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Preface

Energy demand has been rising remarkably due to increasing population and
urbanization. Global economy and society are significantly dependent on the energy
availability because it touches every facet of human life and its activities.
Transportation and power generation are two major examples. Without the trans-
portation by millions of personalized and mass transport vehicles and availability of
24 x 7 power, human civilization would not have reached contemporary living
standards.

The International Society for Energy, Environment and Sustainability (ISEES)
was founded at Indian Institute of Technology Kanpur (IIT Kanpur), India, in
January 2014 with the aim of spreading knowledge/awareness and catalysing
research activities in the fields of energy, environment, sustainability and com-
bustion. The society’s goal is to contribute to the development of clean, affordable
and secure energy resources and a sustainable environment for the society and to
spread knowledge in the above-mentioned areas and create awareness about the
environmental challenges, which the world is facing today. The unique way
adopted by the society was to break the conventional silos of specializations
(engineering, science, environment, agriculture, biotechnology, materials, fuels,
etc.) to tackle the problems related to energy, environment and sustainability in a
holistic manner. This is quite evident by the participation of experts from all fields
to resolve these issues. ISEES is involved in various activities such as conducting
workshops, seminars and conferences in the domains of its interest. The society also
recognizes the outstanding works done by the young scientists and engineers for
their contributions in these fields by conferring them awards under various
categories.

The second international conference on “Sustainable Energy and Environmental
Challenges” (SEEC-2018) was organized under the auspices of ISEES from 31
December 2017 to 3 January 2018 at J N Tata Auditorium, Indian Institute of
Science Bangalore. This conference provided a platform for discussions between
eminent scientists and engineers from various countries including India, USA,
South Korea, Norway, Finland, Malaysia, Austria, Saudi Arabia and Australia. In
this conference, eminent speakers from all over the world presented their views
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related to different aspects of energy, combustion, emissions and alternative energy
resources for sustainable development and a cleaner environment. The conference
presented five high-voltage plenary talks from globally renowned experts on topical
themes, namely “Is It Really the End of Combustion Engines and Petroleum?” by
Prof. Gautam Kalghatgi, Saudi Aramco; “Energy Sustainability in India:
Challenges and Opportunities” by Prof. Baldev Raj, NIAS Bangalore; “Methanol
Economy: An Option for Sustainable Energy and Environmental Challenges” by
Dr. Vijay Kumar Saraswat, Hon. Member (S&T), NITI Aayog, Government of
India; “Supercritical Carbon Dioxide Brayton Cycle for Power Generation” by Prof.
Pradip Dutta, IISc Bangalore; and “Role of Nuclear Fusion for Environmental
Sustainability of Energy in Future” by Prof. J. S. Rao, Altair Engineering.

The conference included 27 technical sessions on topics related to energy and
environmental sustainability including 5 plenary talks, 40 keynote talks and 18
invited talks from prominent scientists, in addition to 142 contributed talks, and 74
poster presentations by students and researchers. The technical sessions in the
conference included Advances in IC Engines: SI Engines, Solar Energy: Storage,
Fundamentals of Combustion, Environmental Protection and Sustainability,
Environmental Biotechnology, Coal and Biomass Combustion/Gasification, Air
Pollution and Control, Biomass to Fuels/Chemicals: Clean Fuels, Advances in IC
Engines: CI Engines, Solar Energy: Performance, Biomass to Fuels/Chemicals:
Production, Advances in IC Engines: Fuels, Energy Sustainability, Environmental
Biotechnology, Atomization and Sprays, Combustion/Gas Turbines/Fluid
Flow/Sprays, Biomass to Fuels/Chemicals, Advances in IC Engines: New
Concepts, Energy Sustainability, Waste to Wealth, Conventional and Alternate
Fuels, Solar Energy, Wastewater Remediation and Air Pollution. One of the
highlights of the conference was the rapid-fire poster sessions in (i) Energy
Engineering, (ii) Environment and Sustainability and (iii) Biotechnology, where
more than 75 students participated with great enthusiasm and won many prizes in a
fiercely competitive environment. More than 200 participants and speakers attended
this four-day conference, which also hosted Dr. Vijay Kumar Saraswat, Hon.
Member (S&T), NITI Aayog, Government of India, as the chief guest for the book
release ceremony, where 16 ISEES books published by Springer, under a special
dedicated series “Energy, Environment, and Sustainability” were released. This is
the first time that such significant and high-quality outcome has been achieved by
any society in India. The conference concluded with a panel discussion on
“Challenges, Opportunities & Directions for Future Transportation Systems”,
where the panellists were Prof. Gautam Kalghatgi, Saudi Aramco; Dr. Ravi
Prashanth, Caterpillar Inc.; Dr. Shankar Venugopal, Mahindra and Mahindra; Dr.
Bharat Bhargava, DG, ONGC Energy Centre; and Dr. Umamaheshwar, GE
Transportation, Bangalore. The panel discussion was moderated by Prof. Ashok
Pandey, Chairman, ISEES. This conference laid out the road map for technology
development, opportunities and challenges in energy, environment and sustain-
ability domains. All these topics are very relevant for the country and the world in
the present context. We acknowledge the support received from various funding
agencies and organizations for the successful conduct of the second ISEES
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conference SEEC-2018, where these books germinated. We would therefore like to
acknowledge SERB, Government of India (special thanks to Dr. Rajeev Sharma,
Secretary); ONGC Energy Centre (special thanks to Dr. Bharat Bhargava); TAFE
(special thanks to Sh. Anadrao Patil); Caterpillar (special thanks to Dr. Ravi
Prashanth); Progress Rail, TSI, India (special thanks to Dr. Deepak Sharma);
Tesscorn, India (special thanks to Sh. Satyanarayana); GAIL, Volvo; and our
publishing partner Springer (special thanks to Swati Meherishi).

The editors would like to express their sincere gratitude to a large number of
authors from all over the world for submitting their high-quality work in a timely
manner and revising it appropriately at short notice. We would like to express our
special thanks to Prof. Mirko Baratta, Prof. Antonio Carlucci, Prof. Vincenzo
Mulone, Prof. Sundar Krishnan, Prof. Kalyan Srinivasan, Mr. Prabhat Ranjan Jha,
Mr. Hamidreza Mahabadipour, Mr. Kendyl Partridge, Mr. Gaurav Guleria and Mr.
Aimilios Sofianopoulos, who reviewed various chapters of this book and provided
very valuable suggestions to the authors to improve their draft manuscripts.

The book covers different aspects of advanced combustion engines that utilize
natural gas as a primary fuel. The principal objective of this book is to fulfil an
important global need in presenting the state of the art in natural gas engine
technologies for transportation and power generation. We believe that this book will
be useful to early-career researchers, academicians, professional engineers and
scientists across the globe who work in the area of natural gas utilization for internal
combustion engines. Chapter 2 presents a general overview of various natural gas
combustion technologies including spark ignited, dual fuel, prechamber ignition,
homogeneous charge compression ignition. Chapters 3 through 6 discuss various
spark-ignited natural gas combustion technologies including direct injection natural
gas engines. Chapter 7 discusses the techno-economic impacts of using natural gas
engines for marine applications, and it serves as a segue between SI and CI engine
combustion technologies. Chapters 8 through 12 focus on opportunities and chal-
lenges associated with dual-fuel natural gas engines. Chapter 13 presents an
overview of emission control technologies for natural gas-fired engines. Finally,
Chap. 14 presents a unique perspective of high-efficiency natural gas-fired resi-
dential genset technologies.

Tuscaloosa, USA Kalyan Kumar Srinivasan
Kanpur, India Avinash Kumar Agarwal
Tuscaloosa, USA Sundar Rajan Krishnan

Rome, Italy Vincenzo Mulone
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Chapter 1 )
Introduction to Advanced Combustion s
Technologies: The Role of Natural Gas

in Future Transportation and Power
Generation Systems

Kalyan Kumar Srinivasan, Avinash Kumar Agarwal,
Sundar Rajan Krishnan and Vincenzo Mulone

Abstract Among the many alternatives to gasoline and diesel, natural gas is con-
sidered a viable fuel for future transportation and power generation applications. The
present chapter provides an introductory overview of the role of natural gas in future
transportation and power generation systems. Current and projected trends (up to 2040)
for global energy consumption and the associated contribution of natural gas in various
sectors (industrial, transportation, residential, etc.) are discussed. The advantages and
challenges of natural gas as a combustion fuel, natural gas fuel storage and trans-
portation challenges (as compressed natural gas and liquefied natural gas), and natural
gas utilization in internal combustion (IC) engines are reviewed. Advanced natural gas
low-temperature combustion (LTC) strategies for IC engines, natural gas combustion in
spark ignition (SI) engines with a specific focus on direct injection of natural gas,
natural gas utilization in marine SI and compression ignition (CI) engines, natural gas
utilization in light-duty, heavy-duty, industrial, and marine engines, emissions control
technologies for natural gas-fueled engines, and a review of natural gas-powered res-
idential scale micro-combined heating and power (CHP) systems are the major topics
explored in the book. The organizational rationale of the book is discussed, and brief
summaries of various chapters in the book are provided.

Keywords Natural gas - Low-temperature combustion - Advanced combustion
Dual fuel - Spark ignition
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1.1 Introduction

With increasing global population and economic development, energy consumption
is expected to increase significantly, while the energy resource portfolio is expected
to become increasingly diverse. According to the 2018 International Energy
Outlook (IEO 2018) provided by the US Energy Information Administration (EIA
2018), the world energy consumption is projected to increase from about 575
quadrillion British Thermal Units (BTUs) in 2015 to 739 quadrillion BTU by 2040.
Of this, natural gas accounts for a significant fraction as an energy source. For
example, while natural gas accounted for about 125 quadrillion BTU (~22% of
total) of the energy consumption in 2015, it is projected to increase to 182 quad-
rillion BTU (nearly 25% of total) of the energy consumption in 2040, likely
accounting for the largest increase in global primary energy consumption by source.
Global natural gas consumption statistics in 2015 (IEA 2017) indicated that nearly
38% of the total was utilized in the industrial sector, 30% in the residential sector,
while the remainder was used in transportation (7%), commercial and public service
(13%), and non-energy sector, agriculture, fishing, etc. (12%). One of the
challenges of using natural gas, especially in transportation applications, is onboard
natural gas storage. Two options for natural gas storage are in compressed natural
gas (CNG) form (typically at 3600 psig or 250 bar) or in liquefied natural gas
(LNG) form at —260 °F (or —160 °C) (US DOE 2018). Although cryogenic natural
gas storage as LNG is technically more complicated and economically more
demanding, it is clearly advantageous in terms of substantially lower storage space
and weight requirements and significantly longer durations between fuel refueling
compared to CNG (because of higher fuel energy density for a given storage
volume when stored in liquefied form). With the increasing market penetration of
LNG transported via ships to different parts of the world, it is natural to consider
LNG (and CNG) as a primary fuel in marine applications.

Natural gas has several inherent advantages that augur well for its being adapted
for transportation and power generation applications. For example, natural gas
typically exhibits high resistance to autoignition (high octane number, allowing the
use of higher compression ratios), lower carbon-to-hydrogen ratio (leading to lower
post-combustion CO, emissions), suitability for lean combustion (leading to higher
fuel conversion efficiencies), and a well-established infrastructure for production
and distribution in many parts of the world.

Considering the general energy trends discussed above and some of the
advantages of natural gas compared to other fuels, it is clear that natural gas is (and
will continue to be) a significant energy resource in a variety of sectors, including
transportation, industrial power generation, and residential applications (e.g., home
heating). For transportation and industrial power generation applications, com-
bustion of natural gas in internal combustion (IC) engines will remain an important
energy conversion strategy for the foreseeable future. This book focuses on
advanced natural gas combustion and emissions control technologies, including
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both transportation applications (including light-duty, heavy-duty, and marine) and
stationary power generation for residential applications.

1.2 Organization of the Book

The book is organized as follows. Chapter 2 provides a discussion of advanced
natural gas low-temperature combustion (LTC) strategies for IC engines. Chapters 3
through 6 deal with the fundamentals and applications of natural gas combustion in
spark ignition (SI) engines with a specific focus on direct injection of natural gas.
Natural gas utilization in marine SI and compression ignition (CI) engines is dis-
cussed in Chap. 7. Chapters 8 through 12 deal with natural gas utilization in
light-duty, heavy-duty, industrial, and marine engines. Chapter 13 discusses
emissions control technologies for natural gas-fueled engines, while Chap. 14
presents a review of natural gas-powered residential-scale micro combined heating
and power (CHP) systems. Both experimental and computational analyses of nat-
ural gas combustion, performance, and emissions are covered.

Natural gas combustion in IC engines can occur over a wide range of operating
conditions. Depending on the type of engine, the combustion strategy utilized, and
the application, natural gas combustion can occur at different compression ratios
(higher for CI compared to SI), overall fuel-air equivalence ratios (lower for CI),
injection strategies (port injection vs. direct injection), in-cylinder fuel stratification
(homogeneous vs. heterogeneous), and in-cylinder conditions of temperature and
pressure. Various natural gas combustion strategies have been investigated over the
past several decades. These include lean-burn natural gas combustion using a
variety of ignition systems (e.g., spark ignition, laser ignition, turbulent jet ignition
with pre-chambers), conventional diesel-ignited natural gas dual-fuel combustion,
homogeneous charge compression ignition (HCCI) combustion of natural gas,
dual-fuel LTC of premixed natural gas with diesel pilot or diesel micro-pilot
ignition, high-pressure direct injection (HPDI) of natural gas and diesel leading to
stratified diesel-ignited natural gas dual-fuel combustion, and reactivity controlled
compression ignition (RCCI) combustion. Naturally, the chapters in this book
present an eclectic mix of different current approaches as well as promising natural
gas combustion and emissions control technologies for the future.

For example, Chap. 2 reviews advanced natural gas LTC concepts such as HCCI
and RCCI and discusses their potential benefits (e.g., low emissions of oxides of
nitrogen (NO,), particulate matter (PM), and CO,) and important challenges (e.g.,
unburned hydrocarbons (UHC), knock).

Partially stratified combustion of natural gas in SI engines is dealt with in
Chap. 3. A combined experimental and computational fluid dynamics
(CFD) approach is adopted to analyze natural gas PSC in both a constant volume
combustion chamber (CVCC) and a single-cylinder research engine (SCRE).
A large eddy simulation (LES), coupled with a partially stirred reactor model for
considering the non-resolved turbulence-chemistry interaction, is first validated
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with Schlieren images obtained in the CVCC and subsequently used for extensive
numerical analysis of PSC in the SCRE. With detailed CFD simulations and partial
fuel stratification, ultra-lean SI combustion of natural gas is demonstrated with
improved engine performance on the SCRE.

Natural gas DI technology is explored numerically in Chap. 4 as a means to
improve volumetric and brake thermal efficiencies in natural gas-fueled SI engines.
Volumetric efficiency and engine brake power are improved in natural gas DISI by
obviating intake air displacement and throttling losses due to manifold induction or
port fuel injection (PFI) of natural gas. Modeling strategies for natural gas DI are
reviewed, followed by detailed studies of the gas injection process through
poppet-type outwardly opening injectors. Specifically, the effect of gas injection on
the in-cylinder flow field (e.g., the occurrence of compression shocks, expansion
fans, jet collapse) and fuel-air mixing is studied using high-fidelity LES and
unsteady Reynolds-averaged Navier—Stokes (URANS) CFD models.

The prospects and challenges of natural gas DI combustion in SI engines in
comparison with natural gas PFI are presented in Chap. 5. After a discussion of DI
nozzle geometry, the performance of natural gas DI injectors is investigated using
Schlieren and planar laser-induced fluorescence (PLIF) imaging. The effect of start
of injection (SOI) of natural gas, brake mean effective pressure (BMEP), and
equivalence ratio on natural gas DI operation are studied on an SCRE.

Chapter 6 examines the effects of EGR on the performance of SI engines fueled
by natural gas and natural gas—hydrogen blends (with 40% v/v of hydrogen). Based
on experimental results obtained from a naturally aspirated light-duty SI engine and
a turbocharged heavy-duty SI engine, the authors show that EGR can be utilized to
yield high specific power and improved fuel conversion efficiency with lower
thermal stress. It is shown that hydrogen-enriched natural gas can counteract the
reduction of combustion rates with EGR (especially at high EGR levels) and also
mitigate the adverse impact of EGR on UHC emissions.

Chapter 7 forms a sort of natural transition between natural gas-fueled SI and CI
engines. It presents an operational, environmental, and economic assessment of
natural gas-fueled, two-stroke, and four-stroke dual-fuel CI engines and four-stroke
SI engines used in marine applications. Fuel conversion efficiency, power density,
ignition stability, knocking tendency, and exhaust emissions are considered for both
SI and dual-fuel CI engines, and the inherent trade-offs in adapting natural gas as a
primary fuel for marine applications are discussed.

Advanced combustion and ignition technologies for natural gas-fueled CI and SI
engines are dealt with in Chap. 8. Natural gas-fueled HCCI, RCCI, and dual-fuel
LTC strategies are reviewed, and the PREmixed Mixture Ignition in the End gas
Region (PREMIER) combustion concept is presented in significant detail. With
control of pilot fuel injection quantity and pressure, pilot fuel injection timing,
gaseous fuel equivalence ratio, and exhaust gas recirculation (EGR) levels, it is
shown that a reasonable compromise can be achieved between fuel conversion
efficiency and exhaust emissions using the PREMIER concept. In addition,
advanced ignition systems such as laser ignition and plasma-assisted ignition of
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lean natural gas—air mixtures at relatively high compression ratios are also
reviewed.

In Chap. 9, a parametric analysis is performed for diesel-natural gas RCCI in a
light-duty CI engine. Specifically, the impact of natural gas substitution, EGR,
compression ratio on RCCI performance and emissions is presented. The authors
show that, by optimizing the combustion chamber and the aforementioned dual-fuel
engine operating parameters, it is possible to reduce engine-out exhaust emissions
(UHC emissions, in particular) while simultaneously improving fuel conversion
efficiency.

Design and calibration strategies for improving diesel-methane dual-fuel HCCI
engines are described in Chap. 10. Results from a full factorial
design-of-experiments study of the effects of compression ratio, intake pressure,
diesel pilot injection timing and injection pressure, and methane substitution on
combustion evolution, engine performance, and pollutant emissions are presented.
The results show that dual-fuel HCCI combustion can be achieved both with early
and late SOIs when combined with high intake pressures to yield very low NO,
emissions and maximum pressure rise rates with very little penalty on fuel con-
version efficiency, HC, and carbon monoxide (CO) emissions.

Chapter 11 presents results from a combined experimental and computational
investigation of diesel-natural gas dual-fuel combustion in a light-duty industrial
engine. The authors leverage calibrated CFD and 1D models of dual-fuel com-
bustion and experiments at different engine loads and speeds to optimize dual-fuel
operation (without EGR) and demonstrate virtual elimination of soot, significant
NO, and CO; reduction, and improvements in brake fuel conversion efficiency. The
authors report higher engine-out UHC and CO emissions, which may be eliminated
with an effective exhaust oxidation catalyst.

One of the challenges in conventional diesel-natural gas dual-fuel combustion and
dual-fuel LTC is unstable engine operation, especially at low loads. Cyclic com-
bustion variations, which lead to engine instabilities and high UHC and CO emissions
in dual-fuel LTC, are discussed in Chap. 12. Inconsistent fuel-air mixing from one
engine cycle to another, leading to cyclic inconsistencies in ignition and combustion
phasing as well as combustion duration, may be an important cause of cyclic com-
bustion variations in dual-fuel LTC. Therefore, strategies to mitigate cyclic com-
bustion variations may include ensuring appropriate local stratification of
diesel-to-methane fractions such that the combustion process is just sufficiently pre-
mixed to achieve low NO, and soot emissions without compromising engine stability.

A review of the performance, combustion-generated emissions, and emissions
control strategies, and exhaust aftertreatment technologies used for natural
gas-fueled CI and SI engines is provided in Chap. 13. In particular, lean-burn vs.
stoichiometric operation, the impact of EGR with hydrogen enrichment, the
importance of spark timing, performance enhancement with hydrogen addition, and
aftertreatment systems (e.g., performance of three-way catalytic converters) for
natural gas SI engines are discussed. Similarly, for CI engines operating on
dual-fuel combustion, the benefits of EGR, pilot fuel quantity and type, and pilot
injection timing on mitigating exhaust emissions are also reviewed.
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Finally, Chap. 14 presents a detailed review of the state of the art in
residential-scale, natural gas-powered CHP systems utilizing IC engines, Stirling
engines, Brayton cycle engines, and micro-Rankine cycle engines as prime movers.
The authors conclude that natural gas-fueled reciprocating IC engines provide the best
benefits vis-a-vis fuel conversion efficiency and load-following, but they also face
technical hurdles in terms of heat transfer, incomplete combustion, and pumping and
friction losses, which become more pronounced for small-scale engines.
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Chapter 2 )
Low-Temperature Natural Gas gt
Combustion Engines

Sotirios Mamalis

Abstract Advanced or low-temperature combustion engines have shown the
potential to achieve high fuel conversion efficiency with minimal emissions for-
mation and therefore can provide solutions for future powertrain systems.
Numerous advanced combustion concepts have been explored, including both
spark-ignited and compression-ignited concepts, and each one has been investigated
using different liquid or gaseous fuels. This chapter will discuss the potential of
using natural gas as a fuel for future advanced combustion engines and will present
the associated benefits and challenges. The low carbon-to-hydrogen atom ratio of
natural gas can enable a highly efficient combustion process with low CO, for-
mation; its chemical composition mitigates soot formation during combustion, and
its high octane number enables high compression ratio operation of spark-ignited
engines with good knock resistance. However, the low reactivity of natural gas
inhibits the compression ignition of lean fuel-air mixtures, and any combustion
inefficiency may result in direct methane emissions in the exhaust. These charac-
teristics have led researchers to investigate lean natural gas combustion using
prechambers (jet ignition), high-pressure direct injection (HPDI) of diesel and
natural gas mixtures, micro-pilot injection concepts with premixed natural gas and
direct-injected diesel fuel, as well as kinetically controlled and low-temperature
combustion concepts such as Homogeneous Charge Compression Ignition (HCCI)
and Reactivity Controlled Compression Ignition (RCCI) combustion. This chapter
will discuss the use of natural gas in the HCCI and RCCI combustion concepts and
analyze the associated benefits and challenges.
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2.1 Introduction

Worldwide fuel economy and emissions regulations have prompted research and
development on internal combustion engines that can achieve higher fuel conver-
sion efficiency and lower emissions formation compared to currently available
spark-ignition (SI) and diesel engines. Numerous advanced combustion concepts
have been proposed in the literature, primarily originating from Homogeneous
Charge Compression Ignition (HCCI), which was first proposed by Najt and Foster
in 1983 (Najt and Foster 1983). The HCCI concept combines the homogeneous
charge of premixed SI engines with the compression ignition of diesel engines to
create a lean burn concept that can achieve high thermal efficiency. The lean
mixture also results in low burned gas temperature, thus preventing thermal NO,
formation during combustion. The low burned gas temperature has led many
researchers to use the term “low-temperature combustion” to describe this concept,
which has since been used to encompass other combustion concepts of similar
nature as well. HCCI combustion is achieved by creating a homogeneous and lean
fuel-air mixture and compressing it until the point of autoignition, which results in
a heat release process initiated and controlled by chemical kinetics. This process is
different from the heat release in SI engines, which is controlled by turbulent flame
propagation, as well as from the heat release in diesel engines, which is controlled
by diffusion mixing between the direct-injected fuel and the surrounding air. The
absence of a spark or direct fuel injection results in having no direct control of the
start of combustion in HCCI engines. Therefore, ignition timing can only be con-
trolled indirectly, by controlling the air/fuel ratio of the mixture, the dilution level,
and the initial mixture temperature.

The HCCI concept has been demonstrated through experimental testing in
single-cylinder optical and metal engines (Epping et al. 2002; Sjoberg et al. 2004;
Sjoberg and Dec 2004, 2005, 2007; Silke et al. 2009), as well as in light-duty and
heavy-duty commercial engine platforms (Christensen et al. 1997; Olsson et al.
2001, 2002; Christensen and Johansson 2000; Hyvonen et al. 2003; Haraldsson
et al. 2002, 2003, 2004; Zhao et al. 2003) using gasoline and diesel fuels.
Experimental results have shown that HCCI combustion can be achieved at very
lean mixtures with high compression ratio resulting in high thermal efficiency as
well as low NO, and no soot formation. However, the homogeneous nature of the
mixture results in bulk autoignition, and rapid heat release rate and pressure rise rate
in the cylinder, which limits the maximum attainable load. In addition, igniting a
lean fuel—-air mixture by compression alone requires charge heating, which can be
accomplished either by intake air preheating or by residual gas trapping in the
cylinder (Chang et al. 2007; Babajimopoulos et al. 2009; Olesky et al. 2012;
Mamalis et al. 2012).

In order to mitigate the high heat release rates of HCCI combustion, researchers
have proposed techniques to introduce thermal and compositional stratification to
the mixture and thus stagger the autoignition process. Partial fuel stratification
(PFS) is one technique proposed by Dec et al. (2011, 2015), Sjoberg and Dec
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(2006), Yang et al. (2011a, b, 2012) which utilizes split fuel injections directly into
the cylinder. By splitting the injection process into one early and one late injection,
the mixture becomes compositionally and thermally stratified resulting in staggered
autoignition throughout the combustion chamber. Direct water injection is another
technique proposed by Lawler et al. (2017), Boldaji et al. (2017, 2018), which
injects water in a premixed fuel—air mixture to forcefully stratify the thermal field in
the cylinder through the latent heat of vaporization of water and thus stagger the
autoignition process.

In addition to the methods described above, researchers have proposed the use of
two fuels to control the heat release rates of low-temperature combustion engines.
The Reactivity Controlled Compression Ignition (RCCI) concept that was proposed
by Kokjohn et al. (2011a, b), Splitter (2011), Hanson et al. (2011) combines a low
reactivity fuel injected at the port (e.g., gasoline) with a high reactivity fuel injected
directly into the cylinder to create a compositional stratification in the combustion
chamber. The mixing between the two different fuels in the combustion chamber
creates zones of different reactivity resulting in staggered autoignition and lower
heat release rates compared to HCCI. The RCCI combustion concept has been
demonstrated in light- and heavy-duty engines and has shown good controllability
and fuel conversion efficiency comparable to diesel engines (Hanson et al. 2012;
Splitter et al. 2011; Klos et al. 2015; Kokjohn and Reitz 2013; Kavuri et al. 2016;
Lim et al. 2014). The lean, low-temperature combustion process prevents thermal
NO, formation; however, the direct fuel injection of the high reactivity liquid fuel
results in some particulate emissions albeit at considerably lower levels than con-
ventional diesel combustion.

Research on low-temperature combustion concepts such as HCCI and RCCI has
been primarily focused on using gasoline and diesel fuels due to their widespread
commercial use. However, a number of studies have focused on exploring
advanced combustion with natural gas, as an alternative to liquid fuels that can
provide solutions for sustainable future transportation and power generation.

Natural Gas HCCI Combustion

HCCI combustion with natural gas has been explored for use in heavy-duty
vehicles, locomotives, and stationary power generation. However, the high
Research Octane Number (RON) of natural gas requires higher compression ratio
and/or higher heat addition to the fuel-air mixture to achieve autoignition compared
to gasoline. Aceves et al. performed CFD simulations with detailed chemistry of a
supercharged HCCI engine using methane and investigated the effect of com-
pression ratio on combustion (Aceves et al. 1999). It was found that combustion
could be well controlled through equivalence ratio and the trapped Residual Gas
Fraction (RGF), but high-speed cylinder pressure sensing was necessary for control.
The high load limit of the engine was posed by peak cylinder pressure and NO
formation. Flowers et al. continued this modeling study using actual natural gas
composition and investigated the effect of varying fuel composition on HCCI
combustion (Flowers et al. 2001). HCCI combustion was found to be sensitive to
natural gas composition, and active control is required in order to compensate for
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changes in composition typical throughout the world. Changes in natural gas
composition may shift the peak heat release timing by as much as 10 Crank Angle
Degrees (CADs), with significant effects on efficiency and emissions formation.
The concentration of propane and butane present in natural gas can significantly
affect HCCI combustion. Three control strategies were proposed: (i) adding
Dimethyl Ether (DME) to the fuel-air mixture, (ii) intake gas preheating, and
(iii) using hot Exhaust Gas Recirculation (EGR), which were found to be effective
in controlling the heat release rate over a wide range of operating conditions.

Fiveland et al. performed experimental testing and modeling on a heavy-duty
natural gas HCCI engine operating at 1000 rev/min and ¢ of 0.3 in order to
examine the sensitivity of HCCI combustion to fuel composition (Fiveland et al.
2001). The presence of higher order hydrocarbons increased the reactivity of the
mixture and reduced the temperature of autoignition. Butane had a sensitivity of
2.5 °C/%, propane had 1.5 °C/%, and ethane had 1.0 °C/%. Based on the experi-
mental results, it was concluded that fluctuations in natural gas composition may
result in high-speed or low-speed effects on engine performance.

Olsson et al. performed a similar experimental study using a Volvo TD100
heavy-duty engine modified for natural gas HCCI combustion and also performed
modeling of the same engine to study the effect of compression ratio on combustion
(Olsson et al. 2002). Hydrogen enrichment was used to control combustion phasing
on a cycle basis. Compression ratio was varied from 15:1 to 21:1, but was found to
have a small effect on the heat release rate. High compression ratio resulted in
higher peak cylinder pressures but also enabled the engine to operate leaner and
reduce NO, formation. Overall, the compression ratio should be high enough to
enable lean operation with low NO, at high load, but also offer good control
authority at maximum load.

Yap et al. studied the effects of hydrogen addition on natural gas HCCI com-
bustion using a light-duty research engine with residual gas trapping (Yap et al.
2004). The hydrogen was produced using an exhaust-assisted reformer, and it was
introduced into the cylinder as hydrogen-rich EGR. The addition of hydrogen in the
fuel—air mixture resulted in lower intake air preheating requirement for autoignition.
However, even with the addition of hydrogen, some intake air preheating was
required in combination with residual gas trapping. The benefit of hydrogen in
reducing the autoignition temperature was more effective at low loads; however, the
addition of hydrogen resulted in higher cylinder temperatures at high load and
higher NO, compared to pure natural gas HCCI. In subsequent experiments, Yap
et al. utilized low-temperature exhaust gas fuel reforming to produce reformate gas
with up to 16% hydrogen by volume (Yap et al. 2006). This reformate gas was
recirculated to the intake and mixed with the fresh natural gas—air mixture to control
autoignition. It was confirmed that the addition of hydrogen reduced the intake air
preheating requirement for autoignition.

The engine-reformer closed-loop operation showed that the hydrogen addition
also promoted stable HCCI operation and extended the low load limit without
reducing combustion efficiency. NO, emissions decreased with the addition of
hydrogen-rich reformate gas; however, CO and unburned hydrocarbon emissions
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(UHC) increased. The addition of hydrogen also had minor benefits on the indicated
specific fuel consumption (Fig. 2.1). The water content in the exhaust gas con-
tributes to the increase of hydrogen production in the reformer and thus offsets the
energy loss due to the oxidation reactions.

Soylu modeled a natural gas HCCI engine using a zero-dimensional model to
investigate the combustion characteristics and phasing strategies (Soylu 2005).
Controlling the equivalence ratio, and temperature and pressure conditions at Intake
Valve Closing (IVC), is critical for controlling combustion phasing and can be
achieved through Variable Valve Actuation (VVA), Variable Compression Ratio
(VCR), and EGR. However, increasing the EGR fraction was found to reduce the
maximum attainable thermal efficiency and load. The addition of propane to natural
gas—air mixtures was also found to be effective in controlling combustion phasing,
albeit being a low-speed control alternative. Provided that good combustion
phasing control is achieved, fuel conversion efficiency of 45% can be achieved at
IMEPn of 4-5 bar.

Natural gas HCCI engines have also been considered for stationary power
generation, including distributed generation and Combined Heat and Power
(CHP) systems. Kobayashi et al. investigated the potential of using a 50 kW natural
gas HCCI engine in a CHP system and performed experimental testing, first on a
single-cylinder research engine and then on a four-cylinder turbocharged engine
(Kobayashi et al. 2011). Experimental results indicated that the load range of
turbocharged HCCI can exceed that of naturally aspirated SI engines (Fig. 2.2).
When the peak cylinder pressure is limited, high thermal efficiency with extremely
low NO, can be achieved by raising the engine compression ratio and limiting the
boost pressure. The four-cylinder turbocharged HCCI engine achieved 43.3% brake
thermal efficiency at 0.98 MPa bar Brake Mean Effective Pressure (BMEP) with
13.8 ppm of engine-out NO, emissions (Fig. 2.3), which confirmed the potential of
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Fig. 2.1 Specific fuel consumption for natural gas HCCI combustion supplemented with 10 and
15% hydrogen, as presented by Yap et al. (2006)
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applications.

Djermouni et al. investigated turbocharged natural gas engines by performing
thermodynamic analysis including energy and exergy calculations (Djermouni and
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Ouadha 2014). Increasing the compressor pressure ratio resulted in increased
thermal and exergetic efficiencies; however, increasing the intake temperature to
facilitate autoignition resulted in reducing both efficiencies. The lean,
low-temperature HCCI combustion resulted in high exergy loss during combustion,
thus increasing the equivalence ratio increased the exergetic efficiency. Overall,
exergy analysis was useful in understanding the losses associated with the gas
exchange and combustion processes and designing natural gas HCCI engines for
maximum efficiency.

Judith et al. also performed numerical simulations of a light-duty, natural gas
HCCIT engine for cogeneration applications and focused on identifying the inter-
actions between engine speed, compression ratio, air/fuel ratio, residual gas trap-
ping, and intake air preheating on enabling HCCI combustion over a wide operating
range (Judith et al. 2017). Model predictions showed that natural gas HCCI com-
bustion could be achieved at compression ratio of 25:1 to 31:1, but ignition timing
at the highest compression ratios was more difficult to control. By varying the air/
fuel ratio and the Residual Gas Fraction, the autoignition timing was greatly
influenced by the heat capacity of the mixture, its reactivity, and the oxygen con-
centration. In a similar fashion to HCCI combustion with liquid fuels, operation
with natural gas depended heavily on compression ratio and intake temperature.

Sofianopoulos et al. also investigated natural gas HCCI combustion for dis-
tributed power using a small free-piston linear alternator concept (Sofianopoulos
et al. 2017). The free-piston engine was modeled using three-dimensional
Computational Fluid Dynamics (CFD) with detailed chemistry in order to iden-
tify the gas exchange, mixture preparation, and combustion processes required for
HCCI combustion with natural gas. The free-piston engine was modeled to operate
at a constant frequency of 20 Hz, which resulted from the mass of the reciprocating
components as well as from the requirements posed by the linear alternator. The
ports of the free-piston engine were designed to eliminate short-circuiting of fresh
mixture from the intake to the exhaust and to trap more than 50% of residual gas in
order to enable autoignition of the lean natural gas—air mixture. Natural gas HCCI
operation was simulated for ten consecutive cycles, and the heat release rate and
cylinder pressure are shown in Fig. 2.4. The free-piston engine was operated at
effective equivalence ratio of 0.32 with residual gas trapping, which resulted in
modeled combustion efficiency of 97.3% and gross indicated efficiency of 38.1% at
1 kW power output.

Dual-Fuel Advanced Natural Gas Combustion

Although HCCI combustion with natural gas has been demonstrated experimentally
and its efficiency and emissions benefits have been documented, the high heat
release rates during combustion limit the achievable upper and lower engine load.
In order to reduce the heat release rates, researchers have utilized dual-fuel com-
bustion that introduces compositional stratification to the air—fuel mixture and
results in a staggered autoignition process. Stanglmaier et al. performed experi-
mental testing on a heavy-duty, John Deere 8.1 L PowerTech natural gas engine,
which was modified to operate on dual-fuel HCCI combustion at low to moderate
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Fig. 2.4 Simulated cylinder pressure and heat release rate of a single-cylinder, natural gas,
free-piston HCCI engine operating with residual gas trapping at effective equivalence ratio of 0.32,
as presented by Sofianopoulos et al. (2017)

loads (Stanglmaier et al. 2001). The engine was equipped with port fuel injectors,
which were used to inject Fischer—Tropsch (FT) naphtha fuel enhanced with
1000 ppm of Ethyl Hexyl Nitrate (EHN) to improve its autoignition characteristics.
The liquid fuel supplemented the lean natural gas—air mixture introduced upstream
in the intake manifold. Dual-fuel HCCI operation was achieved from idle to 5.5 bar
BMEP, which corresponded to about 35% of the peak engine torque. Fuel blending
was an effective way to control the heat release rates in HCCI mode, which were
considerably higher than SI operation. HCCI operation resulted in up to 15% fuel
conversion efficiency benefits compared to SI operation and a simultaneous
reduction of NO, by 95-99%. However, HCCI operation resulted in higher CO and
UHC emissions than SI operation at the same conditions.

Papagiannakis et al. performed experimental testing of dual-fuel natural gas—
diesel combustion on a single-cylinder DI diesel engine (Papagiannakis and
Hountalas 2004). The engine was operated using a premixed natural gas—air mix-
ture and direct injection of a small amount of diesel fuel to control autoignition.
Dual-fuel operation resulted in lower heat release rate and pressure rise rate com-
pared to conventional diesel combustion. At low loads, dual-fuel operation showed
lower fuel conversion efficiency than diesel, but high load operation was equally
efficient. In all cases, dual-fuel operation exhibited low-temperature combustion
characteristics, which resulted in lower NO, formation compared to conventional
diesel combustion.

Kong studied natural/DME HCCI combustion using CFD with detailed chemical
kinetics and compared the modeling results against experimental data from a
single-cylinder Yanmar diesel engine modified for dual-fuel operation (Kong 2007).
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Natural gas and DME were premixed upstream in the engine intake manifold, and
DME was used as an additive to the fuel-air mixture to promote autoignition.
Modeling results showed that HCCI combustion is facilitated by the addition of
DME, and by increasing the DME concentration, the low-temperature heat release
increases and drives the autoignition of the mixture. The modeling results were used
to establish engine operating limits at different concentrations of natural gas and
DME in the mixture (Fig. 2.5). As the natural gas concentration increased, the
operating range becomes narrower and HCCI combustion becomes unstable.

Nieman et al. performed CFD simulations of a heavy-duty RCCI engine oper-
ated with natural gas and diesel (Nieman et al. 2012). Natural gas was used as a
replacement for gasoline as the low reactivity fuel, because its higher RON created
larger reactivity gradient between the two fuels when mixed in the cylinder.
A broad speed and load range were investigated; six operating points from 4 to
23 bar IMEPn and 800 to 1800 rev/min were optimized, which represent typical
heavy-duty engine operating conditions. Using a compression ratio of 16:1, it was
determined that operation up to 13.5 bar IMEP can be achieved without EGR,
while still maintaining high efficiency and low emissions. Natural gas/diesel
operation was compared against gasoline/diesel operation at 9 bar IMEPn and was
found that in the natural gas/diesel gases 90-95% of UHC emissions were methane.
The sensitivity of high load RCCI combustion to injection parameters was exam-
ined, and the results showed that precise injection control is necessary.

Fathi et al. performed experimental testing on a single-cylinder CFR engine
operated in HCCI mode with n-heptane/natural gas fuel (Fathi et al. 2011) and
focused on understanding the effects of EGR on combustion phasing control. The
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Fig. 2.5 Predicted operating limits for a dual-fuel natural gas—-DME HCCI engine at different
natural gas and DME concentrations, as presented by Kong (2007)
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fuel blend was premixed and introduced at the engine intake manifold.
Experimental data showed that EGR reduced the bulk cylinder temperature as well
as the pressure rise rate and peak pressure during combustion. EGR also delayed
autoignition and increased the burn duration due to its effect on the physical and
chemical properties of the mixture (Fig. 2.6). However, in the cases where EGR
resulted in considerably delayed combustion phasing, the thermal efficiency was
reduced. Although EGR reduced the peak cylinder temperatures and thus reduced
NO, formation, it had an adverse effect on CO and UHC emissions.

Doosje et al. also performed experimental testing of RCCI combustion in a
six-cylinder, 8.0 L, heavy-duty engine, using natural gas as the low reactivity fuel
and cooled EGR (Doosje et al. 2014). The engine was used to explore the operating
limits of RCCI combustion. Experimental results showed that RCCI operation
could be achieved between 1200 and 1800 rev/min, 2 and 9 bar BMEP, with
engine-out NO, and soot emissions that satisfied the Euro VI emissions regulations.
UHC emissions were high, but the high exhaust gas temperature was suitable for
using an oxidation catalytic converter. The effect of diesel injection timing on the
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Fig. 2.6 Effect of EGR on the heat release rate of n-heptane/natural gas HCCI combustion, as
presented by Fathi et al. (2011)
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heat release was investigated, and experimental results showed that when the start
of injection (SOI) was advanced beyond 34 CAD before TDC, further advancement
resulted in delayed heat release rate, an indication of operation in the RCCI regime.
For all operating points considered, the engine thermal efficiency in RCCI mode
was comparable to or better than conventional diesel combustion. Total UHC was
high, but 80-85% of them comprised of methane. For the operating conditions
examined, any methane number (MN) variation in the 70—100 range had negligible
effects on RCCI combustion.

Zoldak et al. performed a computational study on RCCI combustion using
natural gas as the low reactivity fuel on a 15.0 L heavy-duty diesel engine (Zoldak
et al. 2014). The trade-offs between fuel consumption, pressure rise rate, peak
cylinder pressure, and emissions formation were examined, and the results showed
that RCCI combustion had the potential for 17.5% NO, reduction, 78% soot
reduction, and 24% decrease in fuel consumption compared to conventional diesel
combustion at the rated power condition using the same air—fuel ratio and EGR
level. Modeling results showed that the amount of diesel fuel injected directly into
the cylinder dictated the mixture reactivity and thus the combustion phasing and
pressure rise rate. The maximum pressure rise rate and peak pressure increased
compared to conventional diesel combustion, but both were within acceptable limits
for engine durability. The large reduction in soot formation in RCCI mode resulted
from the lower level of mixture stratification compared to conventional diesel, as
well as from having natural gas as the low reactivity fuel.

Similar studies were performed by Dahodwala et al., who focused on analyzing
experimental RCCI combustion data on a heavy-duty diesel engine operated at
6 bar BMEP and different speeds (Dahodwala et al. 2014, 2015). The study eval-
uated the impact of various control variables, such as natural gas substitution rate,
EGR rate, and injection strategy on achieving RCCI combustion, and thereby
establishing a framework for identifying the in-cylinder mixture properties required
for RCCI. Experimental data were also collected at 14 bar BMEP in order to
investigate high load RCCI operation as well. A CFD model with detailed chem-
istry was also used to support the analysis of experimental data. Increasing the
natural gas substitution resulted in delayed combustion phasing and lower burn rate,
and also increased CO and UHC emissions. Combustion phasing and burn duration
could also be controlled through the EGR rate, although increasing EGR resulted in
lower combustion efficiency. Increasing the amount of diesel fuel injected in the
cylinder led to more mixture stratification and advanced combustion phasing. The
injection strategy dictates the combustion mode of the engine, and the timing of
injection changes with engine speed. For conventional diesel combustion, NO,
emissions were higher at lower engine speeds. However, for RCCI combustion NO,
emissions were higher at higher engine speeds. Reduced engine speed in RCCI
mode also reduced CO and UHC emissions.

Kakaee et al. used CFD modeling to study the effects of natural gas composition
and engine speed on combustion and emission characteristics of natural gas/diesel
RCCI combustion (Kakaee et al. 2015). RCCI combustion was found to be sen-
sitive to fuel composition and engine speed. Specifically, the Wobbe number
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(WN) of the fuel affected the ignition timing and burn rates. Higher WN resulted in
higher peak cylinder pressure and temperature, higher NO, emissions, but lower
CO and UHC emissions. Gas with lower WN exhibited lower heat release rate,
which resulted in lower combustion efficiency at high engine speeds. Overall, gas
with higher WN was found to be beneficial for efficiency and emissions at high
engine speed operation. The same group studied the effects of piston bowl geometry
on combustion and emissions of natural gas/diesel RCCI engine using CFD
modeling (Kakaee et al. 2016). Three different piston bowl geometries were stud-
ied: a conventional reentrant bowl for diesel operation, a bathtub-shaped, and a
cylindrical bowl (Fig. 2.7). Modeling results showed that the piston bowl geometry
did not affect RCCI combustion at low engine speeds, but had an increasing effect
as engine speed increased. By increasing the bowl depth, cylinder pressure and
temperature increased, which in turn increased NO, emissions. CO and UHC
emissions were minimized at bowl depth of 1 mm. Also, by increasing the piston
chamfer size, the cylinder pressure and temperature increased, which again
increased NO, but also increased the gross indicated efficiency. Using a chamfered
ring-land can reduce UHC emissions particularly at chamfer sizes greater than
3 mm.
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Fig. 2.7 Simulated cylinder velocity (m/s) cutplanes at —20° ATDC, TDC, and 20° ATDC, for
three different piston bowl profiles for natural gas/diesel RCCI combustion, as presented by
Kakaee et al. (2016)
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Jia et al. performed experimental testing of natural gas/diesel RCCI combustion
on a single-cylinder AVL 501 heavy-duty diesel engine and focused on analyzing
the effects of diesel injection timing and duration on combustion at 1200 rev/min
and 9 bar BMEP (Jia and Denbratt 2015). Experiments were conducted at two
compression ratio levels, 14:1 and 17:1. It was found that reducing the compression
ratio to 14:1 had favorable effects on combustion phasing control and NO, emis-
sions, but increased UHC emissions. The lower compression ratio resulted in longer
ignition delay times, longer combustion duration, and also lower heat release rate.
Delaying the injection of diesel fuel made the fuel-air mixture more stratified,
which reduced the ignition delay and increased the burn rate. Overall, it was shown
that RCCI combustion with low NO, and almost zero soot emissions can be
achieved, albeit with high UHC emissions which can be treated in the emissions
control system.

Paykani et al. performed a similar study on investigating injection strategies for
natural gas/diesel RCCI combustion, using CFD modeling (Paykani et al. 2015).
Direct-injected diesel was split into two injections, and it was shown that the timing
of each injection as well as the fuel fraction split has significant effects on RCCI
combustion. Delaying the second injection was found to increase mixture stratifi-
cation, local fuel reactivity, and burned gas temperatures, which advanced com-
bustion phasing and increased NO and soot emissions as well as the ringing
intensity. Similar effects were seen by increasing the amount of diesel fuel injected
in the second injection. The injection timing and duration also played a role when
engine speed was increased, because the available time for fuel-air mixing was
reduced. Therefore, as engine speed increased, the peak pressure and temperature
decreased, which resulted in later combustion phasing and increased CO and UHC
emissions. The simulated mid-load case had over 50% gross indicated efficiency,
with low NO, and soot without using EGR. Combustion phasing could be accu-
rately controlled through the ratio of the natural gas and diesel, as well as through
the ratio of diesel fuel split between the two direct injections. Additionally, it was
found that the large difference in reactivity between natural gas and diesel helped
the engine to achieve low pressure rise rate.

Ansari et al. used experimental testing of a 1.9 L diesel engine and CFD
modeling to map the efficiency and emissions of light-duty natural gas/diesel RCCI
combustion (Ansari et al. 2016). The engine was operated at speeds of 1300-2500
rev/min and loads of 1-7 bar BMEP. Operation was limited to 10 bar/deg of
maximum pressure rise rate and 6% Coefficient of Variation (COV) of IMEP. The
engine operating envelope was explored by varying the natural gas/diesel blend
ratio, the diesel injection fuel split and timing, and the EGR amount. More than
80% of the required fuel energy input in RCCI mode was provided from natural
gas. Experimental results showed that the pressure rise rate is very sensitive to the
pilot injection timing and the fuel split ratio between the two direct injections. At
low loads, RCCI combustion provided brake thermal efficiency equivalent to or
lower than diesel; however, as speed and load increased, the efficiency increased as
well. The maximum recorded brake efficiency for RCCI combustion was 39% at
2500 rev/min and 6 bar BMEP, compared to 34% for conventional diesel
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combustion. Up to 92% reduction in NO, was achieved through precise control of
the injection parameters. The majority of the RCCI operating points had exhaust
gas temperature below 450 °C, which is a typical light-off temperature for methane
oxidation catalysts. Therefore, the low exhaust gas temperature and the high CO
and UHC emissions present a major challenge for the commercial adoption of
natural gas/diesel RCCI engines.

Hockett et al. focused on developing a reduced chemical kinetics mechanism for
performing detailed chemistry calculations of natural gas/diesel dual-fuel engines
(Hockett et al. 2016). In this mechanism, natural gas is modeled as a mixture of
methane, ethane, and propane, while diesel is modeled as n-heptane. The mecha-
nism consists of 141 species and 709 reactions and has been validated against
experimental premixed laminar flame speed measurements of CH,/O,/He mixtures,
ignition delay and lift-off length from a diesel spray experiment in a constant
volume chamber, and also against dual-fuel engine experiments using CFD simu-
lations. The results showed that this mechanism accurately reproduces the chemical
kinetic behavior of larger detailed mechanisms and captures the laminar flame
speeds at high pressure, the ignition delay and lift-off length of the diesel experi-
ment, and the heat release rate in the engine experiments. Also, this reduced
mechanism is able to accurately model varying natural gas reactivity without
relying on rate constant tuning.

Poorghasemi et al. performed CFD simulations with detailed chemical kinetics
to study the effect of diesel injection strategies on natural gas/diesel RCCI com-
bustion in a light-duty engine (Poorghasemi et al. 2017). The parameters that were
varied in the simulations included the premixed ratio of natural gas, the diesel fuel
fraction split between the first and second injection, the timing of the two injections,
the injection pressure, and the spray included angle. The modeling results showed
that by increasing the premixed ratio of natural gas, the mixture reactivity is
reduced, resulting in increased ignition delay and lower heat release rates. The
diesel injection strategy has significant effects on RCCI combustion because it
controls the local reactivity of the mixture. As the direct injections are moved
toward TDC, the local reactivity of the mixture increases the temperature during
combustion by raising the local equivalence ratio. Increasing the amount of diesel
fuel injected in the first pulse resulted in higher heat release rates and cylinder
pressure. However, more diesel fuel is accumulated in the crevice volume and on
the cylinder wall, which increased CO and UHC emissions. By increasing the spray
angle, more fuel was burned in the centerline of the spray and the squish region of
the combustion chamber. However, by decreasing the spray angle, more fuel was
burned in the cylinder bulk. The latter results in higher CO and UHC emissions
generated near the cylinder walls, as well as higher NO, formation due to locally
richer zones that result in higher burned gas temperature.

Rahnama et al. used CFD modeling to investigate natural gas/diesel RCCI
combustion in a heavy-duty engine and focused on investigating the effects of using
hydrogen, reformer gas, and nitrogen on combustion (Rahnama et al. 2017). The
lower reactivity of natural gas compared to gasoline resulted in compromised
engine performance at low loads, but the addition of hydrogen or syngas (reformer
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gas) as additives can improve the combustion process at low loads (Fig. 2.8). They
can increase the combustion and thermal efficiencies and significantly reduce the
UHC and CO formation. However, high values of hydrogen and syngas were found
to increase cylinder temperature and thus NO, emissions.

The modeling results showed that adding hydrogen or syngas to RCCI com-
bustion increases the combustion efficiency and is more favorable than increasing
the fuel fraction of the direct-injected diesel, because the latter increases soot for-
mation. The ignition delay and start of combustion were not significantly affected
by the addition of hydrogen or syngas, and it can be well controlled by the diesel
fuel fraction and the intake temperature. Medium load operation was not greatly
benefited by the additive gases, despite the fact that thermal efficiency was
increased, and UHC and CO emissions were reduced compared to the baseline
RCCI engine.

Gharehghani et al. performed an experimental study of RCCI combustion with
natural gas and biodiesel derived from waste fish oil, using a single-cylinder
Ricardo E6 diesel engine (Gharehghani et al. 2015). The properties of the biodiesel
used in their study are shown in Table 2.1, along with diesel and natural gas.

The waste fish oil biodiesel has higher cetane number and oxygen content than
conventional diesel, which resulted in higher heat release rates and more stable
combustion in natural gas/biodiesel RCCI operation. Figure 2.9 shows the heat
release rates for conventional diesel and RCCI combustion modes using diesel,
biodiesel, and natural gas. The higher heat release rate in natural gas/biodiesel
RCCI combustion led to 1.6% higher gross thermal efficiency than the natural gas/
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Fig. 2.8 Impact of hydrogen addition on the heat release rate and cylinder pressure of a
heavy-duty natural gas/diesel RCCI engine, as presented by Rahnama et al. (2017)
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Fig. 2.9 Heat release rate for conventional diesel and RCCI combustion modes in a
single-cylinder engine, using diesel, biodiesel, and natural gas, as presented by Gharehghani
et al. (2015)

diesel RCCI, as well as higher combustion efficiency and marginally lower heat
transfer losses.

Based on experimental results, the waste fish oil biodiesel was found to be a
good alternative to diesel, with great potential for CO reduction in RCCI mode,
especially at medium and high loads. RCCI combustion using premixed natural gas
with either diesel or biodiesel was found to have significantly lower NO, formation
than conventional diesel combustion.
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Bekdemir et al. performed multi-zone modeling of natural gas/diesel RCCI
combustion and focused on deriving real-time, map-based models that can be used
for RCCI control system development (Bekdemir et al. 2015). The multi-zone
model was used to extract trends of control-relevant quantities, such as CAI0,
CAS50, peak cylinder pressure, peak pressure rise rate, and NO, emissions, as
functions of the start of injection, fuel blend ratio, and engine speed. Overall, the
model was able to capture the right trends as functions of the control variables,
which can be used for future control system development. However, the model
showed sensitivity to the initial temperature of the mixture, which can be addressed
by investigating cylinder-to-cylinder and cycle-to-cycle variations.

Advanced and dual-fuel combustion concepts using natural gas have shown
great potential for efficiency gains and emissions reduction, but are also susceptible
to abnormal combustion phenomena such as knock and Low-Speed Pre-Ignition
(LSPI). LSPI has typically been associated with downsized, boosted SI engines, but
Zaccardi et al. discussed the occurrence of LSPI in diesel-methane CI engines
(Zaccardi and Serrano 2014). The LSPI occurrence in dual-fuel engines has been
linked to the diesel pilot start of injection, which can vary and thus affect the
temperature of exhaust gases and in-cylinder trapped burned gases. However, the
causes of LSPI in CI engines can be multiple and complex to identify. The com-
bustion process of CI dual-fuel engines is radically different than SI engines in
terms of mixture preparation and ignition, thus the mechanisms causing LSPI in SI
engines (overheated spark plugs, liquid fuel films, and fuel-oil interactions) may not
necessarily apply to CI engines. The sources of LSPI in CI diesel-methane engines
have been mainly associated with local spontaneous gas phase autoignition, orig-
inating from hot residual gases and temperature heterogeneity in the combustion
chamber (Zaccardi and Serrano 2014).

Kirsten et al. presented a study on advanced knock detection in diesel/natural gas
engines and introduced a novel methodology using the in-cylinder pressure and the
knock sensor data (Kirsten et al. 2016). Their methodology accounted for variation
in multiple parameters such as diesel rail pressure, start of injection, amount of fuel
injected, equivalence ratio, intake air temperature, methane number, compression
ratio, and load. Based on these parameters, they developed an algorithm that can
distinguish between individual knocking and normal cycles, while considering the
premixed and diffusion phases of CI combustion.

2.2 Summary and Future Outlook

The experimental and modeling studies discussed in this chapter have shown that
natural gas can be used as a fuel for low-temperature combustion engine concepts
such as HCCI and RCCI. Specifically, the lower reactivity of natural gas compared
to gasoline makes it suitable for dual-fuel advanced combustion concepts, in which
the natural gas is paired with a high reactivity fuel such as diesel or biodiesel. In
these applications, natural gas can be used to create a background fuel-air mixture
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for lean, low-temperature combustion with high thermal efficiency and low soot,
NO,, UHC, and CO formation. These characteristics can enable advanced natural
gas and dual-fuel engines to provide solutions for future transportation and power
generation systems. The low reactivity of natural gas makes the implementation of
single-fuel HCCI engines challenging; however, dual-fuel diesel/natural gas engi-
nes are already used in stationary power generation and locomotive applications
and have strong potential to be used in heavy-duty on-highway and off-highway
applications.

The main challenge of advanced natural gas combustion is associated with
unburned fuel (or natural gas slip), which is manifested as methane emissions in the
exhaust and needs to be treated in low-temperature aftertreatment systems. Another
challenge is the identification and prevention of abnormal combustion phenomena
such as knock and LSPI, which are different in nature than those observed in SI
engines. Despite these challenges, advanced natural gas engines have strong
potential for use in transportation and power generation in the future. Making
advanced natural gas engines widely commercially available will result in direct
reduction of CO, emissions, as well as reduced dependence on liquid petroleum
fuels.
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Chapter 3 M)
The Ultra-Lean Partially Stratified Lk
Charge Approach to Reducing

Emissions in Natural Gas Spark-Ignited
Engines

L. Bartolucci, E. C. Chan, S. Cordiner, R. L. Evans and V. Mulone

Abstract Lean-burn natural gas engines can be used to reduce exhaust emissions
significantly. However, as the mixture is leaned out, the occurrence of extinction
and incomplete combustion increases, resulting in poor performance and stability,
as well as elevated levels of unburned hydrocarbon (UHC) and nitrogen oxides
(NO,) emissions. The partially stratified charge (PSC) method can be used to
mitigate these issues, while extending the lean misfire limit (LML) beyond its
equivalent, homogeneous level. In this chapter, the PSC ignition and combustion
processes are examined following a comprehensive experimental and numerical
approach. Experiments are conducted in an idealized PSC configuration, using a
constant volume combustion chamber (CVCC), to identify the principle enabling
mechanisms of the PSC methodology. Engine tests conducted in a single-cylinder
research engine (SCRE) demonstrate the feasibility of various PSC implementa-
tions in improving performance and emission characteristics in real-world settings.
Complementary numerical analyses for the CVCC are obtained through large eddy
simulations (LES), while Reynolds-averaged Navier—Stokes (RANS) simulations
are conducted for SCRE with reduced chemical kinetics. The corresponding
simulated results provide additional insights in characterizing the effect of fuel
stratification on flame kernel maturation and flame propagation, the interplay
between chemistry and turbulence at different overall air—fuel ratios, as well as
formation of major pollutant species.
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Acronyms and Abbreviations

abs Absolute (pressure level)
AMR Adaptive mesh refinement
AS After spark onset

ASOI After start of injection (ms)

BFSC Brake-specific fuel consumption (g/kWh)
BMEP Brake-specific mean effective pressure (bar)
B/ATDC Before/after top dead center

CAD Crank angle degree (°)

CFD Computational fluid dynamics

(ONG (Compressed) natural gas

CoV Coefficient of variation (%)

CvCC Constant volume combustion chamber
DNS Direct numerical simulation

HR(R) Heat release (Rate) (kJ (/s))

I/EVC Intake/exhaust valve closed

I/EVO Intake/exhaust valve open

IMEP Indicated mean effective pressure (bar)
LES Large eddy simulation

LML Lean misfire limit (-)

LPG Liquefied petroleum gas

MBT Mean best torque

MFB Mass fraction burned (%)

NO, Nitrogen oxides (i.e., NO + NO,)
PaSR Partially stirred reactor

PM Particulate matter

PSC Partially stratified charge

RANS Reynolds-averaged Navier—Stokes
RNG Renormalization group

RPM Revolutions per minute

S/EOI Start/end of injection (ms)
SCRE Single-cylinder research engine
T/BDC  Top/bottom dead center

TCI Turbulence chemistry interaction
TKE Turbulent kinetic energy (m*/s%)
(U)HC (Unburned) hydrocarbon

WOT Wide-open throttle
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3.1 Introduction

Natural gas (NG; CNG for the compressed variety) is a viable alternative to con-
ventional fossil fuels. Passenger vehicles fueled with CNG produce over 25% less
carbon dioxide (CO,) per driven kilometer than its gasoline counterpart (Helmers
2009; Prieur and Tilagone 2007). For heavy-duty applications, CNG engines are
shown have significant reductions in specific emissions for regulated and
non-regulated pollutants compared to their diesel equivalents. Particularly for nitro-
gen oxides (NO,), the emission level can be decreased from 2.79 g/kWh for Diesel to
0.992 g/kWh for CNG. Similar improvements can also be seen for particulate matters
(PM), which can be reduced from 79.5 mg/kWh (Diesel) to 1.53 mg/kWh
(CNG) (Ntziachristos and Samaras 2016). The introduction of lean-burn strategies
in natural gas combustion processes further minimizes CO, and other emissions,
while extending operating range with limited power losses through throttling.

The main challenge, however, pertains to stabilizing CNG combustion processes
beyond its lean misfire limit (LML). Promoting turbulent mixing, for instance,
through modifying piston bowl topology, may partially address the issue (Evans and
Blaszcyk 1998). A more common approach, however, involves facilitating a rich fuel
region and igniting the mixture in its vicinity. This allows a more sustainable flame
kernel development, as the excess energy release from the richer mixture provides
support to the flame propagating into the leaner, unburned mixture. Normally, fuel
stratification is achieved by staging the ignition in a small segregated region, known
as the prechamber, connected to the combustion chamber (Esfahanian et al. 2017,
Shah et al. 2015). This has been shown to stabilize lean natural gas combustion
substantially, through turbulence production (Arcoumanis et al. 1997) from the
resulting flame jet and the availability of reactive radicals (Chung et al. 2003) in the
combustion chamber. Alternatively, fuel stratification can also take place in the
absence of the prechamber. In the partially stratified charge (PSC) ignition strategy
(Evans 2000), a small amount of fuel is injected near the ignition zone in the com-
bustion chamber. Thus, stabilization of flame kernel growth and subsequent flame
propagation can be achieved with a higher level of fuel stratification. A number of
studies (Chicka 2012; Logan 2011; Reynolds and Evans 2004) have demonstrated
the feasibility of the PSC methodology, in various implementations, on extending the
lean operating range without throttling under engine conditions.

This chapter details a comprehensive experimental and numerical approach on
the fundamentals and application of PSC, beginning with an overview on engine
combustion stability and its stochastic treatment. This is followed by a discussion of
the principal enabling mechanisms of the PSC technology, or more generally, spark
ignition in a spatially stratified environment, as well as the aero- and thermody-
namic interactions between the stratified fuel injection and the ambient environ-
ment. An idealized PSC arrangement is then examined experimentally in a constant
volume combustion chamber (CVCC), where accompanying results obtained
through large eddy simulations (LES) provide additional insights in terms of
mixture formation mechanisms and flame front development. The experimental and
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numerical analyses will be further applied to an engine environment, in which the
PSC system is deployed to a single-cylinder research engine (SCRE), along with
results from various PSC implementations.

3.2 Lean Misfire Limit

Misfire is a phenomenon occurring in spark-ignited engines where the combustion
process is prematurely terminated, either due to extinction before the end of the
combustion cycle or when the combustion process is still ongoing when the charge is
evacuated into the exhaust stream. Misfires have a negative impact on engine power
output and produce additional unburned hydrocarbon (UHC) and nitrogen oxides
(NO,). In engine conditions, it is often instructive to define a misfire limit as a
statistical diagnostic indicator, where the occurrences of misfire over a representative
number of engine cycles are deemed significant. A common definition for the misfire
limit is based on the coefficient of variation (CoV) of engine performance indicators
such as indicated mean effective pressure (IMEP), as shown in Eq. (3.1):

g
COVIMEP = (—) (31)
K/ \vep

where p and ¢ are the mean and standard deviation, respectively, for an observable
parameter, in this case the IMEP. A generally accepted criterion for misfire consists
of a threshold, usually set to 10% (Heywood 1989) or 5% (Reynolds and Evans
2004) of the CoV, sometimes thresholds as low as 2% (Daniels and Scilzo 1996)
can also be used.

Under identical engine configuration and operating conditions, the CoV is likely to
be higher while running on leaner air—fuel mixtures than in near stoichiometric mix-
tures. The available heat released from the combustion process and the associated
reaction rate decrease in leaner mixtures, leading to a reduction in flammability and
flame front stability (Ahmed and Mastorakos 2006; Ahmed et al. 2007). The maximum
air—fuel ratio above which the misfire limit is exceeded is known as the lean misfire
limit, or LML. Figure 3.1 shows a typical CoV on the IMEP over a range of relative
air—fuel ratios (/) for a natural gas spark-ignited engine, where the LML determined to
be A = 1.58 for the 10% CoV criterion, and 1.55 for the 5% criterion. It can be seen
from Fig. 3.1 that the transition from stable to unstable combustion is rapid and distinct
as the relative air—fuel ratio increases. Therefore, the onset of misfire can be determined
by using an LP combination of the asymptotic parameterization for the pre- and
post-misfire behaviors of the CoV (Churchill and Usagi 1972):

CoV(2) = [f5(A)+17 (2 ], (3.2)
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Fig. 3.1 Determining the LML of an exemplary spark-ignited natural gas engine using
CoV IMEP. The onset for misfire, as well as the 5 and 10% LML criterion, has been identified.
Key: O: Test bench measurements, BM: identified misfire limits, - -: asymptotic pre- and
post-misfire parameterizations, —: L” combination of parameterized asymptotes

where fy(4) and fi(4) are the parameterized functions for the pre- and post-misfire
regions, respectively, and p is an arbitrary blending coefficient, and it is equal to
two in this case. The value of A at the intersection between fy(4) and fi(4) can be
interpreted as the onset of misfire, and the CoV can be determined evaluating
Eq. (3.2) at the corresponding 4 value. Using this method, the onset is found to be
located at A = 1.51, with a corresponding CoV of 2.12%. This is also close to the
2% misfire criterion used in reference (Daniels and Scilzo 1996).

A more comprehensive approach, however, involves inspecting the distribution of
IMEP and timing of cylinder peak pressure, as shown in Fig. 3.2, where the data of a
spark-ignited, homogeneous charge natural gas engine operating at 2000 RPM at
different air—fuel ratios (Reynolds and Evans 2004) are presented. The corresponding
values for CoV on IMEP are 0.9% for A = 1 and 21.6% for 4 = 1.54. The individual
misfired engine cycles from the sample can be identified using statistical classification
techniques such as k-means clustering (Lloyd 1982). The number of misfired cycles
for 1 = 1.54 is determined to be 24% of all cycles, while the associated CoV on
IMEP is 21.6%, well beyond the standard criteria for misfires (i.e., 5% and 10%
CoV). In addition, these misfired cycles correspond to two modes. First are misfires
due to ignition failure, characterized by a near-zero IMEP. This implies inability for
the flame kernel to reach maturity and propagate into the bulk mixture. The second
mode is partial combustion due to a slow burn rate, as suggested by low-to-moderate
IMEP values for the corresponding combustion cycles.
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3.3 Strategies for Combustion Stabilization

Based on the observations from Fig. 3.2, stabilizing combustion in lean-burn
conditions requires a combination of mitigating strategies aimed at reducing the two
modes of misfires. First and more obvious, thermal support must be provided to
foster flame kernel maturation to prevent ignition failure. Furthermore, additional
measures should be in place to promote penetration of the flame front into the bulk
mixture once the flame kernel reaches maturity. These theoretical considerations
will be discussed below.

3.3.1 Stabilizing Flame Kernel Maturation

During the initial stages of spark ignition, the electric spark produces a high-
temperature plasma at the ignition zone and forms an expanding flame front, initiating
the combustion process. This developing flame front is known as the flame kernel. Asit
expands, the growth rate of the flame kernel is sensitive to the local flow and mixture
composition in its vicinity (Abdel-Gayed and Bradley 1985; Johansson et al. 1995).
Thus, the term flame kernel maturity (Eichengerber and Roberts 1999) is used to
describe this phase of combustion process. The maturity of the flame kernel can be
rudimentarily inferred from the pressure history of the combustion event, defined by an
arbitrary but reasonable level of initial mass fraction burned (MFB) (Aleiferis et al.
2003; Kalghatgi 1985). Typically, this corresponds to the first 5 to 10% of MFB.
Alternatively, flame kernel maturity can be conceptualized to be bounded by the
Kolmogorov and integral length scales (Herweg and Maly 1992), which supports the

(a) o (b)
© © O ©
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w w
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- - < © Normal Combustion
® ¥ Partial Combustion
< Ignition Failure
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Fig. 3.2 Distribution of IMEP and peak pressure crank angle of 100 consecutive engine cycles for
a homogeneous charge, spark-ignited natural gas engine operating at 2000 RPM with a 4 = 1.00 at
half throttle and b 4 = 1.61 at full throttle. The coefficients of variation on the IMEP are 0.90 and
21.6% respectively. Adopted from (Reynolds and Evans 2004)
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notion that a matured flame kernel further expands at a fully-developed turbulent
flame speed (Bradley et al. 1994; Tan and Reitz 2006). Therefore, the flame kernel is
considered to have reached maturity when it is sufficiently large to be advected to the
remaining mixture in a self-sustained manner (Chen and Ju 2007; Deshaies and
Joulin 1984). This critical size can be based on a characteristic length scale (Herweg
and Maly 1992; Tan and Reitz 2006) or volume (Andreassi et al. 2003; Kuo and
Reitz 1992). In the presence of turbulence, this critical scale can be derived from the
integral length scale (Fan and Reitz 2000; Song and Sunwoo 2000).

The initial spherical flame kernel undergoes deformation, known as wrinkling, in
the turbulent flow field (Eichengerber and Roberts 1999), and the likelihood of
extinction increases as the flame kernel grows and becomes progressively sensitive
to turbulent vortices at the lower frequency spectrum (Jenkins et al. 2006). Further,
since the kernel expansion speed depends in part on the laminar flame speed,
turbulence is more likely to hinder flame kernel development in lean-burn than in
stoichiometric conditions (Ho and Santavicca 1987). Based on studies on ignition
limits in homogeneous charge under turbulence (Abdel-Gayed and Bradley 1985;
Herweg and Maly 1992), a criterion for stable flame kernel maturation for natural
gas/air mixtures is derived (Chan et al. 2011):

PENTIOE
(1) (5) <1 (33)

where Jp is the laminar thickness of the kernel flame front, L, is the local integral
length scale, u' is the local mean turbulent fluctuation, and Sy is the local laminar
flame speed. The time for a flame kernel to reach maturity asymptotically increases
as the criterion set forth in Eq. (3.3) approaches unity, indicating that wrinkling is
too severe to sustain flame kernel growth (Chan et al. 2011).

Traditionally, this has been remedied through the use of stratified charge ignition
methods, that is, the flame is initiated at a location of favorable fuel concentration and
propagated over an adverse concentration gradient. A number fundamental studies
involving spark ignition in stratified environments (Kang and Kyritsis 2005; Pires da
Cruz et al. 2000; Richardson et al. 2010) indicated that the heat released from the richer
mixture upstream provides enhancement, termed back support, to the advancing flame
front, which results in a higher effective flame speed than the mixture at its equivalent,
homogeneous concentration. This enhancement is particularly effective in stratified
methane—air flames than heavier hydrocarbon such as propane and n-heptane (Pires da
Cruz et al. 2000; Shi et al. 2017). This is due to a local increase in production of H and
OH radicals, as well as intermediate hydrocarbon species such as CH,0O, resulting
from the high ratio of hydrogen-to-carbon atoms, thus providing additional reaction
pathways. Consequently, the combination of these mechanisms also extends the lean
flammability limit of the air—fuel mixture in a stratified environment. For laminar
methane—air flames, an extension of the lean limit to 4 = 2.85 can be observed (Kang
and Kyritsis 2005), while for the turbulent natural gas flame jets, an extension from
A = 1.6 to beyond A = 2.0 is achieved (Chan 2010).
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3.3.2 Stratified Air—-Fuel Mixture Formation

While typical spark-ignited engines operate in homogeneous mixtures, spatial and
temporal variations of fuel concentration can be introduced directly to the engine
cylinder under stratified operation. In particular, for the PSC operation, pilot fuel is
injected in the vicinity of the ignition zone, producing a fuel-rich region along the
trajectory of the injection. In addition to providing thermal back support, as pre-
viously discussed, the injection also results in flame stretch and wrinkling, which
could further affect combustion quality.

Gaseous fuel injection is a transient, compressible, and turbulent phenomenon,
where the injected fuel mass has a different composition than the ambient mixture.
For ease of understanding the physical processes of mixture formation, the fuel
injection could be conceptualized as a spheroidal “vortex ball” containing both the
injected fuel and entrained ambient gas, trailed by a conical jet (Turner 1963), such
as that illustrated in Fig. 3.3. The evolution of the injection can be summarily
described by its penetration length, its maximum extent from the center of the
injection nozzle. The entrainment of the fuel jet can be effectively regarded as the
mixing ratio between the injected fuel mass and the mass of entrained ambient gas.
At the early stages of the injection process, the injected fuel mass is greater than the
entrained mass, and the mixing of the injected fuel with ambient gas takes place at
the tip of the injection (Cossali et al. 2001), which forms a vortex ring. As the
injection proceeds, the entrained mass begins to dominate the jet composition, and
the entrainment mechanism shifts from the mixing at the tip vortex to shear
interaction in the trailing jet. Toward this limit, the jet also exhibits self-similar
behavior. In an axisymmetric geometry, this self-similarity phase takes place from
10 to 20 nozzle diameters downstream of the jet nozzle, as observed by the
empirical studies (Hill 1972; Ouellette and Hill 2001; Witze 1980).

Universal profiles can be derived to describe its mean radial velocity and con-
centration profiles at any point of time along the central axis (Hussein et al. 1994;

Electrode
Entrainment Plume head
PSC plume
PSC nozzle /
Entrainment / /
Bulk mixture

Electrode

Fig. 3.3 An idealized illustration of a fuel jet with the vortex ball interpretation
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Wygnanski and Fiedler 1969). In particular, an analytical model for jet penetration
has been proposed for a self-similar turbulent gaseous axisymmetric jet for a
wide-range injection-to-ambient pressure ratio, including underexpanded jets
(Ouellette and Hill 2001):

g e

oo

where z is the axial penetration of the jet relative from a virtual origin, the geo-
metrical apex of the conical jet, py and p are the densities of the injected gas and
the ambient mixture, respectively, Dy is the nozzle diameter, U, is the velocity of
the jet at the nozzle, ¢ is the time elapsed from the start of injection, and I" is a
penetration factor and is reported to be 3.08 (Ouellette and Hill 2001). Note that the
term (po/poo)l/zDo is also known as equivalent diameter, an effective length scale
accounting for difference in said densities. Further, based on empirical observations
on steady, turbulent jets (Ricou and Spalding 1973), a linear relationship between
penetration and entrainment, termed entrainment coefficient, K, has been proposed

(Hill 1972):
I CAYIRYEN
= (&) ) () 6

which is dependent on the injection mass flowrate, 71y, as well as the aforemen-
tioned equivalent diameter. In the axisymmetric, self-similar limit, K, can be shown
to assume a constant value of 0.32 (Hill 1972). This is later also confirmed to be the
asymptotic limit for transient jets (Cossali et al. 2001).

In addition to stratification of fuel concentration, i.e., back support, the injection
also introduces aerodynamic strain of the flame front. The intermittent nature of fuel
pocket distribution is reflected in the stochastic treatment of ignition behavior
(Alvani and Fairweather 2002; Birch et al. 1981; Effelsberg and Peters 1983).
Accordingly, this affects the probability of flame kernel maturation and the sub-
sequent flame propagation of the mixture at a local level (Ahmed et al. 2007). For
laminar jet flames, negative flame stretch can be observed in cases where a rich
mixture is injected into a lean, homogeneous mixture, effectively increasing flame
propagation rate and thus with a stabilizing effect (Balusamy et al. 2014). Similar
observations are also made with the direct numerical simulation (DNS) of a lifted
jet flame (Ruan et al. 2014). However, in a bluff-body configuration (Ahmed and
Mastorakos 2006; Ahmed et al. 2007), for a non-premixed gaseous fuel jet, the
probability of ignition, that is, whether the ignition results into a sustained flame
propagation, rapidly decreases downstream of the stoichiometric contour formed by
the jet and surrounding mixture, particularly near the vortex tip of the jet, due to
local straining and dilution.
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3.4 Idealized PSC Injection/Ignition Process

To observe and identify the principal enabling mechanisms of the PSC ignition
technique, and more generally non-premixed spark-ignited combustion, in a quan-
tifiable and adjustable manner, an optically accessible, constant volume combustion
chamber (CVCC) is constructed, such that the PSC injection and ignition processes
can take place in an idealized, controlled environment. The fuel mixture stratification
occurs solely between the PSC injection and the initially quiescent, bulk homoge-
neous mixture. In order to reduce geometrical interference as well as minimizing
conduction heat loss, particularly during flame kernel maturation, sharpened thin-wire
electrodes are used in lieu of an automotive spark plug. The ignition zone is kept
along the axis of symmetry of the PSC jet to minimize effects of intermittent fuel
concentration near the edge of the PSC jet (Ahmed and Mastorakos 2006; Smith et al.
1988). This also preserves the symmetry of the injection and subsequent combustion
characteristics. A schematic of the idealized PSC system is presented in Fig. 3.3.

3.4.1 Constant Volume Combustion Chamber

The interior of the CVCC consists of a cylindrical volume with a bore of 80 mm
and a height of 50.8 mm. The total displacement of the CVCC is 369 cm”. Four
optical ports are in orthogonal arrangement around the cylindrical central axis.
The PSC injection and spark ignition also take place along this axis. The PSC fuel
is injected through a capillary tube of diameter 0.571 mm into the combustion
chamber. The electrodes (0.406 mm diameter), located 10 mm downstream of the
capillary tube nozzle, maintain a 1 mm spark gap to ascertain sufficient energy to
reach electrical breakdown (Paschen 1889). The operative dimensions of the CVCC
are summarized in Table 3.1.

Figure 3.4 shows the general schematic of the mixture preparation and fuel
delivery system for the CVCC. Both air and CNG originate from intensified
sources. A partial pressure approach is used to prepare the bulk mixture and obtain
the target overall air-to-fuel ratio. The pressure of the bulk mixture is kept at 7 bar

Table 3.1 Operative dimensions of the CVCC

Bore diameter (mm) 80
Bore height (mm) 50.8
Chamber volume (cc) 369
Number of view ports 4
View port diameter (mm) 50.8
PSC injector nozzle diameter (mm) 0.571
Spark electrode gap (mm) 1
Spark location from nozzle (mm) 10
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Fig. 3.4 Schematic of the CVCC fuel and air delivery system

(abs.). The CNG composition is obtained daily using a gas chromatography ana-
lyzer. The pressure of the PSC fuel line is regulated at 10 bar (abs.) throughout.
Based on mass flow measured data (see following section), the amount of PSC
charge injected is 0.35 mg, that is less than 0.6% of the bulk charge at 1 = 2.0.
The PSC injection and ignition events are captured visually using Z-type Schlieren
motion photography at a frame rate of 0.1 ms. The instantaneous chamber pressure
is measured and recorded through static and dynamic pressure transducers.

3.4.2 Preignition Characterization of PSC Injection

The mass of PSC fuel injected from a line pressure of 10 bar (abs.) into a bulk
mixture at 7 bar (abs.) is equal to 0.354 mg. Using the Schlieren images, the
preignition characteristics of the PSC fuel jet can be visually inspected. The extent
of the fuel jet at each recorded time can be identified in an automated manner using
common image processing techniques such as edge detection (Canny 1986). The
injection duration of the PSC jet under said CVCC operating conditions is 9.9 ms
over 120 samples. The Schlieren images of the PSC injections at various stages are
presented in Fig. 3.5. It can be seen that early in the injection, the jet exhibits near
cylindrical trailing core and a substantially larger vortex tip section, suggesting
entrainment at the tip. This persists to until about 1.0 ms, in which the trailing
section begins to assume a conic shape, reminiscent of entrainment in the jet tail. By
2.0 ms, the PSC jet transitions into the fully-developed regime.

Figure 3.6 shows the quantification of the mean penetration history over 120
PSC injection events in the CVCC. The injection time (after SOI) is normalized by



3 The Ultra-Lean Partially Stratified Charge Approach to Reducing ... 41

Fig. 3.5 Schlieren images of a PSC injection event in the CVCC at a 0.5 ms, b 1.0 ms, ¢ 2.0 ms,
and d 4.0 ms after SOI
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Fig. 3.6 Normalized penetration history of the PSC jet. Key: O CVCC Schlieren visualization,
— self-similar jet penetration model in Eq. (3.4)

a time constant, (p¢/ poo)”2 Dy/Uy, based on the effective diameter and the injection
velocity at the nozzle. Meanwhile, the jet penetration is normalized by the nozzle
diameter. The analytical jet penetration model (Ouellette and Hill 2001) in Eq. (3.4)
is also included for comparison. It can be seen that, for the PSC jet, the transition to
a self-similar regime takes place at approximately 20 nozzle diameters, as indicated
by the comparison with the analytical model.

3.4.3 Enhancement Strategies of PSC Combustion

The test scenarios for the CVCC ignition experiments are summarized in Table 3.2.
A range of overall air—fuel ratios between 1.2 and 2.0 is considered. A set of
homogeneous cases (NO PSC) serves as baseline to the PSC runs. To successfully
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Table 3.2 Test matrix for the PSC CVCC experiments

A 1.2 14 1.6 1.8 2.0
NO PSC X - -
SOI X X X
EOI x 1 X X X
EOI x 2 - - X X X

ignite the CVCC bulk mixture with the PSC injection, two spark timings are
contemplated: at the start of injection (SOI) and at the end of injection (EOI x 1).
An additional PSC ignition strategy is also introduced (EOI x 2), in which a
second PSC injection takes place 10 ms following spark ignition at the EOI x 1
timing. Note that for the homogeneous scenarios, the spark-ignited flame kernel
fails to reach maturity at A = 1.8 and 2.0. Further, for the EOI x 2 cases, no
significant improvement can be observed in relation to the corresponding EOI x 1
cases for cases where 4 < 1.6. These results are not presented.

The instantaneous pressure history and the corresponding Schlieren motion
images of each sample point are recorded. The energy release during combustion
process is calculated with the following relationship for a constant volume process:

AE = (y‘—/l) /I%p(t)dt, (3.6)

fo

where AE is the sensible energy release, V is the volume of the CVCC, y is the ratio
of specific heats for natural gas (y = 1.32), p(¢) is the instantaneous pressure, and #,
is the time of spark onset. As no energy is released from the air—fuel mixture prior
to ignition (i.e., t < ty), the integration constant for Eq. (3.6) is zero. The heat
release results are then normalized to the following dimensionless terms:

L
SRR e

where Z stands for the normalized energy release rate, H is the energy content of the
overall mixture in the CVCC, while p/p, denote the ratio between the burned and
unburned gas densities, and Sy is the laminar flame speed of the overall mixture.
The mixture-specific quantities, Sy, H, and py/p,, are calculated for the experi-
mental operating temperature, pressure and air—fuel ratios. These are shown in

Table 3.3. Also note that, as the PSC fuel mass is 0.534 mg, the PSC injection
represents about 0.4% of the total fuel mass at 4 = 2.0, and about 0.25% at 1 = 1.2.

and
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Table 3.3 CVCC combustion characteristics at different air—fuel ratios at a chamber pressure of

7 bar (abs.)

A 1.2 14 1.6 1.8 2.0
Myyer (M) 145.8 126.5 111.6 99.91 90.42
St (cm/s) 11.62 7.026 4.543 3.092 2.192
H (kJ) 7.159 6.209 5.481 4.906 4.440
Pv/pu () 0.1372 0.1353 0.1360 0.1784 0.1913
Table 3.4 Normalized energy release for all cases

A 1.2 14 1.6 1.8 2.0

NO PSC 0.6259 0.5484 0.4801 - -

SOl 0.6377 0.5859 0.5940 0.2837 0.08,698
EOI x 1 0.6299 0.5822 0.5481 0.4333 0.2994
EOI x 2 - - 0.5797 0.4980 0.3568

For the EOI x 2 scenarios, the level of stratification through PSC is accordingly
doubled.

Table 3.4 shows the normalized energy release for all cases obtained by
Eq. (3.6) and is illustrated in Fig. 3.7. The normalized energy release is indicative
of the amount of total available energy that has been converted through the com-
bustion process. There are two factors accounting for the rapid decrease of heat
release with increasing air—fuel ratios. First is the increased heat loss to the sur-
rounding unburned mixture and the combustion chamber surface due to a slower
burn rate. The second factor is that the combustion process can be prematurely
terminated. This is particularly prominent in the SOI cases, where the energy
release is drastically diminished beyond A = 1.6, while both EOI cases achieve
substantially higher levels.

The energy release rate profiles can be further explained from the instantaneous
energy release rates as shown in Figs. 3.8 and 3.9. For 4 = 1.6 (Fig. 3.8), the initial
flame kernel growth is comparatively slower in the EOI X 1 spark timing, due to a
much richer but relatively slow-moving mixture near the spark ignition zone,
reducing the flame speed. However, as the flame kernel approaches maturity, the
existing stratified mixture field from the PSC injection forms a preferential prop-
agation path for the flame front. Nevertheless, both PSC cases have a peak energy
release rate lower than the homogeneous case. On the other hand, based on the total
energy release data on Table 3.4, the final heat release for all cases is very close
together, suggesting that the decrease in the peak heat release rate in the homo-
geneous case is a result of a laminar flame development slower, than the PSC cases.

The benefits of the PSC injection become more apparent as A is further
increased. Upon ignition, the flame propagates again along the preferential fuel
concentration gradient set forth by the PSC jet at A = 1.6 (Fig. 3.8), instead of
directly expanding through the bulk mixture. This gives rise to a first, lower peak in
energy release rate. As expected, the SOI injection allows a faster rise to the peak,
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Fig. 3.7 Normalized heat
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air—fuel ratios
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and the EOI x 1 reaches peak pressure somewhat later due to the lack of aero-
dynamic momentum from the injection, though both result in significant boost in
bulk mixture energy release rate, as indicated by the second peak, compared to the
homogeneous case. Under EOI x 2, however, the second PSC injection provides
additional fuel as well as momentum for the existing flame front, increasing the
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peak bulk mixture energy release rate. While the normalized combustion duration
for the homogeneous case is 1.945 (566.2 ms), in the PSC cases the reduction in
combustion duration is nearly twofold, down to 1.072 (312.2 ms) for SOI and
EOI x 1, and 0.992 (288.9 ms) for EOI x 2.

This trend continues to 4 = 2.0 (Fig. 3.9), where the homogeneous case data are
unavailable due to failure for the flame kernel reach maturity. The seemingly shorter
combustion duration for the SOI indicates premature termination. Again, the two
peaks appear again in all PSC cases, signifying the primary ignition of the PSC jet
and the subsequent propagation of the flame front into the bulk air—fuel mixture. This
is particularly important for air—fuel ratios under which stable combustion cannot be
achieved with a homogeneous mixture. Also, as shown from the difference in heat
release rate behavior between SOI and EOI X 1, back support remains a primarily
enabling factor, where the initial peak in heat release rate for the EOI x 1 case almost
equals that of the second peak. The aerodynamic forces, indicative by the second
injection of the EOI X 2 case, provide additional enhancement.

3.4.4 Large Eddy Simulation of Idealized PSC Injection
and Ignition

Experimental observations on the CVCC are complemented with results obtained
from detailed computational fluid dynamics (CFD) analyses, using the large eddy
simulation (LES) approach to provide additional information in mixture formation
and flame front development. To this aim, the open source code OpenFOAM
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(Weller et al. 1998) is used. To model combustion reactions numerically, methane
is used as the working fuel, and a single-step reaction mechanism is considered
(Westbrook and Dryer 1984). The computational domain for the CVCC is repre-
sented by an unstructured mesh with different levels of local refinement. The
computational mesh used for modeling the injection consists of 3.4 million cells,
with the cell size of 0.015 mm at the finest level. A much finer grid is used for
combustion modeling, with cell sizes ranging from 0.03 mm to 0.48 mm, giving a
total of 10.5 million cells. Further information about the numerical setup can be
found in Bartolucci et al. (2018).

Figure 3.10 shows the comparison between the experimental Schlieren images
and the numerical density gradient from the LES simulations for homogeneous
spark ignition. The numerically computed isotherms at 900 K, the autoignition
temperature of methane, are superimposed on the Schlieren images representing the
flame front location. Both sets of results are in excellent agreement. Continuing
with the comparison, Fig. 3.11 shows the LES results with corresponding Schlieren
results for the PSC scenarios from 4 = 1.2 and A = 2.0 for the EOI x 1 case. As
with Fig. 3.10, the 900 K isotherms have been superimposed on the corresponding
Schlieren images, and the numerical results are illustrated using simulated Schlieren
(i.e., density gradient). Excellent agreement can again be observed between the two
sets of results. More importantly, this is indicative of the ability of the LES
approach to capture the flame front development as it transitions from a laminar to a
turbulent flow regime. At the same air—fuel ratio and timing after spark ignition, it is
evident that the flame surface area under PSC is much larger than that of the
homogeneous case. The flame topology is also elongated and corrugated resulting
from the PSC jet. Figure 3.11 also shows similar enhancement characteristics for
the 4 = 1.8 and 4 = 2.0, where extinction occurs in homogeneous conditions.

To further understand the stabilizing effects of the PSC injection, ensemble data
are obtained from eight LES runs at A = 1.6. Random, low-intensity turbulent
vortices have been introduced as perturbations for the initially quiescent flow field.
The radial turbulent kinetic energy (TKE) distributions 11 mm below of the PSC
injection nozzle for the different simulations are presented in Fig. 3.12 at different
times after the start of the injection. Although the ensemble average data, evaluated
only with eight samples, begin to exhibit a Gaussian profile, the intermittency in the
TKE profiles for each individual simulation is evident, confirming previous
observations (Alvani and Fairweather 2002; Effelsberg and Peters 1983). More
importantly, the variation in turbulent kinetic energy at the ignition zone changes
the wrinkling which the flame kernel undergoes during expansion, affecting its
likelihood to reach maturity (Chan et al. 2011). In other words, different spark
timings during the injection period, which in ensemble indicate stable flame kernel
maturation, could lead to extinction on an individual basis.

Figure 3.13 illustrates the individual LES cases at A = 1.6 and their comparison
to the experimental results. The numerical results are different due to the pertur-
bations in boundary conditions, and similar general topologies are retained across
all simulations, however. The dispersion of the flame front between the different
LES simulations also increased as the flame expanded over time, indicative of the
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Fig. 3.10 Comparison between experimental and simulated Schlieren results for homogeneous
cases at (left) 2 = 1.2, (middle) 4 = 1.4, and (right) A = 1.6. Computed isotherms at 900 K have
been superimposed on the experimental images (Bartolucci et al. 2018)
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Fig. 3.11 Comparison between experimental and simulated Schlieren results for PSC cases from
A=12to 4 =2.0. Computed isotherms at 900 K have been superimposed on the experimental
images (Bartolucci et al. 2018)

thermal diffusion, that is, thickening of the flame brush at leaner mixtures. In
addition, the comparison with the corresponding Schlieren images shows very good
agreement. It is worth mentioning that, despite possible stochastic effects between
different LES simulations, a reasonable prediction of the flame front can still be
achieved using a single LES realization (Bartolucci et al. 2018).
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Fig. 3.12 Radial distribution of TKE at different times after SOI, evaluated at 11 mm from the
PSC injector nozzle. Colored lines denote individual runs with randomized initial low-intensity
turbulent vortices. Black lines represent (solid) ensemble average and (dotted) standard deviation

3.5 PSC Implementation in Engine Conditions

The PSC ignition concept has been implemented for use under engine conditions
with different configurations, which have been tested on a Ricardo Hydra
single-cylinder research engine (SCRE). A first-generation implementation, con-
sisting of a modified automotive spark plug for PSC injection, has been contem-
plated in various works (Reynolds and Evans 2004; Reynolds et al. 2005). This
subsequently led to further numerical studies, validated using measurement to
provide additional information such as engine performance and pollutant formation.
Additional design modifications have also been introduced to improve PSC per-
formance. This included the PSC insert (Logan 2011), allowing better mixture
characteristics of the PSC charge around the spark ignition zone without modifying
the spark plug. Meanwhile, the application of the double-injection technique (Chan
2010; Chicka 2012) has been shown to further extend the lean misfire limit than
existing PSC implementations.
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Fig. 3.13 Comparison between experimental and simulated Schlieren results for PSC EOI x 1

operation at 4 = 1.6. Computed isotherms for individual cases have been superimposed on both
sets of images (Bartolucci et al. 2018)

3.5.1 First-Generation PSC Design

The first generation of PSC injection/ignition system consists of a modified auto-
motive spark plug, allowing CNG fuel to be delivered directly to the spark ignition
zone through a capillary tube, metered by a solenoid valve. The overall imple-
mentation of said PSC system can be found in Fig. 3.14, and a summary of the
general parameters for the SCRE under homogeneous charge and PSC operating
conditions is presented in Tables 3.5 and 3.6. The PSC injection settings are cal-
ibrated to 10 CAD before spark onset to minimize brake-specific fuel consumption
(BFSC) at a given overall air—fuel ratio, while the spark timing is so determined for
each engine speed to obtain the mean maximum torque. All the conditions
homogeneous and PSC, are performed with wide-open throttle (WOT) to reduce
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Fig. 3.14 Schematic of the first-generation PSC spark ignition system and its implementation in
the Ricardo Hydra SCRE. From Reynolds and Evans. Adopted from (Reynolds et al. 2005;
Reynolds and Evans 2004)

Table 3.5 General specifications of the Ricardo Hydra SCRE

Working fuel CNG
Number of valves 4

Firedeck geometry Flat

Bore x stroke (mm) 81.4 x 88.9
Connecting rod (mm) 158.0
Compression ratio (mm) 9.25
Displacement (cm3) 463.3
Clearance volume (cm3 ) 54.7

Table 3.6 First-generation PSC injection parameters (Fig. 3.14)

Working fuel (no mixture) CNG
Capillary tube length (mm) 480
Capillary tube diameter (mm) 0.571
Inlet pressure (bar) 25
Mean mass flowrate (g/h) 40
EOI before spark (°) 10
Injection signal width (°) 8

power losses. The amount of PSC fuel injected into the engine is typically no more
than 5% of the total fuel mass.

The engine results are summarized in Fig. 3.15. A 10% extension of the LML,
defined at a 5% threshold on the CoV IMEP, at 2000 RPM is achieved with the
first-generation PSC implementation, from A = 1.54 to 4 =1.71 (Reynolds and
Evans 2004). A corresponding increase in WOT operating range can also be
observed in terms of the brake mean effective pressure (BMEP), with little penalty
on the brake-specific fuel consumption (BSFC). In terms of emissions, the



51

3 The Ultra-Lean Partially Stratified Charge Approach to Reducing ...

a3uer Sunerado papualxe PIM ‘DS
sns1oA JHING (U3u) ‘uononpal *ON panunuod Surmoys ‘suolssiud oyroads-ayelq (S[ppiu) AT JO uoIsudlxe ue Suimoys ‘JgHINI Uo A0D (BT "(+00T
SueAq pue Spjoukay]) uonejuowd[dwl uoneIauas-1siy Y} U0 paseq ‘DS MOYIM pue yIm YIS BIPAH OpIedry 9Yj JO UOISSIUID PUB JUBULIOJNS] ST'€ "SI

X X G 4
- 9’1 i 2l ! g0 g1 gl vi cl I g0 g1 9l vl 2l I g0
T T T T 0 = T T T ] 0 T T T T 0
1 m -u saaa 888 “n o oo ?a” v
= - driemf a oy 1@ o
m . at o g0 00°0 o -.. o
= 12 © - = 45 * e
pTITTIRY Y Y YT oYY v owow o JNCE- m ;
0488 .m i o 1 3 s | s O
il v ..I..u. . Jo ] . 5 (suea3 pue spjoufey) Juwy uee M
o] P o e
€ 0 1 .
ooy , m f) e W ° m
G . d3ang 49 -2 . 451 g . B
* . gy o = —
‘. S . = o1 38
* L o ﬁﬁ.mﬁu.oz . o - (poomAan) iy uea
(28d/m) 245 48 m Huw._w_._umn Ld I 0z
(05d /m) damE  © XON O o — 1
odS8 v = . 03 & 284 e
PETCI = oHA O o 1 SnosusBowol o
= - . J a - J
0l 52 Sl



52 L. Bartolucci et al.

power-specific CO increases slightly with the introduction of PSC, although the
overall CO emission level remains low. This is likely a result of a fuel-rich region
resulting from the PSC injection, which is responsible for the majority of the CO at
the inception of the combustion process (Bikas and Michos 2018). However, a
continued reduction of NO, emissions in the PSC-extended operating range can be
noted. This is a major departure from conventional stratified charge technologies,
where NO, emissions are elevated through ignition of rich mixtures in the
prechamber (Michos et al. 2016; Thomas and Staunton 1999). The introduction of
PSC results in a sudden increase in UHC. This could be due to a lowering of
combustion of temperature during lean operation, in which not all of the natural gas
in the overall mixture could be consumed. In addition, residual CNG could acci-
dentally enter the combustion chamber through the PSC injector. Future PSC
designs are therefore contemplated to improve the injection process.

3.5.2 Numerical Simulation of First-Generation PSC
Engine Cases

A numerical framework used for the analysis is presented. The simulations are
performed with the commercial CFD package CONVERGE (Convergent Science
2008). A Reynolds-averaged Navier—Stokes (RANS) approach has been adopted
for turbulence modeling, and the renormalization group (RNG) k—¢ (Yakhot et al.
1992) model is used for closure. This has been shown to produce robust results in
typical engine simulations (Tanner et al. 2001). For modeling reaction chemistry, a
partially stirred reactor (PaSR) combustion model is chosen to account for the
turbulence chemistry interaction (TCI). A reduced methane mechanism (Lu and
Law 2008) involving 30 chemical species and 184 reactions has been chosen to
represent chemical kinetics. Mesh refinements are introduced near critical regions,
and adaptive mesh refinement (AMR) has been introduced to capture more accu-
rately the flame front. The base mesh resolution is 3 mm, with the finest grid size
set to 0.094 mm (PSC spark plug) and 0.375 mm (valve gap and flame front).
Simulations are conducted at A = 1.53 and A = 1.68 under homogeneous and
PSC conditions. The intake and exhaust pressure profiles are obtained from 1D
thermodynamic analysis. Each simulation is conducted for three engine cycles,
where the residual gas fraction has reached a steady value. Figure 3.16 shows the
in-cylinder pressure and heat release for all three cases. In terms of pressure trace,
the numerical data are in excellent agreement with the engine measurements. There
are, however, slight differences in the heat release. This might be due to a number
of factors, ranging from the estimation of the mixture composition in the CFD
model to the treatment of the numerical integration in the experimental model. It is
worth noting that no model calibration has been performed for the simulations.
Looking into details of flame kernel growth under PSC, Fig. 3.17 shows the
evolution of the fuel flow during the injection process. A large recirculation region



53

3 The Ultra-Lean Partially Stratified Charge Approach to Reducing ...

9sBo[aI JBAY pazIjewLiou (Wooq) pue oen anssard (doj) 10J synsar [eouownu pue [eyuswdxe gYDHS usamieq uosuedwo) 9y°¢ *Suf

[0dL.] elbuy yuein
06 09 o] 0 og- 09-

[eausWnN —
[euswsdxy - —

06 09 oc 0 oe- 0g-

JSd89'L =Y

oy 0e

08 09

ool

o€ 04 oL

or

[0aL.] eibuy yuein
08 09 0g 0 og- 09-

0z

or

09

og

0oL

ol

0¢

o€

oy

JSdES'L=Y

[0aL.] eibuy yuein
06 09 oO¢ 0 og

14

oy

09
[o] oses|oy 180 pazijewloN

[0}5]

06 09 0€ 0 0e-

00l

V14 oL

o¢
[1eq] @inssaid Jepuljhin

(0] 4

snoauabowoH £5°L =V



54 L. Bartolucci et al.

54° BTDC 52° BTDC

50° BTDC 48° BTDC

1.0c+00

0.8

0.6 ¥
5
04 P

0.2

Fig. 3.17 Formation of the fuel-rich region during PSC injection
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is formed in the vicinity of the spark plug as the PSC injected fuel flows around the
spark plug. This recirculation zone is further sustained by the upward movement of
the piston, thus facilitating the formulation of a fuel-rich region. As the charge is
ignited, the additional heat released from the rich mixture provides back support to
stabilize flame kernel maturation, allowing the flame to propagate faster than under
equivalent lean homogeneous conditions. This effect is shown in Fig. 3.18a.
Furthermore, as illustrated in Fig. 3.18b, ¢, the PSC injection also introduces
additional turbulence and fresh fuel to support flame kernel growth at the local scale
(Bartolucci et al. 2015) until it reaches maturity, as shown in Fig. 3.18d. The
evolution of the main combustion event for the PSC cases is depicted in Fig. 3.19.
Initially, the rich fuel cloud near the spark plug forms a preferential path and directs
the flame toward the center of the cylinder, as indicated in Fig. 3.19a, b, thus
promoting the penetration of the flame front into the bulk mixture. Since the flame
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Fig. 3.18 Numerical representation of the charge ignition process
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Fig. 3.19 Numerical results for flame propagation. In blue is reported the unburnt PSC fuel, in red
the flame front location (defined as the isotherm at 900 K), in orange the isotherm at 1500 K while
in yellow the high reactivity area represented by the isotherm at 2500 K
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is still traveling at high temperature and relatively high speed, the flame penetrates
the lean bulk mixture quickly, as shown in Figs. 3.19¢c, d. Thermal back support
persists until the end of the combustion cycle, where the flame front reaches the
cylinder walls, as indicated in Figs. 3.19e, f.

In terms of aggregated engine behavior, Table 3.7 shows a comparison between
the in-cylinder peak pressures obtained from the numerical tested cases. With a
homogeneous mixture strategy, the performance deteriorates as the charge is leaned
out. On the other hand, the peak pressure is increased for both the air-to-fuel ratios
considered under PSC, indicative of improved engine power output. However, the
improvement in peak pressure at 1 = 1.53 (4.27%) is much lower than at A = 1.68
(43.08%). The simulated mass fraction burned (MFB) results are shown in
Table 3.8. The durations of 0-5% MFB and the 5-95% MFB, representing kernel
maturation and flame propagation, are presented. All MFB durations decreased
through the deployment of PSC at both air—fuel ratios. Though the 5-95% MFB
shows a 10 CAD reduction for A = 1.53, the improvements in 0-5% are slight. On
the other hand, the reduction is particularly evident with 1 = 1.68, where the 0-95%
MEFB is reduced from 154 CAD to 115 CAD. The results presented indicate the
benefit of the PSC strategy in aiding flame penetration into the bulk mixture for
moderately lean operations, and additionally in stabilizing flame kernel maturation
for ultra-lean operations.

The power-specific engine-out emissions for the major pollutants are reported in
Table 3.9, evaluated at exhaust valve opening (EVO). The amount of NO, gener-
ated is increased under PSC as compared to homogeneous cases, as the combustion
process under PSC can be maintained at a higher temperature. Despite a signifi-
cantly lower NO, output, the engine performance under homogeneous operation is
much poorer, particularly reflected into the UHC emissions at A = 1.68, where it is
74.1 g/kWh. Further, there is a slight increase in UHC for 4 = 1.53 under PSC. The
additional UHC is likely to originate from the rich PSC mixture, in which there is
insufficient oxygen available. A similar trend can also be observed for CO emis-
sions. As cylinder temperature is relatively low at the ultra-lean case (4 = 1.68), the
CO oxidation into CO, is almost frozen during the expansion stroke. The
deployment of PSC enables combustion to take place at higher cylinder tempera-
ture, subsequently allowing the more CO to be converted into CO, (Bikas and
Michos 2018). Nevertheless, for the moderately lean case (4 = 1.53), a greater
amount of CO is produced under PSC than homogeneous operations. This is due to
the absence of oxygen in the fuel-rich PSC injection region. Lastly, the
power-specific CO, production is indicative of the combustion efficiency for the
four cases. At A = 1.53, the higher combustion temperature under PSC allows for

Table 3.7 Peak pressure improvement generated by PSC ignition strategy

Peak pressure (bar) Homo. PSC Change (%)
A=153 33.26 34.68 4.27
A=1.68 22.54 32.25 43.08
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Table 3.8 Combustion duration for all the simulated cases

MFB Duration (CAD) 0-5% 5-95%
A = 1.53 Homogeneous 39 62
A =153 PSC 34 52
A = 1.68 Homogeneous 55 99
A =1.68 PSC 41 74

Table 3.9 Specific exhaust emissions for all simulated cases

Specific emissions (g/kWh) NO, UHC CO CO,

A = 1.53 Homogeneous 2.46 0.18 0.04 543.00
A =153 PSC 5.23 0.20 0.19 548.00
A = 1.68 Homogeneous 0.10 74.10 2.82 684.00
A =1.68 PSC 1.49 1.74 0.41 573.00

longer period for CO oxidation, thereby increasing the CO, production slightly. For
the homogeneous case at 4 = 1.68, engine performance has been compromised due
to misfires. Hence, the specific CO, production is increased drastically. The
application of PSC lowers the CO, emission to a nominal level.

The following conclusions can be drawn from the numerical simulations. First,
when the relative air-to-fuel ratio is below the LML, the PSC injection aids the
propagation of the flame into the bulk mixture. This results into a slightly higher
peak pressure, but also increases engine-out emissions at the same time. Second,
when the relative air-to-fuel ratio lies beyond the LML for homogeneous com-
bustion, the application of PSC improves engine performance significantly due to
additional stabilization of flame kernel maturation, and greatly reduces HC and CO
emissions. Engine-out NO, emissions are, however, increased as a result of higher
in-cylinder temperatures. The advantages of PSC are much more evident under
ultra-lean-burn conditions, where the combustion behavior would otherwise be
unstable at an equivalent, homogeneous air-fuel ratio.

3.5.3 Further Developments on PSC Implementation

While the first-generation PSC has demonstrated its ability to extend the LML
under engine conditions, and consequently the engine load control without throt-
tling losses, additional measures have been introduced to further improve the PSC
to bulk fuel stratification level, as well as to reduce UHC emissions under ultra-lean
operation. Initial attempts have been made, in which a mixture of varying air—fuel
ratio has been used for the PSC injection using a first-generation implementation
(Reynolds et al. 2005). Engine test results indicate a monotonic progression in all
performance and emission observables between homogeneous and pure CNG PSC
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(PSC injection at 1 = 0) engine conditions, with the most desirable outcomes
obtained using pure CNG in the PSC injection.

Following the preignition characterization of the first-generation PSC injector
(Chan et al. 2007), additional efforts have been made to improve the interaction
between the PSC jet and the bulk charge. An adjustable distributed PSC injection
mechanism, termed PSC insert, has been designed (Logan 2011). A removable
insert provides flow channels to supply PSC fuel around the perimeter of the spark
ignition region in various injection patterns, allowing better control of mixture
formation in its immediate vicinity. A schematic of the PSC insert design is pre-
sented in Fig. 3.20. An extension of LML from A = 1.53 to 1.67 can be observed
with the PSC insert while the maximum PSC fuel mass is decreased by 36.8%
(Logan 2011).

In addition, the effectiveness of the double PSC injection strategy (Chan 2010) is
has also been investigated in the Ricardo Hydra SCRE (Chicka 2012). Tests have
been performed under homogeneous, single (PSC x 1) and double (PSC x 2) PSC
injection using the insert design (Logan 2011). The stability of combustion at both
engine speeds and PSC injection strategies are presented in Fig. 3.21. The L”
combination of asymptotic parameterizations (Churchill and Usagi 1972) is used to
identify the LML on CoV IMEP at the 5% threshold. At 1500 RPM (Fig. 3.21a),
the LML is extended to A=1.75 for PSC x 1 and 1= 1.79 for PSC x 2.
A slightly reversed trend is observed at 3000 RPM, where the LML is A = 1.72 for
PSC x 1 and 4 = 1.71 for PSC x 2.

This reduction can be explained in part by examining the distributions of IMEP
over the peak pressure timing (Fig. 3.22) for the two injection schemes at 1500
RPM. For PSC x 1, the CoV is 19.6% at A = 1.81 and 18.6% at 1 = 1.84 for
PSC x 2. Misfired cycles, identified using k-means clustering (Lloyd 1982), rep-
resent 32% of total engine cycles for both cases. Compared to PSC x 1, the
PSC x 2 strategy produces a higher IMEP for the normal (5.33 bar vs. 4.97 bar) as
well as partial combustion cycles (4.22 bar vs. 3.35 bar). The normal combustion
cycles for the PSC x 2 case are much more tightly clustered, where the standard

Fig. 3.20 Schematic of the
PSC insert

)N
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deviation is 0.25 bar, as opposed to 0.41 bar in the PSC x 1 case. On the other
hand, the standard deviation among the misfired cycles in the PSC x 2 case is
increased relative to PSC x 1 from 0.62 bar to 1.04 bar, thus indicating a decrease
of the combustion stability overall combustion stability. This issue could be
remedied by further improving the injection timing and duration of the PSC
injection, particularly for the second injection.
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3.6 Concluding Remarks

The role of the partially stratified charge (PSC) injection and ignition technique in
extending the lean misfire limit (LML) of natural-gas-fueled engines is presented, to
which a comprehensive experimental and numerical approach is adopted. The
fundamental enabling mechanisms of PSC are identified in an optically accessible
constant volume combustion chamber (CVCC) under idealized conditions.
Different spark timings and injection strategies are considered, and stable com-
bustion can be achieved for an air—fuel ratio of 4 = 2.0. The energy released from
the richer region under PSC provides back support to the flame front. The PSC
injection also forms a preferential path through which the flame front penetrates into
the unburned mixture, further improving the combustion characteristics of
ultra-lean mixtures. Thus, the flame propagation of ultra-lean mixtures under PSC
can take place at a greater speed than its equivalent, homogeneous air-fuel ratio
level. Corresponding numerical results obtained from large eddy simulations
(LES) further highlight the effect of turbulence on the stability of flame kernel
maturation and robustness of the flame front topology.

The PSC methodology is then applied to engine conditions in a single-cylinder
research engine (SCRE). Using a first-generation PSC implementation, an extension
of LML from 4 = 1.53 to A = 1.71 can be observed at 2000 RPM. This extension of
the operating range, though results in a slight increase in carbon monoxide
(CO) production, as well as a reduction of nitrogen oxides (NO,) emissions.
Multi-cycle simulations of the SCRE are conducted using a Reynolds-averaged
Navier—Stokes (RANS) approach and reduced chemical kinetics for methane
combustion. Very good agreement with the test bench results can be achieved
without model calibration. The numerical results indicate PSC enhancement
through flame propagation in moderately lean mixtures, and additionally through
stabilization of flame kernel maturation in ultra-lean mixtures. Subsequent modi-
fications, namely the PSC insert and the double-injection technique, are introduced.
The operating range is further extended, with the LML increased to A = 1.79 at
1500 RPM and to 4 = 1.72 at 3000 RPM.
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Abstract The obligation for the development of highly efficient and low-emission
combustion engines has renewed interest in compressed natural gas (CNG) engines
using a direct injection (DI) system. CNG has high knock resistance, and with the
use of DI, the volumetric efficiency can be increased compared to port-injected
CNG engines. Additionally, carbon dioxide and particulate emissions are lower due
to a high hydrogen-to-carbon ratio. Therefore, the DI-CNG technology has the
potential to surpass the thermal efficiency of conventional gasoline spark-ignition
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engines while producing lower emissions. However, the design of DI-CNG engines
is challenging because of gaseous and, hence, highly compressible fuel running
through small injector passages, which results in complex supersonic flows with
shocks. The supersonic gas jets emerging from the injector outlet interact with the
in-cylinder flow field, which has an impact on fuel-air mixing and combustion.
Therefore, it is essential to understand the fundamental physics of the injection
process to develop modeling strategies for DI-CNG systems and further study the
influence of direct gas injection on the in-cylinder flow field and mixing. To this
end, the current chapter is dedicated to the fundamental understanding of the gas
injection process through poppet-type outwardly-opening injectors. The DI mod-
eling strategies are discussed for the application in engine simulations. Furthermore,
the impact of gas injection on the in-cylinder flow field and fuel-air mixing is
analyzed for centrally-mounted injector configurations.

Keywords Compressed natural gas - Direct injection - Poppet-type
outwardly-opening injector - Supersonic flow - Shocks - Modeling

4.1 Introduction

Internal combustion engines (ICEs) are currently the primary power source for
ground transportation and will continue to power, at least, heavy-duty vehicles and
off-road applications in the future (Eilts 2016). With increasing restrictions on
emissions for the transportation sector, research and development efforts must be
directed toward significantly reducing engine-out emissions and improvement of
the overall efficiency of ICEs through several viable options such as efficient
combustion, exhaust after-treatment, or use of low carbon fuels. Compressed nat-
ural gas (CNG) is a highly attractive alternative low carbon fuel with high
hydrogen-to-carbon ratio and has a potential for efficient combustion.

4.1.1 Direct Gas Injection

CNG engines with port fuel injection (PFI) technology have existed for a long time.
However, CNG engines have not fully exploited their potential because of some
limitations of PFI technology, e.g., reduced drivability and potential methane
slip. The reason for reduced drivability of a PFI-CNG vehicle is lower part-load
torque compared with gasoline or diesel ICEs, which is caused by the reduction in
volumetric efficiency due to the displacement of air as CNG is injected into the
manifold. Furthermore, during the valve overlap period, the unburnt methane—air
mixture may be passed directly to the exhaust ports resulting in methane slip. The
direct injection (DI) of CNG into the cylinder shows the potential to outperform PFI
(Husted et al. 2014). Recent work, e.g., the InGas Collaborative Project (INGAS
2017), focused on the development of innovative technologies for CNG engines
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such as operating PFI and DI engines under stoichiometric and lean burn conditions
to improve efficiency. The present focus, e.g., within the GasOn project by the
European Council for Automotive Research & Development (EUCAR) (European
Council for Automotive R&D 2018), is to develop CNG-only engines to achieve
stricter emission targets.

Despite clear advantages, DI-CNG engines are not predominantly used so far
because of the challenges in their design and development. The main challenges in
the design process come from the direct gaseous fuel injection, which appears
simpler than liquid fuel injection, but is, in fact, a complex process because of the
compressible nature of the gas (Miiller et al. 2013) and small complex geometries of
the injector nozzles. The gas flowing through the injector nozzle with changing area
of cross section accelerates to supersonic speeds if the pressure ratios across the
nozzle exceed critical values (typically 2-2.5). Moreover, the effects of gas injec-
tion on well-established design strategies for conventional ICEs are not well
understood. For example, the intake ports of conventional SI engines are optimized
to generate a strong tumble vortex in the cylinder. The tumble vortex accelerates by
spin-up effect and breaks into a large number of smaller eddies by piston com-
pression, which results in high turbulence near ignition timing, leading to faster
combustion (Arcoumanis et al. 1990; He et al. 2007). On the other hand, in a
compression ignition (CI) engine, a swirling flow field is desired and generated by
the swirl intake ports to aid mixing and diffusion-controlled combustion of the
injected fuel by enhancing oxidizer entrainment (Fuchs and Rutland 1998;
McCracken and Abraham 2001). Regardless of the potential application of direct
gas injection, either in an SI or in a CI engine, e.g., in a dual-fuel application, the
high-momentum gas jet strongly affects the in-cylinder flow field and mixing
(Chiodi et al. 2006; Baratta et al. 2017; Sevik et al. 2016). Therefore, it is crucial to
fundamentally understand the process of gas injection and its consequences on the
overall engine performance with existing engine designs, which will then help to
devise new design strategies for DI-CNG engines. However, the experimental
investigations of the nozzle flow and the near-nozzle gas jet are difficult due to
small injector geometries and very small flow timescales. Furthermore, the injected
gas jet is highly fluctuating and dynamically interacts with the in-cylinder flow
field, making it difficult to measure the velocity field and mixing experimentally.
Therefore, predictive simulations are integral to the design and development of
DI-CNG systems. A first step toward the understanding of the direct gas injection is
to perform resolved simulations of the injector nozzle flow, near-nozzle flow,
far-field development of the gas jet in order to characterize the gas jet behavior of
DI-CNG injectors in detail.

4.1.2 Design Considerations for Direct Gas Injector

From a practical point of view, the design and development of the direct gas
injector require several considerations as studied by Husted et al. (2014). As
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opposed to injectors for liquid fuels, the gas injector lacks lubrication by the fuel,
requiring additional means of lubrication to extend the durability. Additionally, a
high mass flow rate is desired to inject a sufficient amount of gas in each engine
cycle depending on the operation condition. For higher mass flow rate, either the
flow area needs to be large or the injection pressure must be high. High pressure
also promotes mixing, but on the other hand, to maximize the vehicle range, lower
injection pressure is required so that the maximum amount of CNG can be obtained
from the pressurized tank before the tank pressure falls below the desired injection
pressure. It should be noted that the current design assumption of CNG engines
omits the use of high-pressure fuel pump as used in DI gasoline and diesel appli-
cations. For example, current PFI systems use injection pressure of around 8§ bar
and can use more than 96% of CNG from the tank. Using the same injection
pressure in the DI system would significantly limit the peak power of the engine or
put too many constraints on the design of the injector. Increasing injection pressure
to 15 bar will reduce the vehicle range by ~ 3%, and a further increase of injection
pressure to 30 bar will decrease the vehicle range by ~9%. Therefore, for a chosen
CNG direct injector, the optimum injection pressure is a trade-off between the
engine output at the desired operating conditions and the vehicle range. The
trade-off can be shifted favorably by careful design of the injector nozzle by
maximizing the flow area.

There are mainly three types of injector designs currently used, namely an
inwardly-opening needle with a multi-hole tip for diesel, an inwardly opening needle
with counterbore cylindrical holes for gasoline direct injection (GDI), and an
outwardly-opening poppet-type needle for GDI applications. The selection of the
injector nozzle design for DI-CNG applications is primarily driven by the pressure
difference across the nozzle in the operating range. In diesel or GDI engines, the
injection pressure (>100 bar) is much higher than the peak cylinder pressures during
the entire engine cycle, whereas it is significantly lower in DI-CNG (<20 bar) to
achieve maximum vehicle range as described before. Therefore, inwardly opening
DI-CNG injectors could be inadvertently opened at high in-cylinder pressures. On the
other hand, the outwardly-opening poppet-type valves are sealed by the cylinder
pressure (see Fig. 4.1), and therefore, the outwardly-opening poppet-type valves have
become a natural choice for DI-CNG applications.

4.1.3 Flow Through Poppet-Type/Outwardly Opening
Injectors

The nozzle geometry of outwardly opening poppet-type injectors (henceforth called
poppet-type injectors) is complex, and compressible gas flow through the small and
complex passages can be rich in physical phenomena. Compared to cylindrical
nozzles, there have been relatively a few experimental and simulation studies of
outwardly opening poppet-type nozzle designs in the literature. Kim et al. (2004)
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Fig. 4.1 Schematic of design of inwardly (leff) and outwardly (right) opening injector nozzles

carried out URANS simulations of direct natural gas (NG) injection through
shrouded and unshrouded poppet-type nozzle geometries in a large bore, low-speed
two-stroke ICE. At lower injection pressure (~4 bar), the injection resulted in a
collapsed gas jet, whereas at higher pressure (~35 bar) the gas jet did not collapse,
but instead attached to the walls of the cylinder head resulting in a Coanda-type
flow. With the use of a shrouded poppet-type nozzle, the gas jet was forced to
collapse at higher pressure. The authors also analyzed the effect of these nozzle
designs on the mixing performance, combustion efficiency, and susceptibility to
pollutant formation and found that high injection pressure with shrouded nozzle
resulted in a higher flammability of the mixture. Baratta et al. (2011) showed for a
poppet-type injector that the wave propagation inside the injector and the needle
motion affect the mass flow rate and the resulting gas jet before collapsing. They
suggested the use of fixed needle lift with a ramp of injection pressure to mimic the
effects of needle opening. Kuensch et al. (2014) studied a far-field gas jet devel-
opment in a constant pressure chamber emerging from a piezoelectrically actuated
poppet-type injector. They used a planar laser-induced fluorescence (PLIF) tech-
nique with acetone as a tracer to track the injected nitrogen gas in the chamber filled
with air. The temporal development of the gas jet was visualized, which showed a
two-stage gas jet evolution. In the first stage, a hollow cone was formed, which, in
the second stage, collapsed into a single jet penetrating the chamber along the axial
direction. It was observed that the injection pressures and needle lifts controlled the
collapsing tendency of the hollow cone, with higher injection pressure and needle
lift lowering the collapsing tendency.

Keskinen et al. (2016) carried out URANS simulations to investigate the gas jet
from a cylindrical as well as a poppet-type nozzle. They compared different tur-
bulence models and observed that the jet tip penetration was overpredicted by the
RNG k-¢ model, whereas the quadratic k-¢ model resulted in a better agreement
with the experimental data. Therefore, the quadratic k-¢ model was chosen for
further DI engine simulations. The results showed different mixing mechanisms for
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different nozzle designs. The gas jet from the poppet-type nozzle predominantly
showed free jet mixing, whereas the cylindrical nozzle favored the mixing induced
by impingement of the jet on the piston. As a consequence, a faster mixing was
observed with the poppet-type nozzle for early injection timing, while, for late
injection timing, the cylindrical nozzle resulted in faster mixing due to impingement
of the gas jet on the piston top. Detailed X-ray radiography experiments were
performed by Bartolucci et al. (2016) in a nitrogen-filled chamber using a
poppet-type injector with nitrogen as the injected gas. The flow around the pintle of
the nozzle and the subsequent gas jet development was investigated using the
URANS simulations, and a good agreement was observed between simulations and
experiments. A mesh resolution study was also carried out that suggested the use of
fine mesh resolution for such simulations. However, a detailed upstream geometry
of the injector except the pintle was unknown in this case, which is very important
for accurate prediction of the development of the gas jet. Besides, with increasing
mesh resolution, the computational cost increases significantly. Therefore, to reduce
the computational expenses, some modeling approaches to replace poppet-type
injectors have been suggested in the literature, e.g., a converging—diverging nozzle
approximation for a shrouded poppet-type valve by Kim et al. (2007), a source
modeling approach by Baratta et al. (2011), and a mapped boundary condition
(MBC) approach by Deshmukh et al. (2016).

So far, most studies using poppet-type injectors have focused on full engine
URANS simulations including either fully resolved simulations of the injectors or
models of the injectors to overcome computational challenges. The turbulence
models have been used in these simulations with little validation against higher
fidelity methods such as LES. Provided a sufficient mesh resolution is used, an
accurate time-resolved flow field can be obtained using a high-fidelity LES. Along
with turbulent mixing characteristics, the classical features of high Mach flows can
also be observed for poppet-type injectors, e.g., annular Mach disks and barrel
shocks. Furthermore, the effects of the initial condition and needle motion are
reported to be very important but have not been quantified in terms of jet
characteristics.

4.1.4 Scope

This chapter aims to introduce the reader to a systematic characterization of the gas
jet emerging from a poppet-type injector using LES, which may further provide
insights into the fundamental physical processes and the effects. The LES simu-
lations are used to characterize the nozzle flow, near-nozzle gas jet, and the far-field
gas jet in detail. A few turbulence models are compared against the LES, and a
possible choice for URANS is suggested. The effects of initial conditions in the
nozzle and the needle motion are discussed, and recommendations for further
engine simulations are provided. The modeling approaches for poppet-type injec-
tors are discussed in detail. The recent MBC modeling approach is then



4 Simulation and Modeling of Direct Gas Injection ... 71

demonstrated for quasi-steady and engine configurations. The idea is to provide
comprehensive simulation and modeling approaches of the chosen poppet-type
injector used for DI-CNG application in ICEs.

In the following, resolved numerical simulations of the poppet-type injector
using both LES and URANS methods are discussed in Sect. 4.2. The challenges in
the use of a resolved simulation approach in real engine applications are described,
which motivate the development of models for injector nozzles. Previously
developed models are discussed briefly in Sect. 4.3. The recently developed MBC
approach is applied to quasi-steady-state and full engine configurations, and the
results are discussed in Sect. 4.4. The impact of direct gas injection on the
in-cylinder flow and mixing is discussed in Sect. 4.5. The chapter is summarized in
Sect. 4.6, and future challenges are discussed in Sect. 4.7.

4.2 Simulations of Gas Injection Through Poppet-Type
Injectors: A Case Study

4.2.1 Numerical Challenges

From a numerical point of view, resolved simulations of the poppet-type injector
are challenging because of small and complex gas passages of the order of
micrometers and high-speed flow with shocks and discontinuities typical in
supersonic regimes. LES provides a feasible approach to obtain highly accurate
flow field simulations in complex industrial geometries. Especially for flows with
high Mach numbers and Reynolds numbers, where the computational cost of DNS
is high, LES can be a practical alternative. LES of flows with shocks requires
special numerical schemes with the capability to capture shocks and remain stable
at the same time. The numerical stability can be obtained by adding numerical
dissipation. However, this must be limited to areas of shocks and discontinuities to
avoid dissipation of physical turbulent flow structures. A shock detector is required
to add numerical dissipation just locally and conserve turbulent flow structures. The
shock detector determines gradients in the velocity and scalar field and activates the
shock-capturing scheme in the regions of high gradients. In addition, supersonic
velocities in combination with grid cell sizes of the order of micrometers result in
time steps on the order of 100 picoseconds. A high-fidelity full engine LES sim-
ulation with a fully resolved gas injector simulation may need years to complete one
or more cycles. Nevertheless, a fully resolved LES of the gas jet from the injector is
still feasible for a simplified case, such as a constant pressure or constant volume
chamber because the run-times are shorter due to the reduced domain of interest
compared to full engine simulations.

On the other hand, URANS simulations may be computationally cheaper due to
lower mesh resolution requirements compared to LES. However, since the
energy-containing turbulent scales are also modeled, the accuracy of the solution
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needs to be carefully evaluated. Also, most of the turbulence models for URANS
have been developed for specific applications and may generally not be applied to
direct gas injection studies. Nevertheless, the turbulence models are extensively
used in industry for different applications including direct gas injection.
The URANS approach is very dissipative as it adds a high amount of eddy viscosity
to the molecular viscosity, and therefore, central difference numerical schemes may
remain stable in the presence of shocks. However, a drawback is that the shocks and
discontinuities are dissipated quickly and do not survive for longer times.

4.2.2 Case Description

Recently, Deshmukh et al. (2018a, b) performed LES of a helium gas jet from a
poppet-type injector in a closed chamber to obtain an accurate time-resolved flow
field along with turbulent mixing characteristics. This is considered as a case study
here to understand physical and numerical aspects in the simulation of gas injection
through poppet-type injectors. First, the nozzle flow and near-nozzle gas jet
development are discussed, and then, the far-field jet evolution is validated with the
experimental data.

Experimental Data. Delphi has developed a fourth-generation electromagnetically
actuated solenoid injector for DI-CNG applications (Husted et al. 2014). It is an
outwardly opening poppet-type injector. A helium gas jet through the injector was
characterized experimentally at Delphi. The schematic of the experimental setup is
shown in Fig. 4.2. Helium at a pressure of 16 bar and ambient temperature was
injected into the ambient air, and the Schlieren imaging technique, which can
capture density gradients in a flow field, was used to visualize the temporal evo-
lution of the gas jet. The selection of helium in this study was driven by the
consideration that the Schlieren measurement technique requires high gradients in
the density field to work well. This study aimed to investigate the fundamental
physical processes behind the hollow-cone gas jet formation and the characteriza-
tion in terms of global parameters.

Simulation Methods. The state-of-the-art compressible solver Compressible
High-speed Reactive Solver (CHRIS), which is developed by Cascade
Technologies Inc., is used for high-fidelity LES (Brés et al. 2012). CHRIS uses an
unstructured mesh to solve the compressible Navier—Stokes equations along with
scalars in the conservative form using a novel low-dissipation and low-dispersion
finite volume method (Khalighi et al. 2011). A third-order total variation dimin-
ishing (TVD) Runge—Kutta scheme is used to explicitly solve the equations in time
(Shu and Osher 1988). The essentially non-oscillatory (ENO) scheme (Shu and
Osher 1988) is used together with a shock detector to capture shocks and discon-
tinuities. Shock detectors based on the normalized flow solution and based on the
absolute pressure dilatation are available in CHRIS. The ENO scheme is used in
the regions of shocks identified by a shock detector to ensure the stability of the
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Fig. 4.2 Schematic of the experimental setup at Delphi

numerical scheme by adding local numerical dissipation. The energy-containing
turbulent structures are resolved by the low-dissipation scheme away from the
shocks, and sub-filter scales are modeled using the Vreman model (Vreman et al.
1995). The ideal gas (IG) equation of state (EOS) is used to calculate pressure from
temperature and density. For detailed governing equations and used parameters, the
reader is referred to Deshmukh et al. (2018a).

For URANS simulations, the commercial Computational Fluid Dynamics
(CFD) code CONVERGE (version 2.3.9) by Convergent Science Inc. (Richards
et al. 2016) is used. CONVERGE is a compressible 3D flow solver, specifically
developed for the computation of steady-state or transient flows in complex and
moving geometries. In this study, a spatially second-order central difference
numerical scheme was selected. A first-order Euler backward scheme is used to
solve the equations in time, which results in fully implicit time integration. The
pressure is calculated from density and temperature using the Redlich-Kwong
(RK) EOS. The system of equations is solved using a modified pressure implicit
with splitting operators (PISO) algorithm. For detailed equations and used
numerical schemes, the reader is referred to the CONVERGE manual (Richards
et al. 2016), whereas for details on parameters used in this study the reader is
referred to Deshmukh et al. (2018a).

Equation of State. The 1G EOS is used in the LES, which is justified because the
compressibility factors for the gases involved in the study, namely helium, nitrogen,
and oxygen, do not significantly diverge from 1.0 in the relevant operating range
(Van Sciver 2012; Jensen et al. 1980). On the other hand, the RK EOS, which
follows real gas behavior, is chosen for the URANS simulations. The choice is
motivated by the subsequent applicability of the results of the fundamental inves-
tigations to full engine simulations. A real gas EOS is required in URANS simu-
lations of a full engine configuration because the in-cylinder pressure during an
engine cycle varies in the range, where the real gas effects become significant.
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Therefore, the RK EOS is used in the current setup. The compressibility factor of
the in-cylinder gas mixture in the engine simulations reported in the next sections
varied between 0.98 and 1.004. Nevertheless, the RK EOS should ideally approach
the IG EOS under the conditions considered in this study. To verify that, a com-
parison of the density of helium computed with the IG EOS and RK EOS at
injection pressure and ambient pressure for a relevant range of temperatures was
performed. The relative error in density is less than 0.025%, which substantiates the
presumed convergence of RK EOS toward IG EOS under the conditions relevant to
this study.

Simulation Setup. A cylindrical domain with a diameter of 75 mm and a height of
82.5 mm, which are typical dimensions for a downsized engine cylinder of a
passenger car, is used for the numerical simulations (see Fig. 4.3a). The injector is
placed at the top, on the axis of this cylinder, but is not shown here. The meshes
used in the simulations are shown on a representative plane (¥ = 0.0) through the
domain.

The ANSYS Meshing software (ANSYS® Meshing 2013) is used to generate a
hybrid mesh, which comprises stretched prism layers attached to the walls and
hexagonal cells away from the walls. The hybrid mesh is used for LES and contains
approximately 24 million cells. The mesh inside the injector nozzle contains 5
stretched prism layers with a stretching factor of 1.2 on each side at the wall and
10-20 hexagonal cells across the gaps between the prism layers. A highly refined
mesh is generated near the nozzle exit, and the mesh size is gradually increased in a
concentric manner away from the nozzle, which helps to capture the shocks and
pressure waves traveling concentrically outward from the injector nozzle. The
minimum and maximum cell sizes of hexagonal cells in the domain are approxi-
mately 18.75 and 600 um, respectively. The resulting downstream mesh is shown
in Fig. 4.3b.
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Fig. 4.3 Computational domain and mesh for LES and URANS simulations depicted on a
representative plane
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The mesh resolution study by Bartolucci et al. (2016) suggested the use of highly
refined meshes for the gas jet URANS simulations. However, the computational
costs for such resolutions can be intractable for practical engine simulations.
Therefore, the mesh size in the URANS simulations is chosen such that it is directly
applicable in the subsequent engine simulations. CONVERGE generates a
Cartesian cut-cell mesh at run-time. The base size for the mesh is set to 2 mm. The
near-nozzle and upstream region are refined using several successive embedded
regions, which results in the smallest cell size of 64.5 pm within the nozzle gaps
(not shown here). CONVERGE has an adaptive mesh refinement (AMR) capability.
However, for comparison with LES, which has a fixed mesh, the AMR is switched
off in all URANS. The resulting mesh (see Fig. 4.3c) is used in all URANS sim-
ulations in this study.

A Courant-Friedrichs—Lewy (CFL) number of 1.0 is set in the LES, which is the
limit for the used explicit third-order TVD Runge—Kutta scheme. In the URANS, an
implicit solver is available, which allows a CFL of 2.0 to speed up the simulations.
The results with a CFL of 1.0 in the URANS were not significantly different.

Initial Conditions. The initial conditions in the computational domain are shown
schematically in Fig. 4.4. The injector needle is set in an open position with the
needle lift of 300 um, which is fixed throughout the simulation and is less than the
maximum lift of 350 pm. The resulting mass flow rate in the LES is close to the
measured mass flow (~ 3.5 g/s) of helium through the injector. Initially, the domain
is filled with air (77% N, and 23% O, by mass) at a pressure of 1.01325 bar and a
temperature of 298 K, which is referred to as initial condition 1 (or briefly as IC1).
The region is set to zero velocity.

Boundary Conditions. A total pressure of 15 bar, temperature of 298 K, and helium
mass fraction of 1.0 are set at the inlet of the nozzle for all simulations. Remaining
boundaries are treated as adiabatic, no-slip walls. Some differences between the
simulation and experimental conditions must be noted; e.g., the injection pressure
in experiments was maintained at 16 bar, although the predetermined operating
pressure is 15 bar, which was used in simulations. Despite differences in the
injection pressure and the needle lift, the mass flow rate in the simulations is slightly
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of initial condition 1 I Helium
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inj
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inj
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higher than the measured mass flow rate. The second difference is that the mea-
surements were carried out in open ambient conditions, whereas the simulations
were performed in a closed chamber. However, it has been shown that due to the
short duration of injection of 700 ps, these differences have insignificant effects on
the intended study and conclusions (Deshmukh et al. 2018a).

The duration of injection (DOI) is fixed to 700 ps for all simulations. During the
injection period, the gas jet reaches close to the opposite boundary of the com-
putational domain. Detailed qualitative and quantitative analyses of the nozzle flow,
near-nozzle, and far-field gas jet are carried out using the data generated in LES and
URANS simulations.

4.2.3 Nozzle Flow

The nozzle flow is one of the most critical processes of gas injection because the
pressurized gas undergoes expansion in the nozzle and accelerates to supersonic
speeds depending on the geometry of the nozzle. The geometry of the nozzle and
the pressure ratio essentially determine the flow conditions at the nozzle exit.
Further gas jet evolution depends on the flow properties at the nozzle exit. In the
poppet-type injector nozzle, the gas passages frequently change the direction of the
flow. Also, the gas flow, in general, encounters the converging and diverging
sections (see Fig. 4.5). Such a geometric configuration with the higher than critical
pressure ratio across the nozzle drives the gas flow to first sonic speeds and then to
supersonic speeds. Because of changing direction, a boundary layer separation
occurs within and at the exit of the nozzle and recirculation regions form. To
capture these viscous effects, a no-slip boundary condition is applied at the nozzle
walls. A schematic diagram of the nozzle flow and the initial development of the
helium gas jet are shown in Fig. 4.5. To analyze the nozzle flow, five locations are
chosen considering the axisymmetric geometry of the nozzle. These are location 1,
which is near the inlet, location 2 in the converging section, location 3 approxi-
mately located at the throat, and location 4 corresponding to the nozzle exit, and the
centerline of the nozzle gap.

Considering the geometrical symmetry about the axis and steady-state condition
of the flow in the nozzle, a combined azimuthal and time-averaging (Farrace et al.
2015) is used to compute the averaged velocity profiles, and the statistical infor-
mation is obtained. For the statistical independence of the samples in space and
time, the integral length and timescales are estimated carefully (Deshmukh et al.
2018b), which resulted in the azimuthal angle of 30° with 12 planes for spatial
averaging and a sampling frequency of 67 kHz for time-averaging. A total of 492
individual samples are used to obtain the averaged velocity profiles in the nozzle at
different locations after a steady-state flow condition is reached. The resulting
averaged velocity profiles and the individual samples are shown in Fig. 4.6. The
symbols are an indicator of the mesh density at the given location. Close to the
nozzle inlet, i.e., the location 1, the W-velocity shows a flat averaged velocity
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Fig. 4.5 Schematic diagram for the analysis of nozzle flow

profile, whereas the other two components are almost zero. At location 2, sub-
stantial variation can be observed on the right boundary, which is because the flow
speed increases in the converging section and the direction also changes, resulting
in a recirculation region in the corner. At location 3, which is almost the throat
section, the velocities reach sonic levels and further accelerate to supersonic levels
as the gas passages diverge after the throat. A boundary layer separation occurs at
location 4 as the boundaries diverge further near the exit, which can be seen in the
velocity profiles. The flow separation on the poppet boundary causes the formation
of a recirculating region resulting in highly varying velocity profiles.

The resolved turbulent kinetic energy (TKE) can be estimated from the indi-
vidual velocity profiles at four locations. Figure 4.7 shows the resolved TKE at four
locations with multiplying factors to visualize all plots on the same scale. As
expected, the locations with high variability, i.e., location 2 and location 4, show
high TKE near the boundaries. The local bulk Reynolds number and y* at the first
cell are calculated at the chosen locations. Maximum Reynolds number of 20,400
and maximum y” value of 21 are observed at location 3, which is expected because
the bulk velocities are high. At location 4, the y* value is ~7 and the Reynolds
number is 16,211, which is lower due to reduced density and reduced bulk velocity
as a result of flow separation.

The averaged steady-state profiles of Mach number, pressure, temperature, and
density on the centerline of the nozzle passage are depicted in Fig. 4.8. As the
nozzle passage acts as a converging—diverging nozzle, the gas accelerates to
supersonic velocities with Mach numbers higher than 2.0 close to nozzle exit. After
the throat, the continuously changing direction of the flow leads to an isentropic
expansion fan on the poppet boundary and a nearly isentropic compression shock
on the outer boundary. The compression shock is visible near the nozzle exit.
Temperature and density decrease continuously along the centerline of the nozzle
passage and increase at the compression shock but are still below the ambient
conditions. The pressure at the nozzle exit is higher than the ambient pressure,
which causes further expansion of the gas to the ambient conditions. Overall, the
nozzle operates under moderately under-expanded conditions.
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Fig. 4.8 Averaged steady-state profiles of Mach number, pressure, temperature, and density on
the centerline inside the nozzle (inlet: { = 0.0; exit: { = 1.0)

4.2.4 Near-Nozzle Gas Jet

The gas leaves the nozzle with supersonic velocity through the annular nozzle exit.
Figure 4.9 shows a section through the domain at Y = 0.0 depicting the very early
phases of the development of the gas jets through contours of Mach number. The
bow shocks can be seen clearly in the first frame. The annular bow shocks merge to
form a complex interaction of waves behind the shock. The Mach disk and shock
cells in the annular shape begin to form as a part of the hollow cone. The reflected
shocks keep the hollow cone intact. Instabilities develop further downstream due to
shear between helium and air, resulting in the formation of vortical structures
similar to those in the wake of a bluff body. The initial bow shocks also interact
with the gas jets during the early development phase, destabilizing them. The
near-nozzle flow reaches steady state within 60 ps.

Similar to the nozzle flow, a statistical characterization of near-nozzle jet for-
mation can be performed. The near-nozzle jet statistics are computed using the
combined azimuthal and time-averaging procedure described previously. The
averaged steady-state velocity magnitude and the standard deviation for the jet are
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Fig. 4.10 Near-nozzle steady-state averaged velocity magnitude and standard deviation in the
LES

shown in Fig. 4.10. The near-nozzle mesh resolution used in this study cannot
sharply resolve the typical structures of the supersonic gas jets. However, the
formation of shock cells can be observed. As the pressure in the region below the
poppet is low, the jet bends toward the axis of the injector. A highly fluctuating flow
field near the nozzle results in the high standard deviation, particularly in the jet
core near the nozzle exit. Nevertheless, the jet core mostly remains intact within the
shock cells. The mixing of helium begins at the edges of the jet core, and mixing
layers form on the inner edge and the outer edge (see Fig. 4.11). The thickness of
both mixing layers gradually increases, and the two layers merge away from the
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Fig. 4.11 Near-nozzle steady-state helium mass fraction and standard deviation in the LES

nozzle exit. The helium—air mixture moves into the low-pressure region below the
poppet, eventually increasing the helium concentration there.

The averaged steady-state profiles of different flow variables are plotted along
the jet centerline in Fig. 4.12 along with the standard deviation (¢) about the mean.
The distance along the jet centerline is non-dimensionalized with the needle lift
(L =300 um) as a characteristic length scale. The average Mach number at the
nozzle exit is approximately 2.0, and the average pressure is slightly above ambient.
The helium expands into the ambient air, the average pressure drops, and the
average Mach number increases up to ~2.6. After that, the pressure recovers and
exceeds ambient pressure, and the Mach number drops. The cycle repeats until a
distance of ~ 12 times the needle lift. After initial fluctuations in the shock cells, the
temperature remains stable at ~200 K before the average Mach number drops
below 1.0. Thereafter, the temperature begins recovering toward ambient condi-
tions. The standard deviations of Mach number and pressure do not change sig-
nificantly, although the absolute values are quite high. On the other hand, the
standard deviation of density increases continuously, indicating mixing of helium
with air, and the standard deviation of temperature first increases and begins
decreasing after a distance of ~ 12 times the needle lift. The average temperature in
the near-nozzle gas jet is very low compared to ambient conditions.

4.2.5 Far-Field Gas Jet Evolution

The far-field gas jet development was analyzed using both experimental measure-
ments and simulation data. The top row in Fig. 4.13 shows the visualization from
the Schlieren experiments, while an isosurface corresponding to helium mass
fraction of 0.003 from the LES is shown in the bottom row for the same instants as
those of the experiments for direct comparison. The time shown here is relative to
the instant when the gas jet first emerges from the injector.
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The initial bow shock is visible in the first and second Schlieren frame, and the
pressure waves emitted from the jet are seen in the later frames. The gas jet
continuously mixes with the ambient gas forming a cloud-like structure. A similar
development can also be observed in the corresponding LES time frames. The
range of length scales of the flow features observed in the experiments is qualita-
tively represented in the LES. The mixing branches of the gas jet moving in the
transverse direction can be found in the experiment as well as the LES. The gas jet
penetration in the experiments is shorter than in the LES. The reasons for the
overprediction are the assumption of a fixed needle lift in the simulations and will
be discussed later. However, a detailed view of the near-nozzle flow features is not
available in the experimental data presented here.

From the simulation data, information on the mixing of the gas jet with sur-
rounding gas can be obtained. For example, Fig. 4.14 shows the contours of the
helium mass fraction at different time instants. As the gas jet develops, a hollow
cone is formed initially. The high-speed gas flow entrains the surrounding gas, both
from inside and from outside of the cone, which causes a pressure drop inside the
cone below the poppet leading to the collapse of the hollow cone and formation of
the single gas jet. It is possible to detect the collapsing event by monitoring the
pressure below the poppet during the injection. The instantaneous pressure as
shown in Fig. 4.15 is highly fluctuating, and a clear trend is not visible. Therefore,
it is filtered to remove high-frequency oscillations. The filtered pressure values
decrease after ~255 ps and fluctuate around lower levels when the hollow cone
collapses.
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Fig. 4.14 Development of the gas jet and mixing behavior as observed in Y = 0 plane
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The far-field gas jet development and mixing can be characterized quantitatively
in terms of different parameters, which are commonly used in the literature for
liquid or gaseous fuel jets. These are:

Axial penetration length (APL)

Maximum width (MW)

Area of the jet (AJ)

Volume of the jet (VJ)

Mass-weighted probability density function (PDF) of helium mass fraction
within the volume of jet

Some of the parameters, such as axial penetration length, maximum width, and
area of the jet, can be obtained from the experimental data, which are Schlieren
images in this case. The Schlieren images are first converted into a binary image as
shown in Fig. 4.16a (¢ = 455 ps) using common image processing techniques. On
the other hand, the simulations can provide information on additional parameters
such as the volume of the jet and mixing statistics (see Fig. 4.16b, c, d) and help in
gaining further insights into the mixture formation. The axial penetration length and
maximum width provide spatial extents of the gas jet within the domain, while the
area of the jet and the volume of the jet can be an indicator of the amount of
entrainment of ambient gas. The mixing statistics determine the mixture quality and
can establish the flammability limits of the mixture in a typical partially premixed
combustion case. To compute the mixing statistics, one can either use normalized
cumulative volume fraction plotted versus equivalence ratio (Sukumaran 2010) or
compute mass-weighted PDF of the mass fraction of the injected gas within the jet
volume (Vuorinen et al. 2014). The first method is preferable for full engine cases
as the volume is fixed by walls of the combustion chamber, while the second
method is appropriate for the free gas jets.
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Fig. 416 Methods of calculation of characterizing parameters from experiments (a) and
simulations (b, ¢, d)

In the simulations, the characterizing parameters are computed from the com-
putational domain using a threshold for the mass fraction of helium. The threshold
value is selected based on the convergence of the parameters. In this study, the
threshold value of 0.001 was found to be sufficient (Deshmukh et al. 2018a). The
volume of the jet is computed by adding all cell volumes with helium mass fraction
above the chosen threshold. The length of the bounding box of the jet volume along
the axis of the jet constitutes the axial penetration length. The lateral penetration of
the gas jet is different in different directions, and thus, the maximum width and the
area of the jet depend on the plane of computation. Therefore, in this study, 24
planes with an angle of 7.5° between each other are selected passing through the
axis of the cylindrical domain to calculate the maximum width and the area of the
jet. As a result, a range of values is obtained for these parameters at a particular
instant in time. It is important to note that different path lengths in the transverse
direction are not the effect of directional sensitivity to the underlying Cartesian
mesh. The mass-weighted PDF of helium mass fraction is computed from the
volume of the jet. The statistical information such as mean, standard deviation, and
skewness can be calculated from the PDF over time.

Figure 4.17 shows the comparison of all quantitative parameters from the LES
with some of the available measured values. The axial penetration length is over-
predicted in the simulations, although the slope of the line matches at later times.
A nonlinear behavior is predicted in the initial phases of the jet development, which
results in higher axial penetration in the beginning. Similar nonlinear behavior was
observed in the experimental studies of the hollow-cone gas jets by Kuensch et al.
(2014), and a 0.8 power law of the axial penetration length was fitted to the data. In
this study, two-stage power laws are observed before and after the collapse of the
hollow cone. The slight depression in the axial penetration plot shows the col-
lapsing events consistent with the previous observations. A 0.65 power law is
observed during the initial development phases when the hollow cone remains
intact, whereas later a 0.8 power law fits well. For the maximum width, a range of
values is obtained as discussed before. The range widens as the jet develops and can
be as large as 15 mm away from the nozzle. While Kuensch et al. (2014) found a
0.2 power law of the maximum width, in this study, two-stage power laws are
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Fig. 4.17 Comparison of characterizing parameters between experiment and LES

observed with an initial 0.35 power law behavior and 0.2 power law after the
collapsing event. The area of the jet increases linearly with time, which is also
consistent with the product of power laws of the axial penetration length and the
maximum width. In summary, this leads to

AJ~APL;, - MW, = Cyt (4.1)
VJ, ~APL; - MW, - MW, = D;'% (4.2)
VJ; ~ APL, - MW, - MW, = D,¢'? (4.3)

The subscripts, 1 and 2, denote the first and the second stage of the jet evolution,
respectively. The jet volume increases continuously as the jet entrains ambient gas
into the jet volume. The product of the power laws of the maximum width and the
axial penetration (Egs. 4.2 and 4.3) follow the LES predictions quite well. These
scaling laws can be used for getting the first estimates of the probable gas jet
behavior. However, the constants of proportionality must be known beforehand.
The mass-weighted PDF of the helium mass fraction at # = 700 ps is also shown in
Fig. 4.17. The probability of finding no helium anywhere in the jet volume is zero
because the jet volume is obtained with the chosen threshold of 0.001 for helium
mass fraction (Yy.). A bimodal PDF can be observed. The statistics of the PDF,
mean, standard deviation, and skewness provide information on the quality of the
mixture. These are plotted for the duration of the simulation. The mean values are
the indicators of the average helium mass fraction within the jet volume. The mean
of the PDF increases to a peak value very quickly after the start of injection
(SOI) indicating a very rich mixture. As more and more ambient air is entrained and
mixed with helium, the mean value decreases nonlinearly. The standard deviation
quantifies the degree of mixing. Higher standard deviation indicates less homoge-
neous mixture and vice versa. The standard deviation of the PDF shows a similar
trend to that of the mean and is of the same order, implying a high degree of
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inhomogeneities in the mixture. The third standardized moment of the PDF,
skewness, is the indicator of pockets of lean or rich mixture. Positive values show
the presence of pockets of rich mixture, while negative values show the presence of
lean regions in the jet volume. Here, the skewness of the PDF is very high initially
and positive, which drops quickly and again increases gradually. Initial large
positive values are expected because the mixing of helium has not started yet. With
the progress of mixing, the skewness drops. The gradual increase of the skewness
indicates the increasing presence of unmixed rich regions of helium.

Overall, the macroscopic characteristics such as the axial penetration, the
maximum width, and the collapsing event of the hollow cone can be reasonably
predicted by the LES with the used mesh resolution. The LES was run on 1024
cores for 131 h, which is quite expensive for such a short duration of injection.
Therefore, the potential reasons for the discrepancies between experiment and
simulation are investigated using a computationally less expensive URANS
approach. However, URANS requires modeling of energy-containing turbulent
scales, and several turbulence models have been developed for different applica-
tions. Some of them have become a standard in industrial simulations, e.g., RNG k-
¢, realizable k-¢, and SST k-w. Before applying these in the simulations of the gas
injection, these turbulence models are evaluated in terms of macroscopic charac-
teristics against the LES, which relies on the Vreman model for the sub-filter eddy
viscosity.

4.2.6 Choice of Turbulence Model

The RNG k-¢ model has been developed from the Navier—Stokes equations through
the renormalization group (RNG) theory (Yakhot and Orszag 1986). The renor-
malization group method is based on statistical averaging of fluctuations on all
scales, ranging from the smallest scale to successively larger scales, which is
particularly appropriate for the description of turbulence involving a wide range of
scales (Wilson 1983). Therefore, the effects of different length scales on turbulent
diffusion are intrinsically modeled by the RNG k-¢ model. Also, the model con-
stants are deduced analytically. The realizable k-¢ model ensures physically realistic
values of the turbulent kinetic energy by constraining the positivity of normal
Reynolds stresses and obeying the Schwarz’s inequality for turbulent shear stresses
(Shih et al. 1995). The realizable k-¢ model performs well for rotational flows. The
shear stress transport (SST) k- model by Menter (1994) is the combination of the
standard k-¢ model and the standard k-« model, which has the benefits of both
models. The standard k-« model is advantageous for boundary layer flows and
modeling of the near-wall viscous regions. A blending function is used, which is
zero close to walls, activating the k- model, and unity away from walls, leading to
the k-¢ model. The effects of high-pressure gradients are also considered for cal-
culating the eddy viscosity. The SST k-w model is well suited for external flows,
such as in aerodynamic applications. Nevertheless, it is investigated in this study
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because high-pressure gradients and flow separation occur near the exit of the
nozzle.

The initial and boundary conditions for the URANS simulations are maintained
as in the LES for a direct comparison. The temporal jet evolution is investigated
with the turbulence models. A quantitative analysis of the performance of URANS
models is made and compared with the LES (see Fig. 4.18). The experimental
values are plotted for reference. Compared to the LES, all turbulence models used
here predict the initial axial penetration length reasonably, although the collapsing
instant as indicated by the depression in the plots is slightly delayed. The maximum
width is predicted well; however, the range of values is smaller at later times. More
substantial differences between the turbulence models can be observed in the area of
the jet and are more prominent in the volume of the jet. Comparing the volume of
the jet, the RNG k-¢ model is the closest to the LES, which is very important for
mixing as the amount of entrained ambient air affects the mixture quality. This is
reflected in the mean of the PDF of Yg., which is lower for all turbulence models
compared to the LES due to a higher amount of air entrainment. Again, the RNG k-
& model comes closer to the LES. The standard deviation shows a distinct bump in
the URANS results, which is the effect of the hollow-cone collapse. The skewness
of the PDFs shows a similar trend in the URANS compared to the LES. However,
the development of the trend is delayed, and the absolute values are high with all
turbulence models, which implies a high probability of finding rich helium regions
in the jet volume. It can be distinctly observed that the mixing statistics, in general,
can be entirely different although other global characteristics are very similar. Based
on the overall performance with respect to macroscopic characteristics on the
typical mesh resolutions used in the full engine simulations, the RNG k-¢ model can
be a good choice compared to the other two models considered here and is chosen
for further URANS simulations in this study.
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4.2.7 Needle Motion and Initial Conditions

The initial nonlinear behavior of the temporal gas jet development observed in the
LES caused an overprediction of the axial penetration. In the LES, the needle lift is
fixed resulting in a higher mass flow rate from the beginning. In practice, the needle
does not open instantly. There is always a delay in opening; depending on the type
of injector used, the opening can be very fast as in piezoelectric injectors, or it can
be relatively slow as in solenoid injectors. Since the injector in this study is of the
solenoid type, the opening profile is expected to be gradual. The needle lift profile is
shown in Fig. 4.19a, where the opening delay is ~ 100 ps. Initially, the needle is in
a closed position, and the domain is divided into two regions: a high-pressure
upstream region with helium at a pressure of 15 bar and a temperature of 298 K and
a low-pressure downstream region. A second initial condition (IC2) for the fixed
needle case (keeping the same needle lift) is also considered in this study because it
is more similar to the initial conditions in the injector with a closed needle. The
domain is divided into two regions at the valve seat location as shown in Fig. 4.19b.
The IC2 mimics the sudden opening of the needle.

URANS simulations with the needle lift profile are carried out, and as expected,
the linear behavior in the initial stages of the gas jet development is reproduced well
by the simulation with needle motion (see Fig. 4.20). However, the plot diverges
from the experimental values after 400 ps, probably due to the collapse of the
hollow cone. To investigate the deviation, the pressure below the poppet is mon-
itored and plotted in Fig. 4.21. The collapsing event in the simulation with needle
lift is delayed significantly, causing more than 50% decrease in the axial penetration
length compared to the fixed needle simulations with IC1. In contrast to this study,
Kuensch et al. (2014) reported a nonlinear behavior of the axial penetration in the
experiments with the hollow-cone injector. However, a piezoelectric injector was
used in their investigations, which is very fast compared to the solenoid-actuated
Delphi injector. Therefore, for piezoelectric injectors, it may be concluded that the
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Fig. 4.19 Needle lift profile (a) and initial condition 2 (b) in the nozzle



el
(=)

A. Y. Deshmukh et al.

T APL z 60
E£8 g
£ 60 £ 40 P
I
w0 :
8 2 20 fe _
= 20 iy g O O EXP
= 3 B 1q.
2 s, LES: ICI
200 400 600 200 400 600 | —  ES: IC2 (*Different mesh)
Time [us] Time [Us] )
=== URANS: Fixed Needle IC1
S AJ § % v =— URANS: Moving Needle
= = 4 URANS: Fixed Needle 1C2
X X 40 &
E £ 30
B g 20
5 5
o 10
S o E o
<0 2 0=
200 400 600 < 200 400 600
Time [Us] Time [Us]

Fig. 4.20 Effect of initial conditions and the needle motion on the characterizing parameters

I I I
— LES: IC1 Filt. -—- URANS: Moving Needle Filt.
1.1+ /<] —— LES:IC2 Filt. (Different mesh) - URANS: Fixed Needle IC2 Filt.
= e URANS: Fixed Needle IC1 Filt.
<
2 1.0§2
2
Z
8 09
A~
0.8
0.7 : . . : : :
0 100 200 300 400 500 600 700
Time [ us]

Fig. 4.21 Pressure monitor below the poppet: vertical black lines =255 pus, ¢ =455 ps,
t = 655 ps indicate the event of hollow-cone collapse for respective cases

needle motion may not be important for prediction of the initial phase of the gas jet
development. The second initial condition, IC2, was tested using URANS and LES
with a mesh resolution lower than used before. The URANS simulations with IC2
predict the initial nonlinear behavior similar to that observed with IC1. However, as
the hollow-cone collapse is delayed (see Fig. 4.21), the axial penetration drops.
After the collapse, the single coherent gas jet follows a linear increase in the axial
direction. The maximum width and the area of the jet closely follow the experi-
mentally measured values for the case with needle motion and fixed needle with
IC2. For the moving needle case, the volume of the jet increases slowly but later
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converges to the other URANS cases, indicating similar air entrainment for all
URANS cases. To verify the effect of initial conditions on the collapsing behavior
of the jet, an LES with IC2 is performed. However, a lower mesh resolution was
used in this case to keep the computational costs lower. In contrast to the corre-
sponding URANS case, the LES with IC2 shows a very similar axial penetration to
that with IC1, and the collapsing event is only slightly delayed.

The needle motion and initial conditions influence the mass flow rate through the
nozzle during the initial phases. The mass flow rate at the inlet of the nozzle for
different cases is shown in Fig. 4.22. The shock/pressure waves propagating inside
the nozzle and their reflections from the complex internal geometry cause the initial
fluctuations. The waves survive for long times in the LES due to low-dissipation
numerical schemes and dissipate quickly in the URANS simulations. The viscous
boundary layer flow is resolved better in the LES using a high-resolution stretched
grid near the walls, whereas the near-wall velocities are modeled with log law in the
URANS simulations with a coarse cut-cell Cartesian grid. Therefore, the values of
the mass flow rate in the LES are lower than those in the URANS simulations.
Initially, the mass flow rate in the URANS simulation with initial condition IC1 is
marginally lower but later merges with the mass flow rates for the cases with needle
motion and initial condition IC2.

The consideration of the needle motion is crucial for accurate resolved simu-
lations of the poppet-type gas injectors, particularly for solenoid-actuated injectors.
For piezoelectrically actuated poppet-type injectors, the fixed needle approach may
be sufficient. The initial conditions in the nozzle are important for the further
development of the gas jet. With the chosen mesh resolution and turbulence model,
the URANS simulations showed sensitivity to different initial conditions, whereas
the LES did not predict such distinction. The URANS computations required 8-
25 h on 24 cores, which is less by, at least, a factor of 200 compared to the LES.
Further investigations using high-fidelity LES with a moving needle are necessary
to identify the reasons for the discrepancies with respect to the experiments.
Moreover, the sensitivities of the URANS approach to the initial conditions in the
nozzle need to be examined.
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4.3 Modeling of Poppet-Type Gas Injectors

4.3.1 Challenges in Numerical Simulations

Resolved simulations of the poppet-type gas injectors have already been described
as challenging and computationally very expensive mainly because of different
length and timescales present inside the injector and the cylinder. Therefore, it is
important to reduce the simulation run-time to be able to use numerical simulations
in the engine design process that motivates the splitting of the full simulation
considering it as a multi-scale problem and development of simplified models for
the process with smaller timescales. There have been a few attempts in the literature
for the development of such models. A computational model was developed for a
cylindrical orifice by Johnson et al. (1995) for hydrogen gas injection and com-
bustion. The model was based on the inflow conditions calculated from choked
nozzle flow dynamics. The model replaced the nozzle flow dynamics and reduced
the run-time of the full simulation by a factor of 10. Another model for high-speed
jets was developed by Mather and Reitz (2000), which was based on compressible
under-expanded nozzle flow with a barrel shock and a Mach disk. Sonic flow was
assumed at the Mach disk, and the diameter of the Mach disk (called equivalent
diameter) was calculated from the nozzle exit pressure and ambient gas pressure.
The jet exit velocity and density were obtained from an isentropic expansion
process and used as the inflow boundary condition. The jet penetration was found to
be dependent on the momentum injection rate by Ouellette and Hill (1999). They
proposed to simply impose momentum as a boundary condition at the nozzle exit.
Most models were developed for cylindrical orifices, while the modeling efforts for
the poppet-type outwardly opening design have been relatively scarce due to the
more complex geometry. Some of the models are described in the following
sections.

4.3.2 Converging-Diverging Nozzle Approximation

Considering the similarity between high-speed round jets and the resulting single
gas jet from a shrouded poppet-type valve, Kim et al. (2007) proposed to use a
simplified converging—diverging nozzle design. The throat area of the simplified
nozzle and modified injection pressure were obtained using quasi-one-dimensional
isentropic flow relations from the downstream characteristic Mach number and fuel
mass flow rate corresponding to the original valve. However, this model is limited
to shrouded poppet-type nozzles.
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4.3.3 Source Modeling Approach

A virtual injector model for a poppet-type valve based on the source terms in the
governing equations was developed by Baratta et al. (2011). In this model,
the injector needle is opened to the maximum lift and the geometry upstream of the
throat section is removed from the computational domain. The mesh cells at
the throat section are treated as the injection source cells. The source terms in the
governing equations are computed as S¢ = i@, where 1 is the mass flow rate
through the injector and @ is the flux in each of the equations. This approach is
valid for supersonic injection velocities as downstream conditions do not affect
upstream flow properties in supersonic flows. However, the approach does not
include the effects of upstream nozzle geometry, which are typically important.

4.3.4 Mapped Boundary Condition Approach

The mapped boundary condition (MBC) approach was recently proposed by
Deshmukh et al. (2016), where the simulation is split into two parts: nozzle flow
and in-cylinder flow. This approach retained the geometrical information of the
nozzle and provided accurate boundary conditions for the in-cylinder flow simu-
lation. In this approach, a stand-alone nozzle simulation, either LES or URANS, is
carried out for a desired pressure ratio. The nozzle flow and near-nozzle flow reach
a steady state within a short time compared to the duration of injection. The injector
nozzle is decoupled from the cylinder by slicing it from the computational domain
along an arbitrary surface, which is treated as the mapping boundary on the
cylinder. Since the flow at the nozzle exit is supersonic due to high-pressure ratio,
the downstream flow conditions have no effect on the upstream flow field. On the
other hand, under subsonic conditions, the upstream flow field depends on down-
stream flow conditions, and hence, the one-way mapping is not accurate. Therefore,
the MBC approach is physically more accurate under supersonic nozzle flow
conditions. The flow variables in the nozzle simulation are recorded at the mapping
boundary and then transferred onto the corresponding inflow boundary of the
full-scale simulation. The approach is illustrated in Fig. 4.23.

The location of the mapping boundary is selected based on two opposing
criteria:

1. The mapping boundary should be far off from the nozzle exit so that the velocity
is small enough to increase the time step significantly.

2. The mapping boundary should be close to the nozzle exit to avoid removal of a
large volume from the computational domain.

An ideal mapping location is at the end of the Mach disk, which is consistent
with the models reported in the literature (Johnson et al. 1995; Mather and Reitz
2000; Ouellette and Hill 1999). However, in this study, the mapping boundary is
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Fig. 4.23 Sketch illustrating the mapped boundary condition approach

located at 1 mm downstream of the nozzle to avoid cutting into the cylinder vol-
ume. This location is found to be sufficient to obtain large time steps and reasonably
accurate predictions of the in-cylinder flow fields. Nevertheless, further work is
necessary to determine the optimum location for the mapping boundary.

To generate the mapped boundary condition, a stand-alone nozzle flow simu-
lation is performed. The injector needle is opened to its maximum lift and the
domain is initialized into two regions with an initial discontinuity at the valve seat.
The upstream region containing helium is set to the specified injection pressure and
temperature, and the downstream region is initialized with a low pressure corre-
sponding to ambient conditions. A total pressure boundary condition is set at the
inlet, and a non-reflecting characteristic boundary condition is applied at the outlet.
Remaining boundaries are treated as no-slip, adiabatic walls. The simulation is run
and continued until statistically stationary conditions are reached at the mapping
location. It can be verified whether the near-nozzle flow has reached a statistically
stationary condition. For example, Fig. 4.24 shows the plot of velocity magnitude
at two locations, P1 and P2, on the mapping surface over time for pressure ratios of
15 and 8. The instantaneous signal is fluctuating; therefore, it is filtered to get the
mean velocity magnitude. The mean velocity magnitude becomes steady after
~60 ps. The interaction of shock waves and the geometrical features of the
cylinder head are also captured.

The flow field variables downstream of the nozzle exit for two pressure ratios are
shown in Fig. 4.25 in the Y = 0.0 plane at time ¢ = 75 ps. A dashed line indicates
the mapping location. The flow variables such as velocity, density, temperature, and
mass fractions at the mapping location are recorded and stored. The flow variables
are mapped only in the supersonic regions, which is geometrically marked based on
the mass fraction of injected gas. Here, it is observed that the entrainment of
ambient gas in the supersonic gas jet at the mapping location is negligible. The
threshold helium mass fraction to mark the supersonic region is chosen based on a
trade-off between the thickness of the supersonic region and mesh resolution. For
example, it is set to 0.7 for the pressure ratio of 15 and 0.6 for the pressure ratio of
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Fig. 4.24 Velocity magnitude monitored at location P1 (a) and P2 (b) on the mapping surface

8. After the mean flow quantities reach a statistically stationary state, they are
averaged in time. The resulting inflow profiles of different flow variables on the
inflow boundary are also shown in Fig. 4.25. The remaining area outside the
supersonic region should mimic a wall boundary and is set to zero velocity and a
fixed temperature avoiding additional inflow through this area. A zero-gradient
condition for pressure is required over the mapping boundary to get constant mass
flow across it. The effects of needle motion are important for solenoid-actuated
injectors as shown before, especially at high engine speeds. These can be consid-
ered by gradually ramping up the velocity components at the mapping boundary. At
relatively lower engine speeds (e.g., 10002000 RPM in this study), the needle
opening period in terms of crank angles is small enough and does not largely affect
subsequent mixture formation. Moreover, the conditions at the mapping location do
not change significantly during the injection period at lower engine speeds.
Therefore, the inflow profiles are fixed in time.

For a supersonic inflow boundary, all characteristic waves enter the flow
domain; therefore, all information should come from outside of the domain (Hirsch
1994). For a system of compressible Navier—Stokes equations with a non-reacting
scalar, at least six flow variables, namely density, three components of velocity,
temperature, the mass fraction of helium, are required. Neglecting the contribution
of sub-filter scales, these are sufficient for an LES. However, for a URANS sim-
ulation, two additional equations for the turbulence model need turbulent kinetic
energy (TKE) and turbulent dissipation rate to be specified at the inflow boundary.
Depending on the method used for the stand-alone nozzle flow simulation, some
variables are directly available, and the rest need to be estimated from the available
ones and specified as a constant value in the supersonic region. For example, a
mapping from a stand-alone nozzle flow LES to an LES of full-scale simulation
(LES-to-LES mapping) or URANS-to-URANS mapping will not require any
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Fig. 4.25 Downstream spatial distribution of Mach number (Ma), temperature (7), and helium
mass fraction (Yye) in ¥ = 0.0 clip plane and resulting inflow profiles at time ¢# = 75 ps in nozzle
simulations for injection pressures 15 bar (left) and 8 bar (right)

estimation, whereas for the LES-to-URANS mapping the TKE is estimated from
the fluctuating velocity components obtained from the time-averaged mean velocity
profile from the LES. The turbulent dissipation rate is calculated using Eq. 4.4 from
the TKE and an appropriate length scale (le), which is chosen as a fraction of the
maximum valve lift.

Cz /433/2 »
g =—— .
le
where ¢, (=0.09) is a model constant. The TKE could also be specified in terms of
estimated turbulent intensity and an appropriate dissipation length scale. However,
the sensitivity of the results to the estimated kinetic energy and dissipation rates
needs further investigation in the future.

4.4 Application of Mapped Boundary Condition
Approach

4.4.1 Case Description

The MBC approach is demonstrated in a quasi-steady-state flow configuration and a
full-cycle engine configuration. For validation, the in-cylinder velocity field is
measured for an optically accessible single-cylinder research engine. All of the
experimental data has been measured at the Institute of Aerodynamics (AIA) of
RWTH Aachen University. The injector was provided by Delphi, and helium was
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Table 4.1 Engine

. ) Displaced volume 364 cc

specifications Bore 75 mm
Stroke 82.5 mm
Connecting rod 146 mm
Compression ratio 74
Number of valves 4
Valve lift 9 mm
Exhaust valve open 250° BTDC
Exhaust valve close 33° ATDC
Inlet valve open 34° BTDC
Inlet valve close 250° ATDC

used for injection. The physical properties of helium are different from natural gas.
Based on isentropic flow calculations, helium results in 46% lower mass flow and
13% higher momentum flow compared to natural gas through the injector at a given
pressure ratio. Nevertheless, this study can reasonably provide an insight into the
underlying processes occurring due to gas injection and their impact on the
in-cylinder flow field and mixture formation. Table 4.1 shows the engine specifi-
cations. The valve opening and closing events are with reference to the non-firing
TDC, which is set to 0° crank angle.

The velocity field has been measured using state-of-the-art time-resolved
stereoscopic particle image velocimetry (PIV) (see the experimental setup in
Fig. 4.26a. The measurement cases chosen for comparison with the simulations are
shown in Table 4.2. The poppet-type injector is positioned between the two intake
valves inclined at an angle of 6° with an offset of 6 mm from the axis of the
cylinder. The maximum needle lift of the injector is 350 pm in all measurement
cases. For the steady-state measurement of the velocity field, helium at a pressure of
15 bar is injected for one second in a fully closed cylinder with the piston at the
bottom dead center (BDC). Initially, the cylinder is at atmospheric pressure and
temperature. The velocity field is measured in two planes passing through the
injector and perpendicular to each other as shown in Fig. 4.26b. During the
injection, 500 samples of the velocity field are recorded, beginning at 100 ms after
SOI until 167 ms at a frequency of 750 Hz. The sampling starts 100 ms after SOI to
obtain a fully developed mixture of the injected and the in-cylinder gas. For the full
engine cases (transient 1-3), the measurements are carried out on two planes except
for case transient 3, where the velocity field is measured only in the ¥ = 0.0 plane.
Three hundred and twenty-one consecutive cycles are recorded during the mea-
surements to obtain a high convergence of the data. In one cycle, 17 images are
recorded with an interval of 16° crank angle with a sampling frequency of 375 Hz
for the engine speed of 1000 RPM and 750 Hz for the engine speed of 2000 RPM.
Measurements are performed only during the intake and compression phase,
beginning at a crank angle of 72° ATDC until 328° ATDC.
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Fig. 4.26 Experimental setup (a) and measurement planes (b) for time-resolved stereoscopic PIV

Table 4.2 PIV measurement cases

Case Engine speed (RPM) | P;,; (bar) | SOI (ms) |DOI (ms) | SOI (CA°) | DOI (CA®)
Steady 0 15 0 1000 - -
Transient 1 | 2000 15 - 6 90 72
Transient 2 | 1000 15 - 6 90 36
Transient 3 | 2000 8 - 3 135 36

4.4.2 Steady-State Configuration

The measurements of the velocity field begin 100 ms after SOI, and as shown in
Fig. 4.27, the pressure in the cylinder rises continuously from 1 to 5.5 bar up to the
start of measurement as the valves are closed. Therefore, the simulation, if begun
from the start of injection, would have to be run for more than 100 ms to capture
this pressure rise, which is impractical from a numerical point of view. The initial
estimate of the time required for running one such LES without any modeling of
nozzle flow was in the order of months on the available computing resources, which
is unrealistic. A more practical approach is considered here. Because of the inherent
transient nature of the physical process, it cannot reach a steady state. Therefore, a
timescale is defined based on the physical dimensions of the domain and the speed
of sound in the fluid, here air, in the domain. The timescale is used to roughly
estimate the time required for the velocity field to reach a quasi-steady state. In this
case, the maximum dimension is along the axis of the cylinder (~0.1 m). Speed of
sound in air is ~343 m/s. So, the time required for a pressure wave to reach the
bottom of the cylinder is approximately 0.3 ms. It is assumed that a quasi-steady
state is reached when the pressure waves have traveled across the cylinder multiple
times so that they no longer change the flow field significantly. Hence, the actual
simulation time to reach the quasi-steady state is assumed to be in multiples of the
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Fig. 4.27 Chamber pressure measured during PIV with P;,; 15 bar

characteristic time 7 (=0.3 ms), and 70 * T ~ 21 ms was found to be sufficient in
this study. The simulation is directly started 100 ms after the SOI with the initial
cylinder pressure of ~ 5.5 bar. Within the measurement window, the pressure rises
up to ~7.5 bar. Both LES and URANS simulations were carried out and compared
with velocity field measurements. The LES shows the pressure rise of ~2 bar in
the time required to reach the quasi-steady-state (21 ms) compared to 67 ms
required for the same pressure rise in the experiment. This is because blow-by
losses were not considered in the simulations. An unstructured mesh was used with
the high-fidelity compressible LES solver (CHRIS), and a Cartesian cut-cell mesh
was used in CONVERGE for the URANS, which are not shown here for brevity.
With this simulation approach, it was possible to reduce the simulation run-time
significantly, from the order of months to the order of days.

The instantaneous and time-averaged velocity magnitude in the X- and Y-plane is
shown in Fig. 4.28. The gas jet penetrates the cylinder, hits the bottom, and reverses
resulting in a recirculation zone moving it sideways in the X-plane. As said before,
the simulation required 70 characteristic times, i.e., 21 ms, to reach a quasi-
steady-state. This can be verified by monitoring the velocity components at different
points in the cylinder. For example, four points are monitored in the Y-plane, and
the velocity components at these points are plotted in Fig. 4.29. The instantaneous
signals are filtered to get mean values to identify trends. It can be observed that the
mean signal does not change significantly after 21 ms. The simulation is continued
until 80 characteristic time units, i.e., 24 ms, and a window of 3 ms is used for
time-averaging.

A direct comparison of instantaneous W-velocity from the LES and PIV in the
X-plane is shown in Fig. 4.30. Qualitatively, the LES predicts the gas jet location
and sideways motion. After analyzing the experimental data, it was found that the
jet is not visible in all of the measured samples because it fluctuates vigorously and
moves out of the measurement plane. In fact, only selected samples show the gas
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Fig. 4.29 Velocity components monitored at four locations in the Y-plane

jet, indicating a large variability in the measurements. This is important when
averaging the experimental data.

On the other hand, the time-averaged velocity field from the LES can be directly
compared with that from the URANS simulation (see Fig. 4.31) because URANS
ideally should provide ensemble-averaged results. The URANS predicts velocity
magnitudes qualitatively similar to the LES. The strong sideways movement of the
gas jet is not predicted in the URANS simulation, although the flow field is
asymmetric. URANS cannot be expected to capture the dynamic large-scale
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the instantaneous one at ¢ = 24 ms in the URANS simulation (right) in the X-plane

motions of the gas jet due to the inherent modeling of energy-containing turbulent
length scales.

For a more quantitative comparison, the velocity magnitude from the simulations
and the experiments is plotted at certain locations in the cylinder (see Fig. 4.32) in
the X-plane and the Y-plane. The gray curves in the background indicate instan-
taneous velocity magnitudes in LES, while gray symbols indicate the individual
experimental snapshots only where the gas jet is present in the plane. Red curves
show time-averaged LES, blue curves show URANS results, and green symbols are
ensemble averages of individual experiments. The LES can reasonably capture the
ensemble-averaged velocity field as well as the instantaneous fluctuations. On the
other hand, URANS predicts the magnitudes of the ensemble-averaged velocity
field, although the peak locations are not predicted. This is again because of the
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intrinsic limitations of the URANS turbulence modeling. In the Y-plane, the gas jet
is not fully visible due to sideways movement in the X-plane. Therefore, only one
location is plotted in Fig. 4.32b.

4.4.3 Full Engine Configuration

Simulation Setup. The simulation setup for the engine simulation is shown in
Fig. 4.33a. The domain is split into three regions: cylinder, exhaust, and intake. The
injector is sliced out from the computational domain for the MBC approach.
CONVERGE generates a Cartesian cut-cell mesh at run-time. The base mesh size
of 4 mm is used, and embedded refinement regions are placed in the cylinder,
which results in a mesh size of 1 mm. The AMR is activated to capture gradients in
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velocity and scalar fields. The mesh is refined at certain boundaries and/or regions
to capture the physical fields and their gradients accurately. A representative mesh
in the simulation during the intake stroke is shown in Fig. 4.33b.

Initially, a simulation of a full engine cycle is performed without injection for
two engine speeds, 1000 and 2000 RPM, with air as a working fluid. To avoid the
effects of initial quiescent conditions, the simulation is run for four cycles to set up a
tumble flow field inside the cylinder. For the simulations with injections, the
computational domain is initialized with the flow field just before the SOL

A total pressure boundary condition is applied at the hemispherical inlet with a
pressure of 101.325 kPa and a temperature of 298 K. A time-varying pressure
boundary condition based on measured data is imposed at the outlet of the exhaust
pipe. Gradients of velocity and temperature at the exhaust pipe are set to zero. Other
boundaries are modeled as no-slip walls with a fixed temperature of 298 K. For
further details on the simulation setup, initial and boundary conditions, the reader is
referred to Deshmukh et al. (2018¢).

The MBC approach is used in place of the injector. The MBCs are generated for
two injection pressures, 15 and 8 bar, using the LES solver. As the URANS solver
of CONVERGE is used for the engine simulations, this is an LES-to-URANS
mapping for MBC. Therefore, the TKE and turbulent dissipation rates are required
to be estimated from the LES data at the mapping location. The time-averaging is
performed on the inflow profiles to obtain the TKE. The turbulent dissipation rate is
computed using Eq. 4.4. The length scale (le) is chosen as ~ 15% of the maximum
valve lift resulting in the values reported in Table 4.3 for two injection pressures.

The injection mass flow rates across the mapped boundary for injection pres-
sures of 15 and 8 bar are shown in Table 4.4. For comparison, the injector mass
flow rates measured in separate constant volume chamber experiments at the
injection pressures of 16 and 11.8 bar are provided. Additionally, the mass flow
rates from isentropic flow calculations are given for reference. In general, the
isentropic calculations predict higher mass flow rates compared to the measured
values and those from the LES, except for the injection pressure of 8 bar.

(a) (b)
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Fig. 4.33 Computational domain (a) and representative mesh (b)
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Table 4.3 TKE and turbulent dissipation rate estimated for two injection pressures

Injection pressure (bar) TKE (m%/s%) Turbulent dissipation rate (m%/s%)
15 6.001 x 10* 4.423 % 10"
8 2.979 x 10* 2.194 x 10"

Table 4.4 Measured and calculated mass flow rates through the injector for different injection
pressures

Injection pressure (bar) Measured (g/s) LES (g/s) Isentropic calculations (g/s)
16.07 35 - 4.45
15 - 3.8 4.15
11.79 2.5 - 3.26
8 - 2.3 2.21

For validation of the MBC approach for full-cycle engine simulations, a direct
comparison can be made between PIV measurements and simulations in terms of
velocity magnitude. Alternatively, derived quantities of interest, such as the tumble
number, can be compared. The tumble number is a quantitative measure of the
in-cylinder charge motion about the instantaneous volumetric center of the cylinder
relative to the engine speed. The following expression is used for the calculation of
a planar tumble number from both PIV data and simulations:

Z?:O[(Zi - ZCﬂ) Ui — (Xl - Xca)vvi]

Tumble Number = > >
Mcrank Z,r'l:() (Zl - an) + (Xl - Xca) :|

(4.5)

where

Werank = 2g—0N (Hz), angular speed of the crankshaft

N = engine speed (RPM)

U;, W; = X- and Z-components for velocity at point i (m/s)

X;,Z; = X- and Z-coordinates of point i (m)

Xea, Zea = X- and Z-coordinates of the center of area of the FOV (m)

Results and Discussion. A comparison of velocity magnitude between measure-
ments and simulations in the Y-plane is shown in Fig. 4.34 for the first transient
case. The experimental contours are ensemble averages of 321 cycles. Also, the
plots at certain locations are shown for quantitative comparison. The flow field
before the SOI shows an anticlockwise tumble vortex in both experiments and
simulations. The vortex is more smeared out due to averaging of cycles with highly
fluctuating velocities as seen from the plots at a location 10 mm downstream of the
cylinder head. After SOI, the high-speed gas jet penetrates the tumble vortex
destroying the overall tumble motion in the cylinder. As seen in the steady-state
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configuration, the gas jet is highly fluctuating due to the complex interaction of the
flow field and shocks/discontinuities and their reflections from the walls of the
combustion chamber resulting in high variability in the experimental data ranging,
for example, from 25 to 310 m/s. Nevertheless, the URANS simulations reasonably
capture the ensemble-averaged velocity magnitude.

The tumble number comparison between the simulations and experiments pro-
vides an integral validation over a range of crank angles. In the experiments, the
field of view (FOV) is limited due to practical limitations. Therefore, in both
simulations and experiments, the planar tumble number is calculated using the
velocity field in the same FOV (see Fig. 4.35a). The comparison between the
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tumble number from URANS simulations and ensemble-averaged tumble number
from PIV experiments for all transient cases (Fig. 4.35b, c, d) is reasonable despite
the restrictive FOV. As a common observation, the tumble number decreases
sharply after the injection starts, which is consistent with the observations made
from contour plots, i.e., destruction of tumble vortex by the gas jet. Depending on
the DOI, SOI, and injection pressure, the tumble vortex is destroyed either com-
pletely as in transient case 1 and 2 or partly as in transient case 3. With lower
injection pressure in case 3, the mass flow rate is lower, reducing the overall
momentum of the gas jet. In this case, the tumble vortex partly survives due to
lower momentum combined with shorter duration of injection.

Thus, the MBC model for poppet-type injectors has been successfully validated
against the in-cylinder PIV measurements. The model reduced the simulation
run-times for full engine cycle with injection from the order of months to the order
of weeks on the same computational resource, at the same time ensuring the rea-
sonable accuracy of the predicted results.
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4.5 Impact of Direct Gas Injection on the In-Cylinder
Flow Field and Mixing

After the validation of the full engine simulation data, the impact of direct gas
injection on the in-cylinder flow field is investigated using integral quantities such
as mass-averaged tumble number and mass-averaged TKE. The mass-averaged
quantities provide more information than the plane-averaged quantities, which were
available in the experiments. Without direct gas injection, the mass-averaged
tumble number follows an M-shape behavior, which is typical for spark-ignition
(SD engines (see Fig. 4.36a). On the other hand, with gas injection, the tumble
number drops sharply for the cases with higher injection pressure. For the case with
lower injection pressure, some of the tumble motion still survives because of the
lower momentum of the gas jet. For the same injection pressure of 15 bar, the rate
of decrease of the tumble number in a crank angle space is higher for lower engine
speed. This is because the absolute in-cylinder flow velocities are lower for lower
engine speed, and the gas jet has more time to interact with the tumble vortex.
The in-cylinder tumble flow has a special significance for SI engines
(Arcoumanis et al. 1990; He et al. 2007). The tumble vortex is intentionally gen-
erated in the cylinder and acts as a storage of kinetic energy. The piston motion
compresses the vortex as it moves toward TDC, which increases its angular speed
(spin-up effect). Close to firing TDC, the tumble vortex breaks up releasing the
kinetic energy in the form of turbulence, which is required for faster flame prop-
agation. Figure 4.36b shows the mass-averaged TKE for the simulations considered
here. As expected, without injection, the TKE levels are higher for higher engine
speed. However, during the injection, the gas jet introduces very high amounts of
TKE until the end of injection (EOI), which is the result of high velocities of the jet
as well as the destruction of the tumble vortex. The highest maximum TKE is
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Fig. 4.36 Comparison of the in-cylinder mass-averaged tumble number (a) and mass-averaged
TKE (b) without injection (fourth engine cycle) and with injection (fifth engine cycle) for two
injection pressures (vertical dashed lines indicate the crank angle of firing TDC)
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observed for the case with high injection pressure and low engine speed. The
maximum TKE is the lowest for low injection pressure and high engine speed
among the considered cases. In this case, the surviving tumble vortex breaks up
near firing TDC, resulting in the late increase in the TKE. Once the injection has
ended, the TKE shows exponential decay as there is no production mechanism left
in the absence of tumble motion, except the case with high engine speed and low
injection pressure. The amount of TKE available near the firing TDC can be closely
examined from Fig. 4.37. Except for 2000 RPM-8 bar case, the direct gas injection
results in lower TKE levels than without injection. One of the major reasons for this
is the centrally mounted injector configuration. If the injector is side-mounted or
inclined in an angle that results in the gas jet assisting the in-cylinder tumble
motion, the turbulence levels may be maintained or even be higher than without
injection. Therefore, it is imperative to investigate the influence of direct gas
injection on the in-cylinder flow and then optimize the injector configuration to
obtain the desired turbulence levels for faster combustion.

High turbulence levels due to direct injection have a strong impact on the
in-cylinder mixing. The mixture quality in the full engine case can be well
described by the normalized cumulative volume fraction (CVF) of the injected gas.
An ideal mixture is defined as a mixture with a constant mass fraction of the
injected gas throughout the cylinder. The CVF is computed by adding the cylinder
volume up to a certain mass fraction, which results in a monotonically increasing
curve as shown in Fig. 4.38a. The ideal mixture is represented by a vertical line.
The mixture quality for all the cases at firing TDC deviates from the ideal one. To
quantify the deviation, more statistical information can be obtained from the CVF.
A PDF is derived from the CVF (see Fig. 4.38b), and the mean, standard deviation,
coefficient of variation, and skewness of the PDF are calculated.

Table 4.5 shows the statistical parameters computed for the mixture at firing
TDC. The ideal mass fraction is computed from the total injected mass of helium
divided by the total cylinder mass after the intake valve closing IVC). The mean
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Fig. 4.38 Mixture quality in terms of CVFs (a) and PDFs (b) at firing TDC for three cases
(vertical dashed lines correspond to the mass fraction in case of ideal mixing)

Table 4.5 Statistical parameters computed from the PDFs for three transient cases at firing TDC

Transient Ideal Mean Standard Coefficient of Skewness
case Yhe deviation variation (%)

1 0.05742 | 0.05554 | 0.004497 8.10 —0.05627
2 0.06170 | 0.06044 | 0.002305 3.81 2.3143
3 0.01592 | 0.01589 | 0.0024795 15.6 0.90298

values of the PDFs are lower than the ideal mass fraction because some of the
injected helium is transported in the intake port before IVC. The standard deviation
quantifies the degree of mixing. However, the standard deviation relative to the
mean value, also known as the coefficient of variation (CoV), is more useful to
compare mixture quality under different conditions. The lower the CoV, the higher
the mixture quality. Case 2 with high injection pressure and low engine speed has
the lowest CoV of helium mass fraction and hence the highest mixture quality. Case
3 with low injection pressure and high engine speed has a standard deviation similar
to that of case 2; however, it has the lowest mixture quality, although visually the
mixture looks more homogeneous (see Fig. 4.39). The mixture quality of the
transient case correlates with the peak turbulence levels. Higher peak TKE is
accompanied by a higher degree of mixing. A high positive skewness combined
with a low CoV of the mass fraction implies that the volume contains pockets of a
rich mass fraction, which can also be observed in the contour plots. The negative
skewness in case 1 indicates the presence of regions with lean mass fractions, which
can also be verified from the contour plots.
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Fig. 4.40 Evolution of mixing statistics over a crank angle (filled regions indicate injection
period for the respective cases, and horizontal dashed lines correspond to the ideal mass fraction

after IVC)

The mixing statistics can be tracked over a crank angle to assess the progress of
mixing through the engine cycle (see Fig. 4.40). The mean of the PDFs increases
during the injection and, after the EOI, approaches a constant value, which is close
to the ideal one. All three cases have a high positive skewness at the beginning,
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which is expected as the gas jet with rich helium mass fraction is concentrated in a
very small region near the injection boundary. The skewness fluctuates throughout
the mixing process and can be regarded as an indicator of the presence of rich or
lean unmixed regions.

4.6 Summary

This chapter focuses on resolved simulations and modeling of poppet-type injectors
and the potential impact of the direct gas injection on mixing and combustion. The
resolved simulations of the poppet-type injector were performed using a
high-fidelity LES solver, which provided detailed physical insights into the nozzle
flow, near-nozzle flow, and the global hollow-cone jet characteristics. Specifically,
complex gas passages in the injector nozzle lead to compression shocks and
expansion fans causing a flow separation at the nozzle exit. The near-nozzle gas jet
at steady state is inclined toward the poppet due to locally low pressure. The jet core
remains intact despite the high standard deviation of the velocity field. Two distinct
mixing layers develop on the inner and outer edge of the hollow cone and merge
away from the nozzle. On the macroscopic level, the gas jet develops in two stages.
The first stage involves the formation of a hollow cone, which then collapses and
forms a single gas jet in the second stage. Turbulence models in URANS simu-
lations are evaluated against the LES data, and it is found that the RNG k-¢ model is
suitable for the URANS simulations with respect to global characteristics and
mixing behavior, which are important for general engine simulations. Therefore, it
may be recommended for use in engine simulations with direct gas injection.

Injector needle motion essentially needs to be considered for resolved simula-
tions of electromagnetically actuated solenoid injectors. The gradual opening of the
needle results in a linear increase of axial penetration during the initial phase as
observed in the experiments. Initial conditions in the injector may influence the
global gas jet evolution and subsequent mixing. In the URANS simulations, dif-
ferent initial conditions lead to different collapsing instants, eventually affecting the
overall development of the jet. However, the sensitivity to the initial conditions in
the LES simulations is less prominent.

As the full engine simulations with detailed injector geometries are computa-
tionally expensive, the development of models for poppet-type injectors is neces-
sary. However, there are currently only a few modeling approaches for such
injectors in the literature. The recently developed MBC model considers the full
geometry of the injector nozzle and is accurate. It is validated with PIV measure-
ments in a steady-state flow configuration and full-cycle engine cases. URANS
simulations and LES with MBC model for the injector predict similar levels of
velocity magnitudes in quasi-steady-state simulations, although the LES also pre-
dicts highly fluctuating and dynamic interaction with the surrounding flow field. In
the engine configuration, there is a reasonable agreement between the velocity field
in URANS simulations and the ensemble-averaged velocity field in PIV
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measurements. The MBC model reduced the simulation run-time to the order of
weeks while enabling reasonably accurate simulations for further design and
analysis.

Using the URANS simulation data, the impact of the gas jet on the in-cylinder
flow field and mixing is analyzed. The direct gas injection introduces high turbu-
lence in the cylinder potentially destroying the tumble vortex. High injection
pressure at lower engine speeds results in high amounts of TKE because the high
momentum of the gas jet breaks the weaker tumble motion at lower engine speeds.
The TKE levels dissipate rapidly and may result in overall lower values with
injection than without. The lower TKE values near firing TDC may lead to slower
combustion if the engine is fired. Therefore, analysis of the DI-injector configu-
ration must be performed, and ways to assist the tumble motion and maintain high
turbulence levels until firing TDC must be investigated. The mixture quality is
quantified by statistical parameters such as mean, standard deviation, CoV, and
skewness of the PDFs derived from the CVFs of the in-cylinder mixture. As
expected, higher TKE leads to lower CoV of the PDFs indicating a higher degree of
mixing among the considered cases.

4.7 Future Work and Challenges

In the future, high-fidelity simulations with the LES approach including needle
motion are required to verify the conclusions of the URANS approach and accu-
rately predict the initial stages of the hollow-cone gas jet formation. The sensitiv-
ities of the URANS simulations to the initial conditions in the nozzle need to be
scrutinized. To resolve the near-nozzle supersonic jet features in detail and inves-
tigate resulting instabilities, a higher mesh resolution is required.

The MBC model has some limitations. The inflow profiles are generated for a
given pressure ratio across the nozzle and, for the cases considered in this chapter,
the nozzle pressure ratio does not change significantly, as the injection occurs
during the intake stroke. However, the nozzle pressure ratio may change depending
on the SOI if the cylinder pressure fluctuates during the engine cycle, particularly at
high engine speeds. In such cases, the nozzle may operate in under-expanded,
perfectly expanded, overexpanded, or subsonic regimes, which will require
dynamic mapping of inflow profiles, which is currently challenging. Additionally,
the mesh resolution at the mapping boundary needs to be high enough to map the
highly accurate boundary conditions from the nozzle flow simulation and obtain
reasonably accurate in-cylinder flow fields. This has direct implications on the
possibilities of further reduction of the simulation run-times.
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Chapter 5 )
Prospects and Challenges for Deploying e
Direct Injection Technology

for Compressed Natural Gas Engines

Rajesh Kumar Prasad, Tanmay Kar and Avinash Kumar Agarwal

Abstract In this chapter, prospects and challenges of direct injection
(DI) compressed natural gas (CNG) engine technology are dealt with and compared
with conventional port fuel injection (PFI) technology used for CNG induction. DI
injector nozzle geometries are discussed along with their performance using optical
diagnostics tools such as Schlieren imaging and planar laser-induced fluorescence
(PLIF) technique. Different CNG induction methodologies are compared along with
different fueling arrangements such as induction of 100% natural gas (NG), bi-fuel,
and dual-fuel systems. DI and PFI engines are compared for volumetric efficiency
for varying fuel injection timings. In a single-cylinder prototype engine, engine
parameters are analyzed for a different start of injection (SOI) timings with varying
brake mean effective pressure (BMEP) and equivalence ratio (®). Advanced SOI
reduced the brake-specific fuel consumption (BSFC), increased the brake thermal
efficiency (BTE), and reduced the emissions.

Keywords Compressed natural gas - Injector geometry - Planar laser-induced
fluorescence - Direct injection spark ignition - Emissions

5.1 Introduction

NG is a non-renewable, naturally occurring gaseous fossil fuel, which became
popular after World War II because of development of efficient fuel storage systems
in Europe. NG does not require any refining as the petroleum products, and it exists
as a gas under pressures along with oil, deep in the earth’s crust. Compressed and
liquefied forms of NG can be directly used for transportation. In the last 20 years,
new reserves of NG have been discovered and NG reserves have now increased (by
51%) from 123.5 trillion cubic meters (Tcm) to 186.6 Tcm between 1996 and 2016
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(BP P.L.C. 2017). NG can also be extracted from methane hydrates such as
methane clathrate (CH4-5-75H,0) or (4CH4-23H,0), which also called natural gas
hydrate or gas hydrate (Methane Clathrate 2017; Liithi et al. 2008), and this could
be potentially an inexhaustible source of NG in the future. NG can be used in
vehicles either in NG-fueled SI engines (dedicated engines), bi-fuel mode SI
engines, or dual-fuel mode compression ignition (CI) engines. NG-fueled vehicles
reduce GHG emission (especially CO, emissions) by ~20% compared to con-
ventional gasoline engines (BP P.L.C. 2017; Methane Clathrate 2017). NG is
non-toxic and has wider flammability limits, lower density, and high autoignition
temperature (~550-600 °C) (BP P.L.C. 2017; Methane Clathrate 2017). It is
reported that properly optimized CNG DI engine performs identical to a modern
gasoline direct injection (GDI) engine and is relatively more efficient thermody-
namically (Durgada and Lappas 2017; Sevik et al. 2016; Sankesh et al. 2017).

5.1.1 Methodology to Introduce NG into Vehicles

Various NG induction technologies are used worldwide, which basically differ in
the way fuel is introduced into the engine cylinder. These three are the main CNG
engine technologies:

e Port injection technology
e Dual-fuel technology
e Direct injection technology.

Port fuel injection technology

Figure 5.1a illustrates the CNG port fuel injection (PFI) technology. In this tech-
nology, CNG is introduced close to the intake port of the cylinder at a certain time,
where it is mixed with ambient air to form a premixed NG—air mixture before the
combustion. The CNG—air mixture is then inducted into the combustion chamber,
and compressed and ignited before the top dead center by a spark plug. This
technology is relatively easier to implement by employing appropriate ‘conversion
kits’ but has some shortcomings when applied to automotive engines. Major
shortcomings are relatively lower power output due to reduced volumetric effi-
ciency and thermal efficiency, engine knocking restriction, and unavoidable throt-
tling of the intake to maintain the premixed air—fuel ratio within combustible limits
at part-load conditions (Gunawan 1992).

Dual-fuel technology

Figure 5.1b illustrates the CNG dual-fuel technology. The operating mode of this
technology is based on the ignition of homogeneous CNG-air mixture by pilot
injection of diesel just before TDC. Exclusion of spark plug allows this technology
to reduce cyclic variations during engine operation up to a certain level. However,
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Fig. 5.1 CNG injection technology options

this technology also suffers from high pumping losses due to unavoidable throttling
at the intake and harmful emissions associated with diesel.

Direct injection technology

Recently, Westport Isuzu has developed high-pressure direct injection (HPDI)
engine technology (Fig. 5.1c), in which CNG is introduced directly into the engine
combustion chamber at a very high pressure during compression stroke, and this
mixture is ignited by a pilot injection of diesel just before the TDC. This engine
does not experience throttling losses and, therefore, avoids knocking restrictions.
This is an excellent technology; however, it needs two fuel supply systems, which
makes it a very complicated and expensive technology which still has issues such as
high HC emissions. To overcome the drawbacks of port and dual-fuel technologies,
the focus of recent research tends to be on the development of dedicated CNG direct
injection technology. It was demonstrated that increasing pilot diesel quantity
enhanced the combustion and reduced NO, emissions (Pirouzpanah and
Khoshbakhti 2006). Effect of cold EGR was studied using CFD code (AVL FIRE)
by Jafarmadar et al. (2010), and they reported that 10% EGR reduced the NO, and
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soot emissions, instead of 15% EGR. It was also reported that increasing intake
swirl and intake pressure reduces the NO, emissions and increases power loss and
resistance to knock (Gharehghani et al. 2012). Heated inlet air temperature with
EGR reduced the BTE as well as NO,, unburned hydrocarbon, and CO emissions
(Paykani et al. 2012).

Figure 5.1d shows CNG DI technology schematically. In this method, CNG is
injected directly into the combustion chamber at a high pressure. The air—fuel
mixture is then compressed and ignited by the spark plug just before TDC.
Introduction of CNG directly into the combustion chamber leads to a significant
improvement in volumetric efficiency and reduces pumping losses. Exclusion of
diesel spray also permits reduction in unburned hydrocarbon emissions. Richards
et al. (Heywood 1988) investigated the performance of direct injection CNG engine
and noticed higher power output and thermal efficiency than a conventional SI
NG-fueled engine due to its relatively higher compression ratio and lower pumping
losses at part-load conditions. Ikeda et al. (Richards 1992) reported doubling the
BMEP using CNG DI technology compared to conventional SI CNG engine
technology.

5.1.2 Classifications of CNG Engine Technology

Internal combustion (IC) engine technology is one of the most exciting segments
for advanced mobility development, even in present times. Figure 5.2 shows var-
ious IC engine technologies, either available or being developed/improved further
for large-scale deployment in the transport sector.

In SI engines, either a homogeneous mixture of NG and air or gasoline and air is
inducted into the engine, and then compressed and ignited using a spark plug. SI
engines dominate the passenger car market due to its high specific power output;
however, they suffer from the problem of lower thermal efficiency as a result of
unavoidable throttling and engine knocking. In CI engines, only air is introduced
into the engine and compressed to a higher temperature. Fuel, typically diesel, is
injected into the hot compressed air, where it vaporizes, mixes with air, and

| Internal Combustion (IC) Engine Technology |

v
v v

‘ Spark Ignition (SI) Engine | | Compression Ignition (CI) Engine |

Traditional Homogeneous Lean GDI Engine Traditional HCCI Engine

SI Engine Burn SI Engine CI Engine

Fig. 5.2 IC engine technology landscape
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Fig. 5.3 Basic CNG engine technology landscape (Ikeda et al. 1995)

spontaneously ignites at multiple locations. CI engines dominate the heavy-duty
engine market due to their higher efficiency; however, they face the problem of
higher particulate and NO, emissions. Therefore, comprehensive research was
required to meet the stringent emission legislation as well as to improve the fuel
economy of the engine. In the last few decades, CNG has emerged as one of the
most potential alternatives to meet these conflicting requirements. Figure 5.3
illustrates the basic structure of the existing CNG engine technologies. Each of the
techniques has unique feature/specific strategies of mixture preparation, combustion
control, and emission reduction, under the overall common goal of fuel economy
improvement.

5.1.3 CNG Charge Preparation Techniques

Higher fuel efficiency can be obtained by developing/employing effective CNG
charge preparation, which reduces engine emissions. CNG—air mixture preparation
techniques can be classified into three main categories: port fuel injection (mixture
prepared externally), dual fueling, and in-cylinder fuel injection technique (internal
mixture preparation during compression stroke).

In port fuel injection system, CNG is injected upstream of the intake valve,
where it mixes with air before entering the cylinder. This method provides an
opportunity to form a homogeneous fuel-air mixture before its entry into the
combustion chamber. Reduction in volumetric efficiency due to the displacement of
intake air and lower part-load efficiency due to throttling of intake air are two major
shortcomings of the port fuel injection strategy for CNG (Hassan et al. 2009).

Figure 5.4 illustrates dual-fuel injection technique schematically. There are two
different types of dual-fuel injection systems: with pilot fuel injection and mixing
fuel injection (MFI) systems.

In pilot fuel injection, a pilot quantity of mineral diesel is injected after the main
injection of CNG in the engine cylinder, whereas in MFI system a small quantity of
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mineral diesel is injected in advance into the CNG, so that pilot fuel and CNG are
introduced together into the cylinder in a mixed form. Generally, pilot fuel injection
strategy needs smaller pilot fuel quantity compared to MFI; however, it requires
more complicated and evolved dual-fuel injector and control systems (Dunn 2003).
Figure 5.5 illustrates CNG in-cylinder fuel injection techniques.
The side injection system has the direction of injection jet toward the wall of the
piston bowl. This system can be classified into two:

e Tumble Control Side Injection: CNG—air mixture motion perpendicular to
cylinder axis is termed as tumble motion. The design of piston bowl supports
this motion and diverts the direction of motion near the spark plug.

e Swirl Control Side Injection: Swirl air motion is parallel to the cylinder axis, and
piston wall interaction is used to prepare and transport ignitable mixture near the
spark plug.
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In central injection of CNG, injection direction is toward the center of the piston

bowl. It consists of the following two methods:

Open-Chamber Central Injection: Air does not have any special motion. Only
the movement of the piston is used to prepare a homogeneous mixture.

Spray Jet Central Injection: Piston bowl is used to control the mixture with spark
ignition trailing the edge of the spray.

However, in-cylinder CNG injection process is actually limited by lack of

availability of suitable fuel injector. An open-chamber high-pressure central injec-
tion system along with simple bowl-type piston recess on top of the piston can be
adapted as a mean for achieving reasonably good in-cylinder mixture homogeneity.

5.1.4 CNG DI Engine Technology: Hurdles and Challenges

CNG DI technology is still in the research and development stage, and its devel-
opment cost is quite high, making it difficult to initially compete with the existing
after-market conversions. Development of CNG DI engine technology faces major
challenges in the following aspects.

A.

Modification of the existing cylinder head

e For accommodating fuel injector, spark plug, and a pressure transducer,
engine cylinder head needs to be modified carefully so that it can withstand
high stresses due to combustion.

Development of dedicated CNG injectors

e The durability of injectors due to exposure of dry gas is challenging.

e Maintenance of the injector turndown ratio to cope with adequate fuel flow
rates from high to low engine loads is challenging.

e Quick transmission of fuel injection pressures due to compressible nature of
natural gas makes it challenging.

Development of a flexible electronic circuit and closed-loop engine manage-
ment system is essential.

5.2 Parameters Influencing Combustion and Emissions

from DI CNG-Fueled Engines

Combustion and emissions from engines are mainly depended on the fuel-air
mixing as well as on fuel injection parameters like fuel injection duration, injection
delivery pressure, nozzle geometry, the design of piston-cylinder and turbulence
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within the chamber and engine structure (Hajialimohammadi et al. 2014). From
engine structure point of view, the throat diameter at the inlet valve seat to the
cylinder bore ratio must be gradually reduced in order to achieve optimum brake
thermal efficiency (BTE) (Yan et al. 2017). Ignition delay and combustion duration
both decrease with increasing chamber reentrant level of 0.5 rather than 0.46 to
reduced knock, heat rejection, and higher BTE (~1.5% at full load and 3% at
medium to high load). Higher chamber reentrant level results in increased flame
surface wrinkles due to a higher level of turbulence (Hajialimohammadi et al.
2014). The nozzle having 55° hollow cone angle is most effective for mixing of
CNG-air at the end of the compression stroke with early injection (Keskinen et al.
2016). On the other hand, impingement-induced mixing of CNG-air is more
dominant with the circular nozzle with 45° hollow cone nozzle with a late injection.
It promotes the toroidal vortex in the piston bowl, resulting in lower HC emissions
(Keskinen et al. 2016). Location or configuration of spark plug electrode inside the
engine cylinder is another essential factor, which affects the combustion duration.
Central spark plugs (CSPs), appropriate equivalence ratio (®), and spark plug
configurations of the SI system are effective parameters to reduce the combustion
duration. Central spark plug location for ® = 1.0 gives least combustion duration.
Both Wobbe Index (WI) and maximum combustion potential (MCP) are indicators
of the performance of fuel-air mixture in IC engines (Min et al. 2002; Kakaee et al.
2014). MCP is an index of combustion speed for gaseous fuel, and it is expressed
by the following equation:

0.1H, + 0.6(CO + CHy) + 0.3CH,
Vd

In Eq. (5.1), the numerator indicates the summations of various fractions of
constituents of NG and in the denominator ‘d’ represents the specific gravity of the
typical NG. The WI compares the combustion energy output of different compo-
sitions of fuel gas, and MCP is the indicator of the combustion characteristics of the
engines. It is reported that THC decreases and NO, slightly increases with
increasing WI and MCP (Min et al. 2002).

MCP = (5.1)

5.3 Optical Diagnostic Techniques for CNG Induction

Many engine researchers investigated the CNG jet structure (such as jet penetration
and jet cone angle) using different optical diagnostic techniques: Schlieren and
Shadowgraphy (Hajialimohammadi et al. 2013, 2016; Petersen and Ghandhi 2006;
Chitsaz et al. 2013; Erfan et al. 2015), PLIF (Rubas et al. 1998), and visualization
by injection in liquid ambient. Few experimental studies (Chitsaz et al. 2013; Rubas
et al. 1998; Chiodi et al. 2006; Yu et al. 2012; Mohamad et al. 2010) are con-
centrated on the structure of a jet produced by multi-hole nozzles. For direct
injector, the injection pressure, at which the fuel is injected into the cylinder,
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depends on many parameters. Taha et al. (2017) experimented with Bosch HDEV
1.2 injector, which was designed for GDI engine, and the maximum fuel injection
pressure was ~ 200 bar. It was reported that fuel injection pressure was varied
between 20 and 60 bar for CNG (Taha et al. 2017). The injection pressure was
dependent on in-cylinder pressure at the time of injection as well as the pulse width
of the injection. High pressure was used for obtaining very high injection rates for
small pulse width.

5.3.1 Schlieren Technique for Visualization of Direct
Injection of Hydrogen

In Schlieren technique, an optical inhomogeneity was observed due to a change in
refractive index of the medium. Refractive index varies linearly with the density.
There is a change in density of the fuel delivered from the fuel nozzle due to the
presence of higher pressure or temperature compared to ambient, which affects the
light exposure to the camera. In one study, four identical prototype injectors (except
a number of holes) were developed and tested under transient gaseous jets for high
pressure ( > 100 bar) by Westport Innovations, Canada (Petersen 2006).

Jet Pattern Visualizations:

The jet pattern visualization of different number of nozzle holes was done using
Schlieren in a constant volume chamber by injecting hydrogen at 104 bar in qui-
escent inert medium of nitrogen. The Schlieren end view and side views were
captured at 8200 and 4800 fps, respectively. It was reported that 3-hole and 7-hole
injectors showed irregularities between exiting jets, while 9- and 13-hole injector
jets interact with each other and formed fuel-rich regions, which restricted the fuel—
air mixing compared to a 3-hole injector (Petersen 2006).

Under-expansion Features:

One-, 3-, 7-, and 9-hole injectors produced spray of barrel structure for their
individual jets, while the individual structures produced by the 13-hole injector
appear to coalesce and create a single larger spray structure (Petersen 2006).

5.3.2 Schlieren Technique for Visualization of Direct
Injection of NG

Figure 5.6 shows the Schlieren optical setup, in which two mirrors are arranged in
Z-type. This setup consists of two identical parabolic mirrors, which were placed in
such a way that both were in opposite direction and free from