable the imaging of a range of processes that occur in advanced vehicle systems.

o Employ neutron diagnostics to aid improved design and control of complex advanced combustion
systems and help to guide model validation and input.

e Report findings to the research community and work with industrial partners to ensure research is
focused on the most critical topics.

Fiscal Year (FY) 2019 Objectives

e Commission new experimental apparatus to enable dynamic imaging of all internal components of the
Engine Combustion Network (ECN) Spray-G-style injector at the HFIR CG-1D imaging beamline.

e Develop an approach for the measurement and quantification of high-speed, sub-pixel displacement of
internal components of a gasoline direct injector (GDI) using ensemble neutron imaging of cyclic
dynamic operation.

e Design a new spray chamber to enable neutron imaging of spray impingement on a wall at various
orientations.

Approach

The project’s current focus is to support improved fuel injector and spray models for predictive simulation and
to further develop and mature neutron imaging for in situ spray and injector characterization using the
Spallation Neutron Source and HFIR at Oak Ridge National Laboratory. Efforts in FY 2019 were aimed at
investigating intra-nozzle fuel injector flow and needle dynamics during injector spray events with GDIs. This
task also shares resources with a complementary medium/heavy-duty imaging task focused on diesel injectors.
These efforts are designed to improve understanding of how external conditions influence internal dynamics,
especially as they relate to advanced combustion regimes and injector durability. Dynamic neutron imaging
allows internal flow dynamics and needle motion in injectors to be directly visualized, and progress is ongoing
in making quantitative measurements to aid in model development and inform future injector design. The
physics of the injection process is a key part of the overall combustion system in engines, and the physics is
still not adequately understood, particularly as it relates to the influence of internal flow on early spray
development and the subsequent impact on combustion and emissions. This is a topic of interest for the ECN,
an international collaboration among experimental and computational researchers pursuing better
understanding of engine combustion and sprays. Progress has been made in demonstrating the value of
dynamic imaging, with current and future efforts focused on improving detector resolution and efficiency and
improving spray chamber and experiment design to make relevant and quantifiable measurements of internal
flow and needle dynamics that add value to modeling efforts with ECN-specified operating conditions and
hardware.

There has been collaboration with researchers from several institutions during this project, including Argonne
National Laboratory; General Motors; Bosch; Continental Automotive; the University of Tennessee; the
University of California, Berkeley; Boston University; and a Massachusetts Institute of Technology
consortium on particulate filters.
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Results

Imaging of Spray G Internal Dynamics

A new experimental apparatus to enable dynamic imaging of all internal components of the ECN Spray-G-
style GDI was built and commissioned (Figure 1.10.2a). The apparatus was installed at the HFIR CG-1D
imaging beamline in mid-November 2018 in preparation for a six-day imaging campaign (Figure 1.10.2b).
Owing to an unscheduled reactor outage at HFIR, the imaging campaign could not be completed as originally
scheduled in November 2018, and the experiment remained installed at CG-1D awaiting the reactor restart.
The reactor was successfully restarted in October 2019, and the imaging experiments were underway at the
time of this writing. Preliminary results will be presented in the FY 2020 first quarter (Q1) quarterly report.

MCP
detector

(a) (b)

Figure 1.10.2 (a) A model of the new fuel injector apparatus shows that the entire injector can now be
exposed to the neutron beam, allowing dynamic imaging to be performed on all internal components.
(b) A new GDI dynamic imaging apparatus has been installed at the CG-1D imaging beamline at the HFIR.

A draft manuscript has been prepared on the development of the injector attenuation model to quantify
deflection and displacement of the needle during and after injection events. This manuscript features results of
both tomographic and dynamic injector imaging (Figure 1.10.3) obtained in previous experiments and
discusses the development of the filtering and attenuation modeling framework to resolve quantitative
displacement data from dynamic imaging (Figure 1.10.4).

The manuscript presents an approach to the measurement of high-speed, sub-pixel displacement of the needle
in a GDI using ensemble neutron imaging of cyclic dynamic operation. This approach combines a
normalization technique that relies on a static reference frame made from the image sequence itself with an
analytical neutron attenuation model based on the device’s geometry.

The geometry was derived from a neutron CT scan (Figure 1.10.3a), and the accuracy obtained by this method
was deemed sufficient owing to the large difference in scales between the size of the injector needle and the
magnitude of displacement, which was <5% of the needle diameter. For systems in which sub-pixel
displacement information is desired for objects that are on the same scale as the displacement, more accurate
a priori knowledge of the geometry would be required.
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Figure 1.10.3 (a) Sectioned volumetric rendering of a neutron CT of the single-hole Spray-G-style GDI shows the
internal components of the injector. (b) Various filtering and normalization methods applied to a frame from
dynamic imaging with a relatively large needle deflection show the ability to resolve the movement of the injector
needle. Rows correspond to the filtering method, while columns correspond to the normalization method. The
injector body outline has been overlaid on the normalized images for clarity.

The application of an analytical attenuation model was practical, thanks to the simple geometry of the portion
of the injector needle being tracked, which was represented as a cylinder. More complex geometries would
likely require a more general numerical model and greater computing resources because of the added
computations at each iteration of the displacement fitting process.

The project team performed parametric sweeps of the inputs to the displacement fitting model, including
attenuation coefficients, image pixel size, needle radius, reference position, reference position blur, and
dynamic position blur. The parameters were estimated using prior knowledge, and except for the attenuation
coefficients, all parameters were optimized based on goodness-of-fit metrics.

Two oscillations of the injector needle were observed during injection, with estimated amplitude of 25 pm and
18 um, respectively (Figure 1.10.4). A larger displacement on the order of 55 pm was observed after the needle
closing, which was likely induced by needle seating forces. While good agreement was seen in the
displacement fits between all data filtering levels, the absolute magnitude and the uncertainty will both largely
depend on the values chosen for attenuation coefficients. While these values were not rigorously pursued here,
the techniques to do so have been shown in the literature [2] and can be applied in future experiments.

The prospects for this approach to measurement of micron-scale dynamics are encouraging. The field of view
and resolution of the current generation of neutron multichannel plate detectors with Timepix readout are
sufficient to capture the dynamics of interest in nearly the entirety of a typical automotive GDI, which will be
pursued in upcoming work. Oak Ridge National Laboratory is currently developing a new multichannel plate
detector with high-bandwidth data-driven Timepix3 readout; this device is expected to enable event
centroiding to improve intrinsic spatial resolution by a factor of two or more [3]. Looking farther out, the
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subsequent generation of detectors promises to enable an even wider class of measurements, with the four-side
buttable Timepix4 architecture enabling the fabrication of arbitrarily large detectors with much higher data
throughput capabilities [4].
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Figure 1.10.4 Top: Selected frames from the 95% subtraction and log-ratio normalizations with Lowpass+Poisson filtering
highlight visible motion of the injector needle. Bottom: Time-series displacement fits exhibit oscillatory motion of the
injector needle both during and after injection and indicate similar results for all three filtering levels.

The manuscript is currently undergoing internal review and will be submitted shortly.

Imaging of Fuel Films

With the formation of the new Combustion Consortium, many of the spray-related tasks have been refocused
to problems relevant to cold-start operation, such as the formation and evaporation of fuel films on walls due to
spray impingement. Quantifying the thickness of these films in spray chambers or in engines is a problem that
appears to be particularly well suited to neutron imaging because of neutrons’ ability to penetrate the metal
walls while at the same time being sensitive to the hydrogenous fuel.
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The project team has modeled the range of film thicknesses that may be measurable with neutron imaging
under various approaches, as shown in Figure 1.10.5. Attenuation was modeled using the Neutron Imaging
Toolbox [5] for film thicknesses ranging from 1 um to 100 um, which is representative of the range that may
be expected in GDI engines. The baseline scenario is that the neutron beam would be oriented normal to the
wall, allowing direct measurement of the fuel film thickness profile from the attenuation measured by neutron
imaging. Using isooctane as a gasoline surrogate and 1% attenuation as a cutoff point, the researchers
estimated that films as thin as 30 pm may be measured in this baseline configuration. This lower limit can be
improved by rotating the wall relative to the neutron beam to increase the path length through the film, as
shown in Figure 1.10.5. By taking images at multiple angles and using a geometric transform and/or a “sparse”
tomographic reconstruction, it should be possible to recover the normal film thickness profile. At angles of 45°
and 10° relative to the beam, this may allow measurement of films down to 20 pm and 5 pum, respectively.

4 Tilt wall relative to neutron beam to increase path length,
and measure at multiple angles to allow for coordinate
transform back to ¢ = 90° (sparse tomography)

fuel film
_ wall L
' sin ¢
ne .
@ =90° @ =45° @ =10°
g CH,q wlthrwB tracer " CgH,q wlthl 18 tracer i CH.q wlth‘ %8 tracer

Predicted Attenuation
Predicted Attenuation
Predicted Attenuation

wt% '°B tracer
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Figure 1.10.5 Top: lllustration of tilting wall and film to increase neutron path length through a given section. Multiple
projections can be made so that the film profile can be reconstructed from a sparse tomography approach. Bottom:
Predicted neutron attenuation as a function of film thickness for various wall orientations and 19B tracer concentrations.
Using acute angles of the plate relative to the beam may enable film thickness <10 pm to be measured with neat
isooctane. If 10B tracer is used at concentration >5 wt%, it should be possible to measure films <5 uym at any orientation.
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Another approach to improving the lower limit of the measurable film thickness would be to add a tracer to the
fuel with even higher neutron attenuation, such as isotopically enriched Boron 10 (!°B). Simulations with
various concentrations of '°B in isooctane are shown in Figure 1.10.5; results indicate that 5 um films could be
measured even in the baseline orientation with '°B concentrations >5 wt%. While this approach would greatly
simplify the experiments and data reconstruction, it is not initially preferred because of the high cost of '’B.
The project team may test very small quantities of '’B compounds to establish their suitability as tracers in
terms of solubility and volatility relative to gasoline and isooctane.

Preliminary designs have been completed for a new spray chamber to enable imaging of spray impingement on
a wall at various orientations, fulfilling an FY 2019 Q4 milestone. The chamber is inherently modular in
design and is based on commercially available vacuum chamber components, which will enable a variety of
experimental configurations at relatively low cost. The chamber design, shown in Figure 1.10.6, allows the
injector to be positioned normal to the wall at varying distances, and the entire assembly will be rotated about
the central axis of the wall to enable imaging of the film at different angles. This chamber will be able to
operate at the ECN Spray G2 and G3 conditions.

Injector

Chamber
rotation axis

@ = 90°

Figure 1.10.6 Preliminary design of a wall impingement chamber for neutron imaging. The chamber is
constructed entirely of aluminum and fused silica, which are both highly transparent to neutrons and will
allow for a good view of the fuel film over a wide angular range.
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Conclusions

Neutron imaging is a non-destructive, non-invasive diagnostic approach to improving understanding of
advanced vehicle and combustion systems, targeting fuel economy improvements and durability. Efforts to
date have focused on fuel injectors and particulate filters:

Neutron imaging of fuel injection in a dynamic capacity has been demonstrated at the HFIR CG-1D
imaging beamline and has shown the ability to both visualize and quantify the internal injector
dynamics, including fluid motion and needle deflection/displacement. Dynamic imaging has been
performed with several injectors using isooctane at multiple chamber conditions with both single and
multiple injections. All injectors exhibited oscillation of the ball and needle during injection, with
significant effects seen in cases with multiple injections.

An approach has been developed to allow for quantitative measurement of “sub-pixel” displacement
of the needle in a GDI using ensemble neutron imaging of cyclic dynamic operation. This approach
combines a normalization technique that relies on a static reference frame made from the image
sequence itself with an analytical neutron attenuation model based on the device’s geometry.

While previous results have focused on the spray and near-nozzle region of the injector, a new
experimental apparatus has been developed to enable dynamic imaging of all internal components of
the ECN Spray-G-style GDI, and results from this new setup are expected in early in FY 2020.

Based on modeling of neutron attenuation for various film thicknesses, preliminary designs have been
completed for a new spray chamber to enable imaging of spray impingement on a wall at various
orientations.

Future directions could include the following:

A beamtime award of six days on the HFIR CG-1D imaging beamline has been scheduled for
October—November 2019. Efforts for this campaign will be focused on needle and fluid motions
higher throughout the entire GDI-based injector, including interactions between the needle and the
upper stops and solenoid armature. The project team has designed and built a new spray chamber to
enable these measurements, as well as operation at more extreme conditions and with higher
throughput.

The project team will construct the newly designed spray chamber to enable neutron imaging of fuel
films on walls.

The project will conduct preliminary experiments to quantify thickness of fuel films on walls.

A new multichannel plate detector is being commissioned to enable measurements with higher signal-
to-noise ratio and improved resolution and data throughput. This detector would be applicable to all
currently planned time-resolved experiments involving injectors and sprays.
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Project Introduction

Predictive engine simulation models are needed to make rapid progress toward the U.S. Department of
Energy’s (DOE’s) goals of increasing combustion engine efficiency and reducing pollutant emissions. To
assess the effect of fuel composition on engine performance and emissions, these engine simulations need to
couple to fluid dynamic and fuel chemistry sub-models. Reliable chemical kinetic sub-models representative of
conventional and next-generation transportation fuels need to be developed and improved to fulfill these
requirements.

Objectives

Overall Objectives
e Develop predictive chemical kinetic models for gasoline, diesel, and next-generation fuels so that
simulations can be used to overcome technical barriers to advanced combustion regimes in engines
and needed gains in engine efficiency and reductions in pollutant emissions

e Develop detailed chemical kinetic models for fuel components used in surrogate fuels for spark
ignition engines, diesel engines, and kinetically controlled compression ignition engines

e Combine component models into surrogate fuel models to represent real transportation fuels. Use
them to model advanced combustion strategies in engines that lead to low emissions and high
efficiency.

Fiscal Year (FY) 2019 Objectives

Develop fuel surrogate kinetic models with more representative components for real fuels to increase accuracy
of autoignition predictions and to cover a range of real fuels. Validate kinetic mechanisms over a range of
temperature, pressure, and equivalence ratio relevant to engine combustion.

Approach

Gasoline and diesel fuels consist of complex mixtures of hundreds of different components. These components
can be grouped into chemical classes including n-alkanes, iso-alkanes, cyclo-alkanes, alkenes, oxygenates, and
aromatics. Since it is not feasible to develop chemical kinetic models for hundreds of components, specific
components need to be identified to represent each of these chemical classes. Then, detailed chemical kinetic
models can be developed for these selected components. These component models are subsequently merged
together to produce a surrogate fuel model for gasoline, diesel, and next-generation transportation fuels. This
approach creates realistic gasoline or diesel fuel surrogates that can reproduce experimental behavior of the
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practical real fuels that they represent. Detailed kinetic models for surrogate fuels can then be simplified as
needed for inclusion in multidimensional computational fluid dynamics simulations of engine combustion.

Results

Key Accomplishments for FY 2019
e Developed more accurate kinetic models for cyclo-alkanes (cyclopentane and cyclohexane)

e Developed kinetic models for more representative olefins (C5 and C6 iso-olefins to characterize this
chemical class in gasoline)

e Improved accuracy of the kinetic model for large n-alkanes and tetralin that represent important
chemical classes in diesel fuel

e Improved accuracy of the diesel surrogate model to characterize diesel fuel.

Cycloalkanes represent an important chemical class in gasoline fuel because of their effect on ignition behavior
under advanced compression ignition conditions and on autoignition in the end gas of a spark ignition engine
that lead to engine knock. In FY 2019, the Lawrence Livermore National Laboratory (LLNL) kinetic team
developed more accurate models for two cycloalkanes: cyclopentane and cyclohexane. Cyclopentane is an
important gasoline surrogate compound because of its high octane sensitivity (research octane number—motor
octane number = 18) and its presence in gasoline fuels. It represents the smallest practical surrogate compound
to represent cycloalkanes in gasoline fuels. The detailed chemical model for cyclopentane was developed
based on the small hydrocarbon (CO ~ C4) kinetic model from National University of Ireland, Galway [1] and
previous kinetic modeling of cyclopentane by Al Rashidi et al. [2]. The cyclopentane, cyclopentene, and
cyclopentadiene chemistries in the model were all reviewed and updated with the latest recommendations for
reaction paths and associated rate constants. The cyclopentane model was validated against new experimental
data from the National University of Ireland, Galway on ignition delays from a shock tube and rapid
compression machine (RCM). In these experiments, cyclopentane was mixed with a more reactive compound,
dimethyl ether, allowing the study of the blending behavior of an unreactive cyclopentane with a more reactive
component. This type of interaction also happens in a gasoline mixture where the chemistry of unreactive
components interacts with that of reactive components. The new RCM experimental data was used to improve
the kinetic model for cyclopentane. The comparison of the ignition delay times simulated by the kinetic model
and measured in the experiments is shown in Figure I.11.1. The simulations agree very well with the
experiments. The updated cyclopentane kinetic sub-model has been added to the LLNL gasoline surrogate
model, and this has allowed more accurate simulation of gasoline target fuels.

Cyclohexane is another surrogate compound commonly used to represent the cycloalkane chemical class in
gasoline. The cyclohexane chemical kinetic model was updated in FY 2019. The kinetic model was based on
the previous LLNL 2007 model of Silke et. al [3] but included updated sub-models for the core C0—C4
chemistry [1] and for aromatics [4]. Reaction rates, thermochemistry, and transport properties were improved
for cyclohexane and its intermediates, including cyclohexene and cyclohexadiene. Rate constants were taken
from the literature or estimated by analogy to similar reactions. The chemical kinetic model was compared to
new ignition delay data from the RCM at the University of Connecticut (UCONN). The kinetic model was also
compared to speciation data from jet-stirred reactor data available in the literature. The comparison with new
RCM experimental data from UCONN is shown in Figure 1.11.2. The simulations compare very well with
experimental data at high pressure in the RCM for several equivalence ratios (Figure 1.11.2[a]). The kinetic
model also more accurately simulates the new experimental data than the previous LLNL kinetic model [3],
whose ignition delays were too long by about a factor of two (Figure 1.11.2[b]).
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Figure 1.11.1 Comparison of the simulated (lines) and measured (symbols) ignition delay times of
cyclopentane and dimethyl ether blends. The experiments are from the National University of
Ireland Galway shock tube and RCM.
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Figure 1.11.2 Comparison of simulated (lines) and measured (symbols) ignition delay times in the UCONN RCM. Filled
symbols and solid lines correspond to total ignition delay times, and open symbols and dashed lines correspond to first
stage ignition delay times. (a) Effect of equivalence ratio on total and first ignition delay times at high pressure for
cyclohexane. (b) Comparison of simulations from current model and Silke et al.’s model [3] with the experimental data.

Olefins represent an important chemical class in gasoline so that surrogate compounds are needed to represent
them. In the past, the LLNL gasoline surrogate model included straight-chain olefins and not iso-olefins to
characterize this chemical class. However, in many gasoline formulations, iso-olefins are also present.
Iso-olefins are known to exhibit higher research octane number and higher octane sensitivity than straight-
chain olefins. These properties will affect gasoline ignition behavior when iso-olefins are present. In FY 2019,
the LLNL kinetic team developed mechanisms for C5 and C6 iso-olefins. The C5 iso-olefins were
2-methyl-1-butene, 2-methyl-2-butene, and 3-methyl-1-butene, and the C6 iso-olefin was 2-methyl-2-pentene.
The kinetic model developed incorporates several important reaction pathways that have been proposed in the
literature. The rate constant and thermodynamic properties needed for the kinetic model were adopted from
recent high-level theoretical chemistry calculations, when available. When such calculations were not
available, analogies from isobutene chemistry were used. The kinetic model developed for simulating ignition
of these iso-olefins has been validated against ignition delays, flame speeds, pyrolysis data, and jet-stirred
reactor data. The model has been found to successfully capture the effect of location of double bond, methyl
substitution, and chain length on ignition characteristics of iso-olefins. In Figure 1.11.3, ignition delay time
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simulations using the iso-olefin kinetic model are compared to measurements in the Argonne National
Laboratory RCM with reasonable agreement.
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Figure 1.11.3 The comparison of simulated (lines) and measured (symbols) ignition delay times of
(a) 2-methyl 2-butene and (b) 2-methyl 2-pentene in the Argonne National Laboratory RCM.

Chemical kinetic models for surrogate components and mixtures to represent diesel fuels were also improved
in FY 2019. Firstly, surrogate components to represent the n-alkane and naphthenic-aromatic chemical classes
were updated. For n-alkanes from C8 to C20, the kinetic model was improved by selecting better reaction rate
rules for the low-temperature reaction classes. Figure 1.11.4 shows an example of the accuracy of the kinetic
model for n-decane. Kinetic model simulations are compared to shock tube ignition delay times from the
literature over a wide range of pressure and temperature [5],[6],[7]. The kinetic model simulates the
experimental ignition delay times remarkably well. When the improved n-alkane kinetic model is inserted into
the diesel surrogate model, the accuracy of the diesel surrogate model is improved as well.
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Figure 1.11.4 Comparison of simulated (lines) and measured (symbols) ignition delay times for n-decane in
shock tubes over an extended temperature and pressure range. The experimental data are from

[41,[5],[6].[7].

Secondly, the kinetic model for the diesel-surrogate compound tetralin was significantly improved. This
compound represents the naphthenic-aromatic chemical class in diesel, which are compounds that have
aromatic and naphthenic rings. Tetralin, a 2-ring naphthenic-aromatic, is the simplest example of this chemical
type. Tetralin is also a component on a nine-component diesel surrogate palette designed to provide diesel
surrogates that can match target diesel fuel properties [8]. The development of a kinetic model for tetralin was
very challenging because of the presence of the aromatic and naphthenic rings. The kinetic model was built
using available information on the reaction paths and rate constants of naphthenes and aromatics. The kinetic
model was validated by comparing simulated and experimental ignition delay times in an RCM at King
Abdullah University of Science and Technology. Since tetralin is very unreactive, it was added to a high-
reactivity alkane (3-methyl pentane) to allow the investigation of its behavior at low temperatures important to
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diesel ignition processes. This is the first time that the tetralin kinetic model has been validated with
experimental data in the low-temperature region. The comparison between the simulated and measured
ignition delay times is shown in Figure I.11.5. The kinetic model well simulates experimental data in the low-
temperature region from ~700 K to 850 K. When used in a diesel surrogate kinetic model, this improved
component kinetic model will allow more accurate simulations of the ignition behavior of target diesel fuels.
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Figure 1.11.5 Comparison of simulated (lines) and measured (symbols) ignition delay times of
tetralin and 3-methyl pentane blends in an RCM. The experimental measurements are from
King Abdullah University of Science and Technology.

The LLNL diesel surrogate kinetic model has sub-models for nine components on the diesel surrogate palette
developed by the Advanced Vehicle/Fuel/Lubricants-18 working group under the auspices of the Coordinating
Research Council [8]. This surrogate palette was developed to mimic properties of a diesel certification fuel,
including distillation curve, density, cetane number, and carbon types. The improved sub-models for n-alkanes
and tetralin were inserted into the LLNL diesel surrogate model. Simulations with the improved diesel
surrogate model compared well with ignition delay time experiments from the UCONN RCM, as shown in
Figure 1.11.6. This is a direct comparison of measured and simulated ignition delay times of the diesel
surrogate mixture compositions from Mueller et al. [9]. This more accurate and representative diesel surrogate
kinetic model is a significant step toward enabling more accurate simulations in multidimensional engine
codes.
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Figure 1.11.6 Comparison of a four-, five-, and eight-component diesel surrogate model
predictions with experimental measurements of ignition delay time of the same Coordinating
Research Council diesel surrogate mixtures [9] in an RCM at UCONN.
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Conclusions

Improved kinetic models to represent cyclo-alkanes in gasoline (cyclopentane and cyclohexane) were
developed.

New kinetic models for iso-olefins were developed that are more representative of olefins found in
gasoline than straight-chain olefins.

Kinetic models to represent the n-alkane and naphthenic-a